PUCRS

FACULDADE DE BIOCIENCIAS
PROGRAMA DE POS-GRADUACAO EM BIOLOGIA CELULAR E MOLECULAR
MESTRADO EM BIOLOGIA CELULAR E MOLECULAR

PATRICIA FERNANDA DA SILVA VILCHES

AVALIACAO DO CRESCIMENTO E DA IMUNIDADE DE PLANTAS
DE SOLANUM TUBEROSUM (L.) TRATADAS COM RIZOBACTERIAS

Porto Alegre
2017

POS-GRADUACAO - STRICTO SENSU

» 8¢
o
g x

v A
Ob ~ — 4(}
Epym®

Pontificia Universidade Catodlica
do Rio Grande do Sul




PONTIFICIA UNIVERSIDADE CATOLICA DO RIO GRANDE DO SUL
FACULDADE DE BIOCIENCIAS

PROGRAMA DE POS-GRADUACAO EM BIOLOGIA CELULAR E
MOLECULAR

Patricia Fernanda da Silva Vilches

Orientador: Prof. Dr. Leandro Astarita

Coorientadora: Profa. Dra. Renata Medina da Silva

Avaliacao do crescimento e da imunidade de plantas

de Solanum tuberosum (L.) tratadas com rizobactérias

Dissertacdo apresentada como
requisito para obtencao do titulo
de Mestre em Biologia Celular e
Molecular pela Faculdade de
Biociéncias da Pontificia
Universidade Catolica do Rio
Grande do Sul.

Porto Alegre
2017



Ficha Catalografica

V699a Vilches, Patricia Fernanda da Silva

Avaliagao do crescimento e da imunidade de plantas de Solanum
tuberosum (L.) tratadas com rizobactérias / Patricia Fernanda
da Silva Vilches . — 2017.

58 1.
Dissertacao (Mestrado) — Programa de Po6s-Graduacao em

Biologia Celular e Molecular, PUCRS.

Orientador: Prof. Dr. Leandro Vieira Astarita.
Co-orientador: Prof. Dr. Renata Medina da Silva.

1. Defesa vegetal. 2. PGPR. 3. Batata. 4. ISR. 5. Streptomyces. I.
Astarita, Leandro Vieira. II. Silva, Renata Medina da. III. Titulo.

Elaborada pelo Sistema de Geragao Automatica de Ficha Catalografica da PUCRS
com os dados fornecidos pelo(a) autor(a).
Bibliotecario responsavel: Marcelo Votto Texeira CRB-10/1974



AGRADECIMENTOS
A minha mae, Maria Lucia Ribeiro da Silva, por todo o apoio e amor dedicados
a mim durante todo este periodo tdo conturbado chamado mestrado.

Ao meu marido, Lucas Reichert, por acreditar em mim quando eu mesma nao
conseguia, pela companhia e ajuda durante os trabalhos e principalmente pala incrivel

paciéncia e carinho;

Aos meus amigos que me ajudaram a tornar essa jornada mais leve.

Aos colegas do Laboratério de Biotecnologia Vegetal da PUCRS, por todos os
ensinamentos e por todas as risadas na hora da “peleia”; Em especial a Franciele
Ortolan, que contribuiu muito nos Gltimos e importantissimos momentos.

Ao meu orientador Leandro V. Astarita, a minha coorientadora Renata Medida e
a professora Eliane R. Santarém por todos os ensinamentos, atenc¢éo e disponibilidade

durante toda esta jornada.

A CAPES pelo apoio financeiro.



RESUMO

A batata (Solanum tuberosum L.) é a terceira cultura agricola mais consumida
no mundo, ficando atras somente do arroz e do trigo. Dentre as diversas doengas que
afetam esta cultura, a canela-preta e a podriddo-mole, causadas pela fitobactéria
Pectobacterium spp., levam a importantes perdas na producdo. Neste contexto, Varios
trabalhos vém explorando o uso de indutores da defesa vegetal como estratégia para o
controle de doengas. O uso de rizobactérias promotoras do crescimento vegetal (PGPR)
na agricultura pode promover tanto o crescimento quanto o aumento da defesa das
plantas através da inducdo da resisténcia sistémica induzida (ISR). Contudo, ainda séo
pouco conhecidos os mecanismos envolvidos na promocéo da ISR. Este estudo visou
selecionar rizobactérias do género Streptomyces com caracteristicas de promotoras de
crescimento e indutoras da imunidade inata de Solanum tuberosum. Para tanto, foram
avaliadas: i) a capacidade de isolados de Streptomyces produzirem auxina (acido 3-
indolacético), ACC desaminase (acido 1-aminociclopropano-1-carboxilico desaminase)
e sideroforos; ii) a capacidade destas rizobactérias em promover o crescimento das
plantas; iii) a promogdo da resisténcia em plantas de batata desafiadas com
Pectobacterium carotovorum subsp. brasiliensis e iv) a expressdao de genes
relacionados a vias de sinalizagdo de respostas de defesa em S. tuberosum, promovida
por Streptomyces sp e a fitobactéria P. carotovorum. Os resultados indicam que o
isolado CLV163 apresenta caracteristicas de PGPR, sendo capaz de produzir auxina e
sideréforos, além de promover o aumento da resisténcia das plantas contra P.
carotovorum. Contudo, a rizobactéria CLV145, com a maior produgcdo de auxina e
sidero6foros, causou a diminuicdo da matéria seca de parte aérea e nao promoveu a
defesa das plantas. A capacidade dos Streptomyces em produzirem ACC desaminase
ndo foi determinante para a promoc¢do de crescimento vegetal. O isolado CLV163
induziu um estado de priming nas plantas de S. tuberosum L. através da ativacdo das
vias do AS e ET e a sua interacdo com as plantas de batata ndo comprometeu o

crescimento vegetal.

Palavras chave: Defesa vegetal, PGPR, Batata, ISR, Streptomyces



ABSTRACT

Potatoes (Solanum tuberosum L.) are the third most consumed crop in the world,
after rice and wheat. Among the diseases affecting potato, the blackleg and tuber soft
rot, caused by phytobacteria Pectobacterium spp., lead to significant losses in the yield
crop. Several studies have been exploring the use of plant defense inducers as a
strategy to control plant diseases. The use of plant growth-promoting rhizobacteria
(PGPR) in agriculture can lead to plant growth and enhancement of plant defense
through the promotion of induced systemic resistance (ISR). However, the mechanisms
involved in promoting ISR are still poorly understood. This study aimed to screen
rhizobacteria of the genus Streptomyces with capacity to promote plant growth and
induce Solanum tuberosum innate immunity. To achieve these objectives, we evaluated:
i) the ability of Streptomyces isolates to produce auxin (3-indoleacetic acid), ACC
deaminase (1-aminocyclopropane-1-carboxylic acid deaminase) and siderophores; ii)
their capacity to promote the growth of potato plants; iii) the induction of resistance in
potato plants challenged with Pectobacterium carotovorum subsp. brasiliensis and iv)
the expression of genes related to defense pathways in S. tuberosum, promoted by
Streptomyces and P. carotovorum. Results indicated that the CLV163 isolate presents
PGPR features, such as high auxin and siderophores production, and promoted plant
defense against P. carotovorum. Although CLV145 showed the highest auxin and
siderophores production, it reduced the shoot dry mass and was inefficient in promoting
plant defense. Moreover, the ability of Streptomyces in producing ACC deaminase was
not critical for promoting plant growth. The CLV163 isolate induced a priming state in
potato plants that has occurred through the activation of the AS and ET pathways, and
its interaction with S. tuberosum plants did not impair the plant growth.

Key words: Plant defense, PGPR, potato, ISR, Streptomyces
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1. INTRODUCAO
1.1 Solanum tuberosum L.

A Solanum tuberosum (L.) (batata) é uma espécie herbacea de origem Andina
pertencente a familia Solanaceae. Esta espécie foi levada para a Europa pelos
conquistadores espanhdis no século XVI e introduzida comercialmente no Brasil
somente no Século XIX1232,

S. tuberosum possui um caule principal (ou primario), originario do tubérculo
semente, que origina os caules laterais (ou secundérios). As folhas sdo alternas,
compostas e arredondadas. As flores sdo hermafroditas e estdo reunidas em
inflorescéncias do tipo cimeira, seu célice € gamossépalo, de coloracdo verde, com
textura pilosa, e possuindo corola pentamera, gamopétala, de coloragéo branca, rosada,
lilds ou azul*. Os frutos séo do tipo baga, geralmente de coloracéo verde, com diametro
que pode variar de 2 a 3 cm. As sementes sdo reniformes ou ovais achatados, de cor
amarela ou castanha. A por¢ao subterranea do caule possui gemas que dao origem aos
estoldes, que irdo originar os tubérculos em suas extremidades. As raizes podem ser
pivotantes, com ramificacdes laterais, quando originarias da semente verdadeira, ou
podem ser adventicias, muito ramificadas e com comprimento de até 50 cm de

profundidade, quando oriundas de um tubérculo semente*?,

Figura 1 — Representagdo de uma planta de Solanum tuberosum?®

A batata € a terceira cultura agricola mais consumida no mundo, ficando atras
somente do arroz e do trigo®, sua producdo anual é de aproximadamente 322 milhGes

de toneladas, com um mercado mundial estimado de cerca de 63 bilhdes de ddlares por



ano ’. Atualmente, os maiores desafios na producdo da batata sdo o alto custo da

producdo, a grande variacéo de precos no comércio e as perdas devido a doencas®.

1.1.1 Cultivar Agata

O cultivar Agata foi amplamente adotado no Brasil a partir de 1999, tornando-se
o principal cultivar de batata plantado no pais®. Ele foi lancado comercialmente na
Holanda em 1990 e é oriundo do cruzamento do cultivar Bohm52/72 com Sirco.

A répida adocéo deste cultivar deveu-se as boas caracteristicas agronémicas
como: uniformidade e boa aparéncia dos tubérculos, dorméncia curta, tuberizacao
precoce e potencial culinério (apropriado para pratos cozidos e assados)!®. Contudo,
embora apresente muitas qualidades comerciais, este cultivar é suscetivel & maioria das

doencas descritas para batatas no Brasil'°.

1.2 Doencas da batata

Um dos maiores problemas da producédo de batatas séo as perdas devido a
doencas originadas por diversos agentes etiologicos, pois elas demandam adocao de
praticas agricolas de manejo e uma série de tratamentos com agroquimicos que
encarecem a producgdo, possuem acao limitada e geram residuos que podem causar
danos ao meio ambiente e a salide humana e animal*'*2.Dentre as diversas doencas
gue atacam a batata, destacamos as doencas fungicas, como a requeima, causada por
Phytophthora infestans, e a doenca pinta-preta, causada por Alternaria spp.*3,bem como
as doencas bacterianas, que causam murchas, sarnas e podriddes de tubérculos e
hastes!*. Além destes patégenos, a cultura da batata é bastante atacada por virus que
causam o enrolamento das folhas, a reducdo do crescimento das plantas e a perda de
produtividade'>'*, e por ataque de nematdides, que provocam a diminuicdo do
crescimento das plantas, a murcha e o amarelecimento das folhas?.

O género Pectobacterium € o agente etiolégico de uma das principais
bacterioses que ataca plantas e tubérculos de batata no Brasil e no mundo. O sintoma
mais comum é a Canela-preta, causada pela doenca de mesmo nome, caracterizada
pela descoloragéo dos vasos e o surgimento de uma coloragdo marrom escuro na base
do caule, seguindo com um escurecimento total da parte externa (Figura 2A). Este
sintoma se manifesta nas partes baixas das plantas, levando a murcha das folhas. Com
a intensificacdo dos sintomas da doenca, ocorre a necrose interna dos vasos que
deixam a haste oca (Podriddo-da-haste). Outro sintoma, que também da nome a
doenca, é a Podriddo-mole em tubérculos. Esta ocorre devido a formacao de porcdes
aquosas e macerados que geram uma consisténcia mole no tubérculo (Figura 2B). A

area afetada pela infec¢@o apresenta coloragdo que varia de creme a marrom, onde h&a
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uma borda escura que separa o tecido sadio do afetado. O inicio da podriddo do
tubérculo é geralmente inodora, contudo, apds a maceragao dos tecidos, estes exalam
um cheiro forte e desagradavel devido a proliferacdo de microrganismos secundarios®*’.

A) B)

Figura 2 — Sintomas das doencas causadas por Pectobacterium em batata. A)

Canela-Preta?8; B) Podriddo-mole do tubérculo®®.

O controle das doencas bacterianas causadas por Pectobacterium em batata
envolve cuidados no manejo, tais como evitar o cultivo em altas temperaturas e
umidade, o uso de batata semente certificada (tubérculos livres de patdégenos), cuidados
na irrigacdo e evitar ferimentos nas plantas. Além do manejo da lavoura, a adogéo de
algumas préticas no pds-colheita, como proceder a colheita da batata em solo seco,
realizar a secagem dos tubérculos antes de embalar ou armazenar o produto em local
fresco e ventilado e a pulveriza¢@o de produtos quimicos cupricos, também leva & uma
reducdo na ocorréncia da podriddo-mole®.

Contudo, o fato de nenhum destes métodos de controle de doengas bacterianas
serem totalmente eficientes, torna oneroso e trabalhoso a atividade de cultivo da batata.
Desta forma, uma abordagem promissora para auxiliar no manejo de doencas da
lavoura de batata é o uso de indutores do sistema de defesa das plantas, levando ao

aumento da resisténcia vegetal contra microrganismos patogénicos.
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1.2.1 Pectobacterium carotovorum subsp. brasiliensis

O género Pectobacterium (familia Enterobacteriaceae) contém espécies de
bactérias fitopatogénicas que apresentam como caracteristicas morfofisioldgicas serem,
bacilos gram negativos pectoliticos e anaerébicos facultativos. Elas sdo amplamente
distribuidas pelo mundo e apresentam hospedeiros como a batata, tomate, pimenta,
repolho, milho e arroz??223, Estes patégenos podem causar grandes prejuizos no
armazenamento de tubérculos de batata, chegando a perdas de até 100%%425,
Pectobacterium é geralmente encontrado no solo e na superficie de plantas. A sua
entrada nos tecidos dos vegetais ocorre através de ferimentos e aberturas naturais. Uma
vez dentro do hospedeiro, permanece nos espacgos intercelulares dos tecidos
parenquimatosos e eventualmente penetra nos tecidos vasculares?6:27.28

A disseminacao da bactéria nas lavouras se da com eficiéncia através do uso de
tubérculos-semente aparentemente sadios, contendo a bactéria na forma latente, que
sdo assim caracterizadas por ndo causarem sintomas, pois precisam de condi¢cdes
especificas como temperatura ideal e uma fina pelicula de agua sobre a superficie dos
tubérculos. Existindo condi¢des favoraveis, como altas temperaturas (acima de 25°C),
tubérculos-semente infectados ou a presenca de residuos de tubérculos e de plantas
voluntarias contaminadas, esta bactéria pode infectar outras plantas de batata e
tubérculos através dos estolbes, das lenticelas e de ferimentos causados por insetos e
nematdides. A infeccao progride, causando sintomas de doenca a partir da producéo de
enzimas pectoliticas, que sdo ex
ortadas do citoplasma do patégeno em direcéo ao tecido do hospedeiro. No vegetal, as
enzimas irdo promover a maceracao dos tecidos devido a degradacao da lamela média
das células, causando a canela preta e a podriddo mole?*328 (Figura 2A, B).

A identificacdo da P. carotovorum subsp. brasiliensis foi proposta pelo Dr. Valmir
Duarte (Fac. de Agronomia, UFRGS)3.. Esta subespécie foi identificada a partir de
isolados previamente identificados como P. carotovorum subsp. atrosepticum. Estudos
moleculares demonstraram que essa subespécie, até entdo nao descrita, apresentava
perfis genéticos, bioquimicos, fisioldgicos e soroldgicos diferentes dos esperados para
P. carotovorum subsp. atrosepticum. Atualmente, a P. carotovorum subsp brasiliensis
j& foi também identifica nos USA, Africa do Sul, Canadé, Nova Zelandia e Coréia3'323,
A P. carotovorum subsp. brasiliensis é uma bactéria altamente agressiva e a principal
responsavel por causar doencas em culturas de batata, tomate, cebola e cruciferas no
Brasil, promovendo o sintoma de canela-preta3!:34:3536,

As moléstias causadas pelo Pectobacterium sé@o de dificil controle porque esses

patdégenos estdo amplamente distribuidos no ambiente, em restos culturais, na 4gua e



12

permanecem protegidos dentro de lenticelas suberizadas ou do sistema vascular, além

de ndo existirem cultivares de batata resistentes a estes patégenos?.

1.3. Defesa vegetal

As plantas, por serem organismos sésseis, necessitam de sistemas eficientes de
percepcdo e de resposta a estresses bidticos e abibticos. As plantas estdo
constantemente sendo atacadas por uma grande diversidade de microrganismos,
necessitando ativar mecanismos especificos de defesa que levam ao aumento da
resisténcia contra patdgenos. Dentre os diversos mecanismos envolvidos na defesa,
destacamos o papel dos receptores de reconhecimento de padrdes (PRR, Pattern
Recognition Receptor), os receptores R citoplasméaticos e a promocao de respostas
sistémicas de defesa, conhecidas como SAR (Systemic Acquired Resistance) e ISR
(Induced Systemic Resistance)3":38:39:40,

Os PRRs sdo proteinas receptoras localizadas na superficie da membrana
plasmatica vegetal e podem reconhecer padrées moleculares de algumas estruturas
conservadas e comumente encontradas nos microrganismos, chamados de MAMPs
(Microbe-Associated Molecular Patterns) ou PAMPS (Pathogen-Associated Molecular
Patterns). Como exemplo destes padrdes, pode-se citar a quitina presente na parede
celular de fungos, além dos lipopolissacarideos (LPS), peptidioglicanos (PGN), fatores
de quorum sensing e a flagelina das bactérias. Os PRRs também podem reconhecer
padrBes moleculares liberados pelo préprio tecido vegetal apds sofrer algum tipo de
dano. Estes padrdes sdo denominados de DAMPS (Damage-Associated Molecular
Patterns) e podem ser peptideos de plantas ou fragmentos da parede celular liberados
durante a infeccdo ou ferimento*!.

Quando um PRR reconhece um PAMP, ele gera uma resposta imune chamada
de PTI (PAMP-triggered immunity), que promove alteracdes fisiolégicas nas células
vegetais, como o aumento citoplasmatico dos niveis de calcio e a formacao de espécies
reativas de oxigénio (ROS), ativagdo de MAPK (Mitogen-Assaociated Protein Kinases) e
CDPKS (Calcium-Dependent Protein Kinases)*?. Estas modificagdes levam a uma
resposta fraca e localizada, que tem como principal funcdo evitar a entrada e a
colonizacédo do vegetal por patégenos?.

A coevolucdo entre planta-patégeno possibilitou que diversos patégenos
desenvolvessem a capacidade de suprimir a PTI através da producao de moléculas
efetoras. Estas moléculas sao proteinas produzidas pelo microrganismo e inseridas no
meio intracelular do vegetal, atravessando a parede celular e a membrana plasmatica.

Nas fitobactérias, a transferéncia dos efetores é facilitada pelo canal tipo Ill, enquanto
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gue nos fungos, o mecanismo de transferéncia ainda é desconhecido. Uma vez que as
moléculas efetoras estdo no meio intracelular, elas interferem e ou diminuem as
respostas de defesa basais através de inativacdo dos receptores PRRs e/ou de
proteinas que fazem parte da cascata de sinalizacdo de defesa**454647

Por outro lado, os vegetais desenvolveram mecanismos para minimizar o efeito
dos efetores. As proteinas R presentes no citoplasma das células vegetais (produzidas
por genes R - Resistance genes) sdo capazes de reconhecer moléculas efetoras
produzidas por patdgenos e desencadear respostas de defesa. Em geral, as proteinas
R possuem em sua estrutura um dominio de ligagdo a nucleotideo (NB - Nucleotide
Binding domain) e uma regido denominada de LRR (Leucine Rich Repeat domain). O
dominio NB esté relacionado a ligagdo com ATP/ADP ou GTP/GDP, enquanto que o
dominio LRR pode interagir com outras proteinas ou outros ligantes“®.

A resposta imune vegetal desencadeada pela proteina R, ap6s ocorrer o
reconhecimento de moléculas efetoras, € denominada de ETI (Efector-Triggered
Immunity)*®. A ETI reintegra, acelera e amplifica a resposta PTI, levando a respostas
moleculares como a despolarizagdo da membrana plasmatica, modificag&o da atividade
do canal i6nico, producédo de ROS e de compostos antimicrobianos, modulacdo da
transcricdo de genes do vegetal e a deposigéo de lignina e calose na parede celular da
planta®. Estas modificacdes levam a resposta de hipersensibilidade (HR,
Hypersensitive Response), que se caracteriza pela morte celular programada rapida e
localizada®!.

Quando ocorrem as respostas de defesa vegetal (por PTI ou ETI), devido a
infeccdo por patégeno, além das reacdes localizadas, o vegetal pode responder a partir
de uma resposta sistémica, chamada de resisténcia sistémica adquirida (SAR), que é
capaz de conferir imunidade ao restante da planta. Esta resisténcia funciona como uma
defesa a infec¢des subsequentes, podendo durar de semanas até meses, gerando uma
resisténcia de amplo espectro contra patégenos como fungos, bactérias e patdégenos
virais®¥°2, Esta imunidade pode ser observada em plantas de tabaco, onde a SAR é
capaz de promover a redugcdo dos sintomas de doencas causados pelos fungos
Phytophthora parasitica, Cercospora nicotianae e Peronospora tabacina, pelos virus do
mosaico e da necrose de tabaco, bem como pelas bactérias Pseudomonas syringae pv
tabaci e Pectobacterium carotovorum?®3.

Uma das caracteristicas da promog¢éo da SAR é o rapido aumento localizado e
sistémico dos niveis de acido salicilico (AS)**.0 AS é um hormdnio que atua no
desenvolvimento vegetal, na senescéncia, na regulacdo de varias respostas a estresses
abidticos e na resisténcia contra patégenos®. Além do AS, a promocdo da SAR esta

relacionada a producdo de proteinas relacionadas a patogénese (PR, Pathogenesis-
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Related proteins). Estas proteinas PR fazem parte do sistema de defesa local e
sistémico, atuando como proteinas antimicrobianas e enzimas que atacam paredes
celulares de fungos e bactérias. Podem, ainda, agir reforgcando as paredes celulares da
planta e atuarem como proteinas de sinalizacdo — ampliando a resposta de defesa
sistémica®*.

Outra resposta de defesa sistémica que pode ocorrer em plantas é a resisténcia
sistémica induzida (ISR), que gera uma resposta muito semelhante a SAR. Contudo, a
ISR é desencadeada e mediada por fatores diferentes da SAR.

A ISR foi primeiramente descrita em 1991 por trés grupos de pesquisa
independentes que observaram a inducdo do sistema de defesa vegetal por
rizobactérias ndo patogénicas®’. A ISR é promovida pelo contato da planta com
microrganismos nao patogénicos, e assim como a SAR, confere um aumento na
capacidade de defesa de toda a planta e atua contra um amplo espectro de patdégenos.
Os mecanismos envolvidos na ISR séo distintos de SAR, uma vez que ocorre através
da interag&o entre planta-microrganismo ndo patogénicos, além de n&o haver acumulo
de acido salicilico e de proteinas PR. Como exemplo, a interacdo entre P. fluorescens
WCS417r-ISR e plantas de rabanete desafiadas com F. oxysporum levou ao
desenvolvimento de ISR, ndo havendo a promoc¢do do aclimulo de proteinas PR%S,
Anadlises da interagdo entre Arabidopsis e a bactéria benéfica Pseudomonas putida
WCS358r, demonstram também que a resposta de defesa por ISR € independe da via
de AS®*.

Tendo em vista que a via de AS ndo é ativada nas respostas ISR, estudos
realizados em Arabidopsis, tomate e arroz demostraram que interacdes destas plantas
com microrganismos benéficos ativam vias dependentes de acido jasménico (JA) e
etileno (ET)®6162 Neste sentido, a ativacdo destas vias tem se mostrado essenciais na
defesa contra patégenos necrotréficos e insetos herbivoros®s.

O JA e seus derivados podem ser encontrados em tecidos de plantas e
participam de multiplos processos, como: o alongamento de raizes, abertura de
estOmatos, senescéncia, sinalizacdo e defesa vegetal®®. O etileno, por sua vez, é um
hormdnio volatil envolvido em processos como a germinacdo, amadurecimento,
senescéncia de frutos e na defesa vegetal®.

A colonizacdo de raizes de pepino com diferentes cepas de rizobactérias
promotoras de crescimento vegetal (PGPR, Plant Growth-Promoting Rhizobacteria),
como Pseudomonas e Serratia, reduzem os sintomas da antracnose gerados apos a
inoculacdo do patégeno Colletotrichum orbiculare®”6.

As respostas geradas pela ISR, logo ap6s a interagdo entre planta-

microrganismo ndo patogénico, séo relativamente leves. A defesa promovida pela ISR
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€ baseada na preparacao da planta para um futuro ataque, deixando-a mais eficiente e
rapida em suas respostas de defesa. A ISR promove diversas mudancgas metabdlicas
na planta, como o acumulo de fitoalexinas no local da infec¢éo, lignificagdo da parede
celular, acimulo de proteinas envolvidas em vias de sinalizacao de defesa, aumento da
sensibilidade celular ao JA e ET, bem como alteragbes nas atividade das enzimas
polifenoloxidases, peroxidases e fenilalanina amonialiase®’.

Embora os mecanismos envolvidos na ISR e SAR possam apresentar
diferencas, € esperado que exista uma comunicacdo cruzada entre estas rotas,
compartilhando vias de sinalizacdo. Contudo, as vias envolvidas na ISR ainda sdo pouco

conhecidas®®.

1.3.1 Genes relacionados a defesa vegetal

O sistema imune vegetal vem sendo extensivamente estudado a fim de se
compreender quais sdo 0s processos celulares e moleculares envolvidos na percepgao
dos patdgenos, bem como as vias de sinalizacdo que, em ultima analise, levam a
resisténcia da planta. Diversos horménios vegetais desempenham papéis fundamentais
tanto na modulag&o do crescimento quanto na defesa vegetal. Dentre estes, podemos
destacar o A&cido salicilico (AS), envolvido na sinalizacdo da defesa contra
microrganismos biotréficos, e o acido jasménico (JA) e o etileno (ET),responsaveis pela
promocao da defesa contra microrganismos necrotréficos (Tabela 1) 7.

A sinalizacao através do AS ocorre a partir de alteracdes do estado redox do
citoplasma celular, que entdo proporciona a translocacdo da proteina citoplasmatica
NPR1 (NONEXPRESSOR OF PR GENESL1) para o nucleo, que interage com proteinas
nucleares membros da familia TGA de fatores de transcri¢cdo, desencadeando assim a
expressao de genes que atuam na defesa vegetal, como os genes relacionados a
patogénese (genes PR). Além destas respostas nos tecidos préoximos ao local de
infeccdo, o AS também promove respostas de defesa em tecidos e érgaos distantes do
local infeccdo (reposta SAR)®7:68:38,

O horménio JA é responsavel pela defesa vegetal contra patégenos
necrotréficos, microrganismos néo patogénicos e herbivoros®®. Este hormonio utiliza
duas vias de sinalizacdo: a proteina MYC (fator de transcricdo) e a ERF (ETHYLENE-
RESPONSE FACTOR). Quando a planta ndo esta sob ataque, as respostas induzidas
por JA sado reprimidas através dos repressores JAZ (JASMONATE ZIM-DOMAIN), que
sdo proteinas inibidoras que estdo presentes no nucleo celular. Este repressor JAZ
interage com a proteina COI1 (CORONATINE INSENSITIVE 1) e MYC2, acabando
assim por inibir a funcdo do MYC27°. A proteina COI1 faz parte do complexo SCF (SKP-

CULLIN-F-BOX) o qual tem a fungéo de perceber o sinal do JA biologicamente ativo,
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estando este sob a forma de JA-lle (JASMONYL-L-ISOLEUCINE). Por sua vez o
complexo SCF é formado por multiproteinas E3 ligase, que tem a capacidade de
catalisar a ubiquitinacao de proteinas para serem degradadas no proteossoma. Quando
a planta é atacada por patdgenos ou sofre algum tipo de ferimento por herbivoros, o JA-
lle é imediatamente produzido no tecido que sofreu a injdria. A maior concentragédo de
JA-lle promove a interagdo fisica entre as proteinas COI1l e JAZ, levando o JAZ a
ubiquitinizacéo e subsequente degradacao no proteossoma. Quando o JAZ é removido
da interagdo com MYC, para interagir com COIl, este forma homodimeros ou
heterodimeros com MYC3 e MYC4. E entdo o complexo MYC2-MYC3-MYC4 se liga a
regido G-box presente em promotores de genes responsivos ao JA, levando assim a
respostas de defesa’®"*

Dentre as diversas respostas promovidas pelo complexo MYC, destaca-se a
expressao da proteina Pin2, a qual estid diretamente relacionada a defesa vegetal
mediada pelo JA. A proteina Pin2 pertence a familia de inibidores de proteases (Pls),
as quais agem inibindo a degradacdo de proteinas toxicas presentes no citoplasma
celular. A expresséo da Pin2 possibilita que estas proteinas toxicas permanecam ativas
durante o ataque de herbivoros’>"3,

A via de JA por ERF proporciona ao vegetal, defesa contra patdégenos
necrotréficos e conta com a presenca do etileno. Esta segunda via do JA é mediada por
fatores de transcricdo da familia ERF (ETHYLENE RESPONSE FACTOR), como o
ERF1, ERF96 e ORA59%"74 Os fatores de transcricio ERF1 (ETHYLENE
RESPONSIVE FACTOR 1) e ORA59 (OCTADECANOID RESPONSIVE ARABIDOPSIS
AP2/ERF 59) fazem parte da superfamilia AP2/ERF (APETALA2/ETHYLENE
RESPONSE FACTOR), estando eles presentes na via sinalizacdo do JA/ET, que
promove a expressao de genes de defesa. Uma das caracteristicas da superfamilia
AP2/ERF é que seus membros possuem de uma a duas regides com 60 aminoacidos
repetidos, que sdo chamados de dominio AP2/ER, que podem se ligar a regido GCC
box que estdo presentes nos promotores dos genes PR induzidos por &acido
Jasmonico/Etileno™.

Embora os horménios AS e JA sejam usualmente considerados
antagonistas®’:’®; estes podem ndo ser antagdnicos em 6rgéos e tecidos distantes do
local onde ocorreu a infeccdo pelo patdgeno. Neste caso, podem agir de forma
semelhante na promocédo da resisténcia contra diferentes tipos de patégenos’®. Este
efeito pode trazer vantagens para 0 vegetal, pois assim ele néo ficaria totalmente
desprotegido do ataque de patdgenos, mesmo que a via especifica JA antagbnica ja

tenha sido ativada’.
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Tabela 1. Exemplos de genes marcadores envolvidos em respostas de defesa vegetal

promovidas pelos horménios Acido Salicilico, Jasmonato e Etileno”’.

i o Genes Funcdes
Via de sinalizacéo
marcadores
PAL Fenilalanina amonialiase: Sintese de compostos
fendlicos (AS, flavondides e fitoalexinas)
PR-1b N .
Funcéo desconhecida (resposta de defesa vegetal)
Acido Salicilico
PR-2 1,3-B-glucanase: Promove a degradagéo da parede
celular de fungos
PR-5 Taumatina-like: Familia de proteinas antifingicas
ERF1 Fator de transcricdo: Ativado por Etileno
POTLX3 Lipoxigenase: Envolvida na sintese de JA
PIN2 Inibidora de proteases: Ativado por MYC
ACS ACC sintase: Enzima chave da sintese de etileno
Jasmonato/Etileno nas plantas
THI2.1 Tionina: Peptideo antimicrobiano
PDF1.2 Defensina
JAZ1

Repressor de genes responsivos ao acido

jasmoénico
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1.4 Rizobactérias

A rizosfera é a regido do solo que fica sob influéncia direta das raizes. Este efeito
das plantas sobre o solo deve-se a capacidade dos vegetais em depositar nas raizes
até 40% do carbono fixado na fotossintese, onde torna-se acessivel & microbiota da
rizosfera®’. Esta regido possui maior densidade de microrganismos (de 10 a 100 vezes)
e intensidade de atividade microbiana se comparado ao restante do solo, devido a
grande quantidade de agucares e amino4cidos contidos nos exsudados, nas secre¢fes
e na mucilagem liberados pelo vegetal®.

As bactérias que colonizam a rizosfera séo denominadas de rizobactérias e podem
ser classificadas como benéficas, prejudiciais ou neutras para o vegetal’. Dentre as
benéficas estdo as rizobactérias promotoras de crescimento vegetal (PGPR, Plant
growth-promoting rhizobacteria). Elas podem ser encontradas em diferentes climas,
estruturas de solo e tipos de vegetais, estando associadas a rizosfera, ao rizoplano
(local de contato direto entre raiz e a bactéria) e/ou os espagos intercelulares dos tecidos
das raizes®0818283,

Os mecanismos de promocao do crescimento vegetal causado pelas PGPRs podem
ser diretos ou indiretos. Os diretos sdo realizados através da disponibilizagdo de
compostos que sao sintetizados pela bactéria, como o nitrogénio fixado, a producéo de
hormdnios vegetais, como o acido 3-indolacético (AlA), a producdo de sideréforos e a
reducéo dos niveis endégenos de Etileno, através da enzima 1-aminociclopropano-1-
carboxilato desaminase®8. Os mecanismos indiretos estéo relacionados a diminuigéo
ou a prevencdo dos efeitos deletérios de um ou mais organismos fitopatogénicos’®,
como a sintese de metabdlitos com propriedades antibidticas, sintese de enzimas
degradadoras de parede celular de fungos, interferéncia no sinal quorum sensing,
producdo de compostos organicos volateis, degradacdo de precursores de etileno e a
ativacdo de ISR®. Desta forma, as PGPRs podem promover o crescimento de plantas
de soja e milho através da producdo de hormdnios, como no caso de Azospirillum
brasilense®, ou promover o aumento da resisténcia de plantas de cravo contra Fusarium
oxysporum, promovida pela rizobactéria Pseudomonas fluorescens WCS417r%’.

A auxina é um horménio vegetal essencial para um grande namero de repostas
fisioldégicas, como o crescimento de raizes e partes aéreas, respostas a estresses e
mecanismos de defesa®®. Além dos vegetais, cerca de 80 % das rizobactérias sdo
capazes de produzir este hormonio, através do metabolismo inddlico, a auxina AlA. As
bactérias utilizam diferentes vias para a producéo do AlA, sendo o amino&cido triptofano
utilizado como precursor por grande parte delas®*°,

Além da auxina, o etileno é um importante horménio modulador de crescimento

vegetal, desempenhando também papel na defesa destes organismos. Estresses
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bidticos e abidticos podem gerar um aumento nos hiveis de etileno endégeno nos
vegetais, levando a uma redugédo no crescimento da planta. Algumas rizobactérias tem
a capacidade de reduzir os niveis de etileno nas raizes devido a sintese da enzima
denominada de l-aminociclopropano-1-carboxilato desaminase (ACC desaminase),
que sequestra o ACC da via de producéo do etileno vegetal e converte em amdnia e a-
cetobutirato (Figura 3), acabando por interromper a via de produgcédo enddégena deste
hormonio na planta®92,

As rizobactérias também podem interferir no crescimento vegetal através da
producao de sideréforos. Estas sdo moléculas organicas de baixo peso molecular que
formam ligacdes estaveis com o ferro presente no solo. Neste sentido, o elemento ferro
€ um nutriente fundamental para o desenvolvimento tanto de plantas quanto de
bactérias, porém sua forma mais encontrada no solo é o Fe3+, necessitando ser
reduzido para a forma Fe2+ para ser solubilizado e utilizado pelos organismos. Algumas
rizobactérias possuem a capacidade de produzir sideréforos que sequestram e
transportam o Fe3+do solo para dentro das células, onde este é reduzido a Fe+2. O
vegetal se beneficia da presenca destas bactérias pela captacdo direta do complexo

sideréforo-Fe do solo, ou por uma reacéo de troca de ligantes®:94%,
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Figura 3 — Modelo proposto para a interacdo entre bactéria e célula vegetal através da

ACC desaminase durante o ciclo do etileno®?.
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1.4.1Streptomyces sp. (actinobactérias)

As actinobactérias, também conhecidas como actinomicetos, formam um filo de
bactérias Gram-positivas que possuem aspecto filamentoso. Podem ser encontradas
em diversos ambientes como 4gua, rochas, animais, plantas e solo. O solo, por sua vez,
€ 0 ecossistema onde estes microrganismos sao encontrados com maior frequéncia e
abundancia, existindo cerca de 104 a 106 esporos de actinomicetos por grama de solo®.
Elas desempenham um papel importante na mineralizagdo da matéria organica do solo
e sao as responsaveis por produzirem compostos terpendides que séo 0s responsaveis
pelo odor caracteristico de solo%:7:%,

Um dos principais integrantes dos actinomicetos é o género Streptomyces
(familia Streptomycetaceace), que é constituido por bactérias aerbdbias estritas. Sua
morfologia lembra a de fungos filamentosos, apresentando micélio vegetativo e hifas
aéreas. Suas hifas possuem o didmetro aproximado de 0,5 a 0,10 um e o0 seu
comprimento é indefinido. Também possuem a capacidade de produzir esporos. Devido
a estas caracteristicas seu ciclo de vida também é diferente da maioria das bactérias,
possuindo fases de crescimento vegetativo, crescimento aéreo e esporulagdo (Figura
4)99:100,

Este género geralmente é encontrado no solo associado a raizes de plantas. A
temperatura ideal para o crescimento de Streptomyces pode variar de 25°C a 37°C e 0
pH do ambiente pode variar de 6,5 a 8,0 sem causar alteracdes no crescimento da
maioria das espécies descritas01102.103,

Algumas cepas de Streptomyces sdo produtoras de antibiéticos, como a
estreptomicina e a terramicina, além de hormdnio auxina (4cido 3-indolacético, AlA),
proteases extracelulares, sideroforos, ACC desaminase e compostos organicos
volateis'®, Estas caracteristicas despertam grande interesse comercial, jA que estas
bactérias podem ser fonte de novos antibiéticos e de produtos promotores de
crescimento vegetal. Outra abordagem de uso das Streptomyces esta relacionada a
capacidade destes organismos em induzir o metabolismo de defesa vegetal'®*. Estudos
realizados por Dalmas e colaboradores, demonstram o potencial de alguns isolados de
Streptomyces em produzir auxina e promover 0 crescimento vegetal em plantas de
Araucaria angustifolia'®. J& o estudo de Salla e colaboradores, mostra que isolados de
Streptomyces foram capazes de induzir o crescimento vegetal e modular o metabolismo
secundario (relacionado a respostas de defesa vegetal - ISR) de plantas de Eucalyptus
contra Botrytis cinerea!®®. Da mesma forma, foi demonstrada a capacidade de
Streptomyces em promover ISR em plantas de carvalho-vermelho, levando a diminuicédo

da severidade da doenca causada por Microsphaera alphitoides?®’.
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Neste contexto, investigacdes de novas linhagens de Streptomyces com o intuito
de verificar o seu potencial como PGPRs para diferentes espécies de vegetais mostram-
se crescentemente promissoras como alternativas sustentaveis para promoc¢ao do

crescimento e da defesa vegetal contra patégenos.
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Figura 4 — Fases tipicas do ciclo de vida de Streptomyces!®,

2. JUSTIFICATIVA

Embora a producdo de batatas tenha grande importancia mundial, ela é
constantemente ameacada por doengas causadas por diversos patégenos. Os métodos
atuais de controle de doencas bacterianas sédo baseados no manejo e/ou no uso de
guimicos que podem ser nocivos ao meio ambiente, bem como a salude humana e
animal. Além disso, ndo existem cultivares de batata resistentes a bactéria
Pectobacterium spp. e os métodos atualmente disponiveis sao dispendiosos e de baixa
eficiéncia para o controle deste patégeno. Esta situacdo deixa clara a necessidade do
desenvolvimento de novas ferramentas, que sejam seguras e de menor custo, para
auxiliar no controle eficiente deste patégeno.

Uma abordagem que vem sendo amplamente investigada para o controle de

doencas é o uso de PGPRs para a promoc¢éao do crescimento e da sanidade vegetal. A
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possibilidade de aumentar as defesas dos vegetais através da ISR representa uma nova
oportunidade para melhorar o controle de doengas bacterianas. A promocéo de ISR
pode levar ao aumento das defesas do vegetal como um todo, tornando a planta
preparada para se defender de maneira mais eficiente e rapida contra um amplo
espectro de patégenos. Contudo, para o desenvolvimento de ferramentas envolvendo o
uso de PGPRs, visando o crescimento e o controle de doengas em plantas, é necessario
ampliar o conhecimento dos mecanismos envolvidos na interacdo planta-PGPR.

3. HIPOTESE
O presente trabalho propde a hipotese de que bactérias do género Streptomyces

apresentam caracteristicas de PGPR em plantas de Solanum tuberosum.

4. OBJETIVOS
4.1 Objetivo geral
Caracterizar isolados de rizobactérias do género Streptomyces como bactérias

promotoras de crescimento e indutoras da imunidade inata de Solanum tuberosum.

4.2 Objetivos especificos

1- Caracterizar isolados de rizobactérias do género Streptomyces como
produtores de compostos que interferem no crescimento vegetal: auxina, ACC
desaminase e sideroforos;

2- Avaliar a capacidade de isolados de Streptomyces na promocao do
crescimento de plantas de S. tuberosum;

3- Determinar a capacidade de isolados de Streptomyces na promoc¢do da
resisténcia de S. tuberosum contra a fitobactéria Pectobacterium corotovorum subsp.
brasiliensis;

4- Avaliar a expressédo de genes marcadores de vias de respostas de defesa
(genes PR-1b, ERF1 e PIN2) em plantas de S. tuberosum em resposta a isolados de

Streptomyces e a fitobactéria Pectobacterium corotovorum subsp. brasiliensis.
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Abstract

Potatoes are the third most consumed crop in the world, after rice and wheat. Among the diseases
affecting potato, the blackleg and tuber soft rot, caused by phytobacteria Pectobacterium spp.,
lead to significant losses in the yield crop. Several studies have been exploring the use of plant
defense inducers as a strategy to control plant diseases. The use of plant growth-promoting
rhizobacteria (PGPR) in agriculture can lead to plant growth and enhancement of plant defense
through the promotion of induced systemic resistance (ISR). However, the mechanisms involved
in promoting ISR are still poorly understood. This study aimed to screen rhizobacteria of the genus
Streptomyces with capacity to promote plant growth and induce Solanum tuberosum innate
immunity. To achieve these objectives, we evaluated: i) the ability of Streptomyces strains to
produce auxin (3-indoleacetic acid), ACC deaminase (1-aminocyclopropane-1-carboxylic acid
deaminase) and siderophores; ii) their capacity to promote the growth of potato plants; iii) the
induced resistance in potato plants challenged with Pectobacterium carotovorum; iv) the
expression of genes related to defense pathways in S. tuberosum, promoted by Streptomyces
and P. carotovorum subsp. brasiliensis. Results indicated that the CLV163 and CLV145
presented high auxin and siderophores production. However, CLV145 reduced the shoot dry
mass. The ability of Streptomyces CLV09 in producing ACC deaminase was not a critical feature
for promoting plant growth. The CLV163 promoted plant defense against P. carotovorum. This
result suggested an induced priming state in potato plants that has occurred through the activation
of the AS and ET pathways, and its interaction with S. tuberosum plants did not impair the plant
growth.

Key words: Plant protection, PGPR, Potato, ISR
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1. Introduction

Potatoes production is constantly affected by diseases caused by several etiological
agents. These diseases lead to adoption of agricultural management based on agrochemicals
that increases the costs and may impact the environment2, Among the pathogens, plants and
tubers are frequently attacked by bacteria, such as Pectobacterium. This bacterium causes great
losses in crops around the world and is responsible for diseases known as black-leg and soft-rot,
which are characterized by the rot of stems and tubers®34,

A promising approach to assist in the management of plant diseases is the use of non-
pathogenic rhizobacteria for plant protecting and growth. Rhizobacteria can be classified as
beneficial, harmful or neutral to the plants®. The beneficial rhizobacteria are known as plant
growth-promoting rhizobacteria (PGPR)&7:8 which can promote a primed state for plant defense
and induce the plant growth by synthesizing and release compounds, such as auxin (indole-3-
acetic acid), siderophores and the enzyme ACC deaminase®?®. In this context, the rhizobacteria
Pseudomonas and Serratia have shown the ability to colonize and protect cucumber roots from
Colletotrichum orbiculare!®1, The beneficial effect o rhizobacteria was also observed when
Azospirillum brasilense was inoculated in soybean and corn, promoting the plant growth through
the production of hormones?'?, or when the rhizobacterium Pseudomonas fluorescens WCS417r
promoted the resistance of carnation plants against Fusarium oxysporum?s. However, the
success of rhizobacteria to interact and colonize plant roots is dependent on the compounds
released by plants, such as sugars, vitamins, amino acids and mucilage415,

Among the rhizobacteria, Streptomyces are cosmopolitan soil bacterial®l? widely
recognized for their capacity to produce bioactive compounds such as streptomycin, auxin,
extracellular proteases, siderophores and volatile compounds?®. This genus is also capable to
induce plant growth in Araucaria angustifolial® and promote the induced systemic resistance (ISR)
in Eucalyptus against Botrytis cinerea®.

The induced defense in plants may be divided in two main responses, the systemic
acquired resistance (SAR) and the ISR. Both designate the mechanisms by which plants activate
defense strategies, not only in the induction site but also at other places, after being exposed to
an inducing agent?L.

The ISR is triggered by the interaction between non-pathogenic microorganisms and
plants, increasing the defense capacity and preparing the plant for a future pathogen attack?©.
This resistance is activated by plant hormones such as jasmonic acid (JA) and ethylene (ET),
essentials for inducing the defense against necrotrophic pathogens and herbivorous
insects?2232425  Unlike the SAR, the development of ISR is independent of accumulation of
pathogenesis-related (PR) proteins, as observed in radish plants treated with P. fluorescens
WCS417r- and challenged with F. oxysporum?%. ISR response is also characterized by a salicylic
acid-independent pathway!®, as demonstrated in the interaction between Arabidopsis and the
rhizobacterium Pseudomonas putida WCS358r%’. Although the mechanisms involved in ISR and
SAR may present differences, it is expected a cross-talking between these routes, sharing

signaling pathways, as observed in tobacco, where ET perception is essential for the
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accumulation of salicylic acid (SA) and SAR development?®.Unfortunately, the mechanisms
involving ISR responses are still poorly understood?®. Recently, it has been reported that the
critical steps for priming in Arabidopsis are based on specific chromatin modifications on the
defense gene promoters and the accumulation of inactive kinases signaling proteins. In addition,
the increase in SA and azelaic acid led to a rapid and robust activation of defense and immunity
systems30. Moreover, it has been demonstrated that the plant growth-promoting rhizobacterium
Bacillus cereus AR156 is able to interact and suppress two microRNASs in Arabidopsis, leading to
plant defense through ISR promotion3.

The hormones JA and ET are generally related to ISR promotion. Two signaling pathways
are used by JA, a MYC and an ERF (ETHYLENE RESPONSE FACTOR). When the plant is
attacked by some pathogen or herbivorous, the plant signaling jasmonate-isoleucine (JA-lle) is
immediately produced in the tissue that has suffered the injury. The increased concentration of
JA-lle promotes the derepression of the pathway and allow the MYC complex to bind the G-box
region present in JA responsive gene promoters, thus leading to defense responsess3233, The JA
path through ERF provides the plant defense against necrotrophic pathogens and counts on the
presence of ET. This pathway is mediated by ERF1 (ETHYLENE RESPONSIVE FACTOR 1) 1534
which is part of the AP2/ERF (APETALA2 / ETHYLENE RESPONSE FACTOR) superfamily, and
is present in the via JA/ET signaling, that promotes the expression of defense genes. The
AP2/ERF superfamily has an AP2/ER domain, which can bind to the GCC box region that is
present in the PR genes promoters induced by JA/ET34. Mutations in the PIN (Ser proteinase
inhibitors) genes of tomato resulted in the deficiency of either JA synthesis or JA perception.
PIN1 and PIN2 genes are induced by JA through the JAI1 (JA-INSENSITIVE MUTANT)3. Trials
with transgenic tomato plants showed that PIN1 and PIN2 are expressed downstream of JA and
are detected 2 to 4 h after plant wounding. Moreover, their expression persist for more than 24 h
and are detected both locally and systemically3.

Salicylic acid is a plant hormone that induces defense against biotrophics. It promotes
the translocation of the protein NPR1 (NONEXPRESSOR OF PR GENESL1) to the nucleus, which
eventually interacts with members of the TGA family of transcription factors, thus triggering the
expression of genes that act on defense, such as pathogenesis related genes!538.39.40, Defense
responses were efficient in tobacco plants for protecting against the fungi Phytophthora
parasitica, Cercospora nicotianae and Peronospora tabacina, the bacteria Pseudomonas
syringae and Pectobacterium carotovorum, as well as the tobacco mosaic virus and tobacco
necrosis virus4.

This article describes the screening of native Streptomyces strains with PGPR features.
Aiming to select these rhizobacteria, the capacity to produce growth-enhancing compounds, such
as auxin, ACC deaminase and siderophores was evaluated. Moreover, the ability of Streptomyces
to induce innate immunity in Solanum tuberosum challenged with Pectobacterium carotovorum
and plant gene expression was also investigated.

The results indicated that production of these bacterial metabolites were not crucial for

promoting Solanum tuberosum growth. However, trials with plants inoculated with Streptomyces
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and then challenged with the pathogen Pectobacterium carotovorum, enabled to assert the
occurrence of ISR response and allowed a selection of Streptomyces strains with PGPR features.
Moreover, the expression of the plant genes PR1, ERF1 and PIN2, in response to Streptomyces
and pathogen, evidenced the occurrence of ISR and suggested that SA and ET pathways were

the main rout used by this induced response.

2. MATERIALS AND METHODS
2.1. Plant material

Certified potato tubers (cultivar Agata, Basic category G2) were provided by Multiplanta
Tecnologia Vegetal Ltda, Andradas/MG/Brazil. For disinfestation, tubers were immersed in
sodium hypochlorite (1% active chlorine) for 10 minutes. After, they were immersed in fungicide
solution (Ridomil®, 3 g/L) for 10 minutes and washed in sterile distilled water. Disinfested tubers
were treated with Gibberellic acid solution (25 mg/L) for 1 hour, to break down the dormancy.
Tubers were cultivated in plastic bags (1 L) with organic soil and maintained in a greenhouse

without temperature and light control.

2.2. Microorganisms and culture media

Streptomyces cultures were obtained from samples of soil (rhizosphere) collected in
native forest (Araucaria Forest, 29°29°18.4”S, 50°12°23.5"W) and agricultural areas (-28664519,
-53.605.714).

After cultivation in selective culture medium?#2, Streptomyces were isolated by
morphological characterization. Pure cultures were stored in glycerol at -80 °C and integrated into
the Microorganisms Collection of the Laboratory of Plant Biotechnology (CLV), PUCRS/Brazil. .
The Streptomyces CLV04, CLV09, CLV16, CLV20, CLV145 and CLV163 were evaluated in this
study. These isolates were recovered in ISP4%2 or ISP2° liquid culture medium. Cultures were
grown in orbital shaker (100 rpm), in the light (24h) at 25 + 2 °C for seven days (at the beginning
of the stationary phase). After this period, the bacterial suspension was centrifuged at 2,500 xg
for 10 min at room temperature. The pellet was washed and resuspended in sterile water. The
density of bacterial suspensions was adjusted (ODsoonm= 0.5). Cultivated S. tuberosum plants
were watered with these suspensions.

The phytobacterium P. carotovorum subsp. brasiliensis was used as the challenger. This
pathogen was kindly provided by Dr. Andreia Mara Rotta de Oliveira, from the Phytopathology
Laboratory of Fepagro/RS/Brazil. The bacterium was maintained in glycerol at -80 °C. P.
carotovorum was grown in LB liquid medium (Luria-Bertani), under agitation (100 rpm) at 25 + 2
°C, for 16-20 hours in the dark. The bacterial suspension was centrifuged at 2,500 xg for 10 min
at room temperature. The pellet was washed and resuspended in sterile water. Then, the
suspension density was adjusted to 108 CFU mL" (ODeoonm=0.5) and immediately used to

inoculate potato leaves.
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2.3. Experiments

The experiments were carried out in four distinct and complementary steps. i) ability of
Streptomyces in producing secondary compounds such as auxin (indole-3-acetic acid, IAA),
siderophores and ACC deaminase; ii) ability of Streptomyces in promoting plant growth; iii)
capacity of Streptomyces in inducing plant defense against the phytobacterium P. carotovorum;
iv) expression of plant genes related to salicylic acid (SA), ethylene (ET) and jasmonic acid (JA)

pathways.

2.4. Bacterial secondary compounds
Auxin determination

Streptomyces were cultivated for five days in liquid medium ISP2 or ISP4 in orbital shaker
(100 rpm), at 25 + 2 °C in the light (24h). The cultures were centrifuged at 2,500 xg for 15 minutes
at room temperature. Auxin was quantified in the supernatant using the Salkowski method with
some madifications*® (218 mL of HsSO4 dissolved in 182 mL of distilled water, 12 mL of FeClz 1.5
M and 593 mL of distilled water). Subsequently, samples were incubated for 30 minutes in the
dark at room temperature. Analyzes were carried out in triplicate using spectrophotometer (530
nm). A commercial IAA (Sigma-Aldrich) was used as standard for stablishing the standard curve?®.

Auxin was expressed as ug/mL/g cells.

ACC deaminase

The ability of Streptomyces to produce ACC deaminase was determined according to
method described by Glick and Cattelan, with adaptations#445. This enzyme is responsible for the
cleavage of the plant ethylene precursor, ACC, into ammonia and a-ketobutyrate. Induction of
ACC deaminase activity typically includes growing bacterial strains on rich media and then
switching the bacteria to minimal medium containing ACC as the sole nitrogen source“s.
Streptomyces were initially cultivated in liquid medium ISP2 or ISP4 for seven days under
agitation (100 rpm), at 25 + 2 °C in the light (24h). Then, cultures were centrifuged and the pellet
was washed and resuspended (DOsoonm= 0.5) in DF medium (Dworkin & Foster medium)*7 without
nitrogen and glucose supplementation (DFm). The DFm suspensions were used for starting new
cultures in semisolid medium, according to the treatments i) DF medium complete (DF), ii) DF
medium without any nitrogen source (DF-) and iii) DF medium supplemented with ACC (2.4 g/L)
as unique nitrogen source (DFacc). All treatments were supplemented with glucose (0.4 %).
Treatments were carried out in multiwell culture plates (12 wells) and 1 mL of each treatment
medium was added per well. After solidification, 5 pL of the DFm suspension cultures were added
per well. Control consisted in water inoculation (5 pL/well). Plates were maintained at 28 °C, in

the dark (24h) for 10 days. The ability (presence or absence) for growing was visually evaluated.

Siderophores
In order to determinate the production of siderophores by Streptomyces, bacteria were

cultivated in liquid medium ISP2 or ISP4 for five days under agitation (100 rpm), at 25 + 2 °C in
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the light (24h). After this period, the density of bacterial suspensions was adjusted (DOsoonm= 0.5).
The universal siderophore assay (CAS/HDTMA-LB plate) was prepared according the cup plate
method*8. The complexes chrome azurol S (CAS) and hexadecyltrimethylammonium bromide
(HDTMA) tightly with ferric iron to produce a blue color. When a strong iron chelator removes iron
from the dye complex, the color changes from blue to orange. The bacterial suspension (100 pL)
were added per well (5 mm-well), and plates were incubated at 28 °C for 7 days in dark (24h).
Each Streptomyces isolate was inoculated in three plates CAS/HDTMA-LB medium with three
wells, totalizing 9 samples per bacterium. As negative and positive control, distilled water and
Pyrocatechol solution (1 mol) were used, respectively. Measurements were taken considering the
diameter of the orange halo zone (mm) after incubation. The results were considered positive
when the halo boundary around the well/colony was larger than 2 mm4°, Data were expressed as

mean of the halo boundary.

2.5. Streptomyces and plant growth

Young plants of S. tuberosum cultivated in greenhouse were splitted in groups of fifteen
plants. Plants were watered with 10 ml of Streptomyces suspensions (CLVs 04, 09, 16, 20, 145
and 163) at the starting of the experiment and after 15 days. Control consisted in plants watered
in the same way as previously described with sterile distilled water. Plant growth was evaluated
30 days after the first Streptomyces inoculation. Plants were evaluated considering the shoot and
root dry mass increment, shoot length and the number of leaves. Plant material was dried out at
50 °C for 72 hours, or until non variation in mass, for dry mass determination. The growth

parameters were expressed as percentage of controls.

2.6. Streptomyces and plant resistance

Plants of S. tuberosum cultivated in greenhouse were selected and the shoot size was
standardized (20 cm in length) before experiments onset. This plants were divided in groups of
fifteen and watered with 10 ml of Streptomyces suspensions (CLVs 04, 09, 16, 20, 145 and 163)
at the starting of the experiment and after 10 days. Control consisted in fifteen standardized plants
watered with sterile distilled water. After 15 days of the initial treatment with Streptomyces,
expanded leaves were detached and placed in sterile Petri dishes (15 x 2.5 cm) with two layers
of moistened filter paper (15 ml of sterile distilled water). The petioles were covered with wet
cotton in order to reduce the leaf dehydration within the plate. One leave was placed in each
plate. All plates were maintained under light (24h) and controlled temperature (25 + 2 °C).

Detached leaves were inoculated with P. carotovorum in the abaxial surface of the apical
leaflet. The suspension was inoculated (100 pL) using a needleless syringe. Assessments of
disease severity were performed along 5 days. Control consisted in plants inoculated with sterile
distilled water. The severity of the disease was determined by estimating the leaf area (%)
presenting chlorosis (using AxioVision software SE64 Rel. 4.9.1).Each assay consisted in five

detached leaves per treatment. Each leaf was detached from one plant and represented one
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repetition. The area under the disease progress curve (AUDPC) was also estimated according to
the equation described below3°

ne=|

ATDPC =) (¥, + )/ 2X (1, —1,)

Where: yi = percentage of plants presenting blackleg symptoms (severity at the i-th observation);
ti = time (in days) after sowing at the i-tn observation; n = number of days between the disease

onset and the last disease assessment.

2.7. Expression of genes

Plants of S. tuberosum cultivated in greenhouse were selected and the shoot size was
standardized (20 cm in length) before experiments onset. This plants were divided in groups of
nine and watered with 10 ml of Streptomyces suspension at the starting of the experiment and
after 10 days. Control consisted in nine standardized plants watered with sterile distilled water.
The Streptomyces CLV163 was chosen as the most promisor rhizobacterium and used for
watering the plants (10 mL). After 15 days of the treatment with Streptomyces, the pathogen P.
carotovorum was inoculated on the stem, below the first leaf. Leaf samples were collected at 3,
6, 12 and 24h post-inoculation with the pathogen. The treatments were designed as: i) plants
watered with CLV163 and inoculated with P. carotovorum; ii) plants watered with CLV163 and
inoculated with water; iii) plants cultivated without CLV163 and inoculated with P. carotovorum;
iv) plants cultivated without CLV163 and inoculated with water. Each treatment consisted of nine
plants. One leaf from each plant was sampled per time. Each plant consisted in one repetition.
Samples were frozen in liquid nitrogen and stored at -80 °C until gRT-PCR analysis.

RNA was extracted from frozen potato leaves following the rapid Trizol-based
method>152, The RNA integrity and quantity were evaluated through agarose gel electrophoresis
and fluorometer (Qubit 2.0, Invitrogen, Life Technologies Corporation). Residual genomic DNA
was eliminated by treatment with DNAse (Turbo DNA-free™ Kit — Ambion®) and cDNA was
synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems®),
following the manufacturer’s instructions.

Primers were designed using the Primer3Plus v2.3.6 web interface
(http://primer3plus.com/). Genes and respective primers used in this study are listed in Table 1.
The gRT-PCR analysis was performed in a StepOne™ Real-Time PCR System (Applied
Biosystems®), using SYBR® Green | (Invitrogen™) as the fluorescent reporter signal and ROX
(Invitrogen™) as the passive reference dye. Cycling conditions were: 95 °C for 5 min, followed by
45 cycles of 95 °C for 15 s and 60 °C for 1 min, with a final step consisting of a dissociation curve
ranging from 60 °C to 95 °C. The specificity of the PCR amplifications was confirmed by
sequencing of the amplification products and the formation of primer-dimers was monitored by
the presence of a single peak in the melt curve analysis. Target genes were normalized using

elongation factor 1-alpha (EF-la) as the internal reference®® and the mean relative gene
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expression was calculated according to Pfaffl (2001)%°. Estimation of qPCR efficiencies was

assessed using the LinRegPCR software version 2014.6.

Table 1 - Genes and primers designed for S. tuberosum.

Gene Abbreviation *Accession Primers (5’-3’)
Number
Pathogenesis-related protein 1 PR-1b AY050221.1 PR1b-F: TACCAACCAATGTGCAAGCG

PR1b-R: TTGTCCGACCCAGTTTCCAA

Ethylene response factor 1 ERF1 NM_001288674.1 ERF1-F: GGTTTAAATGAGCCGGAGCC
ERF1-R: CCCCGGCTCTGAACTTCTAA

Proteinase inhibitor II PIN2 X99095.1 PIN2-F: GGTACTTGTAAGCGCGATGG
PIN2-R: CTGCACAACAGTTGGTGCAT

Elongation factor 1-alpha EF-1a AB061263.1 EFla-F: CTGCACTGTGATTGATGCCC
EFla-R: ACCAGCTTCAAAACCACCAG

* GenBank® nucleic acid sequence database. National Center for Biotechnology Information (NCBI).

2.8. 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 extreme values was
determined by BoxPlot test. 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 Streptomyces isolates analyzed in this survey were able to produce the auxin IAA
(Table 2). The highest auxin level was produced by Streptomyces CLV145 (131.83 pg/mL/g),
while the lowest level was produced by CLV09 (6.68 pug/mL/g). Moreover, only the CLV09 was
able to produce ACC deaminase (Supplementary Information Figure 2) in the experimental
conditions (Table 2).

When the synthesis of siderophores was evaluated by the diffusion method, all
Streptomyces showed the capacity to produce these chelators (Supplementary Information
Figure 1; Table 2). The highest and the lowest diffusion area observed was produced by CLV145
(1.27 cm) and CLVO04 (0.30 cm), respectively. The production of siderophores is a common
feature in actinomycetes®* and many rhizobacteria. They are considered as plant growth inducers
due to the ability to make the iron available to plant roots®5, or even render it unavailable to
pathogenic organisms®4.

S. tuberosum plants inoculated with Streptomyces were evaluated in greenhouse
conditions for plant growth. The parameters root dry mass (p=0.31) and leaves number (p=0.122)
were not affected by Streptomyces. However, the shoot mass (p=0.025) and shoot length
(p=0.001) were affected. The Streptomyces CLV16 reduced (10.78%) the root dry mass
compared to the control treatment (Figure 1la). While CLV145 and CLV163 did not affect the
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growth. However, the CLV145 and CLV163 presented a significant increment in dry mass,
compared to CLV16. Unexpectedly, the CLV145 reduced the shoot dry mass (Figure 1b),
compared to CLV163. The CLV145 and CLV163 presented high level of both siderophores (1.2
and 0.9 cm, respectively) and auxin (131.8 and 96.7 ug/mL/g, respectively) (Table 2). Although
the CLVO04 presented low levels of auxin (32.7 pg/mL/g) and siderophores (Table 2), it did not
have a significant negative effect on the root and shoot dry mass production (Figure 1a, b).
Regardless of the siderophores levels produced by the isolates, they did not affect the root and
shoot growth, compared to the control. It may have occurred because S. tuberosum plants were
grown in organic commercial soil, which does not present any nutrition restriction for plant growth.
This soil probably had no iron restriction, and iron supplementation by siderophores was not
critical to plants.

The productive efficiency of Streptomyces on plant growth may depend on many factors,
such as rhizobacterium and plant species interactions and the soil conditions®6:14, Although
Streptomyces were inoculated in the soil, there was a tendency of shoots to be more affected by
the rhizobacteria than the roots. The CLVs 16, 145 and 09 reduced the shoots dry mass in
22.40%, 31.82% and 27.67%, respectively, contrasting to CLV163 that promoted this parameter
in 17.93% (Figure 1b). However, all rhizobacteria did not differ from the control. Plants inoculated
with CLV163 and CLV09 reduced drastically the shoot length in 86.3% and 85.1%, respectively
(Figure 1c). Moreover, regardless of Streptomyces evaluated, there were no differences in the
number of leaves produced (Figure. 1d). This number ranged from a reduction of 24.19%
(CLV145) and an increment of 16.11% (CLV163). These results show that there is a less
pronounced effect on the root growth compared to shoot growth, increasing the root/shoot ratio.
It has been demonstrated a strong relation between the synthesis of auxin and siderophores in
Streptomyces and the promotion of seed germination, shoot growth and dry mass increment in
wheat®’. However, auxin produced by bacteria may inhibit the root growth, depending on its
concentration. This inhibition was observed in roots of Solanum nigrum when endophytic bacteria
produced more than 93 pg/mL of auxin. Whereas low levels of auxin, below 11 pg/mL, promoted
the root growth58:59,

Microbial synthesis of IAA has been known for a long time. However, the relationship
between plant growth and bacterial IAA has not been completely determined®. Approximately
80% of microorganisms isolated from the rhizosphere of various crops are able to produce and
release auxins®®. In a previous study, it has been observed that the all 28 isolated actinobacteria
were able to produce auxin, and 11 of them were efficient in promoting the growth of
Arabidopsis®. Our results were similar, since from six Streptomyces evaluated, five produced
significant levels of IAA, compared to the control.

Although ACC is considered as a plant growth modulator through producing ET34, the
Streptomyces CLV09, the only one that produced ACC deaminase, did not induce a significant
difference on plant growth, compared to hon-producing ACC deaminase isolates. The modulatory
effect of ACC deaminase produced by Streptomyces was demonstrated in tomato plants,

changing the internal levels of plant ACC®'. Moreover, the effect of ACC deaminase is more
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pronunciated in plants with elevated ethylene production, under biotic or abiotic stresses*6:62, our
results might indicate that the experimental plants produced low levels of ACC, or the CLV09 was
not able to colonize or interact with plant roots. Taking into account all the results, the production
of siderophores and auxin, in this case, were not valuable as parameters for selection of
Streptomyces with potential PGPR feature. Our data also reinforced that the relationship between
actinobacterial metabolites production and plant growth is much more complex and involve other

factors, as already reported eslewehre 3.

Table 2 - Metabolites produced by Streptomyces. Indol-3-acetic acid (IAA), ACC deaminase and
siderophores. ACC deaminase is expressed as presence (+) or absence (-). Siderophores
production was estimated by the diameter halos formed. Control consisted in culture medium
without bacteria. Different letters in columns indicate significant differences (Duncan’s test,

p=0.05). Numbers in parentheses represent standard errors of the mean.

Streptomyces IAA (ug/mL/g) ACC deaminase Siderophores (cm)
Control 0.00 e - 0.00 f

CLV04 32.74 (3.22) d - 0.30 (0) e

CLV16 65.36 (2.65) ¢ - 0.33(0,01) e
CLV20 70.32 (8.93) ¢ - 0.41 (0,01)d
CLV145 131.83 (5.07) a - 1.27 (0,03) a
CLVO09 6.68 (2.31) e + 0.62 (0,02) ¢

CLV163 96.69 (10.00) b - 0.97 (0,04) b
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Figure 1 — Growth rate of Solanum tuberosum plants inoculated with Streptomyces (isolates
CLVs 04; 16; 20; 145; 09 and 163). Abscissa axis represents the growth observed in the Control
treatment (plants treated with water). All data are expressed as percentage of Control. Plants
were evaluated 30 days after initial inoculation. Different letters indicate significant differences
between treatments (ANOVA OneWay, Duncan’s test; p<0.05). Asterisks indicate significant

differences between treatments and Control (Student’s t-test, p<0.05).

The area under the disease progress curve (AUDPC) evaluated the ability of
Streptomyces in reducing the plant disease caused by P. carotovorum. The lowest AUDPC was
observed when plants were pretreated with CLV163 (216.57) (Table 3). The reduction in the
disease symptoms, promoted by CLV163, was observed two days after pathogen inoculation
(Figure 2). At the end of this treatment, plants presented 55.64% of the leaf area with disease
symptoms. Plants treated with other CLVs presented leaf area with symptoms varying from
75.43% (CLV09) to 94.78% (CLV16) after 5 days after inoculation. Leaves from the positive and
negative controls (solely with, or without pathogen inoculation, respectively), showed 95.62% and
0.00% of the leaf area with symptoms, respectively. The isolates CLV16 and CLV20 presented
the highest disease progression (485.11 and 378.27, respectively), and disease symptoms area
(94.78% and 92.36%, respectively) (Figure 2). Interestingly, the CLV145 showed an increment in
the disease area at the day 2, presenting the largest area of lesion, surpassing the positive control
and the isolate CLV16 (Figure 2). However, leaves pretreated with the isolate CLV145 showed
82.32% of the leaf area with disease five days after the pathogen inoculation.

It has already demonstrated the ability of rhizobacteria in inducing plant defense. Rice
plants treated with Pseudomonas fluorescens and Chryseobacterium balustinum showed

resistance against the fungus Pyricularia oryzae Cav.®* Furthermore, the increment on plant
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growth and the resistance against Botrytis cinerea were observed when plants of Solanum
lycopersicum were treated with Bacillus spp.®> Similarly, many Streptomyces were able to
reduce the disease incidence in plants of Cucumis melo L. infected with Didymella bryoniae®é.

In view of these results it is possible to suggest that the isolate CLV163 has promoted a
plant systemic defense pathway, since the defense response was faster in relation to the positive
control and to the other Streptomyces. This result indicates a priming state induced by CLV163.
This response is related to a fast and systemic plant defense activation®”-68.69, Among the plant
defense pathways, the priming is related to ISR promoted by nonpathogenic microorganisms,
such as rhizobacteria. It is already known that ISR requires the plant hormones ethylene and
jasmonic acid. However, the hormonal cross-talking and specific signaling in the primed ISR
response are still unknown3°,
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Figure 2 — Disease progression in S. tuberosum plants pretreated with six Streptomyces isolates
and inoculated with P. carotovorum after 15 days. Different letters indicate significant differences

between treatments within the day (ANOVA OneWay, Duncan’s test; P=0.05).
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Table 3 - Area under the disease progress curve (AUDPC) value in S. tuberosun plants. Plants
were pretreated with Streptomyces and leaves were detached 15 days after this pretreatment.
Detached leaves were inoculated with P. carotovorum. Control consisted in non-pretreated plants
with inoculation (Control +) or non-inoculation (Control -) of pathogen. Different letters in the

column indicate significant differences (Duncan’s test, p=0.05).

Streptomyces AUDPC
Control - 0.00 ¢
Control + 477.82 a
CLvo4 346.22 ab
CLV16 485.11 a
CLV20 378.27 a
CLvV163 216.57 b
CLV09 310.79 ab
CLVv145 353.58 ab

There are many reports of priming state promoted by rhizobacteria, such as Bacillus
cereus and Pseudomonas putida LSW17S, promoting an upregulation of genes related to plant
defense and ISR71, The expression of genes related to SA, JA and ET pathways were analyzed
in potato plants treated with the Streptomyces CLV163. This isolate was chosen due to its ability
to produce IAA and siderophores, promote the increment of root and shoot dry mass and delay
the progression of the disease symptoms caused by P. carotovorum.

Plants treated with CLV163+P.carotovorum or H>O+P.carotovorum showed a significant
increment in PR-1b expression at 3h (Figure 3a). However, only the treatment
CLV163+P.carotovorum increased this gene expression over the time. Since the PR-1b is related
to SA pathway and systemic defense activation’?, the results suggest that the pretreatment with
CLV163 ameliorate the systemic signaling system against pathogen, improving plant defense.
The expression of PR-1b in plants treated with H.O+P.carotovorum was short and restrict to the
beginning of pathogen infection. The plant defense generated by a pathogenic microorganism
usually occurs through the activation of the SA pathway’3. Moreover, the expression of PR-1b in
plants treated with H.O+H20 or CLV163+H20O remained at very low level along the time,
maintaining the expression at the basal level.

The expression of the gene PIN2 is related to jasmonate pathway. In general, plants
treated with H20+P.carotovorum presented an increment in this expression at 3h (Figure 3b).
Plants treated with CLV163+P.carotovorum showed an increment in PIN2 expression only 24h
after the pathogen inoculation, delaying the JA responses. There was no significant change in
PIN2 expression when plants were treated with CLV163+H,0. PIN2 is a well-stablished JA-
responsive gene 747576 and it is repressed by SA pathway. The results suggest an antagonism
between the SA and JA signaling pathways in plants treated with CLV163+P. carotovorum in the
first 6 hours. However, this antagonism was not observed at 24h (Figure 3a, b). Interestingly, the
treatment H20+P. carotovorum showed an increment in both PR-1b and PIN2 expression at 3h.

The expression of ERF1 was faster in the plants treatment CLV163+P. carotovorum than in the
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treatment H,O+P.carotovorum. Therefore, our results suggest a long-term expression of PR-1b
and ERF1 when plants were treated with CLV163+P. carotovorum (Figure. 3a, b, c). This data
suggest a possible preferential promotion of SA and ET signaling pathway instead of the SA and
JA pathways.

It has been reported that non-pathogenic organisms such as Streptomyces, activate the
ISR pathway, which is dependent on JA/ET?’. Although the ethylene acts via ERF, this gene is
also responsive to JA signaling pathway, leading to plant defense against necrotrophic
pathogens’. The ERF is able to signal for ISR via the NPR1 gene that is a well-known component
of the SA pathway’®. Ethylene signaling acts downstream of the JA pathway but upstream of
NPR1 in ISR activation. Thus, the NPR1 is required to mount the ISR". According to recent
reports, the ISR response is activated by SA and JA pathway instead of JA and ET8%81, In addition,
red oak and Arabidopsis plants treated with Streptomyces showed an upregulation of genes
related to both ISR and SAR®283, These results are in accordance to our finds. The CLV163 lead
to an early PR-1b upregulation, characterizing a SA-dependent defense pathway, and a later

PIN2 expression (a JA marker), after pathogen inoculation.

g -
45 PR-1b a PIN2
g 4
40 c7
c §
8 35 2
a a6
g 30 £5
2 25 - 2
] -
g 20 2
8 15 B3
< ]
& 10 ® 2 4
51 1
C
o 1 o
a b
6 -
ERF1
5 4 a
c
2 4
OH2O0+H20 a
o
W CLV163+H20 8 s
= 3 a
o ab
BCLV163+P.carotovorum g [
= 2 a
EH20+P. carotovorum ;f b b T b
2 . | a2 ’-}‘I bi
LNEL ME! [
3h 6h 1zh
Cc Hours

Figure 3 — Relative gene expression PR-1b, PIN2 and ERF1. Plants were pretreated with CLV163
and inoculated with P. carotovorum after 15 days. Controls consisted in plants treated with water
and inoculated with water or the pathogen. Different letters indicate significant differences

between treatments within the same hour (ANOVA OneWay, Duncan’s test; p=0.05).

CLV163 and CLV145 present PGPR features, such as high auxin and siderophores
production. However, only the CLV163 showed the ability to interact with S. tuberosum inducing

plant defense against P. carotovorum, without compromising the plant growth. The capacity of
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Streptomyces to produce ACC deaminase was not a crucial feature for PGPR selection. In
addition, CLV163 induced a long-term expression of plant genes related to defense pathways.
The CLV163 promoted the upregulation of genes associated to defense only when plants were
challenged with P. carotovorum. This response occurs via SA and ET signaling instead of the JA
pathway. Taking into account all these results, we suggest an induced priming state promoted by
CLV163 in S. tuberosum plants, and a cross-talking between SA and ET pathways in response
to the necrotrophic phytobacterium. Moreover, further studies are necessary to clarify the effect
of CLV163 on plant defense based on SA and ET signaling.
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Supplementary Information

a

S| Figure 1 — Siderophore production by Streptomyces (CAS/HDTMA-LB
plate assay). Control (a); CLV163 (b) and CLV165 (c). Measurements were
taken considering the diameter of the orange halo zone (mm).

DF DF - DF acc

CLV09 —

Control

Sl Figure 2 — ACC deaminase activity from Streptomyces CLV09 cultivated
in DF medium (Dworkin & Foster medium)*¢. Complete medium (DF),
medium without any nitrogen source (DF-) and medium supplemented with
ACC (2.4 g/L) as unique nitrogen source (DFacc). Control consisted in

medium inoculated with water.
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S| Figure 3 — Detached leaves of S. tuberosum cultivated in Petri-dishes. Plants were watered
with Streptomyces and leaves were removed after 15 days. Detached leaves were inoculated
with P. carotovorum pv. brasiliensis and cultivated in Petri-dishes for 5 days. Control consisted in
plants cultivated and inoculated with water (a); plants cultivated with CLV163 and detached leaves
inoculated with the pathogen (b); plants cultivated with water and detached leaves inoculated with

the pathogen (c).
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CONCLUSOES
> Todos os isolados foram capazes de produzir AlA, sendo que CLV09 foi o Gnico

gue nao se diferenciou estatisticamente do controle.

> Quanto a producéo de ACC desaminase, apenas o isolado CLV09 apresentou a
capacidade de utilizar o substrato ACC como Unica fonte de nitrogénio.

> Todos os isolados de Streptomyces foram capazes de produzir sideréforos.

> Nao foi possivel observar um aumento significativo no crescimento e na
producdo de biomassa nas plantas tratadas com os isolados de Streptomyces, mesmo
guando estas rizobactérias possuiam a capacidade de produzir auxina, sideréforos ou
ACC desaminase.

> Embora as Streptomyces tenham sido inoculadas no solo, existe uma tendéncia
de crescimento da parte aérea ser mais afetado pelas rizobactérias.

> Comparando-se o desempenho das rizobactérias entre si, observa-se que o
CLV163 apresentou caracteristicas de PGPR, tais como a producdo de altas
quantidades de auxinas e siderdforos, além da capacidade de interagir com S.
tuberosum aumentando a massa seca da raiz.

> Houve diminuicdo da progressdo da doenca causada pelo patdgeno
Pectobacterium em folhas de S. tuberosum, quando as plantas foram tratadas com a
Steptomyces CLV163 sem o comprometimento do crescimento da planta.

> O CLV163 promoveu a regulacdo positiva de genes associados a defesa
somente quando as plantas foram desafiadas com P. carotovorum.

> A resposta inicial de defesa gerada pelo isolado CLV163 ocorreu pela via de
sinalizac@o AS e ET ao invés da via do JA.

> Tendo em vista estes resultados, considera-se que o CLV163 promova um
estado de priming nas plantas de S. tuberosum, ocorrendo uma sinalizacdo cruzada

entre as vias AS e ET em resposta ao patégeno P. carotovorum.

PERSPECTIVAS

Como proximos passos para esta pesquisa serdo realizadas as analises de
identificacdo molecular dos isolados para a confirmacdo do género Streptomyces.
Também almeja-se definir se existe uma interacdo cruzada entre as vias dependentes
de AS e JA/ET, a partir da analise de um nimero maior de genes marcadores de defesa,
tais como NPR1, PR2, JAZ, COI, LOX e ACC oxidase. Por fim, pretende-se avaliar o
isolado CLV163 como indutor de defesa em outras espécies vegetais de uso comercial,
com a finalidade de verificar a sua habilidade de aumentar a resisténcia contra
patdgenos bacterianos e fungicos em diferentes cultivares. Desta forma, pode-se

ampliar avaliacdo do potencial de uso deste indutor de resisténcia, visando desenvolver
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formulacdes capazes de gerar um produto comercial que promova respostas de defesa

sem comprometer o desenvolvimento e a produtividade vegetal.
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