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RESUMO

O sistema radicular abriga uma ampla diversidade de bactérias que vivem no solo rizosférico
ou colonizando endofiticamente o interior dos tecidos vegetais. Estes micro-organismos
podem promover o crescimento das plantas, principalmente pela modulagdo dos niveis de
fitohormonios e por favorecerem a aquisicdo de nutrientes, especialmente nitrogénio e fosforo
(P). Também, como mecanismo indireto, inibem o crescimento de fitopatdgenos. Por essas
caracteristicas, as PGPB (plant growth promoting bacteria) sdo agronomicamente
empregadas como biofertilizantes ou agentes de biocontrole. A aplicacdo destes produtos
biolégicos tem um potencial elevado para aumentar a producéo agricola e reduzir o uso de
fertilizantes quimicos ambientalmente prejudiciais. O objetivo deste trabalho foi caracterizar
as habilidades de promocéo do crescimento vegetal e de biocontrole de bactérias provenientes
de raizes de canola. Foram avaliadas trinta bactérias gram-positivas formadoras de esporos,
pertencentes a quatro géneros: Bacillus (24), Paenibacillus (4), Lysinibacillus (1) e
Microbacterium (1). Esses micro-organismos foram capazes de fixar nitrogénio, sintetizar
auxinas, solubilizar fosfato, produzir enzimas hidroliticas e sider6foros. Cinco isolados
apresentaram atividade antifingica in vitro contra o patdgeno de canola Sclerotinia
sclerotiorum, e quatro desses isolados suprimiram o crescimento do fungo pela producéo de
compostos organicos volateis (VOC). Os genomas das bactérias antagonistas foram
sequenciados e trés isolados (01TAZ, 08TAZ, 32PB) foram identificados como Bacillus
safensis, um (7PB) como Bacillus pumilus e um (16PB) como Bacillus megaterium, usando
métricas gendmicas. Varios clusters génicos de antimicrobianos e metabdlitos secundarios
foram encontrados em comum no genoma dos isolados, usando a ferramenta de mineracéo de
genoma antiSMASH. Esses grupos génicos incluiram agrupamentos biossintéticos de
lipopeptideos, bacteriocinas e sider6foros. No entanto, nenhum tipo de lipopeptideo
antimicrobiano foi identificado por espectrometria de massas nos extratos das culturas
bacterianas. Apesar dos resultados obtidos in vitro e do potencial gendmico para o biocontrole,
estes isolados foram incapazes de proteger a canola contra a infeccdo por S. sclerotiorum em
condigdes de camara de crescimento. A solubilizacdo de P foi uma das caracteristicas de
promocdo de crescimento vegetal mais comum entre os isolados. Essas bactérias foram triadas
quanto a solubilizacdo de diferentes fosfatos insollveis: hidroxiapatita (Cas(PO4)3(OH)),
FePOs, AIPO4, e fosfato de rocha (RP). Seis isolados foram capazes de solubilizar
hidroxiapatita e RP. Os trés melhores (6PB, 20PB, 27PB) foram selecionados e melhor
caracterizados. Essas bactérias foram identificadas como Paenibacillus graminis pelo
sequenciamento do gene 16S rRNA e uso de métricas genémicas. Foi verificada a influéncia
de fatores nutricionais, tais como a fonte de carbono, nitrogénio e P soluvel, sobre a eficiéncia
de solubilizacdo. As bactérias produziram exopolissacarideos utilizando P insoltvel e também
formaram biofilme sob condi¢bes de deficiéncia de P. Todos os isolados selecionados
reduziram o pH do meio de cultura e produziram varios acidos organicos, detectados por
espectrometria de massas. Essas caracteristicas constituem um possivel mecanismo de
solubilizacdo de P. A andlise do genoma dos isolados 6PB e 20PB revelou a presenca de
diferentes genes relacionados ao metabolismo e homeostase do P. Todas estas caracteristicas
destacam as bactérias avaliadas como potenciais candidatos a agentes de promocdo do
crescimento de plantas.

Palavras-chave: bactéria solubilizadora de fosfato, atividade antifungica, Sclerotinia
sclerortiorum; Brassica napus.



ABSTRACT

Plant root systems harbor a wide diversity of bacteria living in the rhizospheric soil or
colonizing endophytically the inner tissues of plants. These microorganisms can promote plant
growth, mainly by modulating phytohormone levels, and by favoring the acquisition of
nutrients, especially nitrogen and phosphorus (P). They can also inhibit the growth of
phytopathogens as an indirect mechanism of plant growth promotion. Due to these features,
PGPB (plant growth promoting bacteria) are agronomically used as biofertilizers or biocontrol
agents. The application of these biological products has an elevated potential to increase crop
yields and reduce the use of environmentally harmful chemical fertilizers. The aim of this
work was to characterize the plant growth promotion and biocontrol abilities of bacterial
isolates from canola roots. The thirty evaluated gram-positive spore-forming bacteria belong
to four genera: Bacillus (24), Paenibacillus (4), Lysinibacillus (1) and Microbacterium (1).
These microorganisms were able to fix nitrogen, synthesize auxins, solubilize phosphate,
produce hydrolytic enzymes and siderophores. Five isolates displayed antifungal activity in
vitro against the canola pathogen Sclerotinia sclerotiorum, and four of these isolates were able
to suppress fungal growth by volatile organic compounds (VOCSs) production. The genomes
of these bacteria were sequenced and three isolates (01TAZ, 08TAZ and 32PB) were
identified by genomic metrics as Bacillus safensis, one isolate (7PB) as Bacillus pumilus and
one (16PB) as Bacillus megaterium. Several antimicrobial gene clusters were found in
common among the genome of the isolates using the genome mining tool antiSMASH. These
gene clusters included lipopeptides, bacteriocins and siderophores biosynthetic clusters.
However, no antimicrobial lipopeptide compound was identified by mass spectrometry in
bacterial culture extracts. In spite of the in vitro results and the genomic potential for
biocontrol, these isolates were unable to protect canola plants against S. sclerotiorum in
growth chamber conditions. One of the most spread plant growth promotion traits among the
isolates was phosphate solubilization. The microorganisms were screened for solubilization
of different insoluble P sources: Hydroxyapatite (Cas(PO4)3(OH)), FePO4, AIPO4 and Rock
phosphate (RP). Five isolates were able to solubilize Hydroxyapatite and RP. The three best
isolates (6PB, 20PB, and 27PB) were selected and better characterized. These bacteria were
identified as Paenibacillus graminis by 16S rRNA gene sequencing and genomic metrics. The
influence of nutritional factors such as carbon and nitrogen sources or soluble P on their
solubilization efficiency was evaluated. The isolates produced exopolysaccharide using P
insoluble source and formed biofilm under P deficiency. All selected isolates reduced the pH
of the culture medium and produced several organic acids, detected by mass spectrometry.
These characteristics constitute a possible mechanism of phosphate solubilization. The
genomic analyses of 6PB and 20PB isolates revealed the presence of different genes related
to phosphate metabolism and homeostasis. All these features highlight the characterized
bacteria as potential candidates for plant growth promotion agents.

Key-words: Phosphate solubilizing bacteria; antifungal activity; Sclerotinia sclerotiorum;
Brassica napus.



1 INTRODUCAO
1.1. Bactérias promotoras do crescimento vegetal

A rizosfera compreende a porcao de solo sob influéncia direta do sistema radicular.
Essa regido sustenta uma exuberante diversidade microbiana, que se difere tanto
constitutivamente, quanto funcionalmente da comunidade microbiana presente nos solos
adjacentes (Philippot et al., 2013; Kuzyakov e Blagodatskaya, 2015; Lugtenberg, 2015).
Diversas bactérias mutualisticas se estabelecem na rizosfera, beneficiando-se
nutricionalmente dos compostos organicos liberados no exsudato vegetal. Em contrapartida,
esses organismos estdo associados a diversos mecanismos de promog¢do do crescimento
vegetal, sendo antropicamente explorados na pratica agricola (Prathap e Bd 2015; Venturi e
Keel, 2016).

As bactérias promotoras do crescimento vegetal ou PGPB (Plant Growth Promoting
Bacteria) podem se estabelecer no solo rizosférico como organismos de vida livre, assim
como colonizar a superficie das raizes das plantas (rizoplano). Ocasionalmente, diversas
bactérias rizosféricas também apresentam a capacidade de penetrar e colonizar
endofiticamente os vegetais (Bulgarelli et al., 2013; Vejan et al., 2016; Gosal et al., 2017).
Os ditos micro-organismos endofiticos sdo, por defini¢do, aqueles que se estabelecem no
interior dos tecidos vegetais sem, no entanto, provocar qualquer dano aparente a planta
hospedeira ou levar a formacdo de estruturas externas perceptiveis (Podolich et al., 2015;
Santoyo et al., 2016).

A capacidade das PGPB em promover o crescimento vegetal esta associada tanto a
mecanismos de atuacdo direta, quanto indireta. Diretamente, esses micro-organismos atuam
no aumento da disponibilizagdo de nutrientes do solo, no fornecimento de nitrogénio, pelo
processo de fixacdo bioldgica desse composto, e na producdo e regulacdo dos niveis de
horménios vegetais (Kaur et al., 2016; Ahemad e Kibret, 2014). Os mecanismos indiretos
relacionam-se a capacidade dessas bactérias de participarem na protecdo do vegetal contra
patogenos e, também, na reducdo de danos provocados por estresses abioticos (Dey et al.,
2014; Hassen et al., 2016).

A interagcdo benéfica entre plantas e PGPB encontra uma ampla aplicabilidade
biotecnologica, sendo visada excepcionalmente no desenvolvimento de inoculantes, em

substituicdo ao uso convencional de agroquimicos. Os inoculantes envolvem combinacdes



entre linhagens de micro-organismos, aditivos, substancias carreadoras e protetoras, em
formulacdes diversas e adaptadas a diferentes propositos agrondmicos (Bashan et al., 2014;
Preininger et al., 2018). Podem ser empregados como biofertilizantes, fitoestimulantes,
agentes de controle biolégico ou mesmo com propdsitos de biorremediacdo. Essas
formulacGes séo de grande importancia, uma vez que proporcionam ganhos de produtividade
com reduzidos impactos sobre o ambiente (Baez-Rogelio et al., 2017; Alori e Babalola,
2018).

1.2. Disponibilizacdo de nutrientes e outros mecanismos diretos de promocédo do

crescimento vegetal: importéncia no contexto agrondémico e ambiental

O nitrogénio é o macronutriente mais limitante para o crescimento vegetal. Apesar
de em sua composigdo gasosa (N2) representar o maior constituinte atmosférico (78%), essa
forma ndo pode ser diretamente assimilada pela maioria dos organismos, incluindo vegetais.
Isso torna o processo bioldgico de fixacdo de nitrogénio, realizado por bactérias
diazotroficas, extremamente importante para o desenvolvimento vegetal (Chanway et al.,
2014). Essas bactérias possuem um complexo enzimatico conhecido como nitrogenase, que
é capaz de reduzir o nitrogénio atmosférico (N2) a amonia (NHz). Essa pode ser diretamente
absorvida pelas plantas ou posteriormente convertida em demais compostos assimilaveis
pelos vegetais (Hoffmann, 2007; Pii et al., 2015).

A elevada demanda nutricional de nitrogénio torna a pratica agricola fortemente
dependente de um uso extensivo de fertilizantes nitrogenados. As formas nitrogenadas
incorporadas nesses agroquimicos sdo provenientes, principalmente, do processo de Haber—
Bosch, realizado sob condicdes de altas temperaturas e pressao (Galloway et al., 2013; Jez
etal., 2016). Os elevados gastos energéticos inerentes a essa produc¢do industrial, somados a
alta demanda desse nutriente, fazem com que a aplicacdo de nitrogénio assuma 0s maiores
custos no processo de fertilizacdo para a maioria das culturas agricolas (Gellings e
Parmenter, 2004).

Além dos aspectos econémicos, 0 uso de fertilizantes nitrogenados esbarra na
problemética ambiental. A producdo e utilizacao desses adubos sdo responsaveis por grandes
emissdes de gases do efeito estufa (Garcia et al., 2013; Zahoo et al., 2014). Além disso, parte
do nitrogénio aplicado nos solos pode ser perdida pela volatilizagdo da amonia, sendo
depositado no ambiente junto a precipitacdo pluvial. O metabolismo microbiano desses



compostos € responsavel pela emissdo de 6xido nitroso, potente gas do efeito estufa que
também atua na deplec@o da camada de ozénio (Cameron et al., 2013; Fowler et al., 2013).
Convém também ressaltar que parte do nitrogénio introduzido nos solos pode ser lixiviado,

contribuindo para o processo de eutrofizacdo dos corpos hidricos (Erisman et al., 2013).

Uma alternativa em substituicdo, ou ao menos a reducdo, no uso de fertilizantes
nitrogenados é a adogdo de inoculantes agricolas a base de bactérias diazotroficas (Lesueur
et al., 2016). Para leguminosas, um grupo bacteriano genericamente conhecido como
rizobios é capaz de estabelecer uma relagdo simbidtica com o vegetal, suprindo a
necessidade nutricional da planta por nitrogénio. Ao colonizar as raizes, essas bactérias sao
capazes de se estabelecer em noédulos que proporcionam um ambiente de alta eficiéncia para
0 processo de fixacdo (Laranjo et al., 2014; Abd-Alla et al., 2014). Em culturas como a soja,
0 uso de inoculantes a base de rizébios pode chegar a dispensar completamente a aplicacao

de adubos nitrogenados, sem perdas de produtividade (Hungria e Mendes, 2015).

Diversas espécies vegetais de interesse agrondmico, como, por exemplo, as
pertencentes aos géneros Brassica e Poacea, sdo incapazes de estabelecerem relacbes
simbioticas similares a da soja com os rizébios e, portanto, incapazes de formar nédulos.
Sabe-se, no entanto, que esses grupos taxonémicos também se beneficiam, em diferentes
niveis, da interacdo com demais grupos de bactérias diazotréficas. Essas podem se associar
endofiticamente ou se estabelecer na rizosfera (Santi et al., 2013; Carvalho et al., 2014).

Depois do nitrogénio, o fosforo (P) é o macronutriente mais limitante para o
crescimento vegetal. Nos solos, esse elemento encontra-se sob formas pouco acessiveis a
captacdo direta pelas plantas (Alori et al., 2017). O P normalmente faz parte da constitui¢éo
de compostos minerais de baixa solubilidade ou encontra-se retido na matéria organica
(Barea e Richardson, 2015). O papel desempenhado por PGPB na disponibilizacdo desse
elemento relaciona-se, especialmente, a capacidade de mineralizar o fosforo organico,
utilizando-se de um amplo arsenal enzimatico, ou solubilizar os compostos minerais. O
ultimo processo estd relacionado, principalmente, a producdo de acidos, entre outros

mecanismos cogitados (Shen et al. 2011; Gupta e Sahu, 2017)

O fornecimento de alguns micronutrientes também pode ser facilitado pela atuagédo
de micro-organismos rizosféricos. As PGPB estdo relacionadas a solubilizagdo de zinco a

partir de compostos como ZnO e ZnCOz presentes no solo. Acredita-se que 0s mecanismos



de solubilizagdo desses compostos se assemelham aos descritos para a solubilizagdo de
fosfato mineral (Saravanan et al., 2011; Gandhi e Muralidharan, 2016).

Quanto ao fornecimento de ferro, bactérias rizosféricas estdo envolvidas,
principalmente, na producao de moléculas conhecidas como sideréforos (Saha et al., 2016).
Tratam-se de compostos organicos de baixo peso molecular, secretados no meio extracelular
e que possuem a capacidade de complexar fons Fe*3. Esse elemento, muitas vezes presente
em baixas concentracBes, é adquirido pelas células bacterianas ao reincorporar 0s
sideroforos que a ele se complexaram (Ali e Vidhale, 2013). Plantas também s&o
caracterizadas pela producdo de um tipo andlogo de quelante, conhecido como
fitosiderdforo. Os receptores vegetais para essas moléculas podem se ligar e incorporar
sideroforos bacterianos. Desse modo, PGPB produtoras desses metabdlitos conseguem atuar
no suprimento nutricional desse elemento para plantas (Saharan e Nehra, 2011; Ahmed e
Holmstrom, 2014).

PGPB sdo também descritas por sua capacidade de sintetizar e / ou regular os niveis
de algumas das principais classes de hormdnios vegetais (giberelinas, auxinas, citocininas,
etileno, entre outros). A producdo de auxinas, em especial do &cido indol-3-acético, seu
principal representante, é extensivamente caracterizada em bactérias associativas de plantas
(Spaepen, 2015; Egamberdieva et al., 2017). As auxinas estdo relacionadas a varios
processos fisioldgicos, participando desde processos celulares bésicos, até importantes
alteracdes morfologicas, como o desenvolvimento de raizes, diferenciacdo de tecidos, entre
outros (Sauer et al., 2013). A producdo de AIA por micro-organismos afeta o balango de
auxinas nas plantas hospedeiras, podendo promover um maior alongamento radicular. Isso
impacta diretamente na captacao de nutrientes, favorecendo o crescimento vegetal (Spaepen
e Vanderleyden, 2011).

Outro mecanismo relacionado a regulacdo de hormdnios vegetais € a producao
bacteriana da enzima ACC deaminase. Essa enzima é capaz de degradar o acido 1-
carboxilico-1-aminociclopropano (ACC), percursor metabdlico na sintese do etileno. Esse
hormdnio esta envolvido principalmente na resposta do vegetal a condigbes ambientais de
estresse e relaciona-se a processos de senescéncia e abscisao (Glick, 2014; Gontia-Mishra et

al., 2014). A capacidade bacteriana de reduzir os niveis de etileno promove uma maior



tolerdncia dos vegetais aquelas condigdes nas quais as altas concentragbes do horménio
provocam efeitos fisioldgicos danosos (Glick, 2015).

1.2.1 Disponibilizacédo de fésforo soluvel por PGPB

Apesar de estar presente em muitos tipos de solo em concentracGes relativamente
altas (200 a >1000 mg kg 1), em média, a concentracéo de fosforo sollvel (H2PO4 e HPO4>
) € 0,05 mg kg%, menos de 0,1% da concentracéo total desse elemento (Hopkins, 2015). Em
solos com alto teor de matéria organica, o fosforo esta principalmente imobilizado em
compostos como inositol fosfato (fitato do solo), que podem compreender de 30 a 50% do
fosforo total (Ahmed e Shahab, 2009).

A fertilizacdo a base de fosforo tem uma baixa eficiéncia de aproveitamento. Estima-
se que 75— 90% do fosforo introduzido no solo via adubagdo quimica seja precipitado junto
a ions de calcio, ferro e aluminio, sob a forma de compostos altamente insollveis (Sindhu et
al., 2014). A maioria das areas agricultaveis no mundo compreende solos com alta
capacidade de retencdo de fésforo (Kochian, 2012). Em solos &cidos, h& o predominio de
fosfatos de ferro e aluminio, que compreendem o0s mais baixos indices de solubilidade,
enguanto que em solos basicos, os fosfatos de célcio sdo as formas insolUveis prevalentes
(Bashan et al., 2013).

A principal matéria prima para producéo de fertilizantes fosfatados séo as rochas
fosfaticas, que constituem um recurso mineral limitado. H& grandes divergéncias quanto a
durabilidade das atuais reservas, mas algumas estimativas apontam que uma exploracao
intensiva poderia levar a completa deplecdo desse recurso em algumas décadas (Cooper et
al., 2011; Reijnders, 2014; Baveye, 2015). Além dessa problematica controversa, hd uma
limitacdo ambiental em relacdo ao uso de fertilizantes fosfatados. A lixiviagdo do fosforo
em solos cultivados também representa um grande contribuinte para o processo de
eutrofizacdo (Dodds e Smith, 2016).

Muitas PGPB tém sido extensivamente caracterizadas por sua capacidade de auxiliar
no fornecimento de fésforo aos vegetais. Esses micro-organismos podem atuar tanto na
mineralizacdo de fosforo organico, quanto na solubilizacdo do fosfato mineral. Essa
habilidade é observada para grupos bacterianos taxonémicamente diversos, tais como
Bacillus, Paenibacillus, Pseudomonas, Rhizobium, Bradyrhyzobium, Enterobacter,
Pantoea, entre outros (Barea e Richardson, 2015; Oteino et al., 2015). A utilizacdo dessas



bactérias como inoculantes agricolas é apontada como uma importante estratégia para a

reducdo do uso de fertilizantes fosfatados (Owen et al. 2015)

Embora o fitato seja o constituinte majoritario do fésforo organico presente no solo,
outras formas organicas incluem 4acidos nucleicos, fosfolipideos, fosfomonoésteres,
fosfodiésteres, fosfonatos, entre outros (Rodriguez e Fraga, 1999; Turner e Blackwell, 2013).
O processo de mineralizagédo ocorre principalmente pela producéo de trés grupos de enzimas:
(1) fosfatases ndo especificas; (2) fitases e (3) fosfonatases e C-P liases, essas Ultimas
relacionadas a degradacdo de compostos mais recalcitrantes, como fosfonatos que envolvem

ligacGes do tipo P-C (Ingle e Padole, 2017)

As fosfatases inespecificas (fosfohidrolases) atuam na quebra de ligacfes fosfoéster
e fosfoanidricas e, conforme o pH 6timo de atividade, podem ser classificadas em fosfatases
acidas ou alcalinas, sendo as primeiras 0 grupo mais frequente (Khan et al., 2009; Behera et
al., 2014). Ja as fitases sdo fosfatases especificas que clivam as liga¢des entre o inositol e 0s
residuos de acido fosférico presentes no fitato. Entre os tipos mais comuns de fitases, 6-
fitase e 3-fitase, a ultima € principal forma produzida por micro-organismos
(Mukhametzyanova et al. 2012). A inoculacdo em campo com bactérias produtoras de fitases
tem sido associada a um aumento na aquisicdo de fosforo e a um maior estimulo no

crescimento vegetal (Singh e Satyanarayana, 2011).

O principal mecanismo descrito para a solubilizacdo de fosfato mineral é a producéo
de acidos organicos, como o acetato, lactato, malato, oxalato, citrato, glucanato e a-
cetoglutarato, que representam alguns dos compostos mais proeminentes (Vassilev et al.,
2014). Esses acidos atuam deslocando os cétions (Fe**, AI**, Ca*?) associados ao fosfato,
permitindo, entdo, sua liberacdo sob a forma anibnica solivel (Khan et al., 2014). A
producdo desses acidos esta condicionada, principalmente, a oxidacdo direta de agUcares de

baixo peso molecular, como a glicose (Krishnaraj e Dahale, 2014).

O primeiro gene relacionado ao fenotipo de solubilizagéo de fosfato mineral (MPS+)
foi clonado por Goldstein e Liu (1987) a partir de Erwinia herbicola. Atualmente, os
mecanismos bioquimicos e moleculares mais bem caracterizados em relagdo a essa
caracteristica envolvem a producdo de &cido glucénico e seus derivados, pela via de
oxidacdo direta da glicose (Sashidhar e Podile, 2010). A sintese desse composto ocorre
através da enzima glucose desidrogenase (GDH), expressa no espaco periplasmatico das



bactérias, e € dependente da pirroloquinolina quinona (PQQ) como co-fator.
Sequencialmente, o acido 2-cetoglucénico pode ser produzido a partir do &cido glucénico
pela enzima gluconato desidrogenase (GADH) (Goldstein, 1995). Embora seja um
mecanismo bastante comum e bem caracterizado em organismos gram-negativos, tambeém

tem sido descrito para estirpes solubilizadoras gram-positivas (Farhat et al., 2015).
1.3 Mecanismos indiretos de promogao do crescimento vegetal: biocontrole

Indiretamente, as bactérias endofiticas e rizosféricas também promovem o
crescimento vegetal inibindo o crescimento de organismos invasores, suprimindo processos
infecciosos e minimizando os efeitos deletérios provocados por fitopatégenos (Enebe e
Babalola, 2019). Essa capacidade atribui a essas bactérias uma posicdo estratégica como
agentes de controle bioldgico (Eljounaidi et al. 2016). Sua efetividade é demonstrada nédo
apenas contra patdgenos microbianos, ja que as PGPB tém sido satisfatoriamente utilizadas

no controle de insetos e nematoides (Ramjegathesh et al., 2013; Mhatre et al., 2019).

Os principais mecanismos relacionados a capacidade protetiva desses organismos
envolvem: competicdo, antibiose, modulacdo dos mecanismos de defesa vegetal, producéo
de enzimas hidroliticas e outros metabolitos (Prashar et al., 2013). Tanto PGPB quanto
patdégenos microbianos disputam os mesmos sitios de colonizacdo nos vegetais hospedeiros.
Ao ocupar esse ambiente, consumindo 0s nutrientes essenciais disponiveis, essas bactérias
benéficas restringem o desenvolvimento dos patdgenos competidores (Hassani et al., 2018).
A ja mencionada sintese de sider6foros por PGPB é um importante fator, também
relacionado a esse processo, uma vez que a producdo dessas substancias limita a
disponibilidade de ferro para o crescimento de micro-organismos eventualmente prejudiciais
(Sahaetal., 2016).

A antibiose se refere a atividade antagbnica mediada pela producdo de metabolitos
microbianos com efeito inibitério direto sobre demais organismos susceptiveis (Fravel,
1988). O arsenal de biomoléculas relacionadas a esse processo em PGPB é vasto,
envolvendo diversas classes de metabdlitos (Raaijmakers e Mazzola, 2012). Diferentes
clusters de genes biossintéticos (Biosynthetic gene cluster - BGC) de antimicrobianos estdo
presentes no genoma de espécies com capacidade de biocontrole, sendo os BGC
relacionados a producdo de policetideos e peptideos antimicrobianos os mais frequentes. Os

ultimos compostos podendo ser, ou ndo, de sintese ribossomal (Olanrewaju et al., 2017)



Os policetideos englobam uma das mais extensas e numerosas classes de compostos
naturais, incluindo poliéteres, polifendis, polienos e macrolideos. S&o sintetizados por
complexos enzimaticos conhecidos como policetideo sintase (PKS), que utilizam Acil-CoA
como moléculas percursoras basicas (Hertweck, 2009; Miyanaga, 2017). Entre os peptideos
antimicrobianos produzidos por sintese ribossomal, as bacteriocinas constituem a principal
classe e estdo igualmente envolvidas em processos de biocontrole por PGPB. (Subramanian
e Smith, 2015). Essas substancias tém acdo inibitoria principalmente sobre bactérias
taxondémicamente relacionadas. As bacteriocinas, positivamente carregadas, possuem alta
afinidade pelas membranas citoplasmaticas, com cargas opostas, provocando a formacéo de
poros letais, com a perda de controle celular sobre a difuséo de substéncias. Sendo que esses
antimicrobianos podem, também, atuar na inibicdo da sintese de parede celular bacteriana
(Hassan et al., 2012; Martinez et al., 2016).

Os peptideos ndo ribossomais sdo sintetizados por complexos enzimaticos
conhecidos como NRPS (nonribosomal peptide synthetases) (Finking e Marahiel, 2004).
Essas enzimas possuem uma organizacao distribuida em maodulos, contendo os dominios
cataliticos bésicos (adenilacdo, tiolacdo e condensacdo) para incorporacdo sequencial de
cada aminoécido especifico na estrutura. Tipicamente, a sintese dessas substancias pode
envolver a inclusdo de varios aminoacidos ndo proteinogénicos (Strieker et al., 2010;
Sussmuth e Mainz, 2017).

Os lipopeptideos sdo uma das classes mais importantes de derivados de peptideos
ndo ribossomais. Formados pela ligacdo de uma cadeia lipidica a um peptideo ciclico ou
linear, diferenciam-se tanto pela composicdo das sequéncias de aminoacidos, quanto nas
caracteristicas da porcdo hidrofébica (Cochrane e Vederas, 2016). Algumas classes mais
comuns sao surfactinas, pumilacidinas, liquenisina, bacilomicina, micosubtilisina, iturinas e
fengicinas. A atividade bioldgica de muitos lipopeptideos é atribuida a capacidade desses
compostos em provocar disfuncdes na membrana citoplasmatica. O espectro de acéo pode
ser amplo, inibindo agentes patogénicos bacterianos, fungicos e também virais (Meena e
Kanwar, 2015; Mnif e Ghribi, 2015).

Outra classe de biomoléculas relacionadas ao antagonismo bacteriano sdo enzimas
liticas, que tém um papel excepcionalmente importante na inibicdo de fungos patogénicos.

As principais hidrolases envolvidas, quitinases (endo e exo - quitinases), p-1,3-glucanase e



proteases, atuam na degradacdo dos componentes majoritarios da parede celular desses
organismos (Brzezinska et al., 2014; Olanrewaju et al., 2017). Algumas PGPB sdo ainda
capazes de colonizar extensivamente as hifas de fungos fitopatogénicos, formando micro-
colbnias e se estabelecendo como biofilme nessas estruturas. Ao parasita-los, afetam
diretamente a sobrevivéncia, germinacdo e esporulacdo desses micro-organismos,

restringindo a colonizacéo de plantas susceptiveis (Lugtenberg et al., 2013).

As PGPB também podem agir como importantes moduladores do sistema de defesa
vegetal, induzindo um importante mecanismo de protecdo que € a inducdo de resisténcia
sisttmica (Induced Systemic Resistance - ISR). Esse estado torna as plantas menos
susceptiveis a infecgBes subsequentes (Choudhary et al., 2007). Como resultado da ISR,
ocorre uma maior producdo de metabdlitos envolvidos no processo de defesa, fortificacdo
das paredes celulares e outras alteracdes fisiologicas responsaveis pela protecdo a eventuais

exposicdes a patdgenos (Dey et al., 2014).

A producdo de compostos organicos volateis (Volatile organic compound - VOC)
constitui outra importante via de biocontrole. Essas substancias sdo compostos a base de
carbono, de baixo peso molecular, e elevada pressdo de vapor, que podem ter acentuada
atividade antimicrobiana, mesmo em baixas concentracdes (Kanchiswamy et al., 2015;
Selim et al., 2017). Sdo produzidos tanto por micro-organismos rizosféricos, como por
endofiticos, se difundindo entre particulas do solo ou no interior de tecidos vegetais. O
espectro de acdo dos VOC é vasto e confere protecdo a diferentes tipos de patdgenos (Schulz-
Bohm et al., 2017). Os VOC tém uma atuacao especial sobre a fungistase, que trata-se da
reducdo do crescimento ou germinagdo de propagulos fungicos presentes no solo (Garbeva
etal., 2011).

A protecdo proporcionada pelos VOC envolve tanto uma atividade antimicrobiana
direta, como indiretamente sdo capazes de modular a expressao de genes de defesa e incitar
resisténcia sisttmica induzida (ISR) nos vegetais (Farag et al., 2013). Sdo bastante
diversificados os volateis produzidos por bactérias, sendo que as principais classes
envolvem: derivados de é&cidos graxos (hidrocarbonetos, cetonas e alcoois), acidos,
compostos sulfatados, compostos nitrogenados e terpenos (Audrain et al.,, 2015). Os
mecanismos biogquimicos e moleculares de acdo dessas substancias sobre os patdgenos sao

diversificados e dependentes da natureza quimica da substancia envolvida. Algumas classes



de compostos podem provocar coagulacdo citoplasmatica, disfuncdo da membrana celular,
afetar a atividade de proteinas ou enzimas especificas, entre outros (Gabriel et al., 2018)

Outra forma de biocontrole é acdo de PGPB degradando agentes de viruléncia e
patogenicidade (Saraf et al., 2014). Um classico exemplo é a capacidade de bactérias
biocontroladoras de Sclerotinia sclerotiorum e Botrytis cinerea em metabolizar o acido
oxalico, intensivamente produzido por esses fungos durante o processo de infeccdo dos
hospedeiros, e que é apontado como importante fator de patogénese (Schoonbeek et al.,
2007). Ja em bactérias, a producdo de moléculas de quorum sensing é uma importante via
relacionada a expressdo de genes de viruléncia e disseminacdo por fitopatdgenos. Um
importante modo de controle desses organismos por PGPB ¢é a interferéncia no sinal de
quorum sensing pela degradacdo das moléculas de autoindutores (Molina et al., 2003;
LaSarre e Federle, 2013)

1.4 Acultura da canola: aspectos gerais e perspectivas

O género Brassica, familia Brassicacea, envolve mais de 100 espécies vegetais ja
caracterizadas, incluindo algumas de grande interesse agrondmico. As brassicas sao fonte de
uma extensa variedade de sementes, tubérculos, flores, frutos e folhagens destinados ao
consumo humano e animal (Rakow, 2004; OGTR, 2008). Como destaque, esse grupo
taxondmico inclui também diversas espécies, em especial a colza (Brassica napus L.), que
sdo tradicionalmente cultivadas para extracdo de 6leo vegetal, tanto para fins alimenticios

como industriais (Sun, 2015).

A origem da colza € inicialmente proposta em 1935 dentro de um sistema
posteriormente reconhecido como Tridngulo U. Esse modelo estabelece que os trés
cruzamentos interespecificos possiveis entre os diploides Brassica rapa (genoma A, n=10);
Brassica nigra (genoma B, n=8) e Brassica oleracea (genoma C, n=9) supostamente deram
origem aos trés hibridos anfidiploides: Brassica juncea (genoma AB, n=18), Brassica
carinata (genoma BC, n=17) e Brassica napus (genoma AC, n=19) (U, 1935; Cheng et al.,
2014). Dentre essas espécies, alem da colza, B. juncea e B. rapa também constituem

importantes oleaginosas atualmente cultivadas (Brown et al., 2008).

Nas sementes de colza, o contetdo de éleo pode corresponder de 40 — 50% da massa
para a maioria das variedades comerciais (Jiang et al., 2014). No entanto, uma caracteristica
bastante difundida entre as espécies do género Brassica é o elevado teor de acido erucico
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presente no Oleo extraido. Essa substancia de comprovada toxicidade, quando em altas
concentrages, limita a utilizacdo do 6leo de colza para o consumo humano (Rahman et al.,
2013; Knutsen et al., 2016). Além do &cido erdcico, as sementes de algumas espécies de
Brassica apresentam também uma alta concentracdo de glucosinolatos. Essas substancias
constituem uma classe de metabdlitos secundarios envolvidos na resposta protetiva do
vegetal a infeccdo por organismos patogénicos, mas que compromete sensivelmente a

palatabilidade dos derivados da fracdo sélida dos grédos (Cartea e Velasco, 2008).

Como resultado do melhoramento genético da colza, surgiram no Canada, durante a
década de 1970, as primeiras variedades de Brassica com baixo teor de acido erucico e
glucosinolatos. Essas novas variedades viriam a constituir o que é definido como canola. O
termo foi originalmente registrado pelo Western Canadian Oil Seed Crushers e corresponde

a abreviacdo da expressdo Canadian Oil Low Acid (Boyles et al., 2012).

Por canola, atualmente compreendem-se variedades do género Brassica pertencentes
as espécies Brassica napus, Brassica rapa e, mais recentemente, Brassica juncea. Essa
denominacdo, no entanto, é, por definicao, restrita apenas as variedades cujo éleo apresenta
um perfil de acidos graxos com menos de 2% de &cido erdcico, além de uma quantidade
inferior a 30 micromoles de glucosinolatos por grama de massa seca das sementes (Knodel
e Kandel, 2011).

O 6leo de canola é considerado um dos 6leos vegetais mais saudaveis entre os que
sdo largamente produzidos para o consumo humano. A qualidade diferencial desse Oleo €
atribuida ao elevado teor de acidos graxos monoinsaturados e as altas concentra¢des de acido
oleico, linoleico e alfa-linoleico, entre outras substancias cardioprotetoras (Loganes et al.,
2016). O consumo do dleo de canola é altamente recomendado pela Organizacdo Mundial
de Saude, principalmente por estar associado ao controle dos niveis plasmaticos de colesterol

e a consequente reducdo no risco de doenca arterial coronariana (Lin et al., 2013).

Propriedades adicionais, como a alta concentragéo de acidos graxos de cadeias longas
(acima de 18 carbonos), atribuem ao 6leo de canola um padréo singular de viscosidade,
estabilidade e lubricidade. Essas caracteristicas o tornam altamente apropriado para diversas
aplicacdes industriais (Brown et al., 2008). Na Europa, o 0leo de canola corresponde a
principal matéria prima na geracéo de biodiesel, representando 57 — 70% da produgéo total
desse biocombustivel (Zentkova e Cvengrosova, 2013). Além do aproveitamento comercial
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do 6leo, como co-produto do processo de extracdo, obtém-se também o farelo de canola a
partir da fragdo solida das sementes. O farelo de canola apresenta um elevado teor proteico,

sendo amplamente utilizado na producéo de racao animal (Campbell et al., 2016).

A canola constitui a segunda maior oleaginosa cultivada no mundo, atras apenas da
cultura da soja. Para o periodo de 2018/2019 a producdo global foi de 70,91 milhdes de
toneladas, sendo o Canad4, Unido Europeia e China os maiores produtores (USDA, 2019).
A producdo brasileira de canola, em relacdo ao contexto internacional, € ainda bastante
modesta. Com 35,5 mil hectares de area plantada, foi obtida uma producéo nacional de 49,5
mil toneladas em 2018. Os maiores produtores séo os estados do Rio Grande do Sul e Parana
(CONAB, 2019).

No pais, o cultivo da canola tem se restringido a espécie Brassica napus L. var.
oleifera, tendo sido introduzida como cultura de inverno (Tomm, 2007). Além dos
rendimentos obtidos a partir da producéo dos gréos, o cultivo da canola demonstra grande
potencial para solucdo de problemas fitossanitarios. Uma vez que as bréssicas nao
apresentam susceptibilidade a diversos patégenos comuns a gramineas (milho e trigo) e a
leguminosas (feijdo e soja), a plantacdo de canola em sistema de rotatividade com essas
culturas reduz significativamente a incidéncia de doencas nas plantagcdes subsequentes
(Norton et al., 1999; Harker et al., 2014). Desse modo, a plantacdo de canola tem sido
proposta no pais como uma alternativa a cobertura de solos ociosos durante o inverno, na

entressafra do cultivo de milho e soja (Tomm, 2007).

O potencial do Brasil para o cultivo da canola € bem maior que a atual area plantada.
Embora essa cultura se encontre em modesta expansdo, ainda permanece uma série de
desafios que tem restringido uma exploracdo méxima da capacidade produtiva (Estevez et
al. 2014). Uma tendéncia atual é a extensdao das areas de cultivo para regides de baixa
latitude. Esse processo, conhecido como tropicalizacdo, tem demandado um intensivo
programa de pesquisas agrondmicas visando a selecdo de genotipos mais bem adaptados e o
aperfeicoamento e introducgéo de novas praticas de cultivo (Tomm et al., 2008; Tomm et al.,
2010).

Mesmo em regides tradicionalmente produtoras, como o Rio Grande do Sul, a
produtividade média atual é de 1398 kg ha, valor ainda muito inferior ao rendimento
preconizado para o pais (2500 kg ha*). Em alguns paises, como o Canada, pode-se atingir
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uma produtividade média de até 4500 kg ha™* (Tomm et al., 2010; CONAB, 2019). Entre o0s
principais gargalos para a consolidagdo da cultura da canola no Brasil, no que tange as
necessidades de pesquisa agronémica, tem se destacado: a) Auséncia do estabelecimento de
condicdes de fertilizacdo especificas para cada regido; b) Controle de pragas do solo e da
parte aérea; c) Falta de estudos que embasem o aumento de rendimentos, reducgéo de perdas
e ampliacdo da distribuicdo de cultivo pelo territorio brasileiro (Mori et al., 2014).

O cultivo da canola tem sido recomendado para solos de alta fertilidade e requer
adubacdo intensiva para assegurar uma elevada produtividade, sendo a fertilizacdo a
principal demanda no plantio (Tomm et al., 2009; Norton, 2016). No mundo, a producéo e
uso de fertilizantes no plantio da canola sdo apontados como 0s responsaveis pelos maiores
impactos ambientais associados a essa cultura (MacWilliam et al., 2016). O uso de adubos
industriais também é indicado como um dos principais fatores que impactam negativamente
o0 balanco energético da cultura, dentro de estimativas que avaliam o potencial uso da canola
para producéo de biodiesel no Brasil (Silva et al., 2017).

A cultura da canola é susceptivel a diferentes doencgas fungicas e bacterianas,
responsaveis por perdas econdémicas severas em todo o mundo. No Brasil, o primeiro e mais
amplo levantamento fitossanitario relacionado a essa cultura no pais foi realizado por
Cardoso et al. na década de 1990. Entre os agentes fitopatogénicos encontrados foram
identificados os fungos Sclerotinia sclerotiorum, Alternaria brassicae, A. raphani e A.
alternata, Erysiphe polygoni, Rhizoctonia solani, Albugo candida e Phoma sp. Sendo
também identificado Xanthomonas campestris pv. campestris como o principal patdgeno
bacteriano, e ja conhecido agente etioldgico da podriddo negra das cruciferas (Cardoso et
al., 1996).

No mundo, a canela-preta (Black leg) e a podriddo das hastes — SSR (Sclerotinia stem
rot), também conhecida por mofo-branco, causadas, respectivamente pelos fungos
Leptosphaeria maculans e Sclerotinia sclerotiorum, constituem as mais proeminentes e
devastadoras doencas da canola. No Brasil, o fungo Leptosphaeria maculans foi responsavel
por prejuizos acentuados no inicio dos anos 2000, com destruicao parcial ou total de lavouras
no Rio Grande do Sul (Tomm et al., 2009). A estirpe de ocorréncia no Brasil e demais paises
sul americanos foi identificada como pertencente ao mesmo grupo de patogenicidade de
ocorréncia na Australia (Fernando et al., 2003).
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A implementacdo de variedades com resisténcia poligénica a Leptosphaeria
maculans, a partir de hibridos australianos, proporcionou maior seguranga no cultivo da
canola no Brasil em relacdo a ocorréncia da canela preta (Tomm et al., 2009). No entanto,
entre as principais variedades atualmente cultivadas no Brasil, a susceptibilidade a
Sclerotinia sclerotiorum é ainda bastante variavel, ndo havendo nenhuma cultivar com
completa resisténcia ao patogeno (Silveira et al., 2016). De fato, o0 mofo-branco causado por
S. sclerotiorum e a podriddo negra das cruciferas sdo, recentemente, as doengas mais
relatadas entre os produtores no pais. Sendo ainda a primeira, a que mais demandou por

métodos de controle e uso de fungicidas (Mori et al., 2017)

A introducdo de inoculantes agricolas tem promovido ganhos significativos em
associacdo a algumas culturas de interesse econémico, sendo bastante cogitados como uma
possibilidade para o aumento da produtividade de Brassica (Hunter et al., 2014). Para a
cultura da canola, tém sido obtidos resultados experimentais satisfatorios envolvendo a
inoculacdo de PGPB, tanto para promocéo direta de crescimento vegetal, como biocontrole
(Bertrand et al., 2001; El-Howeity e Asfour, 2012; Ahmadi-Rad et al., 2016; Sun et al.,
2017). Isso tem ascendido o interesse na busca por estirpes microbianas com potencial para

uso nas variedades localmente empregadas, dentro das condigdes de cultivo brasileiras.
1.5  Sclerotinia sclerotiorum e a podridé@o das hastes em canola

Sclerotinia sclerotiorum (Lib.) de Bary é um fungo filamentoso necrotréfico capaz
de infectar mais 400 espécies de plantas, de 278 géneros distintos e 75 familias, constituindo
um dos mais importantes e cosmopolitas fitopatdgenos do mundo. Além da canola, alguns
de seus principais hospedeiros agregam espécies de grande importancia agronémica,
incluindo demais oleaginosas, como a soja e o girassol (Boland,1994; McCaghey et al.,
2018; Na et al., 2018).

S. sclerotiorum apresenta uma importante vantagem adaptativa, que é a formacao de
estruturas de resisténcia conhecidas como esclerodios. Essas estruturas tornam a
permanéncia do fungo bastante persistente nos campos, dificultando enormemente 0s
métodos de controle da doenca. Os esclerddios sdo aglomerados de hifas, recobertas por uma
rigida e mielinizada camada de protecdo. A regido interna da estrutura, também conhecida
como medula, por sua vez, constitui-se de células fingicas envoltas em uma matriz rica em

B-glucana e proteinas (Orddiiez-Valencia, 2015; Sharma et al., 2015). Uma vez no solo, em
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profundidades maiores que 5 centimetros, os escler6dios podem se manter viaveis por 3-5
anos, podendo mesmo sobreviver por periodos superiores de até 10 anos (Saharan e Mehta,
2008)

Os esclerddios podem germinar de duas maneiras distintas, relacionadas as formas
reprodutivas do fungo, seja sexuadamente (germinacdo carpogénica de esclerodios) ou
assexuadamente (germinacdo misceliogénica de esclerddios) (Bolton et al., 2006). No
primeiro caso, ha a formacéo de corpos de frutificacdo conhecidos como apotécios. Nessas
estruturas ocorre a formacao de ascdsporos, por reproducédo sexuada, e esses se disseminam
entre os hospedeiros através do ar. No segundo caso, hd emissdo de hifas a partir do
esclerddio, essas se desenvolvem até atingir diretamente a base das plantas susceptiveis,

dando inicio ao processo de infec¢do (Rakesh et al., 2016).

Os ascoscoporos conseguem se manter nos locais em que se depositam, mas por
periodos relativamente curtos, desde que havendo condi¢cBes ambientais favoraveis. Eles
apresentam, no entanto, uma capacidade limitada de crescer sobre estruturas vegetais
integras (Jamaux et al., 1995). Normalmente, infectam os hospedeiros durante a etapa de
florescimento, utilizando as flores como fonte nutricional priméaria. Uma vez infectadas, as
pétalas se desprendem, depositando-se sobre folhas e ramificacdes caulinares, permitindo,
assim, a dispersao do fungo no hospedeiro (Jamaux et al., 1995; Saharan e Mehta, 2008).

As regides infectadas desenvolvem lesdes iniciais (water-soaked lesions), que séo
posteriormente tomadas pelo aspecto branco caracteristico do desenvolvimento micelial de
S. sclerotiorum. A parte aérea da planta pode ser amplamente tomada pela doenca. Os caules,
quando infectados, sofrem as lesdes caracteristicas da podriddo das hastes. Nesse estagio,
devido a fragilizacdo da estrutura, podem ocorrer quebras. Nos estagios finais, ha
aglomeracéo de hifas e formacdo de esclerddios, que, posteriormente, sdo dispersos no solo
com a morte da planta ou colheita (Purdy, 1979; Kamal et al., 2016). A perda causada pela
SSR (Sclerotinia stem rot - SSR) varia, principalmente, em funcdo do estagio de
desenvolvimento em que as plantas sdo afetadas. Se a infec¢do ocorre antes ou nos estagios
iniciais de florescimento, a perda é elevada, podendo em casos extremos, atingir 100% da
producdo. Quando a doenga se manifesta apos o florescimento, as perdas sdo minimizadas,

mas podem acometer 50% da geracéo de graos (Shukla, 2005)
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Os principais fatores de patogénese da doenca se relacionam a liberacdo de enzimas
hidroliticas e a producéo de acido oxalico. Como fungo necrotréfico, S. sclerotiorum nutre-
se, principalmente, da degradacdo tecidual de seus hospedeiros. Durante 0 processo de
infeccdo, sdo liberadas algumas enzimas extracelulares, tais como celulases, pectinases e
xilanase, que atacam a parede celular vegetal (Huang et al., 2008). A producdo de &cido
oxalico é, também, um fator fundamental nesse processo, uma vez que a reducdo do pH
resultante de sua liberacao favorece a atividade dessas hidrolases. Além disso, esse composto
esta relacionado ao sequestro de jons calcio (Ca*?), favorecendo a desestabilizacio da parede
celular (Dutton e Evans, 1996; Liang e Rollins, 2018). Ainda, atua também como um fator
de protecdo ao fungo contra a resposta oxidativa desencadeada pelo mecanismo de defesa
da planta afetada (Cessna et al., 2000).

O controle de S. sclerotiorum associado a cultura da canola envolve diferentes
estratégias de manejo. O processo é bastante dificultado pela alta persisténcia do fungo no
solo, pela baixa eficiéncia e custos elevados na aplicacdo de antiflngicos, além da
inexisténcia de variedades com resisténcia total ao patégeno. Isso torna o biocontrole uma
das alternativas mais apreciaveis no manejo do mofo branco (Smolinska e Kowalska, 2018).
Resultados positivos tém sido obtidos com a utilizagdo de fungos antagonistas, como
Coniothyrium minitans, ja disponivel comercialmente (Li et al., 2006). Da mesma forma,
tem sido bastante satisfatdria a utilizacdo de algumas estirpes bacterianas, especialmente do

género Bacillus (Kamal et al., 2015).
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2 OBJETIVOS
2.1 Objetivos gerais

Caracterizar isolados bacterianos de raizes de canola quanto a diferentes aspectos fenotipicos

e gendmicos relacionados a promocao do crescimento vegetal e a capacidade de biocontrole.

2.2 Objetivos especificos

o Realizar a identificacdo molecular e analises filogenéticas de bactérias associadas a

raizes de canola;

o Promover a triagem in vitro dos isolados quanto a diferentes caracteristicas de

promocdo do crescimento vegetal;

o Avaliar os isolados bacterianos quanto ao potencial de inibicdo do crescimento do

fungo Sclerotinia sclerotiorum (Lib.) de Bary;

o Caracterizar as bactérias associativas de canola quanto a capacidade de solubilizacdo

de fosfatos minerais;

o Investigar aspectos gendmicos relacionados as propriedades de biocontrole e

promocdo do crescimento vegetal.
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Abstract

Endophytic bacteria show important abilities in promoting plant growth and suppressing phytopathogens.
Therefore, these microorganisms are largely explored in agriculture as biofertilizers or biocontrol agents of
important crop diseases. Here we isolated spore-forming bacteria from canola roots and screened them for
different plant growth promotion (PGP) traits and biocontrol of Sclerotinia sclerotiorum. Thirty isolates were
obtained belonging to four different genera: Bacillus, Paenibacillus, Lysinibacillus, and Microbacterium.
Several isolates produced auxin, siderophores, hydrolytic enzymes, and also fixed nitrogen and solubilized
phosphate. Five isolates presented antifungal activity against S. sclerotiorum by the dual culture assay and 4
isolates also inhibited fungal growth by VOCs production. All antagonistic isolates belonged to the Bacillus
genus, based on 16S rRNA gene analysis. The genomes of these isolates were sequenced for the search of gene
clusters related to antimicrobial metabolites using the antiSMASH tool. Three isolates were identified as
Bacillus safensis, one as Bacillus pumilus and another as Bacillus megaterium, using the genomic metrics ANI
and dDDH. Most strains showed several common gene clusters, including bacteriocin, PKS and NRPS clusters,
related to pumilacidin, bacillibactin, bacilysin, and other antimicrobial compounds. However, in the evaluated
conditions, no lipopeptides were detected on solid culture extracts by MALDI-TOF analysis. The ability of the
isolates to protect canola from soil-borne S. sclerotiorum were evaluated in growth-chamber conditions and no
isolate displayed biocontrol or PGP activity. The genomic features demonstrated the potential of these isolates
in the suppression of plant pathogens; however, some aspects of plant-bacterial interactions remain to be
elucidated.

Key-words: Bacillus; non-ribosomal peptides; endophytic; white mold

1 Introduction

Canola is one of the major oilseed crops produced in the world. Despite being first introduced in Brazil
in in the 1970s as a winter crop, Brazilian production is still modest if compared with the world’s largest canola
producers, such as China, India, Canada, and EU (De Mori et al. 2014). Several efforts have been employed to
increase Brazilian canola yields and enlarge the cropping areas to non-traditional producing regions. However,
many challenges remain to consolidate canola’s production in Brazil, including technical difficulties, the need
of proper management practices for different Brazilian environmental conditions, and the control of canola

diseases (Tomm et al. 2009). One of the most important canola diseases is the white mold or Sclerotinia stem
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rot, caused by the necrotrophic fungus Sclerotinia sclerotiorum. This disease is also responsible for several
losses in different cropping areas around the world (Sharma et al. 2015). S. sclerotiorum is one of the most
relevant, devastating, and cosmopolitan plant pathogens, infecting more than 400 plant species (Boland and
Hall 1994). In Brazil, the susceptibility of canola to S. sclerotiorum is indicated as an important limiting factor
for canola cropping expansion to new cultivable areas (Mainardes et al. 2018). Canola can either be infected
by air-borne ascospores, released by apothecia produced via carpogenic germination of sclerotia, or directly by
myceliogenic germination of soil-borne sclerotia. The sclerotia is resistant to diverse environmental and
chemical factors and allows S. sclerotiorum to survive in soils for many years, which constitutes the most
difficult factor involved in disease management (Kamal et al. 2016). The absence of safe and effective synthetic
products for complete eradication of S. sclerotiorum from soils highlights the importance of biological control
agents. These methods are more environmentally secure than traditional chemical control and have been

successfully employed for S. sclerotiorum management (Smolinska and Kowalska 2018).

Not only the rhizobacteria community that live in the soil region surrounding roots, but also the
endophytes that are present inside plant tissues, are a plentiful source of plant beneficial micro-organisms
displaying inhibitory activity against phytopathogens (Elshahat et al. 2016; Afzal et al. 2019). In addition to
protecting plants, these microorganisms can promote plant growth by several mechanisms, including
phytohormone production, solubilization of nutrients from the soil, nitrogen fixation, and also reduction of
plant stress in different conditions (Vejan et al. 2016). Plant growth promoting bacteria (PGPB) can produce
several inhibitory metabolites, such as hydrolytic enzymes that degrade the cell-wall of phytopathogenic fungi,
volatile organic compounds (VOCs), siderophores, and different classes of antibiotics and related compounds
(Saraf et al. 2014). These beneficial bacteria can also trigger induced systemic resistance (ISR) in plants,

preventing their host from subsequent infections by harmful microorganisms (Choudhary et al. 2007).

Bacillus and Paenibacillus are gram-positive spore-forming bacteria, that include different species of
PGPB and efficient biocontrol agents (McSpadden Gardener 2004). Species from both genera are able to
produce a wide variety of bioactive metabolites with antifungal properties, especially non-ribosomal peptides,
such as lipopeptides (LPs) (Cochrane and Vederas 2016; Olishevska et al. 2019). The main classes of Bacillus
LPs comprise the surfactant and antimicrobial surfactin, iturin, and fengycin. Most importantly, iturin and
fengycin are promising antifungal compounds (Ongena and Jacques 2008). LPs are composed of a peptide
segment linked to a fatty acid chain and differ by the size of the fatty acid tail or by the amino acid sequence
(Mnif and Ghribi 2015). The peptide component of these metabolites is produced by an enzymatic complex,
called NRPS (non-ribosomal peptide synthetase). NRPS biosynthetic gene clusters (BGC) are highly diverse
and allow the production of a wide variety of LPs homologs (Bloudoff and Schmeing 2017). LPs production
can be the main mechanism of plant protection conferred by several antagonistic Bacillus strains against
phytopathogenic fungi (Shafi et al. 2017). The aim of this work is to isolate and characterize bacteria from
canola roots and evaluate their in vitro plant growth promoting abilities and biocontrol potential against S.

sclerotiorum (Lib.) de Bary.

2 Materials and methods

2.1 Isolation
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Roots of Brassica napus (Hyola 61) at the flowering stage were collected from a canola-producing
region, in Vacaria, Rio Grande do Sul State, Brazil (28° 30" 44" S, 50° 56' 02" W). The roots were washed in
running tap water and superficially disinfected by immersion in 70% ethanol (1 min) and 4% hypochlorite
solution (2 min), followed by rinsing five times with sterile distilled water. After disinfection, the roots were
sliced and 10 g were placed into Erlenmeyers flasks containing 90 ml of sterile saline solution (0.85% NacCl).
Flasks were shaken for 24 h at 4°C and the suspensions were pasteurized (80°C, 10 min) to eliminate non-

sporulating bacteria.

Serial dilutions were performed and inoculated on thiamine-biotin agar (TB N-free medium, Seldin et
al. 1983) and Starch Casein Agar (SCA, Kiister and Williams 1964). The plates were incubated in anaerobic
jars for 7 days at 28 °C. Bacterial colonies showing distinct morphological traits were inoculated and isolated
on King B medium (KB, Glickmann and Dessaux 1995). Bacterial cultures were stained using the Gram

method to certify their purity and afterward stored in 20% sterile glycerol at —20°C.
2.2 PGP characteristics

The isolates were screened for auxin and siderophore production, phosphate solubilization, nitrogen
fixation, and for the production of different hydrolytic enzymes related to rhizosphere competence. Indoleacetic
acid (IAA) production was evaluated by colorimetric assay, according to the methodology described by
Glickmann and Dessaux (1995) and adapted by Ambrosini et al. (2012). The microorganisms were cultivated
for 48 h in KB medium supplemented with L-tryptophan. After that, the culture supernatant was collected and
mixed with an equal volume of Salkowski reagent (12 g Lt FeCls + 7.9 M H,S0O,). IAA concentration was

determined by spectrophotometry at 530 nm after calibration with a standard curve.

For the phosphate solubilization assay, isolates were spot inoculated on NBRIP agar plates (Nautiyal
1999). After 7 days of incubation, the presence of solubilization haloes around the colonies was considered a
positive result. The method described by Schwyn and Neilands (1987) was used to evaluate siderophore
production. The isolates were inoculated on Chromo Azurol S agar plates. After 48-72 h of incubation, those

isolates that formed a yellow halo around their colonies were considered to be siderophore producers.

The nitrogen fixation ability was verified using the acetylene reduction assay (ARA), according to
Boddey and Knowles (1987) and adapted by Fernandes et al. (2014). Isolates were cultivated for 48 h in vials
containing TBNR medium (Seldin et al. 1983). Then, flasks were closed with a rubber septum and acetylene
gas (C2H2) was added to 10% of the air phase. After 24 h of incubation, ethylene (C,H.) was measured by gas-
chromatography (Clarus 600, Perkin Elmer) with a Col-Elite-Alumina column (50 mx 0.53 mm IDx 10 um).
The cultivated medium was sampled, and bacterial cells were lysed with 0.2 M NaOH solution. Afterward,
protein concentration was measured by the Bradford method and results were expressed as nmol CoHs mg

proteint h -1,

The ACC deaminase activity was verified using the DF salt medium supplemented with 1-
aminocyclopropane-1-carboxylic acid (0.5 M) as sole nitrogen source (Penrose and Glick 2003). Isolates were

previously cultivated in KB medium and bacterial cells were centrifuged, washed three times with saline
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solution, and spot inoculated on agar plates. Bacterial growth after 5 days was an indication of a positive result.

Inoculated plates without ACC were used as a negative control.

Bacteria were evaluated for hydrolytic enzyme production using enzymatic plate assay, according to
Bach et al. (2016). Isolates were spot inoculated on different media containing starch, carboxymethyl cellulose,
xanthan, and skim milk, for amylolytic, cellulolytic, xanthanase, and proteolytic activity, respectively. When
appropriate, reagents were added to reveal haloes (Cadmus et al. 1982; Blanco and Pastor 1993; Mac Faddin
2000; Bach et al. 2011). The presence of a clear zone around the isolates indicating substrate degradation was

considered as hydrolytic enzyme production.
2.3 Bacterial identification and phylogenetic analysis

Genomic DNA was extracted by the phenol-chloroform method, according to Sambrook and Russell
(2001) and Alippi and Aguilar (1998). For bacterial identification, partial 16S rRNA gene sequence was
amplified (Ambrosini et al. 2012). Complete gene sequences of selected isolates were also analyzed. The PCR
reactions and sequencing were performed according to Bach et al (2011). The approximately 1500- bp complete
sequences of 16S rRNA gene were assembled and analyzed with the Codon code Aligner® (CodonCode
Corporation). Partial and complete 16S rRNA sequences were submitted to a Basic Local Alignment Search
Tool (BLAST) at the NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and EzBioCloud (www.ezbiocloud.net/)
databases for bacterial identification. The type strain sequences of the most closely related species were
obtained from GenBank and used for phylogenetic analysis. The sequences were aligned using the SINA
Software from Silva platform (https://www.arb-silva.de/aligner/) and phylogenetic trees were generated by
MEGA 7 Software (Kumar et al. 2016) using the maximum-likelihood method and a bootstrap method with
1000 replications. The nucleotide sequences of the partial and complete 16S rRNA genes determined in this
study were deposited in the GenBank database.

2.4 Sclerotinia sclerotiorum growth inhibition on plate assay

Antifungal activity of the isolates was assessed on Potato Dextrose Agar (PDA, KASVI®) plates using
a dual culture technique, according to Vinodkumar et al. (2017) with adaptations. Five-day-old fungal discs (5
mm diameter) of previously PDA cultured S. sclerotiorum (Lib) de Bary were placed on the edge of 9-cm-
diameter Petri dishes while bacterial isolates were streaked on the opposite side. Mycelial growth diameter was
measured after incubation at 28°C for 7 days. Plates without bacterial inoculum were used as control. The
percentage of fungal inhibition (FI) was calculated according to Kumar et al. (2012): FI=100 X C — T/C (T,
fungal colony diameter of treatment; C, fungal colony diameter of control). The assay was performed with five
replicates.

2.5 Volatile Organic Compounds (VOCs) production

VOCs production was evaluated by dual Petri dish assay (Raza et al. 2015). Bacterial inoculum from
an exponential growth culture was spread onto PDA plates. A five-day-old fungal disc (5 mm diameter) of

previously cultivated S. sclerotiorum was placed in the center of other PDA plate. Plates inoculated with
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bacteria constituted the lid of plates containing fungal discs. All plates were sealed with parafilm and were
incubated for 5 days. Plates without bacterial inoculum were considered the control. The percentage of
inhibition of the mycelial growth was determined considering the difference between treatment and control,
according to the formula described by Gotor-Vila et al. (2017): (C-T/C) X 100, where C is the fungal colony

diameter of the control, and T is the measurement of the fungus with bacterial treatment.
2.6 Inhibition of other filamentous fungi on plate assay

Antifungal activities against other filamentous fungi were verified according to Bach et al. (2016).
Approximately, 10* spores of Aspergillus flavus, Aspergillus niger, Penicillium herquei, Penicillium
chrysogenum, and Bipolaris sorokiniana were seeded on PDA plates followed by inoculation of 20 pL of each
bacteria in the exponential growth phase. Plates were incubated and evaluated after 48 h. Fungal inhibition
zones around the bacterial colonies were checked and considered as the positive result of the antagonistic

activity.
2.7 Genome sequencing and analysis

Genomic DNAs from selected isolates were sequenced in the MiSeq Illumina platform using the
MiSeq Reagent kit v3 (2 x 300). The genomes were assembled using A5 (Coil et al. 2014) and SPAdes
softwares (Bankevich et al. 2012). Best quality assemblies were chosen using CheckM (Parks et al. 2015) and
QUAST (Gurevich et al. 2013) softwares. Draft genomes were submitted to the Rast server (Aziz et al. 2008)
for an automatic annotation and to antiSMASH (Weber et al. 2015) for antimicrobial biosynthetic gene clusters
searching. For taxonomic comparisons using genome metrics, the genomes of the most similar species
according to the 16S rRNA gene sequence analysis were obtained from the NCBI database. Identification of
isolates was corroborated by Average Nucleotide Identity (ANI) and digital DNA:DNA hybridization (dDDH),
considering species cutoff of 95 and 70%, respectively (Sant’ Anna et al. 2019). ANI values based on BLAST
and MUMmer alignments were calculated at JSpeciesWS (http://jspecies.ribohost.com/jspeciesws).
Estimations of dDDH were performed at http://ggdc.dsmz.de/distcalc2.php based on alignment BLAST+ and
recommended formula 2 (Bach et al. 2017). All taxonomic analyses were carried out comparing the sequences

of our canola strains with the type strain of each species available in the NCBI.
2.8 Lipopeptides detection by MALDI-TOF

Detection of lipopeptides synthesis on solid agar culture was performed according to Torres et al.
(2016). First, bacterial isolates were submitted to dual culture technique as described in section 2.4. Then, agar
discs (5 mm) removed from the inhibition zone between bacterial streak and fungal colony edge were
suspended in 0.5 mL of 100 % acetonitrile (ACN). This suspension was vigorously shaken for 30 s and
incubated overnight at 4°C before being centrifuged and concentrated in a vacuum centrifuge (SpeedVac). Agar

discs excised from plates with bacteria growing alone were used as the control.

For each sample, three agar plugs were extracted with 100% ACN and analyzed by MALDI-TOF/TOF
mass spectrometer (MS). Aliquots of 1 pl of each sample were mixed with 1 ul of 10 mg mL? a-cyano-4-
hydroxycinnamic acid (CHCA) (Sigma-Aldrich) solution prepared in TA30 (30:70 v/iv  ACN: 0.1%
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Trifluoroacetic Acid in water). Then, 1 pl of this mixture was spotted onto a stainless steel MALDI sample
plate and allowed to dry at room temperature. The snapshots were acquired in a range of m/z 500-2500 by a
MALDI-TOF/TOF MS (Autoflex Speed, Bruker) operating in linear positive mode. Each spectrum was the
sum of at least 2000 laser shots. All the spectra were externally calibrated using a commercial mixture of
Peptide Calib Standard mono (Bruker).

2.9 Growth chamber biological control assay

Canola seeds, variety Hyola 61, were surface-sterilized by treating with 70% ethanol and 4%
hypochlorite solution and pre-germinated on filter paper (germitest) for 3 days. After that, seedlings were
transplanted to the center of 500 mL pots containing a nutritive substrate for plants (Carolina Soil®). The fungal
inoculum was prepared as described by Avila et al. (2005). Fungal discs of S. sclerotiorum were inoculated in
250 mL Erlenmeyrs flasks containing rice grains hydrated with 60% distilled water (w/v), and incubated for 2
weeks. Four rice grains with mycelial growth of S. sclerotiorum were equidistantly inoculated around the
canola seedlings at 1 cm depth. Afterward, 5 mL of bacterial cultures grown in King B medium were diluted
to a concentration of 108 cell mL-* for inoculation on each pot. Two treatments without bacterial inoculum were
used: while one of them was inoculated with S. sclerotiorum, the other received no fungal inoculum. Both
treatments received 5 mL of sterile culture medium. Plants were cultivated for 20 days with 12-h photoperiod
at 24°C+ 3°C. The percentage of plant's survival was verified. Shoot and root sizes, as well as dry weight were

also measured.
2.10 Statistical analysis

Both the morphological parameters measured on the biological control assay and the percentage
values of fungal inhibition on the dual culture challenge were submitted to one-way analysis of variance and
the means were compared by the Tukey test at 5% error probability. Analyses were performed using the
software Statistica 7.0 (StatSoft).

3 Results
3.1 Isolation, identification and PGP traits

A total of thirty bacterial isolates, belonging to four different genera of gram-positive bacteria, were
obtained using a selective isolation procedure for spore-forming bacteria (Table 1). The genus Bacillus was the
predominating taxonomical group, representing 80% of total isolates, followed by Paenibacillus, with
approximately 14% of the rhizobacteria. Lysinibacillus and Microbacterium were the least abundant genera,
since only one isolate belonging to each group was obtained. These isolates were screened for different PGP
traits. All of them were capable to produce at least one hydrolytic enzyme, revealing an important ability related

to rhizosphere competence (Supplementary Table 1).

With regards to the other PGP characteristics, phosphate solubilization was the most widespread
feature between isolates, followed by siderophore production, auxin synthesis and antifungal activity. Only

three Paenibacillus strains were able to fix nitrogen by ARA, while ACC deaminase production was not
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detected. Phylogenetic analysis revealed that most of the Bacillus isolates were very closely related to the
Bacillus cereus complex (Supplementary Figure 1). Since this group includes well-characterized human

pathogenic species, all related isolates (10) were excluded from further biocontrol experiments.

Table 1 Abundance of canola roots isolates showing each PGP trait

Genus N° P Sider. Hydrolytic  IAA N ACC Antifungal
isolates  goJup, Enzymes* fixation deaminase  Activity'
Bacillus 24 22 18 24 10 0 0 9
Paenibacillus 4 4 1 4 2 3 0 0
Lysinibacillus 1 1 0 1 1 0 0 1
Microbacterium 1 1 1 1 0 0 0 0
Total 30 28 20 30 13 3 0 10

P solub.: phosphate solubilization; Sider.: siderophores production; 1AA: indoleacetic acid production; N
fixation: Nitrogen fixation. * Isolate producing at least one of the tested enzymes (Protease; cellulase;
xanthanase and amylase).” Antifungal activity against at least one of the tested filamentous fungi (Aspergillus
flavus, Aspergillus niger, Penicillium herquei, Penicillium chrysogenum, and Bipolaris sorokiniana)

3.2 Antifungal activity against S. sclerotiorum

Five isolates showed antifungal activity against S. sclerotiorum by dual culture assay. Fungal growth
inhibition ranged from 20 to 70%. The highest value was obtained to isolate 32PB. The other isolates did not
differ statistically among them on the percentage of inhibition (Figure 1). These isolates were submitted to
VOCs production assay by dual plate technique and all of them presented positive results, except for isolate
7PB. The percentage of fungal inhibition by VOCs production did not differ statistically between isolates
(Figure 2).

The five antagonistic isolates were identified as belonging to the Bacillus genus. Phylogenetic analysis
based on the complete sequence of 16S rRNA gene revealed that three isolates (1TAZ, 8TAZ, and 32PB) are
related to Bacillus safensis. 7PB was clustered with Bacillus pumilus and Bacillus zhangzhouensis, while 16PB
was related to Bacillus aryabhattai and Bacillus gingshengii (Figure 3). The general PGP features of these
isolates are shown in Supplementary Table 1. All of them solubilized phosphate and produced protease. Three
isolates (0O1TAZ, 08TAZ, and 7PB) were also able to produce siderophores and showed antifungal activity
against other tested filamentous fungi (A. niger, A. flavus, and P. herquei), two of them (01TAZ and 08TAZ)
also inhibited the growth of P. chrysogenum.
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Figure 1 S. sclerotiorum inhibition by dual culture
assay. Mean values followed by the same letter
don’t differ statistically among themselves by
Tukey's test at a 5% significance level.
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Figure 2 S. sclerotiorum inhibition by VOCs
production. Bars represent means + SE. Mean
values don’t differ statistically among themselves
by Tukey's test at a 5% significance level
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Bacillus aryabhattai BSW22 T (EF114313)

Paenibacillus polymyxa ATCC 842 T (AFOX01000032)

Figure 3 Bacterial phylogenetic tree based on the complete 16S rRNA gene sequences. The
phylogenetic analysis was performed using the Maximum Likelihood method based on the
Jukes-Cantor model. Paenibacillus polymyxa was considered the outgroup. Bootstrap
confidence values above 60 are shown near each branch.

3.3 Genome sequencing and analysis

The genome sizes of antagonistic isolates ranged from 3.66 to 5.9 Mb and presented the general

features as shown in Supplementary Table 2. Genomic metrics were used to confirm the identity of these
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bacteria. The isolates 01TAZ, 08TAZ, and 32PB were identified as Bacillus safensis strains, with ANI values
of 98.84, 98.85, 98.84%, respectively, and dDDH values of 96.26, 96.27 and 96.28%, respectively
(Supplementary Table 3). The isolate 16PB was identified as Bacillus megaterium, with ANI and dDDH values
of 95.77 and 81,13%, respectively, while the isolate 7PB was identified as Bacillus pumilus with ANI value of
95.28 %. However, the dDDH value (65.09%) for this isolate was below the taxonomic threshold (70%).

Genome mining using antiSMASH predicted a total of 11 BGCs for B. safensis strains (1LTAZ and
8TAZ), 12 for B. pumilus 7PB and B. safensis 32PB, and 9 for B. megaterium 16PB (Table 2). Most BGC were
common for all B. safensis and B. pumilus strains. However, the 32PB isolate showed an extra bacteriocin
(plantazolicin) biosynthetic cluster and the isolate 7PB presented an NRPS-Type 1 Polyketide Synthase (PKS)
hybrid cluster, displaying low levels of similarity (18%) with the antifungal antibiotic zwittermycin A (He et
al. 1994). Besides that, all these four closely related genomes harbored 4 NRPS clusters, 3 of them were
predicted to be related to the antimicrobial compounds bacilysin, the surfactin-related lichenysin, and fengycin.
The fourth NRPS biosynthesizes the siderophore bacillibactin (100% of similarity). Additionally, another
siderophore BGC was found in all five genomes; although related to the production of an NRPS- independent

siderophore of the lucA_lucC family.

For B. pumilus and B. safensis strains, other ribosomal BGCs are putatively related to the synthesis of
2 bacteriocins (a sactipeptide- head-to-tail and an unknown circular compound), 2 terpenes (related to
carotenoid biosynthesis and a terpene-cyclase), and an unknown betalactone. There was also an unknown
T3PKS putatively having a chalcone and stilbene synthase domain protein. For B. megaterium 16PB no NRPS
gene cluster was found. However, this isolate displayed 4 unique BCGs, which was not found in other genomes.
These BCGs include a terpene gene cluster (phytoene-surfactin-related), one bacteriocin (lanthipeptide) cluster,
and two unknown gene clusters related to siderophores and phosphonate production. Interestingly, most canola
strains’ BGC were annotated with low similarity values and could actually be producing new homologs of

known molecules.

The predicted amino acid and acyl-CoA monomers that comprise the backbone of metabolites
produced by NRPS and PKS clusters were the same for all B safensis and B. pumilus isolates. AntiSMASH
could only predict substrate and modules of bacillibactin, zwittermicin A, and surfactin-related BGC
(Supplementary Table 4). The annotation of bacillibactin and the surfactin-related compound were

corroborated by the monomer composition fingerprint analysis of the NORINE database.

The surfactin class of antibiotics comprises various similar LP compounds, such as lichenysin
produced by Bacillus licheniformis, and pumilacidin, produced by B. pumilus and B. safensis (Jacques 2011).
Comparative analyses of Bacillus strains show that the main difference between pumilacidin and lichenysin
and surfactin BGC is the presence of two genes, ORFy and ORFx, which code for two peptide synthases
(Figure 4a). These enzymes have 7 and 8 catalytic domains, respectively (Domingos et al. 2015; Saggese et al.
2018). Similar genes were found in NRPS clusters of B. pumilus and B. safensis strains but were absent in the

known most similar cluster suggested by antiSMASH (lichenysin, Figure 4b).
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Table 2 Putative gene clusters coding for antimicrobial or secondary metabolites in the genomes of antagonistic bacteria as predicted by antiSMASH

B. safensis B. safensis B. pumilus B. megaterium B. safensis
antiSMASH predicted 01TAZ 08TAZ 7PB 16PB 32PB .
) ) ) ) ) ) ] ) ] ] most probable function
gene cluster Size  Sim.  Size Sim. Size Sim. Size Sim. Size Sim.
Kby (%) (Kb (%) (Kb (%) (Kb) (%) (Kb (%)
NRPS
bacilysin 6.1 85 6.1 85 6.1 85 ND ND 6.1 85 bacilysin biosynthesis
lichenysin 51.44 85 edge edge 45.55 85 ND ND 51.44 85 pumilacidin biosynthesis
betalactone 11.27 53 11.27 53 11.28 53 ND ND 11.27 53 unknown- fengycin-related
bacillibactin 11.72 100 11.72 100 11.72 100 ND ND 11.72 100  bacillibactin biosynthesis
NRPS-T1PKS ND ND ND ND 58.71 18 ND ND ND ND  zwittermycin A- related
T3PKS 303 i 3.03 i 297 i 423 i 3.03 i chalco_ne and §ti|bene synthase
domain protein
BACTERIOCIN
unknown bacteriocin 3.28 - 3.28 - 4.99 - 6.27 - 3.28 - circular- 11d superfamily
Riggad'to'ta'"Sac“pep“de' 606 8 606 8 605 100 ND ND 606 85  sporulation killing factor skfA
lanthipeptide- RiPP ND ND ND ND ND ND 7.52 - ND ND  putative class |

linearazol(in)e-containing

peptides LAP ND ND ND ND ND ND ND ND 9.78 100  plantazolicin

Terpene
terpene | 703 50 793 50 793 50 7147 50 793 50 Ehytoe”e' carotenoid
iosynthesis
terpene 11 ND ND ND ND ND ND 0.8 - ND ND  phytoene- surfactin-related
terpene 111 3.46 - 3.46 - 3.46 - 2.7 - 3.46 - terpene-cyclase
OTHERS
unknown betalactone 12.25 - 12.25 - 12.25 - ND ND 12.25 - unknown
. lucA-lucC family of
siderophore 5.48 - 5.48 - 5.48 - 6.57 - 5.48 - NRPS- independ)(lant siderophore
siderophore ND ND ND ND ND ND 14.24 - ND ND  unknown
phosphonate ND ND ND ND ND ND 1.51 - ND ND  unknown

*Size was determined according to the region predicted as related to biosynthetic genes by antiSMASH. When most similar known gene clusters were suggested by
antiSMASH, those BGC were used to estimate size. Estimation was not performed when BGC was on the edge of contigs. Sim. (%): Similarity (%); ND: not detected.
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The predicted composition and organization of catalytic domains were similar to previously described
pumilacidin ORFy and ORFx proteins, the only exception was the presence of a CAL (Co-A ligase) domain
instead of one A (adenylation) domain. This evidence suggests that this gene cluster may actually be a

pumilacidin biosynthetic cluster.

A
A B C OrfX OrfY D
,uay gm E;mr EMM §Am §m EHM TE —CAL KR gm E“_C“- KR &ME E—1E
v v v v v v v ‘v v v '
o060 o060 0 00 0o
B
Query sequence
| KK IR T DAKID D
BGC0000381: Lichenysin (85% of genes show similarity), nrps
oy 0D | I <aIB¥

BGC0000433: Surfactin (52% of genes show similarity), nrps
DD E 0l — i —— DR |

Figure 4 Pumilacidin biosynthetic gene cluster (BGC) module prediction (A) and comparison with other
surfactin-related antimicrobial compounds (B). C: condensation domain; AMP: AMP-binding domain; PCP:
peptidyl carrier protein; E: epimerization domain; TE: thioesterase domain; CAL: Co-A ligase domain; KR:
ketoreductase domain.

3.4 MALDI -TOF analysis of metabolites

Spectrometry analysis of acetonitrile extracts from the inhibition zone of solid culture of canola strains
grown near fungi was performed for the identification of lipopeptides, acquiring the snapshots in a range of
m/z 500-2500. Several peak masses were detected in the range of typical lipopeptide masses as m/z= 1,000-
1,150 (surfactin-related) and m/z= 1,450-1,550 (fengycin-related; Supplementary Figure 3). However, no mass
value corresponded with the expected masses from the surfactin, iturin, or fengycin classes, even considering
the formation of adducts (Dimki¢ et al. 2017). Additionally, no group of peaks was observed presenting the
typical mass difference of 14 Da of lipopeptide homologs. Therefore, we could not detect the production of

lipopeptides by these antagonistic canola strains in the conditions tested.
3.5 Growth chamber biological control of S. sclerotiorum

All antagonistic isolates were submitted to biocontrol assay in growth chamber conditions. The control
1, without bacterial inoculum and challenged with S. sclerotiorum, showed a reduced percentage of surviving
plants if compared with unchallenged control 2. Although for surviving plants of control 1, dry mass, root size,
and shoot size values did not differ statistically from measured parameters of control 2. Treatments that

received bacterial inoculum did not increase plant survival or morphological parameters values if compared
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with control 1 (Table 3). Thus, the necessary conditions for these strains act as biocontrol and plant growth

promoter need further investigations.

Table 3 Biocontrol of Sclerotinia sclerotiorum infecting canola plants grown in
growth chamber by Bacillus strains

Treatments Survival Shoot size  Root size Dry mass

(%) (cm) (cm) (mg)
Control 1 35 4.812 5.472 7.352
Control 2 90 5.822 5.192 9.06?
Bacillus safensis 01TAZ 35 5.642 4.772 8.602
Bacillus safensis 08TAZ 35 5.772 5.902 8.542
Bacillus pumilus 7PB 25 5.70° 6.30? 9.65?
Bacillus safensis 32PB 45 5.31@ 5.678 7.85%
Bacillus megaterium 16PB 20 6.60? 5.052 8.302

Control 1: control with fungal inoculum without bacterial treatment; Control 2:
control without bacterial or fungal inoculum. Mean values followed by the same letter
in the same column do not differ among themselves by a Tukey's test at a 5%
significance level

4 Discussion

Thirty isolates from Brazilian canola roots were obtained using a selective isolation for gram-positive
spore-forming bacteria. Gram-positive constitutes the less studied and explored group of plant-associated
bacteria if compared with gram-negative bacteria (Emmert 1999; Francis et al. 2010). Several taxonomical
groups of spore-forming gram-positive bacteria include important PGPB and biocontrol strains, especially
Bacillus and related genera (Selvakumar et al. 2016). In addition to an important adaptative advantage, the
ability to form spores make these microorganisms suitable for inoculant formulations, once these resistant
structures allow great stability and bacterial viability for long periods in different environmental conditions
(Rahman 2016).

Bacillus was the predominant genus among the isolates. Even not using a direct methodological
approach to isolate spore-forming bacteria, some studies reported Bacillus as one of the predominating genera
in the cultivable bacterial communities associated with B. napus roots (Germida et al. 1998; Croes et al. 2013).
On the other hand, this was not observed by Farina et al. (2012) when they isolated bacteria from canola (Hyola
60) cultivated in the same producing region considered in this study (Vacaria, Rio Grande do Sul State, Brazil).
Using N-free media, none of the bacteria isolated by these authors belonged to the genera obtained in the

present work.

Our isolates were screened for different biochemical features that are relevant in beneficial plant-
bacteria interactions. All isolates were able to produce at least one hydrolytic enzyme, revealing an important

ability related to rhizosphere competence (Bach et al. 2016). This feature is related to the capacity of PGPB
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colonize and survive in the rhizosphere or plant roots and is an important factor for the efficiency of biocontrol
strains in natural conditions (Prashar et al. 2014). The soil zone surrounding the roots harbors a huge microbial
community, therefore it constitutes a highly competitive environment (Raaijmakers et al. 2009). The ability to
assimilate or metabolize diverse carbon sources, polymers, and other substances exudated by plant roots is a

strategy that offers a selective advantage in the rhizosphere (Barret et al. 2011).

With regards to the other PGP characteristics, phosphate solubilization was the most spread feature
among the isolates. Interestingly, IAA synthesis or siderophore production is usually the most widespread PGP
trait reported for bacterial isolates associated with canola in normal field conditions (Farina et al. 2012; Croes
et al. 2013; Etesami and Alikhani 2016). These divergences could be explained by the fact that different
environmental conditions can modulate plant-bacteria interactions. The occurrence of bacteria with specific
PGP traits is associated with factors such as soil richness, for example. Besides that, plant interactions with
nutrient solubilizers or hormone producers are favored under different environmental conditions (Costa et al.
2014).

Several commonly isolated environmental microorganisms can be opportunistic human pathogens,
including beneficial plant-interacting bacteria. Thus, the risks associated with the use of novel PGP strains is
of utmost concern when developing inoculant products (Selvakumar G et al. 2014). Here, 11 bacteria were
closely related with the Bacillus cereus group, which includes pathogenic and non-pathogenic species for
humans (Messelhduler and Ehling-Schulz 2018; Rossi et al. 2018). However, the identification of bacterial
species related to B. cereus is hampered mainly since the traditional approach based on 16S rRNA gene
sequence is insufficient to differentiate bacteria within this group (Liu et al. 2015). Therefore, the B. cereus-

related isolates were excluded from subsequent procedures.

Five isolates were able to inhibit S. sclerotiorum growth by plate assay. For these bacteria,
phylogenetic analysis based on the complete sequences of 16S rRNA gene revealed three strains (1TAZ, 8TAZ,
and 32PB) very similar to Bacillus safensis, one strain (7PB) closely related with Bacillus zhangzhouensis and
Bacillus pumilus, and another isolate (16PB) taxonomically close to Bacillus aryabhattai and Bacillus
gingshengii. As is the case of B. cereus strains, B. pumilus-related bacteria cannot be efficiently distinguished
at species level by 16S rRNA gene analysis, therefore additional approaches have been recommended (Wang
et al. 2013). For better identification, analysis based on genomic metrics were carried out. The identity of
01TAZ, 08TAZ, and 32PB was confirmed as B. safensis, 7PB was identified as B. pumilus, and 16PB was

identified as B. megaterium.

B. safensis, B. pumilus and B. megaterium are important species for the biocontrol of different
phytopathogens and plant growth promotion (Kildea et al. 2008, Lateef et al. 2015; Lopes et al. 2018). For
instance, the Bacillus pumilus strain QST 2808 is commercially available in Brazil and other countries for the
control of white-mold caused by S. sclerotiorum on oilseed crops (Bettiol et al. 2012). Several other B. pumilus
strains, such as GB34, BU F-33, and GHA 181 registered on EPA (U.S. Environmental Protection Agency)

are agriculturally employed as biofungicide or plant growth promoter agents (Borriss 2015).
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The canola isolates showed myecelial inhibition range of 20 to 70% on plate assay. Considering other
bioprospecting studies, Sharma et al. (2019) isolated B. pumilus and B. safensis strains from chickpea
rhizosphere that inhibited S. sclerotiorum growth by 56.84 and 62.41%, respectively. Forchetti et al. (2007)
obtained seven B. pumilus endophytic strains from sunflower roots showing an S. sclerotiorum suppression
ranging from 35 to 87.5%. For B. megaterium, the TV-103b strain was able to reduce 48.5% of S. sclerotiorum
growth by plate assay (Tozlu et al. 2016). In the context of S. sclerotiorum biocontrol in the Brassica genus,
B. pumilus strain YSPMK11 suppressed disease severity of Sclerotinia stem rot by 93% when inoculated on
Brassica oleracea var. botrytis L. In vitro, this strain showed maximum fungal-growth inhibition of 81.50%
and was able to produce the lipopeptides iturin A and surfactin (Kaushal et al. 2017). The B. megaterium strain
A6 is an efficient plant growth promoter of oilseed rape and can successfully protect this crop from S.

sclerotiorum under field conditions (Hu et al. 2013)

Four isolates were able to inhibit S. sclerotiorum growth by VOCs production. With regards to the
Bacillus genus, the Bacillus amyloliquefaciens strain NJZJSB3 displayed effective protection of canola against
S. sclerotiorum and 5 different VOCs were detected being produced by this strain (Wu et al. 2014). Among the
antagonistic strains, B. pumilus 7PB was the only isolate that showed a negative result in the VOCs test. In
spite of this negative result, other B. pumilus strains isolated from cucumber rhizosphere have already been
reported suppressing the development of S. sclerotiorum and other phytopathogenic fungi by VOCs producing
(Liu et al. 2008).

Several gene clusters related to secondary metabolism and antibiotics production were found in the
genome of the canola isolates. In fact, most plant-associated Bacillus and related firmicutes harbor LP and PK
gene clusters if compared with non-plant associated strains, indicating an ecological role of these clusters in
plant-beneficial bacteria adaptations (Aleti et al. 2015). Two clusters related to LP production were present in
genomes of B. pumilus and B. safensis strains, including BGC similar to pumilacidin and fengycin. Pumilacidin
was already described as an antifungal metabolite and has inhibitory activity against Rhizoctonia solani,
Pythium aphanidermatum, and Sclerotium rolfsii as described for the endophytic B. pumilus MAIIIM4a (Melo
et al. 2009).

Fengycin A and B are involved in the antifungal activity of Bacillus subtilis against S. sclerotiorum
and other three filamentous pathogenic fungi of canola (Hou et al. 2006). However, no fengycin related
compound was found in culture extracts of our canola isolates. The putative gene cluster predicted for the
canola strains’ genomes showed a very low similarity with the most closely related known fengycin cluster.
Likewise, in a comparative genomic study of Bacilalles, Zhao and Kuipers (2016) did not found any fengycin

cluster in eight available genomes of B. pumilus strains.

Unexpectedly, neither pumilacidin or any other LP compound was detected by mass spectrometry on
solid culture or supernatant extracts (data not shown). This may be attributed to a low concentration of these
substances in the analyzed samples or these compounds may not be expressed under the experimental

conditions tested. Different nutritional, physicochemical, and physiological factors can significantly affect LP
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production in vitro and the optimal conditions for LP production may require adjustments for each strain
(Kumar and Johri 2012)

A gene cluster for bacilysin was also found in most genomes. This metabolite is a dipeptide composed
of L-alanine and the unusual amino acid L-anticapsin, that possesses antibacterial and antifungal activity
(Sansinenea and Ortiz 2011). Bacilysin was found in the culture supernatant of different biocontrol strains, but
the antifungal potential is mainly described against yeast (Loeffler et al. 1986; Chung et al. 2008). The probable
mechanism of action involves the hydrolyzation of bacilysin by a fungal proteinase and then the released
product, anticapsin, inhibits the enzymatic activity of aminotransferase of glucosamine-6-phosphate synthase
(GFA) intracellularly (Wang et al. 2018)

BGCs related to siderophore production were found in all analyzed genomes. In fact, 01TAZ, 08TAZ,
and 7PB also showed positive results for siderophore production on plate assay. The best-characterized region
was an NRPS cluster for the synthesis of bacillibactin. This siderophore belongs to the catechol family and is
commonly produced by Bacillus strains (Raza et al. 2008). These substances have an important role in
biocontrol process, once siderophores capture Fe in the rhizosphere environment and thus limits the amount of
iron available for the growth of pathogens (Saha et al. 2016).

Another mechanism of fungal growth inhibition by antagonistic bacteria involves the production of
hydrolytic enzymes related to the degradation of cell-wall components of pathogens (Swiontek Brzezinska et
al. 2014). Two purified chitinases (ChiS and ChiL) from B. pumilus SG2 displayed antifungal activity against
S. sclerotiorum (Ghasemi et al. 2010) and this enzymatic mechanism must be investigated for our canola
isolates. All five antagonistic strains were positive for protease production. Supposedly, the activity of
proteases on fungal-wall increase their susceptibility to lysis by chitinases and glucanases (Haran et al. 1996).
This enzyme was also related to direct inhibitory activity of a rhizobacteria against the plant pathogen
Macrophomina phaseolina (lllakkiam et al. 2013). The biocontrol strain B. pumilus M3-16 produces a highly
stable protease induced by the presence of phytopathogenic fungus Botrytis cinerea (Essghaier et al. 2009).
Therefore, the role of ribosomally produced compounds on the antifungal activity of our Brazilian canola

strains should be further investigated.

No antagonistic isolate suppressed S. sclerotiorum disease in pot experiment or promoted plant
growth. Evaluating Bacillus strains, Akinrinlola et al. (2018) demonstrated that no set of in vitro PGP traits is
a predictor of growth promotion efficiency. Growth conditions can intensively affect canola-bacteria
interactions, while rhizobacteria that present multiple PGP abilities in vitro can result in either a beneficial or
a deleterious effect depending on different environmental situations (Hudek et al. 2018). Despite the dual
culture plate test having a strong correlation with antifungal activity on plant assay, some in vitro antagonistic
isolates fail to protect plants (Bach et al. 2016; Shehata et al. 2016). Besides that, here we employed a soil-
borne fungal inoculum, which could be a possible via for canola infection by S. sclerotiorum. However, canola
is most frequently infected by air-borne ascospores deposited on petals (Kamal et al. 2016). The direct activity
of our canola isolates on ascospores germination was not evaluated and the potential of these bacteria in air-

borne pathogen control remains to be elucidated.
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