UNIVERSIDADE FEDERAL DO PARANA

MARINA SONEGHETT COTTA

ESTUDO DE ASSOCIACAO DE GENOMICA AMPLA DA INTERACAO ENTRE BACILLUS
PUMILUS TUAT-1 E ARABIDOPSIS THALIANA

CURITIBA

2019



MARINA SONEGHETT COTTA

ESTUDO DE ASSOCIACAO DE GENOMICA AMPLA DA INTERACAO ENTRE BACILLUS
PUMILUS TUAT-1 E ARABIDOPSIS THALIANA

Tese apresentada ao curso de Pos-
Graduagdo em Ciéncias-Bioquimica, Setor
de Ciéncias Biologicas, Universidade
Federal do Parana como requisito parcial a
obtencdo do titulo de Doutora em Ciéncias-
Bioquimica.

Orientador: Prof. Dr. Leonardo Magalhaes
Cruz.

CURITIBA

2019



Universidade Federal do Parana. Sistema de Bibliotecas.

Biblioteca de Ciéncias Biologicas.
(Giana Mara Seniski Silva — CRB/9 1406)

Cotta, Marina Soneghett

Estudo de associagao de genomica ampla da interagao entre Bacillus
pumilus TUAT-1 e Arabidopsis thaliana. / Marina Soneghett Cotta. —
Curitiba, 2019.

79p.il.

QOrientador: Leonardo Magalhes Cruz
Tese (doutorado) - Universidade Federal do Parana, Setor de Ciéncias

Biologicas. Programa de Pos-Graduagéo em Ciéncias - Biogquimica.

1. Bactérias nitrificantes 2. Genomica |. Titulo 1l. Cruz, Leonardo
Magalhaes - 1971 Ill. Universidade Federal do Parana. Setor de Ciéncias
Biologicas. Programa de Pos-Graduagéo em Ciéncias- Bioquimica.

CDD (22. ed.) 579.362







AGRADECIMENTOS

Ao Prof. Dr. Leonardo Magalhdes Cruz, pelos ensinamentos, pelo conhecimento compartilhado e
pela atengdo em todos estes anos de iniciagdo cientifica, mestrado e doutorado sob sua orientagao.
Especialmente, pela paciéncia, compreensao e apoio durante os imprevistos e dificuldades ao longo

de todos esses anos sob sua orienta¢do.

Ao Dr. Gary Stacey por ter me recebido em seu laboratorio, por todo ensinamento e por ter me

dado a oportunidade fazer parte deste projeto cientifico.

As colaboradoras Profa. Dra. Roseli Wassem e Dra. Fernanda Plucani do Amaral pela ajuda,

colaboracao e conhecimento compartilhado.

Aos Professores Dra. Rose Adele Monteiro, Dr. Mauro Castro e Dr. Antonio Costa de Oliveira por

aceitarem fazer parte da banca de defesa da tese de doutorado.

A Prof. Dra. Rose Adele, ao Prof. Dr. Marcelo Miiller ¢ ao Dr. Arquimedes Santana por fazerem

parte da banca interna e pelas contribui¢des a este trabalho nas corregdes dos relatorios.

A todos os professores do Nucleo de Fixacao de Nitrogénio pelas discussdes e opinides sobre este

trabalho.
Aos técnicos do laboratorio D. Roseli, Walter e Bruna.

A minha familia, a qual eu dedico meu eterno amor e agradecimento, que acreditou e confiou nas
minhas escolhas, me apoiando incondicionalmente para que todos os meus sonhos e objetivos
fossem realizados. Pai, Mae, Thiago e Matheus, vocés foram fundamentais durante todos esses
anos e me carregaram no colo nos momentos dificeis e quando tudo dava errado, essa tese nao seria

possivel sem vocés ao meu lado.

Aos colegas de laboratorio e professoras que acabaram se tornando amigos muito especiais durante
a nossa convivéncia. Especialmente a Vanessa e a Fernanda que me ouviram, aconselharam,
estimularam e sempre tiveram palavras para me confortar ¢ me animar a seguir em frente. E, as
amigas para a vida toda que a vida académica me deu, Nessana, Augusta, Anelis, Fernanda e
Vivian, vocés sao exemplo e orgulho para mim, e sempre foram parte da minha motivacao para

seguir adiante.



As grandes amigas que fiz durante o estagio sanduiche e que foram essenciais na minha vida longe
do Brasil. Carol e Beverly, vocés sdo grandes responsaveis por este trabalho e nunca poderei

agradecer a tudo que vocés fizeram por mim.

Ao Willian, o qual esteve ao meu lado desde o mestrado e € essencial na minha vida. Compartilhar
o mestrado, doutorado e todos as dificuldades nesses anos com vocé permitiu que chegassemos

inteiros ao final disso tudo.
A Bianca, minha grande amiga desde a graduagio, amo vocé, obrigada por tudo!

Aos meus amigos que as vezes ndo entendem o que eu fago, mas compreendem minha auséncia e
estdo ali sempre que eu preciso. Anne, Marina, Marcelo, Fernanda, Ludmilla e Andressa, amo

voceés!

As representantes discentes, Ana, Isabela e Dainesy por lutarem pelos nossos direitos

incansavelmente. Obrigada por toda dedicagao!
A coordenacio da Pés-Graduagio, pelo auxilio em nossa formagio.

As agéncias financiadoras CAPES, CNPq, INCT da Fixagio Biologica de Nitrogénio e Fundagio

Araucaria, pela bolsa e suporte para o desenvolvimento deste trabalho.

E por fim, a Deus e ao universo, por conhecer todas essas pessoas e por terem me dado forcas para

chegar até aqui.



A alegria ndo chega apenas no encontro do achado, mas faz parte do processo da busca.

E ensinar e aprender ndo pode dar-se fora da procura, fora da boniteza e da alegria.

Paulo Freire



RESUMO

A bactéria promotora do crescimento vegetal (PGPB) Bacillus pumilus ¢ uma fixadora de
nitrogénico e produtora de giberelinas que aumenta o conteudo de nitrogénio e a superficie e
comprimento da parte aérea de plantas. Além disso, esta bactéria é capaz de melhorar o crescimento
das plantas sob condi¢des de estresse por seca e salinidade. A estirpe TUAT-1 pode aumentar as
raizes e a biomassa de arroz e o conteudo de nitrogénio e clorofila. Neste estudo, através do estudo
de associa¢do de gendmica ampla (GWAS), nos avaliamos a interagdo entre TUAT-1 e Arabidopsis
thaliana. Para este objetivo, 288 ecotipos de A. thaliana foram triados para parametros de
arquitetura da raiz: comprimento de raiz principal, numeros de raizes laterais, zona ramificada,
comprimento total de raiz e comprimento de raiz lateral. Varios ecotipos foram significativamente
afetados pela inoculagao com TUAT-1, enquanto alguns ecotipos responderam positivamente para
o crescimento, alguns deles mostraram inibi¢cdo do crescimento da raiz pela inoculagdo. Além
disso, alguns ecotipos nao responderam a inoculagdo por esta PGPB. Estes resultados mostram a
especificidade estirpe-ecotipo da interagao planta-bactéria. As analises do GWAS revelaram SNPs
significantes em todos os parametros avaliados, levando a identificagdo de diversos genes. Os
genes candidatos selecionados sdo altamente associados a interagdo entre TUAT-1 e A4. thaliana e
a promogao do crescimento. Neste trabalho, nés mostramos que alguns dos parametros de raiz se
devem a tracos genéticos separaveis associados a promog¢ao do crescimento da planta. Neste
estudo, nds validamos genes de interagdo e promocao do crescimento previamente reportados e
encontramos genes potencialmente envolvidos nestes mecanismos. NOs sugerimos que a interagao
planta-bactéria e a promoc¢do do crescimento sdo caracteristicas quantitativas e multigénicas. Este
conhecimento expande o nosso entendimento dos mecanismos funcionais que direcionam a
promocao do crescimento vegetal por PGPB.

Palavras chave: Bacillus pumilus, Arabidopsis thaliana e GWAS



ABSTRACT

The plant growth promoting bacterium (PGPB) Bacillus pumilus is a nitrogen fixer and a
gibberellin producer that increases the nitrogen content and shoot length and surface in plants. In
addition, this PGPB has the capability of improving plant growth under drought and saline
conditions. The strain TUAT-1 can increase rice’s roots and biomass and the content of nitrogen
and chlorophyll. In this study, through genome-wide association study (GWAS), we evaluated the
interaction between TUAT-1 and Arabidopsis thaliana. In order to do that, 288 A. thaliana
accessions were screened for root architecture traits: main root length (MRL), number of lateral
roots (NLR), branched zone (BZ), total root length (TRL) and lateral root length (LRL). Several
ecotypes were significantly affected by TUAT-1 inoculation, while some of the ecotypes responded
positively for growth. A few ecotypes showed inhibition of root growth upon inoculation. Besides
that, some of the ecotypes did not respond to the PGPB inoculation. These results showed the
strain-genotype specificity of the plant-bacteria interaction. GWAS analysis revealed significant
SNPs in all the traits evaluated, leading to the identification of several genes. The candidate genes
selected were very likely associated with the interaction between TUAT-1 and Arabidopsis and the
plant growth promotion. Here, we show that some of the root architecture characteristics are genetic
separable traits associated with the plant growth. In this study, we validated previous reported
Bacillus spp. and its plant interaction and growth promotion genes and highlight the potential genes
involved in these mechanisms. We suggest that plant-bacteria interaction and the plant growth
promotion are quantitative and multigene traits. This knowledge expands our understanding of the
functional mechanisms driving the plant growth promotion by PGPB.

Key words: Bacillus pumilus, Arabidopsis thaliana and GWAS.
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1 INTRODUCAO

Praticas modernas de agricultura aumentaram intensivamente a produtividade das culturas
agricolas, porém este aumento se deve, em sua maioria, ao uso de fertilizantes e pesticidas
quimicos, o que danifica drasticamente o meio ambiente. O aumento na produtividade agricola se
faz necessario devido as demandas de alimentagdo, de processos industriais e de biocombustiveis,
para uma populacdo mundial, que tem o tamanho estimado de 9 bilhdes de habitantes em 2050.
Porém o melhoramento da produtividade agricola deve ser sustentavel e ndo causar danos ao meio
ambiente. Entre os microrganismos do solo, s3o encontradas bactérias promotoras do crescimento
vegetal (PGPB), estas bactérias colonizam as raizes das plantas e melhoram seu crescimento. Além
disso, PGPB também desempenham um importante papel no controle de fitopatdgenos e na

protecao contra os estresses abidticos.

A interagdo planta-bactéria vem sendo estudada ha muito tempo, entretanto existem poucos
estudos analisando esta interacdo e a promog¢ao do crescimento através de estudo de associacao de
gendmica ampla (GWAS), uma poderosa ferramenta para a andlise de variagdo natural. Até o
momento, dois estudos sobre a interacdo entre PGPB e plantas. O primeiro deles analisou as bases
genéticas da variacdo para a fixacdo simbidtica de nitrogénio em Phaseolus vulgaris inoculado
com Rhizobium tropici. O segundo trabalho investigou a interacdo entre Pseudomonas simiae
WCS417r e Arabidopsis thaliana. Além disso, a A. thaliana foi um dos primeiros organismos nao-
humanos a ser investigado através do GWAS. Esta planta ¢ um organismo ideal para a analise do
GWAS, visto que ela pode manter linhagens puras através da autofertilizagdo, o que permite a

repeticao da fenotipagem de individuos geneticamente idénticos.

A maior parte das PGPB pertencem aos filos Proteobacteria e Firmicutes, entre as
Firmicutes, Bacillus spp. é a promotora do crescimento vegetal predominante. A habilidade destas
bactérias de formar esporos confere a ela a sobrevivéncia por um longo tempo sob condigdes
desfavoraveis. O Bacillus pumilus ¢ uma bactéria fixadora de nitrogénio e produz quantidades
significantes de giberelinas, mais de 200 ng.ml"! em menos de 24 horas. Esta bactéria também
desempenha um importante papel na promogao do crescimento vegetal sob condi¢des de estresse
por seca e salinidade. Além disso, o B. pumilus também apresenta atividade antifungica. O B.

pumilus TUAT-1, estirpe utilizada no presente trabalho, foi originalmente isolada de raizes de
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arroz, € tem a capacidade aumentar caracteristicas da arquitetura da raiz e a biomassa, além dos

contetidos de nitrogénio e clorofila nesta planta.

Neste trabalho n6s analisamos a interagao entre Bacillus pumilus TUAT-1 e Arabidopsis
thaliana e a promog¢ao do crescimento da planta através do GWAS. Um painel de 288 ecotipos de
A. thaliana foi utilizado com o objetivo de identificar regides gendomicas associadas a promogao

do crescimento vegetal.
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2 REVISAO BIBLIOGRAFICA

2.1 Estudo de associaciio de gendémica ampla

A relagdo causal entre polimorfismos genéticos dentro de espécies e diferencas fenotipicas
observadas entre individuos ¢ de interesse biologico fundamental. Os estudos de associagao
gendomica ampla (GWAS) sdo desenhos experimentais utilizados para detectar associagdes entre
variantes genéticas e caracteristicas em amostras de populagdes (VISSCHER, 2017). O GWAS
identifica ou estuda a correlacdo entre a genética de variantes, caracteristicas e fendtipos em
populacdes de qualquer organismo baseado em polimorfismos de nucleotideo unico (SNPs) nos
dados de sequenciamento. Esta abordagem explora o genoma completamente, em contraste com
outras técnicas que exploram uma quantidade menor de areas cromossomais especificadas
previamente. Consequentemente, 0 GWAS ¢ uma técnica realizada sem a conjectura de uma
hipotese, porém ¢ uma abordagem capaz de gera-las através dos seus resultados (CHALLA e

NEELAPU, 2018).

O GWAS ¢ amplamente utilizado para o estudo de doencas humanas, com o principal
objetivo entender melhor a biologia da doenga para obter uma prevengao ou um tratamento melhor.
Porém esta técnica pode ser utilizada para entender melhor as caracteristicas de qualquer
organismo. O caminho do GWAS para a biologia ndo ¢ direto, porque a associacdo entre uma
variante genética em um locus génico € uma caracteristica ndo ¢ diretamente informativa em
relagdo ao gene alvo ou ao mecanismo através do qual essa variante ¢ associada a diferengas
fenotipicas. Entretanto, novos tipos de dados, novas tecnologias moleculares e novos métodos
analiticos tém fornecido ferramentas para preencher a lacuna de conhecimento entre a sequéncia e

o fenétipo (VISSCHER, 2017).

Existem alguns conceitos fundamentais para o desenvolvimento e entendimento do
GWAS. O SNP, a unidade moderna de variagdo genética, ¢ um deles. SNPs sdo mudancas Unicas
em pares de base na sequéncia de DNA que ocorrem em alta frequéncia. Nos estudos genéticos,
geralmente, SNPs sdo usados como marcadores genéticos de uma regido genomica € a maioria
deles tem um impacto minimo nos sistemas bioldgicos. Porém, em alguns casos os SNPs podem

tem consequéncias funcionais causando mudangas em aminodcidos, na estabilidade do mRNA
17



transcrito ou na afinidade de ligagdo dos fatores transcricionais (MACDONALD, 1992). Apesar
de existirem quatro nucleotideos, SNPs normalmente tem dois alelos, ou seja, dentro de uma
populacdo existem comumente duas possibilidades de pares de base para a posicdo de um SNP. A
frequéncia de um SNP ¢ dada em termos de menor frequéncia alélica, o que significa a frequéncia

do alelo menos comum em determinada populagao (BUSH and MOORE, 2012).

Outro importante conceito para 0 GWAS ¢ o desequilibrio de ligacdo, que ¢ a propriedade
dos SNPs, em uma extensdo gendmica continua, que descreve o grau em que cada alelo de um SNP
¢ herdado ou correlacionado com o alelo de outro SNP em uma populagdo (Fig. 1). Este conceito
esta relacionado a dois marcadores em um cromossomo que permanecem fisicamente ligados ao
longo da populagdo. Os eventos de recombinagdo de geracdo para geracdo quebram segmentos
cromossomais e esse efeito ¢ amplificado através das geracdes até que todos os alelos de uma
populacdo estejam independentes, ou seja, em equilibrio de ligagdo. Quando existe uma ligagao
entre dois marcadores em uma escala populacional, isto ¢ denominado desequilibrio de ligagao
(BUSH and MOORE, 2012). Portanto, quando se faz uma analise de GWAS ¢ necessario analisar
o desequilibrio de ligagdo dos SNPs estatisticamente associados ao fenotipo (associagdo direta)

para verificar se existem SNPs indiretamente associados aquela caracteristica.
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Figure 1 - Desequilibrio de ligacdo. Em uma populagao, extensdes continuas de cromossomos da geragdo inicial sdo
reduzidas de tamanho sequencialmente pelos eventos de recombinagdo. Ao longo do tempo, pares de marcadores
genéticos em um cromossomo movem-se do desequilibrio de ligag¢@o para o equilibrio de ligagdo, visto que os eventos
de recombinagdo ocorrem entre qualquer ponto do cromossomo. O SNP genotipado geralmente estd em uma regido de
alto desequilibrio de ligagdo com um alelo influente. O SNP genotipado estatisticamente associado ao fenotipo
apesenta uma associagdo direta com o fen6tipo, enquanto o SNP em desequilibrio de ligagdo com o SNP genotipado ¢
indiretamente associado ao fendtipo. Fonte: Bush WS, Moore JH (2012) Chapter 11: Genome-Wide Association
Studies. PLoS Comput Biol 8(12): e1002822.

As abordagens de estudos de associacdo gendmica foram originalmente desenhadas para
populacdes compostas por individuos ndo relacionados, porém os grandes conjuntos de dados
gendmicos inevitavelmente contém individuos relacionados distantemente (SUL, 2018).
Importantes melhoras na metodologia estatistica do GWAS tém ocorrido recentemente, o que
inclui o desenvolvimento de modelos mistos que levam em conta o efeito de confusdo devido a
estrutura das populagdes. O uso de modelos mistos tem sido implementado via pacotes para Python
e R e também em uma ferramenta online, o GWA-Portal (SEREN, 2018). O GWA-Portal,
metodologia utilizada no presente trabalho, ¢ um programa online pré-carregado com os dados
genotipicos de todos ecotipos de arabidopsis comumente utilizados, que fornece diversas opgdes

estatisticas e facilita a metanalise (KORTE e FARLOW, 2013).

A Arabidopsis thaliana foi um dos primeiros organismos nao-humanos para o qual o
GWAS se tornou possivel e tem desempenhado um importante papel no desenvolvimento de
metodologias estatisticas para populacdes altamente estruturadas (ATWELL, 2010). A. thaliana é
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um organismo ideal para a analise por GWAS, pois ela pode manter as linhagens puras através da
autofertilizagdo, o que permite fenotipar repetidamente individuos geneticamente idénticos
(KORTE e FARLOW, 2013). Esta variedade de linhagens puras torna possivel capturar genotipos
locais e crescé-los sob uma variedade de condig¢des, e uma consequéncia natural destes fatores, foi
a geracdo e a caracterizacdo de dados de polimorfismos de gendmica ampla (CLARK, 2007). Mais
de 1.300 ecotipos distintos de A. thaliana foram genotipados para 250.000 SNPs (HORTON,
2012).

2.2 Arabidopsis thaliana

A A. thaliana pertence a familia Brassicaceae no grupo das eudicotiledoneas das
angiospermas vasculares. Ela ¢ o modelo genético central e organismo de referéncia universal para
ciéncia de plantas e de culturas agricolas. A integracao entre diferentes areas de pesquisa no estudo
desta planta contribuiu amplamente para o entendimento molecular de conceitos chave em biologia

(KRAMER, 2015).

Diversas propriedades permitem que a Arabidopsis seja o modelo para o estudo de plantas:
tamanho pequeno; tempo de geracdo curto; habilidade de crescer bem em condigdes controladas,
tanto em solo, como em placas com meio de cultura; alta fecundidade, mais de 10.000 sementes
por planta; facilidade na manutengdo de mutantes, devido a autofertilizacdo; possibilidade de
cruzamento entre diferentes linhagens; possui o menor genoma conhecido entre as plantas (125
Mb), com menos sequéncias repetitivas do que outras plantas; possui apenas 5 cromossomos €
pode ser facilmente transformada via transferéncia de gene por Agrobacterium, um pré-requisito

para diversos experimentos genéticos moleculares (PAGE e GROSSNIKLAUS, 2002).

O sucesso da Arabidopsis como organismo se deve principalmente a possibilidade para a
triagem de genética forward, onde a variagdo genética ¢ artificialmente induzida e as plantas
mutantes sdo triadas para os fendtipos de interesse (PAGE e GROSSNIKLAUS, 2002). Ao
contrario da genética reverse, onde se determina qual seria o fenotipo consequente de uma
sequéncia genética em particular, o que € a abordagem do GWAS. Estas duas abordagens podem
ser complementares, pois os genes candidatos resultantes das analises do GWAS podem validados

experimentalmente através da constru¢ao de mutantes.
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A principal abordagem genética para insercdo mutacional em Arabidopsis ¢ a T-DNA
(DNA transferido) mediada por Agrobacterium. Esta metodologia resulta na integragdo de uma
sequéncia de T-DNA, que ¢ parte de um grande plasmideo bacteriano, de maneira aleatéria e
estavel, no genoma nuclear da planta. O floral dipping ¢ um método eficaz para a transformacao
por T-DNA, onde as plantas de Arabidopsis sdo crescidas até a floragdo e mergulhadas em uma
solucdo contendo Agrobacterium. Esta abordagem permite gerar milhares de mutantes de maneira

relativamente fécil e rapida (PAGE e GROSSNIKLAUS (2002).

Devido a grande quantidade de mutantes gerados, foi necessario que se criassem centros
organizados para o armazenamento e distribui¢do destes mutantes (estoques). Dois centros de
estoques foram estabelecidos no inicio dos anos 90: Arabidopsis Biological Resource Center
(ABRC) e Nottingham Arabidopsis Stock Centre (NASC). Desde, entdo estes centros vém sendo
apoiados por agéncias financiadoras e os estoques recebem contribuicdes da comunidade que
estuda esta planta. Desde a criagdo destes centros o niimero de estoques e sua distribuicdo vem
aumentando rapidamente. Em 1992, 8.000 estoques foram distribuidos pelo ABRC, ao passo que
em 2014, mais de 180.000 estoques foram distribuidos, sendo a grande maioria pertencente as

categorias de mutantes T-DNA e linhagens individuais. (PROVART, 2016).

Além da organizagdo de centros de estoques, a comunidade da Arabidopsis também tem
uma longa historia de organizacao de dados de genoma e outros tipos de dados em portais de acesso
publico. Estes portais e a disponibilidade de ferramentas online modificaram o jeito de desenhar e
interpretar experimentos. Uma importante ferramenta online ¢ o GWA-Portal, citado na secao 2.1
deste trabalho. Além da andlise de GWAS, este software permite que sejam feitas analises de
desequilibrio de ligagdo e efeito alélico (SEREN, 2018). O desenvolvimento de ferramentas para a
analise fenotipica de Arabidopsis € essencial para a para o estudo desta planta. O programa EZ-
Root-VIS (ROGERS, 2018) permite a analise de plantas de Arabidopsis crescidas em placas com
meio de cultura, além de fornecer analises estatisticas para grandes conjuntos de dados de
fenotipagem. Alguns portais disponibilizam dados de expressdo génica que sdo fornecidos
individualmente por pesquisadores para auxiliar no entendimento sobre a resposta da Arabidopsis
com relacdo ao seu desenvolvimento e sob diferentes condigdes ambientais (TOUFIGHI, 2005). O

ATTED-II (OBAYASHI, 2018) ¢ um banco de dados de co-expressdao que permite a identificagao
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de genes com padrdes de expressao similares, o que permite uma triagem in silico para identificar

genes associados a uma via biologica especifica.

As caracteristicas biologicas acima citadas, o desenvolvimento de centros de
armazenamento para estoques de mutantes e a criagdo de bancos de dados e ferramentas online
para Arabidopsis demonstram sua importancia como organismo modelo. Devido a todas estas
vantagens, muitas descobertas foram realizadas em Arabidopsis e posteriormente estudadas e

aplicadas em plantas maiores e de maior importancia agricola.

2.3 Bactérias promotoras do crescimento vegetal

As contemporaneas praticas de agricultura aumentaram drasticamente o rendimento
agricola ao longo das tultimas décadas, este aumento ¢ essencialmente devido a aplicacdao de
fertilizantes e pesticidas quimicos, equipamentos que permitem a irrigagdo de grandes areas e o
desenvolvimento de hibridos. A maior producdo agricola se faz necessaria para que ela atenda as
demandas alimenticia, de processos industriais € de biocombustiveis de uma populagdo global que
¢ estimada a atingir 8 bilhdes de habitantes em 2025 e 9 bilhdes em 2050 (RAMAKRISHNA, 2019
e VEJAN, 2016). Entretanto, o uso intenso de fertilizantes e pesticidas quimicos causa riscos a
saude humana e problemas ambientais como contaminagao da agua, degradacdo da qualidade do

solo e reducdo na biodiversidade (TILMAN 2002).

O uso excessivo de fertilizantes nitrogenados produz 6xido nitroso (N2O), um gas que
contribui para efeito estufa e o aquecimento global. Além disso, os fertilizantes reduzem a fixagao
bioldgica de nitrogénio no solo. Durante a fertilizagdo do solo, o nitrato de amonio ¢ utilizado e
devido ao influxo desse componente, as plantas ndo necessitam de microrganismos simbioticos
fixadores de nitrogénio para fornecer nitrato de amonio, o que causa a diminui¢ao da simbiose. O
excesso de nitrato de amonio favorece a populagdo de bactérias nitrificantes, visto que estas
bactérias o utilizam para a producao de nitrato. Esse nitrato em abundancia ¢ entdo utilizado por
bactérias desnitrificantes para a producao de N>O e o excesso de nitrato ¢ lixiviado para os lencois
freaticos (GALLOWAY 2008). Consequentemente, o aumento nos processos microbianos de

nitrificacdo e desnitrificagdo aumentam a produgdo natural de N>O.
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Devido a crescente demanda agricola e seu negativo impacto ambiental e na saude humana,
a agricultura estd mudando para uma abordagem sustentavel e que ndo causa danos ao meio
ambiente. Para uma maior producgdo, as plantas de cultivo precisam apresentar as seguintes
caracteristicas: resisténcia a doengas, seca, metais pesados ¢ um melhor valor nutricional.
Microrganismos do solo podem auxiliar na obten¢do destas propriedades, eles desempenham um
importante papel na regulacao da fertilidade do solo, ciclagem de nutrientes e manutencao da

diversidade de plantas (FITZSIMONS and MILLER 2010).

Entre os microrganismos do solo, sdo encontradas as bactérias promotoras do crescimento
vegetal (PGPB). Estas bactérias colonizam as raizes das plantas e aumentam o seu crescimento.
Além deste aumento, as PGPB também exercem um papel no controle de fitopatdgenos e na
compensacao de estresses biotico e abidtico. Consequentemente, em razdo destas caracteristicas
PGPB sao promissores biofertilizantes. Elas podem ser classificadas de acordo com o tipo de
interacdo com as plantas: simbidticas, que vivem dentro das plantas e trocam metabolitos com elas
diretamente, e rizobactérias de vida livre, que vivem fora das células das plantas. A maioria das
bactérias simbioticas permanecem no espago intercelular da planta hospedeira, mas algumas
bactérias sdo capazes de formar interacdes mutualisticas e penetrar nas células das plantas. Em
alguns casos, as bactérias mutualisticas podem integrar sua fisiologia a de plantas leguminosas,
formando estruturas especializadas chamadas nédulos, onde as bactérias fixam nitrogénio para a

sua hospedeira (VEJAN, 2016).

2.4 Mecanismos de promocao do crescimento vegetal por PGPB

PGPB promovem o crescimento vegetal por diversos mecanismos de acdo, eles podem ser
classificados em direto ou indireto. Os mecanismos diretos estdo relacionados a facilitagdo na
aquisi¢do de recursos ¢ modulacdao dos niveis hormonais da planta, o que inclui biofertilizagao,
estimulacdo do crescimento da raiz, rizoremediagdo e controle do estresse. Por outro lado, os
mecanismos indiretos sdo compostos por agoes de biocontrole, que abragem a reducao no impacto
de doengas, a¢do antibidtica, indugdo do sistema de resisténcia e a competicdo por nutrientes e
nichos (GRAY and SMITH, 2005 ¢ VURUKONDA, 2018). As abordagens das PGPB para a

promocao do crescimento de plantas incluem: tolerancia ao estresse abidtico, aumento na captagao
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de nutrientes, produgdo de fitormonios, producao de sideroforos, produgdo de compostos organicos
volateis e produgdo de enzimas de protecdo (VEJAN, 2016). Os mecanismos de promocao do

crescimento estdo resumidos na figura 2.

O estresse abiotico ¢ considerado o maior causador da redugdo na produtividade agricola e
depende do tipo de solo e de fatores da planta. As PGPB podem atenuar a toxicidade pela poluigao
de cadmio, por exemplo, pela capacidade de se ligar aos ions de cadmio e assim diminuindo sua
disponibilidade no solo (PISHCHIK, 2002). O estresse pela salinidade e seca também ¢ um
importante fator abidtico, a bactéria Pseudomonas aeruginosa tem a capacidade de melhorar o
crescimento de Vigna radiata sob condigdes de seca (SARMA and SAIKIA, 2014). A absorg¢ao de
agua pela planta depende da abertura dos estdmatos, e Naveed e colaboradores (2014) reportaram
que a condutincia estomatal ¢ aumentada pela PGPB Burkholderia phytofirmans em relagao a

plantas ndo inoculadas sob condicdes de seca.

As PGPB também podem promover o crescimento pelo aumento na captacdo de macro e
micronutrientes, melhorando a disponibilidade de nutrientes na rizosfera. Bactérias fixadoras de
nitrogénio podem converter o nitrogénio atmosférico em amdnia, o qual ¢ utilizado pela planta. O
nitrogénio ¢ o maior fator limitante para o crescimento de plantas, visto que ¢ necessario para as
sinteses de aminodcidos e proteinas. As bactérias fixadoras de nitrogénio sdo organismos
majoritariamente simbiodticos e capazes de formar nodulos em plantas leguminosas, porém
bactérias de vida livre como Azospirillum e Burkholderia também podem fixar nitrogénio e se
associar a plantas como milho, trigo e arroz. Além disso, no solo, hd uma grande disponibilidade
de fosforo, porém ele ndo pode ser absorvido pelas plantas nesta forma, limitando assim, seu
crescimento. Algumas bactérias sdo capazes de converter fosforo em fosfato, disponibilizando este
nutriente para a planta. Azospirillum, Bacillus e Pseudomonas sao exemplos de bactérias capazes

de realizar esta conversdo (PEREZ-MONTANO, 2014).

Algumas bactérias tém a capacidade de produzir ou alterar a concentragdo de fitormonios
envolvidos no crescimento vegetal através da producdo de reguladores do crescimento vegetal.
Fitormonios sdo substancias organicas, encontradas em concentragdes extremamente baixas, que
exercem influéncia em processos bioquimicos, fisioldgicos e morfologicos da planta. (VEJAN,
2016). Os fitormonios podem estimular ou inibir o crescimento da planta, influenciando processos

de crescimento, diferenciagcdo e desenvolvimento. A auxina, por exemplo, ¢ um dos principais
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hormonios reguladores do crescimento vegetal, agindo direta ou indiretamente. O Bacillus spp tem
a capacidade de produzi-la e mostrou um efeito positivo no crescimento de batata (Solanun

tuberosum) (AHMED and HASNAIN, 2010).

Outro mecanismo das PGPB que pode contribuir para um maior crescimento vegetal ¢ a
producdo de sideréforos. O ferro, na maneira como é encontrado no solo, F°*, ¢ altamente insoluvel
e ndo pode ser absorvido pelas plantas. Sider6foros sdo proteinas quelantes de F>* do ambiente e
quando o ferro ¢ limitado no solo, sider6foros microbianos podem fornecer ferro as plantas,

melhorando seu crescimento (FLORES-FELIX, 2015).

As bactérias também sdo capazes de produzir compostos organicos volateis (VOC)
induzem resisténcia sist€émica contra patogenos. Pseudomonas simiae WCS417r ¢ uma PGPB e a
estimulacdo do crescimento se deve em parte a produgdo destes compostos (WINTERMANS,
2016). E por fim, PGPB também possuem a habilidade de produzir enzimas protetoras, controlando
agentes fitopatogénicos através da produgao de metabdlitos que contribuem para as propriedades
antifungicas e antibioticas do sistema de defesa. Este mecanismo envolve, por exemplo, a produgao
de enzimas hidroliticas, que inibem o crescimento fingico, visto que na maioria dos fungos a
parede celular ¢ composta por quitinas e beta-glucanos (RAMAKRISHNA, 2019). Estirpes
pertencentes as familias Pseudomonadaceaec ¢ Comamonadaceae sdo capazes de proteger a planta

contra a inibigdo do crescimento mediada por fungos (DURAN, 2018)
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Figure 2 - Mecanismos de acdo de PGPB para a promogao do crescimento vegetal. Os mecanismos de acdo das PGPB
incluem: solubilizagio de fosfatos, producdo de substancias que alteram as concentragdes de fitormonios, producio de
sideroforos, producdo de compostos organicos volateis (VOC) ou enzimas para a defesa contra patégenos, produgdo
de fitormonios, ligagdo a metais pesados e fixagdo de nitrogénio. Fonte: a autora.

2.5 KEspecificidade da associacio entre PGPB e a planta hospedeira

A maioria dos grupos de PGPB pertence aos filos Proteobacteria e Firmicutes, entre as
firmicutes, Bacillus spp. ¢ a bactéria predominante com atividade de promoc¢ao do crescimento
vegetal. As plantas hospedeiras que se associam com PGPB pertencem as familias Fabaceae,
Poaceae, Asteraceae, Brassicaceae, Crassulaceae e Solanaceae. A soja, importante cultura agricola,

pertence a familia Fabaceae (familia das leguminosas) e relagdes simbioticas entre bactérias
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endofiticas e fixadoras de nitrogénio e leguminosas sao muito bem caracterizadas (OLDROYD,
2011). Plantas como sorgo ¢ milho pertencem a familia Poaceae, as PGPB associadas a estas
plantas sdo bactérias de vida livre como Pseudomonas sp., Burkholderia sp. e Azospirillum sp., e

bactérias endofiticas como Bacillus spp.(RAMAKRISHNA, 2019).

A preferéncia da planta por determinadas bactérias tem sido demonstrada visto que
comunidade microbianas associadas a plantas e solo mostram certa especificidade que pode ser
atribuida aos metabolitos secundarios liberados por exsudatos da raiz. Um estudo identificou a-
diversidade (dentro da amostra) e B-diversidade (entre as amostras) na rizosfera de 27 linhagens de
milho ao longo de 4 campos em diferentes locais nos Estados Unidos , o que provavelmente esta
relacionado a genética do hospedeiro (PEIFFER, 2013). Os dados existentes mostram que existe
alguma semelhanga entre as bactérias associadas a diferentes plantas, mas ao mesmo tempo,

existem bactérias especificas associadas a espécies de plantas (RAMAKRISHNA, 2019).

2.6  Bacillus promotores do crescimento vegetal

O bacillus spp. tem a habilidade de formar esporos, o que permite a este organismo
sobreviver por um longo tempo sob condi¢des desfavoraveis, além de secretar diversos metabolitos
que promovem o crescimento vegetal e protegem a planta contra patogenos. Algumas PGPB tem
sido comercializadas devido a sua sobrevivéncia em diversos ambientes com diferentes fatores
bioticos e abidticos (RADHAKRISHNAN, 2017). A primeira bactéria comercial, Alinit, foi
desenvolvida de Bacillus subtilis FZB24 e resultou em 40% de aumento no rendimento da colheita
(KILIAN, 2001). Biofertilizantes a base de Bacillus sdo mais ativos quando comparados a
biofertilizantes a base de Pseudomonas devido a maior producdo de metabolitos efetivos e a
formacao de esporos, caracteristicas do Bacillus, que aumentam a viabilidade das células nos

produtos comercializados (RADHAKRISHNAN, 2017).

Bacillus spp. sdo bactérias gram positivas encontradas em todos os nichos meio ambiente
e promovem o crescimento vegetal por diversas maneiras. Os Bacilllus podem converter a forma
complexa de nutrientes essenciais, como P e N, em formas simples e disponibiliza-los para a
captacao pelas raizes das plantas. A secrecdao de fosfatases e acidos organicos por Bacillus spp.

acidifica o ambiente ao seu redor para facilitar a conversao de fosfato inorganico em fosfato livre.
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Fosfato ¢ envolvido no metabolismo de 4cidos nucleicos, fosfolipideos e ATP. Além disso,
algumas espécies de Bacillus possuem o gene nifH e produzem nitrogenase, que ¢ capaz de fixar
nitrogénio atmosférico e fornecé-lo para as plantas. Nitrogénio ¢ um importante componente de
proteinas, acidos nucleicos e outros compostos organicos nas plantas (KANG, 2015). Esta bactéria
também possui a propriedade de quelar Fe’" através da produgdo de sideroforos, os quais
solubilizam o ferro dos minerais e compostos organicos da rizosfera e o tornam disponivel para a
planta (WALKER and CONNOLLY, 2008). O Bacillus spp. também sintetiza substancias
promotoras do crescimento vegetal como acido indol acético (IAA), acido abiscisico (ABA)
giberelinas e citoquininas, que aumentam a divisao e a elongagao celular nas raizes e na parte aérea.
A 1-aminociclopropano-1-carboxilato (ACC) desaminase também pode ser produzida por Bacillus,
inibindo a sintese de etileno e, assim, aumentando o crescimento vegetal (RADHAKRISHNAN,

2017).

Fatores de estresses bidtico e abidtico tem grandes efeitos em plantas de cultivo. As
mudangas induzidas por Bacillus na planta, como regulacdo no transporte de agua, captacao de
nutrientes e ativacdo dos sistemas imune e antioxidante, atenuam os efeitos do estresse. Plantas
inoculadas com Bacillus spp. captam mais 4gua (MARULANDA, 2009), N, P e K" (BARNAWAL,
2013), o que ¢ um importante mecanismo contra danos causados em condi¢des de seca. Além disso,
esta bactéria regula o transportador de potassio de alta afinidade 1 (HKT1), que modula a
homeostase de Na'/K" para atenuar o estresse causado por seca. O K desempenha um importante
papel na abertura estomatal, manutencao da pressao de turgor, balango osmotico e controle da taxa
de transpirag@o nas plantas sob estresse hidrico (LOUTFY, 2012). Os mecanismos pelos quais o
Bacillus spp. promove o crescimento ou protege a planta sob condic¢des de estresse estdo resumidos

na tabela 1.

A limitagdo de agua perturba os processos fisioldgicos normais da planta, gerando espécies
reativas de oxigénio (ROS), o que danifica proteinas, lipideos e adcidos nucleicos. A associacdo de
plantas com Bacillus pode reduzir a formacdo de ROS. O B. safensis aumenta a atividade das
enzimas catalase, superoxido dismutase, peroxidase, ascorbato redutase e glutationa redutase
(KASIM, 2013). A condigdo de estresse hidrico também afeta o metabolismo de aminoacidos,
durante esta condicdo, alguns aminoacidos sdo acumulados e desencadeiam a produgdo de

metabolitos secundarios para atenuar o estresse oxidativo. A sintese de aminoacidos das familias
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aromaticas, glutimicas e aspartaticas ¢ maior em plantas associadas a Bacillus spp (GAGNE-
BOURQUE, 2016). A produg¢do de hormoénios ¢ ACC desaminase por Bacillus regula o
crescimento vegetal aumentando os niveis de hormonios relacionados ao estresse. A acumulagao
de ABA aumenta a tolerancia pela ativacao de enzimas antioxidantes e previne a perda de agua por
fechamento dos estomatos (ZHU, 2011). Enquanto o acido salicilico (SA) induz a expressao de
genes relacionados ao estrese para manter a estabilidade da membrana e prevenir a acumulacao de

ROS (JUMALLI, 2011).

A condicao de seca também inibe a producao de pigmentos, enquanto Bacillus spp. estimula
a sintese de clorofila e carotenoides a e b em plantas estressadas, o que aumenta a fotossintese
(ABEER, 2015). Devido as carateristicas citadas acima, a interacdo entre a planta e Bacillus spp.
promove a tolerancia a seca por aumentar a captagdo de agua, o transporte de nutrientes, a sintese

de hormonios e pigmentos e por regular genes relacionados ao estresse e a antioxidantes.

Outro importante fator de estresse abidtico ¢ a alta salinidade. Para tolerar o estresse salino
as plantas devem prevenir a captagdo em excesso de Na" e CI', entretanto elas devem continuar
captando nutrientes essenciais como K', P e NOZ. Bacillus insolitus MAS17 produz
exopolissacarideos (EPS) na rizosfera do solo que se ligam a Na* e inibem o seu transporte para
dentro das células da planta, atenuando os efeitos do estresse salino (ASHRAF, 2004). Bacillus
spp. também pode reduzir a toxicidade da salinidade nas plantas inibindo a peroxidag¢ao lipidica.
B. subtilis aumenta a sintese lipidica, especificamente dos acidos oleico, linoleico e linolénico e de
fosfolipideos em plantas sob estresse salino, o que atenua a peroxidagdo lipidica e o estresse
oxidativo (HAN, 2014). O B. subtilis RH-4 tolerante a salinidade aumenta a sintese de pigmentos
fotossintéticos, carboidratos, proteinas e osmolitos, como prolina e glicina, em plantas de grao de
bico com injurias devido a salinidade (QURASHI, 2013). Sob condicdes de estresse salino Bacillus
spp. pode produzir fitormdnios para aumentar a concentragao de IAA e giberelinas, mas reduzir as

concentracdes de ABA (MOHAMED and GOMAA, 2012).

Solos agricolas contaminados com tragcos de metais depositados de efluentes industriais
afetam a cultivacdo agricola e alteram a comunidade microbiana. Microrganismos solubilizam ou
convertem metais toxicos em formas nao toxicas e podem ser utilizados para a fitoremediacao de
solo com metais pesados. O B. licheniformis aumenta a acumulagao e distribui¢ao de Cu, Zn, Cd,

Cr e Pb em plantas crescidas em solos contaminados com metais pesados, o que reduz os niveis de
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metas toxicos no solo (BRUNETTI, 2012). Os metais Pb e As, maior contaminacao industrial de
solos, aceleram a peroxidagdo lipidica nas plantas. Bacillus spp. podem aliviar esse efeito pela
reducdo da peroxidacao lipidica e da atividade da superdxido dismutase e pelo aumento de amilase
e protease para promover o crescimento vegetal em solos contaminados (PANDEY, 2013). Na
presenca de Ni e Cr, Bacillus podem melhorar a tolerdncia a estes metais pelo aumento de

pigmentos fotossintéticos e leg-hemoglobina (JAMIL, 2014).

A utilizagdo de Bacillus ¢ uma abordagem ambientalmente segura para aumentar a
produtividade agricola na presenca de pestes, um fator de estresse bidtico. B. thuringiensis ¢ um
bioinseticida bem conhecido que pode controlar um amplo espectro de insetos. Os insetos
Helicoverpa armigera, Spodoptera littoralis, Oryzophagus oryzae, Spodoptera frugiperda e Chilo
partellus inibem o crescimento vegetal e causam danos as frutas, mas o B. thuringiensis inibe o
crescimento das larvas dos insetos (ARRIZUBIETA, 2016). Os Bacillus colonizam diversas partes
das plantas, incluindo a filosfera e larvas e/ou insetos adultos ingerem os tecidos da planta contendo
Bacillus durante a alimentagdo. O primeiro estagio de infecg¢ao nas larvas € no epitélio intestinal
por proteinas cristalinas das bactérias, que interagem com membranas peritroficas de quitina. Nos
estagios mais avangados de infec¢do, as proteinas endoxitinas cristalinas, lipopetideos e
policetideos da bactéria modificam a vacuolizacdo do citoplasma, induzem a formacao de
vesiculas, lisam a borda da membrana e degradam a membrana apical, levando ao dano das

microvilosidades e a morte da larva (BOUKEDI, 2016).

Outro fator de estresse biotico ¢ a presenca de bactérias, fungos e virus. O Bacillus spp.
inibe o crescimento microbiano no solo e nos tecidos vegetais. A formacao de biofilme ao redor da
superficie da raiz por Bacillus spp. € a secrecdo de toxinas, que degradam a parede celular
bacteriana, inibem o crescimento de populagdes bacterianas patogénicas e reduz a incidéncia de
doencas em plantas (ELSHAKH, 2016). Bactérias patogénicas como R. solanacearum e
Xanthomonas oryzae afetam o sistema imune das plantas diminuindo a atividade de enzimas de
defesa, porém a atividade destas enzimas ¢ acelerada com a administracdo de Bacillus spp.

(CHITHRASHREE, 2011).

Fungos sdo o maior grupo causador de doencas em plantas, porém seus efeitos também
podem ser atenuados com a utilizacao de Bacillus spp. Esta bactéria ataca a parede celular dos

micélios e as quitosanases, proteases, celulases, glucanases, sider6foros e o acido cianidrico da
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bactéria quebram e deformam as hifas, o que leva a alteragdo na estrutura e fungao celulares devido
a vacuolizacdo e vazamento do protoplasto (BEN KHEDHER, 2015). Além disso os efeitos da
infec¢do por fungo, podem ser atenuados pela inoculagdo de Bacillus spp. pela reprogramagao de
atividade de enzimas de defesa e de fitormonios (RADHAKRISHNAN, 2017). O segundo maior
grupo causador de doencgas em plantas ¢ composto por virus. Alguns Bacillus spp. produzem
compostos antivirais contra patdogenos. Em pepino, a doenca causada por infec¢do do virus do
mosaico do tabaco ¢ reduzida pela interacdo com Bacillus através da ativagdo da resisténcia
sist€tmica induzida (ISR) da planta (ZHANG, (2004). O B. amyloliquefaciens plantarum pode
formar biofilme e produzir surfactina defendendo a planta de infec¢do viral por desencadear a
maquinaria da IRS. O Bacillus spp.também pode auxiliar na defesa contra o virus do mosaico do
tabaco inibindo a sintese da proteina de revestimento viral e aumentando a expressdo de genes
sinalizadores de resisténcia a doenca, genes de defesa e de genes da expansina da parede celular

em plantas (WANG, 2009)
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Stress factors Plant functions References
Stressed planis Stressed plants with Bacillus
DROUGHT
Reduce plant growth Enhance plant growth Marulanda et al., 2009; Jumaliet al., 2011;
Decrease the water, nuirients (N, P, K, Increase the water, nufrients (M, P, K, Ca, Barnawal et al., 2013; fillo et al., 2013;
Ca, Mg, Zn, Cu, Mn, and Fe) and Mg, Zn, Cu, Mn, and Fe), pigments and Kasim et al., 2013; Armada et al., 2014,
pigments hormones (SA, JA, and ABA) 2015; Timmusk et al., 2015; Kakar et al.,
Up or down reguiate the antioxidanis Up or down regulate the antioxidants 2016
(CAT, SOD, POD, APX, and GR), (CAT, 50D, POD, APX, and GR) and
hormmones (S4, JA, and ABA) and drought responsible genes
drought responsible genes
SOIL SALINITY
Reduce plant growth Enhance plant growth Ashraf et al., 2004; Jha and Subramanian,
Decrease the water, nufrients (N, P, K, Increase the water, nutrients (N, P, K, Ca, 2012; Mohamed and Gomaa, 2012;
Ca, Mg, 3, Mn, Cu, and Fe), anfioxidants Ma, 8, Mn, Cu, and Fe), antioxidants Kariidag, 2013; Nautiyal et al., 2013;
(CAT and POD), pigments and hormones {CAT and PCD), pigments and hormones Qurashi and Sabri, 2013; Kang et al
(1AA and GA). {IAA and GA). 2014b
Increase the Ma, Cl, ABA, and caspase Decrease the Na, Cl, ABA and caspase
activity; Up or down regulate the salt activity; Up or down regulate the salt
stress responsible genes stress responsible genes
HEAVY METALS
Reduce plant growth Enhance plant growth Wani and Khan, 2010; Malekzadeh et al
Decrease the water, nuirients (F, Ca, Fe, Increase the water, nufrients (F, Ca. Fe, 2012; Gururani et al., 2013; Wang et al
Mn, Zn, Cu, Cd Cr, and Pbj and pigments Mn, Zn, Cu, Cd Cr, and Pb) and pigments 2013; Jamil et al., 2014
Up or down reguiate the antioxidants Up or down regulate the anticxidants
(S0D, POD, APX, and DHAR) {SOD, POD, APX, and DHAR)
PEST
Increase the larval population Decrease the larval population Ben-Khedher et al., 2015a; Armizubieta
Reduce or stimulate the JA, ISR, and Enhance the JA, ISR, and allelochemicals et al., 2016; Boukedi et al., 2016; Gadhave
allelochemicals and Gange, 2016; Zebelo et al., 2016
PATHOGENIC BACTERIA
Increase the pathogenic bacterial Decrease the pathogenic bacterial Chithrashree et al., 2011; Aimoneafy et al.,
population population 2013; Kurabachew and Wydra, 2014;
Decrease the defense enzymes (PAL, Increase the defense enzymes (PAL, Jiang et al., 2015; Fousia et al., 2016;
POD, PPO, S0D, CAT, and LOX), SA, POD, PPO, 50D, GAT, and LOX), SA, Hinarejos &t al., 20
pathogen resistant genes and proteins pathogen resistant genes and proteins
PATHOGENIC FUNGI
Increase the pathogenic fungal Decrease the pathogenic fungal Liu et al., 2010: wdappa et al., 2013;
population population Jain et al., 2013; Kang et al., 2015b; Kim

Up or down regulate the antioxidants
(APX, GPX, POD, CAT, GR, PPO, and
S0D0), defense enzymes (PAL, chi, and
glu), hommones (JA, ABA, 164, GA, and
Sa)

Up or down regulate the antioxidants
{APX, GPX, POD, CAT, GR, PPO, and
S0D), defense enzymes (PAL, chi, and
glu), hormones (JA, ABA, IAA, GA, and
S4)

et al., 2015; Narendra-Babu et al., 2015;
Rahman et al., 2015; Yang et al., 2015

Table 1 - Mudangas fisiologicas e bioquimicas induzidas por Bacillus em plantas de cultura agricola durante seca,
estresse por salinidade, acumulo de metais pesados e infeccdo por fungos e bactérias patogénicos. Fonte:
Radhakrishnan R.; Hashem A. and Abd_Allah, E.F. (2017) Bacillus: A Biological Tool for Crop Improvement through
Bio-Molecular Changes in Adverse Environments. Front. Physiol. 8:667.

2.7 Bacillus pumilus

Probanza e autores (1996) demonstraram que a bactéria Bacillus pumilus ¢ uma PGPB,
fixadora de nitrogénio, capaz de crescer em meio livre de nitrogénio e de reduzir acetileno a etileno.
Em Alnus glutinosa (alder europeia) foi verificado o aumento no contetido de nitrogénio e na
superficie e comprimento da parte aérea em plantas tratadas com o meio de cultura livre de
bactérias. Neste estudo, o B. pumilus foi incubado até atingir a fase estacionaria e o meio de cultura

foi filtrado e aplicado nas plantas quando atingiam o estagio de 4 folhas maduras.
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Gutierrez-Manero e autores (2001) demonstraram que B. pumilus CECT 5105 produz
quantidades significativas de giberelinas, mais de 200 ng.ml! de cultura em 24 h de incubagcio,
enquanto bactérias como Acetobacter dizotrophicus e Herbaspirillum seropedicae produzem cerca
de 15 ng.ml"! depois de 2 a 5 dias de incubagdo. Este mesmo estudo mostrou que o meio, em que
estas bactérias sdo cultivadas, tem a capacidade de alongar o caule e a parte aérea de alder (A/nus
glutionosa). Entretanto, mais estudos sdo necessarios para compreender a promocao do
crescimento por B. pumilus pois a as caracteristicas aumentadas nas plantas tratadas ndo sdo
explicadas somente pela producdo de giberelinas. Lee e colaboradores (2004) também
comprovaram a produ¢do de giberelinas por B. pumilus. Neste estudo plantulas de pimenta
inoculadas com B. pumilus CJ-69 tiveram a altura e o peso fresco aumentados em 20% e 12%,

respectivamente.

Xie e colaboradores (2019) avaliaram os efeitos do B. pumilus em alcacuz chinés
(Glycyrrhiza uralensis Fisch) em condi¢des de estresse por seca. Eles verificaram que a inoculagao
com B. pumilus aumenta o comprimento da raiz, nimero de raizes laterais e o peso seco,
recuperando as plantas da inibicdo do crescimento causado pela seca. Neste estudo foi verificado
que a inoculacdo com B. pumilus aumenta em 34.9% a biomassa total de plantas sob estresse
hidrico. Os autores sugerem que a promog¢ao do crescimento nesta condi¢ao se deve ao aumento
da atividade de enzimas antioxidantes que levam ao aumento de alguns metabolitos secundarios

como a glicirrizina.

O B. pumilus também apresenta atividade antifungica. Gurav e autores (2017) verificaram
que uma quitinase extracelular produzida por B. pumilus RST25 ¢ capaz de quebrar a molécula de
quitina em fragmentos de N-acetyl D-glucosamine. Ensaios in vitro confirmaram o potencial
antifingico desta qutinase contra Fusarium solani e Aspergillus niger. Além disso, sementes

cobertas com esta quitinase foram efetivas em controlar a invasao de fungos patogénicos.

Ansari e colaboradores (2019) analisaram a promo¢ao do crescimento em trigo por B.
pumilus FAB10 sob estresse salino. Nas plantas tratadas com NaCl nas concentragdes de 75, 125
e 250 mM, plantas inoculadas aumentaram o comprimento da raiz em 36.2, 52.7 e 57%,
respectivamente. Neste estudo a diminuicdo de enzimas antioxidantes e no contetido de

malonaldeido também foi observada nas plantas inoculadas na presenga de NaCl.
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A estirpe B. pumilus TUAT-1, organismo de estudo no presente trabalho, foi originalmente
isolada de plantas de arroz no Japao, onde ¢ comercializada como bioinoculante. Win e
colaboradores (2018) analisaram a promog¢do de crescimento em arroz por B. pumilus TUAT-1
combinado com diferentes concentra¢des de nitrogénio em campo. Eles mostraram que na fase
inicial do crescimento, para comprimento da raiz e area de superficie da raiz, os tratamentos
inoculados sdo significativamente maiores que os nao inoculados. Ap6s 21 dias as plantulas foram
transferidas para o campo, e neste momento, em todos os tratamentos com nitrogénio, as plantulas
de arroz inoculadas com TUAT-1 produziram uma biomassa aproximadamente 17% maior que as
nao inoculadas. 45 dias ap6s a transferéncia para o campo, a combinagdo de TUAT-1 e diferentes
concentracdes de nitrogénio também teve efeito significante no contetdo de clorofila e na altura
da planta. Neste trabalho, também ¢ relatado que a promocgao do crescimento pela inoculagdo de
TUAT-1 foi acompanhada pelo aumento dos niveis de nitrogénio nos tecidos da planta testados na

forragem do arroz.

2.7.1 GWAS para a interacio entre planta e bactéria

A interacdo entre plantas e bactérias vem sendo estudada ha muito tempo. Embora poucos
trabalhos tenham sido publicados sobre a analise desta interagao através do GWAS, esta abordagem
se mostrou promissora para o entendimento da interacdo entre planta e bactéria e a promocao do

crescimento vegetal por PGPB.

Wintermans e autores (2016) analisaram a promog¢ao do crescimento em Arabidopsis pela
rizobactéria Pseudomonas simiae WCS417r através do GWAS. Eles analisaram 302 ecdtipos de
Arabidopsis para caracteristicas da arquitetura da raiz e peso seco da parte aérea. Neste estudo,
todos os ecdtipos responderam positivamente a inoculagdo com WCS417r, apesar de haver uma
grande variagdo no grau desta resposta. Os autores encontraram genes candidatos que codificam
proteinas importantes para o processo de promoc¢ao do crescimento, como o transportador de
citoquinina (PUP19), a proteina relacionada a fotossintese Golden2-like (GLK1), a proteina
Rubisco relacionada a biogénese (DEAD box RH39), a transportador transmembrana de
carboidrato (AT2G18480), a proteina Nitrilase-like 1 (NLP1) e a hidroximetiltransferase de serina

(SHM2) relacionada a fotorespiragdo mitocondrial. Os resultados encontrados neste estudo
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fornecem componente genéticos que podem contribuir pra a capacidade de promocao do

crescimento pela Pseudomonas simiae WCS417r.

Kamfwa e autores (2015) utilizaram o GWAS para analisar a fixacdo simbiotica de
nitrogénio (SNF) resultante da interacdo entre feijao (Phaseolus vulgaris) e Rhizobium tropici
CIAT 899. Eles utilizaram um painel de 259 genotipos de feijdo para avaliar os seguintes
parametros: conteudo de clorofila, score de nodulagao, biomassa da parte aérea, N% na biomassa
da parte aérea, N% na semente, nitrogénio derivado da fixacao (Ndfa), Nfda% na parte aérea, Nfda
na parte aérea ¢ Nfda na semente. Neste estudo, os experimentos foram realizados em casa de
vegetacao e em campo. Os autores identificaram trés genes candidatos relacionados a fixagdo
bioldgica de nitrogénio que codificam para um receptor rico em leucina repetitiva (LRR-RLK) que
desempenha um papel importante na formac¢ao do nédulo. Outro gene candidato, identificado neste
trabalho, codifica para uma proteina transportadora calcio. Apds a percepcdo de fatores de
nodulagdo pela planta, ocorre um aumento nos niveis de célcio livre no citoplasma das células dos

pelos radiculares.

35



3 ARTIGO CIENTIFICO

Genome-wide Association Studies Reveal Important Candidate Genes for the Bacillus

pumilus and Arabidopsis thaliana Interaction

Marina Soneghett Cotta'?; Fernanda do Amaral'; Roseli Wassem'?, Leonardo Magalhdes Cruz?; Fabio de Oliveira
Pedrosa?; Emanuel Maltempi de Souza?; Tadashi Yokoyama®; Gary Stacey'

! Divisions of Plant Science and Biochemistry, C. S. Bond Life Science Center, University of Missouri, Columbia,
MO, USA.
2 Departament of Biochemistry and Molecular Biology, Federal University of Parana (UFPR), Curitiba, PR, Brazil
3 Tokyo University of Agriculture and Technology, Japan

3.1 ABSTRACT

The plant growth promoting bacterium (PGPB) Bacillus pumilus is a nitrogen fixing and a
gibberellin producer that increases the nitrogen content and shoot length and surface in plants. In
addition, this PGPB has the capability of improving plant growth under drought and saline
conditions. The strain TUAT-1 can increase rice’s roots and biomass and the content of nitrogen
and chlorophyll. In this study, through genome-wide association study (GWAS), we evaluated the
interaction between TUAT-1 and Arabidopsis thaliana. In order to do that, 288 A. thaliana
accessions were screened for root architecture traits: main root length (MRL), number of lateral
roots (NLR), branched zone (BZ), total root length (TRL) and lateral root length (LRL). Several
ecotypes were significantly affected by TUAT-1 inoculation, while some of the ecotypes responded
positively for growth, a few ecotypes showed inhibition of root growth upon inoculation. Besides
that, some of the ecotypes did not respond to the PGPB inoculation. These results showed the
strain-genotype specificity of the plant-bacteria interaction. GWAS analysis revealed significant
SNPs in all the traits evaluated, leading to the identification of several genes. The candidate genes
selected were very likely associated with the interaction between TUAT-1 and Arabidopsis and the
plant growth promotion. Here, we show that some of the root architecture characteristics are genetic
separable traits associated with the plant growth. In this study, we validated previous reported genes
involved in Bacillus spp. and plant interaction genes and growth promotion and, highlighted the
potential genes involved in these mechanisms. We suggest that plant-bacteria interaction and the
plant growth promotion are quantitative and multigene traits. This knowledge expands our

understanding of the functional mechanisms driving the plant growth promotion by PGPB.
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3.2 INTRODUCTION

Modern agriculture practices increased intensively crop yield, due to the use of chemical
pesticides and fertilizers, which dramatically damages the environment. The risen in crop yield is
necessary due to food, industrial processes and biofuels demands, since the estimated population
for 2050 is about 9 billion people (RAMAKRISHNA, 2019 and VEJAN, 2016). Nonetheless, the
ways to improve agriculture must be sustainable and environment friendly. Among soil
microorganisms, are plant growth promoting bacteria (PGPB), which colonize plant roots and
improve its growth. In addition, PGPB play an important role in phytopathogen control and
management of biotic and abiotic stresses (VEJAN, 2016).

Plant-bacteria interaction has been studied for a long time, though there are few studies
analyzing this interaction and the growth promotion using genome-wide association study
(GWAS), a powerful tool to analyze natural variation. So far, two studies were published about
PGPB and plant interaction analysis through GWAS. The first one evaluated the genetic basis of
variation for symbiotic nitrogen fixation in Phaseolus vulgaris inoculated with Rhizobium tropici
(KAMFWA, 2015). The second analyzed Pseudomonas simiae WCS417r and Arabidopsis
thaliana interaction (WINTERMANS, 2016). In addition, 4. thaliana was one of the first non-
human organisms investigated by GWAS analyses (ATWELL, 2010). This plant is the ideal
organism for GWAS analysis, since it can maintain pure inbred lines through self-fertilization,
which makes it possible to repeat phenotype of genetically identical individuals (KORTE and
FARLOW, 2013).

Most part of PGPB groups belong to Proteobacteria and Firmicutes phylum. Among
firmicutes, Bacillus spp. is the predominant PGPB. They have spore-forming ability and can
survive for a long time under unfavorable conditions (RADHAKRISHNAN, 2017). B. pumilus is
a nitrogen fixing, as well as a gibberellin producer that can increase the nitrogen content and shoot
surface in plants (PROBANZA, 1996). This bacterium produces significant amounts of
gibberellins, more than 200 ng.ml™! after 24 h (GUTIERREZ-MANERO, 2001 and LEE, 2004). B.
pumilus also plays an important role on growth promotion under drought and salt stress (HAN,
2014 and XIE 2019) and has antifungal activity (GURAV, 2017). The strain B. pumilus TUAT-1,
was originally isolated from rice roots, and shown that it can increase root architecture traits and

biomass and the content of nitrogen and chlorophyll in this plant (WIN, 2018).
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In this study, we used genome-wide association study (GWAS) to understand B. pumilus
TUAT-1 and Arabidopsis thaliana interaction. A panel comprising 288 A. thaliana ecotypes was
used with the aim to identify traits and genomic regions associated with the plant growth

promotion.
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3.3 MATERIAL AND METHODS

3.3.1 Plant inoculation and growth promotion assay

A panel with 288 A. thaliana ecotypes was used to perform this study. The plants were
grown under controlled conditions at 22° C with 16/8 h photoperiod. Arabidopsis seeds were
sterilized and sited for 4 days at 4° C in the dark. After that, seeds were germinated in Petri dishes
with %2 Murashige-Scoog (MS) media (MURASHIGE and SKOOG, 1962) which were placed
vertically in a growth chamber. After 6 days, seedlings were transferred to another plate with 2
MS media and inoculated. For each ecotype, there were 3 plates for the control and 3 plates for
inoculation. Each plate had a total of 5 plants. The plates were then placed vertically again in a
growth chamber for an additional 6 days. For the control plants, 25 pL of 1% saline was added in
the plate approximately 3 cm distance away from root tip for each plant. Whereas, the treatment
plants were inoculated with 25 uL of TUAT-1 (108 CFU/mL). Before treatment, TUAT-1 culture

was grown overnight on TSB media at 30° C and diluted 10 times for the inoculation.

After 6 days of inoculation, images were obtained with scanner EPSON PERFECTION
V500 PHOTO at 800 dpi. The pictures of the root were analyzed by a software, EZ-Rhizo
(ROGERS, 2018), which provided the measures of the root traits analyzed in this study: main root
length (MRL), number of lateral roots (NLR), branched zone (BZ), total root length (TRL) and
lateral root length (LRL). In total, the 5 traits were measured in approximately 8,640 roots.
Averaged root traits data were obtained with GraphPad Prism version 8.00 in Windows.
Statistically significant differences between control and inoculated plants was accessed by the same

program using multiple Student t test (*: p < 0.05).

The 5 trait phenotypes were measured by the changes of inoculated plants from the control
plants. These phenotypes were calculated by A = A2 — A1, where A1 was the average of the control
plants and A2 was the average of the inoculated plants. A phenotype heatmap was built using
OLIVER (TESSMER, 2019) to analyze all of phenotypes from the 288 ecotypes and the relation

between the traits.
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3.3.2 GWAS analysis

The A phenotype was used to perform GWAS analysis. Genome-wide association mapping
was conducted using GWA-Portal web interface (SEREN, 2018). In this study, two different data
sets were used to perform GWAS analysis. The first set, was composed by all ecotypes that were
phenotyped (AE data set), while the second set, was composed by the ecotypes that showed at least

one trait with significant difference between the control and the inoculated plants (RE data set).

The 250K SNP Dataset from GWA-Portal was used to perform the analysis. The
transformations used was LOG and SQRT and the algorithm method was the accelerated mixed
model. SNPs with p values lower than 10”7 were selected from the growth promotion parameters

for gene identification.

3.3.3 Genetic traits identification

To evaluate the impact of the significant SNPs on genomic regions, we analyzed the
location of each SNP and the allele effect on the gene trough GWA-Portal (SEREN, 2018)). The
SNPs were classified in the following categories: stop gained, start lost, no synonymous coding,

synonymous coding, untranslated region (UTR) prime, intron and intergenic.

Gene identification was performed with GWA-Portal and confirmed trough GBrowse tool
from The Arabidopsis Information Resource (TAIR) at https://gbrowse.arabidopsis.org/cgi-
bin/gb2/gbrowse/arabidopsis/. When the SNP was found inside an intergenic region, the linkage
disequilibrium (LD) was verified to identify SNPs that were correlated to the significant SNP using
the GWA-Portal (SEREN, 2018). SNPs in LD, with the significant intergenic SNPs with a
correlation coefficient (r?) higher than 0.5, were used for gene identification. The LD was also
specifically analyzed on SNP 29235922 from chromosome 1, which was in a region of high
concentration of significant SNPs in the MRL Manhattan plot.

The Gene Ontology (GO) terms were analyzed using the GO Annotations, from TAIR
(https://www.arabidopsis.org/tools/bulk/go/index.jsp) and gene ontology networks were built

using ClueGo (BINDEA, (2009) to decipher functionally grouped genes.
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Networks for gene interaction were also built in order to evaluate the relation between the
identified genes. These networks were created using all identified genes, from both data sets, trough
Cytoscape with String database. To compare our results with previous published data, we also built
a network with the identified genes found in this study with genes found for Pseudomonas simiae

WCS417r and Arabidopsis thaliana interaction GWAS (WINTERMANS, 2016).

3.3.4 Candidate genes selection

Candidate genes from were chosen according to the following criteria: genes identified in
both data sets or in both transformation analysis, genes with allele alterations that would cause a
non-synonymous coding or a stop codon, genes with SNPs in LD with SNP 29235922 in

chromosome 1, and genes from the genes interaction networks that had high number of interactions.

To evaluate if the candidate genes were co-regulated with other genes, we verified if them
were co-regulated with other genes from other expression data sets using the ATTED-II

(OBAYASHI, 2018) gene co-expression database.
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3.4 RESULTS

3.4.1 A. thaliana ecotypes response upon TUAT-1 inoculation

Phenotypic analysis was performed using the 288 Arabidopsis ecotypes. Several ecotypes
were significantly affected by TUAT-1 inoculation: MRL (52.7%), NLR (14.2%), BZ (8.3%), TRL
(21.2%) and LRL (19.1%). Many inoculated ecotypes were significantly different from the control
for more than one trait, however only one ecotype (Ts-1) showed significant difference for all of
the traits (Fig. 3 a). For this study, the plant response (Sup. Fig. 6) was classified in 3 categories:
positive response, no response and negative response (Fig. 3). For inoculated ecotypes that showed
significant higher measures than the control in a particular trait, the phenotype was considered
positive response. In the other hand, for the inoculated ecotypes with significant lower measures
than the control, the phenotype was deliberated negative response. The ecotypes that were not

significantly affected by inoculation, were considered non-responsive.

For the MRL trait, all ecotypes with significant differences showed decreased measures in
the inoculated plant, indicating that this is a general effect of this strain. While for the other traits,
the ecotypes showed increased and decreased measures when the difference between control and
inoculated plants was significant. The decrease of MRL was already reported for 4. thaliana (Col-
0) inoculated with Bacillus amyloliquefaciens UCMBS5113. The inoculation with UCMBS5113
caused 50% reduction of MRL, but an increased outgrowth and elongation of lateral roots, number

of root hairs, and total root area compared to control plants (ASARI, 2017).

In our study, 96 ecotypes have no response to TUAT-1 inoculation for all traits (Fig. 3 b).
In contrast to our results, a GWAS study of the PGPB Pseudomonas simiae WCS417r and A.
thaliana interaction, all Arabidopsis accessions virtually responded to the inoculation for three
parameters: shoot fresh weight, number of lateral roots, and main root length. Although the plants
showed a large variation, all accessions responded positively for shoot fresh weight and NLR. On
the other hand, MRL from all accessions, except Col-0, ranged from a significant decrease to a

significant increase in length (WINTERMANS, 2016).

In order to evaluate the individual ecotypes response through different traits, we built a

heatmap with all ecotypes’ phenotype values and their response categories (Fig. 3 ). Most of the
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ecotypes analyzed showed different responsiveness among the traits. To evaluate the correlation
between the traits, we checked the correlation coefficient between all pairs of traits. All of them
have a positive correlation in both data sets (AE and RE). The strongest correlation was between
TRL and LRL, with a correlation coefficient of 0.83 (AE) and 0.88 (RE). The lowest correlation
coefficient was found between MRL and LRL, 0.13 (AE) and 0.27 (RE). We also analyzed the link
between phenotypes A values to access the phenotypes correlation. Although all the pairs showed
a positive correlation, the link between the A ecotypes values (Sup. Fig. 7) suggested that MRL
and LRL, the lowest correlation coefficient, the traits were inversely correlated. Therefore, our data

suggested that the lateral root length is the main trait that mostly contributed to the total root length.
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Figure 3 - Phenotype screening from 288 A. thaliana ecotypes inoculated with TUAT-1. (a) Venn diagram of
significant ecotypes response. (b) Venn diagram of no significant ecotypes response. (¢) Venn diagram of positive
ecotypes response. (d) Venn diagram of negative ecotypes response. (¢) Heatmap of the ecotypes A phenotype. The
heatmap was built sorting from the lowest A phenotype to the highest and then separated by the plant response category
for TRL trait. In the following traits, the ecotypes are in the same order as the TRL trait. (f) Growth promotion analysis
of the plant response types. Mh-0, Sp-0 and Ts-1 are, respectively, positive, non and negative responsive ecotypes for
the traits that showed significant difference between control and inoculated plants. Col-0 is the reference ecotype.

3.4.2 Significant SNPs identified by GWAS

Since we found a large number of non-responsive ecotypes with similar phenotype A values
with the responsive ecotypes, a second data set was created, which excluded the 96 non-responsive
ecotypes from the total panel of 288. The new data set (RE data set) was composed by ecotypes
that showed a significant response for at least one root trait, while the original data set (AE data

set) was composed by all 288 ecotypes. The RE data set was created because the non-responsive
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ecotypes showed similar A phenotype values to the responsive ecotypes, however, due to the
variation within the ecotypes, this value was not significant. Hence, these values could not

represent the real plant response.

The GWAS accelerated mixed model method from GWA-Portal web interface (SEREN,
2018) was used to analyze the genetic basis of the root architecture of 4. thaliana in response to
TUAT-1 inoculation. The 250K SNP Dataset from GWA-Portal covered 97% and 95% of AE and
RE data sets ecotypes, respectively. Since the phenotype data did not show a normal distribution,
we transformed the raw data using LOG transformation. We also performed a GWAS analysis with
the raw data transformed by SQRT transformation, where a lower number of significant SNPs was
found. However, the significant SNPs found in the GWAS analysis with SQRT transformation
were already identified by the analysis with LOG transformation, so the results of the SQRT

analysis were used to support the selection of some of the candidate genes selected.

The data sets used to perform GWAS produced a list with 160 and 135 SNPs with
significant p-values (<107) for AE and RE data sets, respectively (Fig. 4). Several SNPs were
found to be associated with more than one trait. TRL and LRL were traits that shared more SNPs,
19 and 49, for AE and RE data sets, respectively (Fig. 4 d and e). Even with a difference of 96
ecotypes, the data sets shared 72 SNPs.

SNP location and allele effect were analyzed for all significant SNPs, from both data sets,
to evaluate the SNPs impact (Fig. 4 f). SNPs found in this study were mostly separated in the
following categories: intergenic (27.8%), non-synonymous coding (20.63%), intron (17%),
synonymous coding (13.9%), stop gained (5.4%) and UTR prime (5.4%). LD was analyzed for
intergenic significant SNPs, where 40 and 41 SNPs were found to be associated with the significant
SNPs in AE and RE data sets, respectively. Among these new SNPs, 23 and 27 SNPs were already
found to be significant in the GWAS analysis in AE and RE data sets, respectively. Between all
SNPs in LD with the significant SNPs, from both analysis, 40% were intergenic, 23,3% intron,

13,3% non-synonymous coding, 10% synonymous coding and 10% UTR prime.
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Figure 4 - Significant SNPs identified by GWAS. (a) Circular Manhattan plot from GWAS analysis for AE data set.
(b) Circular Manhattan plot from GWAS analysis for RE data set. Colorful circle around Manhattan plots shows SNPs
density across the chromosomes. (¢) Venn diagram of significant SNPs found in both data sets. (d) Venn diagrams of
significant SNPs associated with MRL, BZ, TRL and LRL traits for AE data set. (¢) Venn diagrams of significant
SNPs associated with MRL, BZ, TRL and LRL traits for AE data set. NLR trait was excluded from Venn diagrams
because this trait did not share SNPs with other traits. (f) SNP impact analysis. SNPs were classified as stop gained,
start lost, no synonymous coding, synonymous coding, UTR prime, intron and intergenic. SNPs classified as intragenic
was inside gene region, however there is no information about the allele effect. SNPs categorized as “no information”
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presented allele frequency, but no information about the allele effect and “not records found” SNPs had no information
in the database used. The proportion of each SNP impact category was analyzed in 4 different data groups: AE data
set (AE), RE data set (RE), SNPs shared by the two data sets analysis (AE-RE) and the total number of SNPs from
both data sets (total). Number between parenthesis besides each bar means the number of SNPs found in that data

group.

3.4.3 Genetic traits identification

Genes around the significant SNPs classified as non-synonymous coding, intron,
synonymous coding, stop gained and, UTR prime produced a list of 128 genes. Significant
intragenic SNPs led to a list of 39 genes, from which, 24 were already identified in the GWAS
analysis around significant SNPs (Fig. 5 a). AE datasets analysis provided a list with 94 genes from
GWAS and LD analysis, while RE data set analysis produced a list of 79 genes. The data sets
shared 47 genes (Fig. 5 b) and, in total, the final gene list was composed by 143 genes.

Among all identified genes, 37.1% were associated with more than one trait. TRL and LRL
were the traits that shared more genes, 34. These results were consistent with the phenotype
correlation between the traits, where TRL and LRL were the traits with the strongest positive
correlation. Even though, many genes are associated with more than one trait, most of the genes
were associated with only one trait (62.9%). Therefore, in this study, most of the genetic traits are

associated with particular traits to contribute for the whole root architecture in general.

Although, some genes were associated with more than one root trait, MOD1 was the only
gene with a significant SNP associated with 4 different traits. MOD1 gene encodes an enoyl-acyl
carrier protein (ACP) reductase, which is a subunit of the fatty acid synthase complex that catalyzes
the de novo synthesis of fatty acids. Mutants in this gene have decrease in its enzymatic activity,
an impair fatty acid biosynthesis and a decreased amount of total lipids, which leads the effects on
plant growth and development and causes premature death (MOU, 2000). The association of
Bacillus with lipids biosynthesis was already reported, where B. subitilis GB03 can increase the
lipid synthesis and alleviate the lipid peroxidation and oxidative stress under salt conditions (HAN,

2014).

In order to have a general view of which processes of the identified genes were involved
in, we evaluated the GO terms for biological processes (Fig. 5 d). Most of the identified genes were

classified as “other” or unknow cellular processes, “other” metabolic or cellular processes and
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biosynthetic processes. Among the identified biological processes, for MRL, the higher percentage
of genes belonged to stress response (9.8%) and cellular protein modifications processes (9.8%).
For NLR, were we identified only 2 genes, the first one was involved in transport and the second
with response to chemical. For the traits BZ, TRL and MRL, genes were mostly classified as
cellular protein modification processes (14.8%), response to stress (16.7%) and, multicellular
organism development (19.6%). Genes associated with more than one trait were mostly involved
in multicellular organism development (20.7%), while for the total number of identified genes in
all traits, genes were mostly categorized in stress response term (12.6%). This analysis showed that

biological processes were specific to particular traits instead processes affecting all traits.

GO terms were also analyzed for the total number of genes trough ClueGo plug-in
(BINDEA, 2009). Genes were analyzed for biological processes, molecular function and cellular
components and grouped according to leading terms in a network. The biggest network was
composed by 26 genes and 4 leading terms: positive regulation of response to stimulus, cell
development, cellular response to extracellular stimulus and response to extracellular stimulus.
Smaller networks were also provided by this analysis and the leading terms were: guanyl nucleotide
binding, trans-Golgi, phosphatidylinositol binding, guanyl-nucleotide exchange factor activity and

nuclease activity (Fig. 5 e).

To investigate whether the genes identified in this study had any connection, we constructed
gene interaction networks (Sup. Fig. 8 a). The types of interactions to create these networks were:
known interactions, from curated databases or that were experimentally determined, predicted
interactions, of genes neighborhood, gene fusions or co-occurrence, genes that were mentioned in
the same paper, co-expressed genes and protein homology. The networks were built with all
identified genes, from AE and RE data sets. From a total of 143 identified genes, 37 were connected
in some way in the networks and 20 genes were co-expressed, forming one group composed by 10

genes, and 5 pairs of co-expressed genes.

Group 1 was composed of AT3G28500, AT2G18110, AT1G77940, AT1G77750, EIF3E,
MTSSB, AT3G11964, AT3G16840, AT1G77800 and PSD. This group seemed to be related to
protein metabolism in general and involved in important plant traits as cell proliferation and
elongation, female gametophytes and plant development, shoot meristem apical activity and leaf

initiation (Sup. Fig. 8 a and Sup. Table 3). Among the 5 pairs of co-expressed genes, 3 of them
48



showed interesting activities as response to phosphate deficiency (pair 3), immune response (pair

4) and transport (pair 5).
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Figure 5 - Genetic traits identified by GWAS. (a) Venn diagram of identified genes from GWAS and LD analysis in
both data sets. (b) Venn diagrams of identified genes in AE and RE data set GWAS and LD analysis. (c) Venn diagrams
of identified genes associated with MRL, BZ, TRL and LRL traits for identified genes in both analyses. NLR trait was
excluded from Venn diagrams because this trait did not share genes with other traits. (d) GO terms for biological
processes for each trait, total number of identified genes in all the traits (total) and genes associated with more than
one trait (shared). Number between parenthesis represent the number of genes in that data group. The sum of the
percentage is higher than 100% because the genes can belong to more than one biological process at the same time. (f)
GO network built with all identified genes for biological processes, molecular function and cellular component.
Colorful names are the group leading terms.

49



3.4.4 Candidate genes selection

Among the 143 identified genes, 11 were selected as candidate genes for plant-bacteria
interaction and growth promotion (Sup. Fig 9). The first criterium to choose candidate genes was
select genes identified in both data sets, AE and RE, then we looked for genes with significant
SNPs in both data transformation analyses, LOG and SQRT. After that, we selected genes with
allele alterations that would cause a non-synonymous coding or a stop codon. We also looked for
genes with significant SNPs in linkage disequilibrium with SNP 29235922 in chromosome 1, since
this SNP was in a region with high concentration of significant SNPs. Finally, we choose a hub

gene from the interaction networks due to its number of interactions (Table 2).

Candidate genes were around significant SNPs in all traits except for NLR and were
distributed in all 5 Arabidopsis chromosomes. The 6 from the 11 candidate genes (SYP23, ERF9,
PRE2, KOM and ATG14A) presented SNPs in which the allele alteration would cause a non-
synonymous coding, leading to a missense mutation. PRE-2 presented 2 significant SNPs in which
the allele alteration would lead to a missense mutation. TIN1, AT3G58340, and SKIP4 genes were

around SNPs in which the allele alteration would insert a stop codon, causing a nonsense mutation.

PRE-2, KOM, ATG14A and DJC65 genes were around SNPs in linkage disequilibrium
with SNP 29235922 and were already identified as significant SNPs in the GWAS analysis. This
SNP is in a three prime untranslated region inside the candidate gene NR1. The DJC65 gene was
around a SNP in which the allele alteration would cause a synonymous coding, and hence, a silent
mutation, however this gene was selected as a candidate gene because it attended to several of the
selection criteria. The TIM gene was also around a SNP in which the allele alteration would lead
to a silent mutation and it was selected because it is a hub gene in the genes interaction networks

and is connected to several genes.

After selecting the candidate genes, to investigate whether the allele alteration in these
genes’ SNPs would influence on the A phenotype value, we checked the allele effect of the
candidate genes’ SNPs using the SNP Viewer tool from GWA-Portal (Seren, 2018). The allele
effect was evaluated in both data sets, AE and RE. Only in RE dataset the allele alteration seemed
to have an effect in the phenotype (Supp. Fig. 10 and 11).
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To verify if the candidate genes were co-regulated with other genes, we analyze the co-
expression of these genes with genes from other expression data sets using the ATTED-II. We
analyzed the 3 genes that were most expressed with each candidate gene. All candidate genes
presented co-expression with other genes, except for AT3G58340 (Sup. Table 4). The allele effect
analysis showed that allele alteration in AT3G58340 SNP 21590066 at chromosome 3, had effect
in TRL and LRL traits. This gene belongs to a TRAF-like family protein, tumor necrosis factor
receptor-associated factor. TRAF proteins are molecular adaptors that regulate innate and adaptive

immunity, development, and abiotic stress responses (HUANG, 2016).

The allele effect analysis showed that that allele alteration in SYP23 SNP 9865729 at
chromosome 4 influenced in LRL trait (Sup. Fig. 11). SYP23 belongs to a subfamily of Q-SNAREs
protein (soluble N-ethylmaleimide-sensitive factor attachment protein receptors) that are
responsible for protein trafficking between pre-vacuolar compartments and vacuoles. The SNARE
motif is required for interactions between SNARE proteins, and transmembrane domain anchor
SNARE proteins at vesicular membrane or target organellar membranes (JAHN and SCHELLER,
2006). SYP23 function redundantly with SYP21 and SYP22 in vacuolar protein transport, vein
patterning, myosin cell differentiation and plant growth (SHIRAKAWA, 2010). SYP23 is co-
expressed with CKA1, WAV2 and VAMP724. CKA1 is a kinase involved in circadian rhythm and
ribosome biogenesis in eukaryotes according to the KEGG pathways. This gene is an a subunit of
CK2 that regulates the circadian-clock associated 1 (CCA1l) gene (SUGANO, 1998). WAV2
negatively regulates stimulus-induced root bending through inhibition of root tip rotation
(MOCHIZUKI, 2005). VAMP724 forms SNARE complexes with SYP123 and SYP132 for root
hair elongation (ICHIKAWA, 2014).

The allele alteration in ERF9 gene SNP 17807267 at chromosome 5 affected TRL and LRL
traits (Sup. Fig. 11). ERF9 is an ethylene response factor (ERF). ERF transcription factors are
integrators of hormonal pathways and are directly responsible for the transcriptional regulation of
several jasmonate (JA)/ethylene (ET)-responsive defense genes. ERFs represent the last layer of
regulation that can switch the expression of JA/ET-responsive defensive genes on or off (HUANG,
2016) and ERF9 gene acts as negative regulator of plant defense mechanisms (MARUYAMA,
2013). ERF9 is co-expressed with DUF241 (protein of unknow function), ARGOS and HIPP26

genes. ARGOS expression is highly induced by auxin and is involved in the regulation of cell
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proliferation during organ development, hence this gene plays an important role in plant growth
and development (HU, 2003). HIPP26 encodes for a heavy metal binding protein, that can bind
CD?', Cu*" and Pb*". The overexpression of HIPP26 in A. thaliana enhances toleration to Cd™,

indicating that HIPP26 can have role in Cd detoxification in plants (TEHSEEN, 2010).

The allele alteration in TIM gene SNP 9072376 at chromosome 2 has effects on LRL trait
(Sup. Fig. 11). TIM encodes for a plastid isoform of triose phosphatase isomerase and plays a
critical role in the transition from heterotrophic to autotrophic grow. Mutants in this gene show
accumulation of dihydroxyacetone phosphate and methylglyoxal that delays the transition from
heterotrophic to autotrophic growth, probably due to methylglyoxal accumulation. TIM is co-
expressed with VTE3, PGK1 and RLP4. VTE3 encodes proteins involved in the methylation step
of plastoquinone biosynthesis. These proteins are also involved in vitamin E biosynthesis
(CHENG, 2003). PGKI1 is a phosphoglycerate kinase localized exclusively in the chloroplasts of
photosynthetic tissues. This protein is co-regulated with other phosphoglycerate kinases to
optimize plant growth (ROSA-TELLEZ, 2018). RLP4 is a cell surface receptor involved in plant
development (WANG, 2008).

Allele effect analysis showed that there was an allele alteration in TIN1 SNP 25786075 at
chromosome 5 that has an effect on TRL and LRL traits (Sup. Fig. 11). TIN1 is a tunicamycin
induced 1, a plant specific endoplasmic reticulum stress inducible gene. Mutation in this gene
affects the secretion of proteins and lipids, culminating in visible altered pollen surface (IWATA,
2012). TINI is co-expressed with TMS1, BF1C and DNAJ. TMSI is the thermosensitive male
sterile 1 and is required for thermotolerance in pollen tubes and is responsive to heat shock
treatment in seedlings (MA, 2015). BFIC is a key regulator of thermotolerance and its protein
accumulates rapidly and is localized in the nuclei during heat stress (SUZUKI, 2008). DNAJ
proteins, a heat shock protein family, are molecular chaperones and can respond to various

environmental stresses.

The allele alteration in SKIP4 gene SNP 22704328 at chromosome 3 affects TRL and LRL
traits (Sup. Fig. 11). SKIP4 encodes a SKIP1 interacting partner. SKIP1 is a splicing factor
involved in the regulation of circadian clock (WANG, 2012). SKIP4 is co-expressed with
AT5G44080, NF-YB13 and AT5G37930. AT5G44080 is involved in the plant hormonal signal

transduction according to the KEGG pathways. This gene belongs to a basic-leucine zipper (bZIP)
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transcriptional family protein that regulates diverse biological processes such as pathogen defense,
light and stress signaling, seed maturation and flower development (JAKOBY, 2002). In addition,
NF-YBI3 is a transcriptional factor, and its subunits are involved in photoperiod-regulated
flowering (SIEFERS, 2009). AT5G37930 also belongs to TRAF-like family protein, as the
candidate gene AT3G58340.

NR1 encodes the cytosolic minor isoform of nitrate reductase (NR). In the involvement of
the first step of nitrate assimilation, it contributes about 15% of the nitrate reductase activity in
shoots. NR1 is co-expressed with NR2, NIR1 and AT5G26200. According to the KEGG pathways,
NR2 and NIR1 are involved in nitrogen metabolism. NR2 also encodes a nitrate reductase involved
in nitrate assimilation, while NIR1 encodes a nitrite reductase involved in the second step of nitrate

assimilation. The gene AT5G26200 belongs to a mitochondrial substrate carrier family.

PRE-2 belongs to the paclobutrazol-resistance gene family and its genes coordinate growth
of floral organs contributing to successful autogamous reproduction in A. thaliana (SHIN, 2019),
PREs genes also may have a regulatory role in gibberellin-dependent development in A. thaliana
(LEE, 2006). PRE-2 is co-expressed with PHYE, TAF1 and SUS1. PHYE encodes for a
phytochrome E that acts in the regulation of shade avoidance syndrome (DEVLIN, 1998). TAF1
is a transcription initiation factor that works in plant resistance to genotoxic stress and DNA

damage response (WATERWORTH, 2015). SUS1 encodes for a sucrose synthase.

KOM is a RHOMBOID-like protein located in the envelope of chloroplasts and
chlorophyll-free plastids. The mutant plants in this gene presented a reduction of fertility and an
aberrant floral morphology (THOMPSON, 2012). KOM is co-expressed with AT2G25565,
AT5G08090 and AT3G57440. AT2G25565 is a C3HC4-type RING finger protein and have been
very well studied in Arabidopsis. They are involved in photomorphogenesis, light signaling,
secretory pathway, peroxisome biogenesis, N-end rule pathway, chromatin modifications and
stress tolerance (MA, 2009). Whereas, AT5G08090 and AT3G57440 are described as

transmembrane and hypothetical proteins, respectively.

ATG14 is an autophagy-related protein that works on the induction of autophagy and
autophagosomes formation. ATG14 is co-expressed with G18F, RGLG2, and S6K2. G18F is the

A. thaliana homolog of yeast ATG18 and this protein is required for autophagosome formation in
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Arabidopsis (XIONG, 2005). RGLG2 is a RING domain ubiquitin E3 ligase that negatively
regulates the drought stress response through the ethylene response factor 53 (ERF53) (CHENG,
2012). And S6K2 is a S6 kinase, which is a conserved component of signaling pathways that
controls growth in eukaryotes. S6K negatively regulates cell division and can influence the rate of

polyploidization and lead to chromosome instability (HENRIQUES, 2010).

DIJC65 is designated as a J domain-containing cochaperone that recruits heat shock Hsp70
chaperones. DJC65 is down-regulated by cold stress (CHIU, 2013). DJC65 is co-expressed with
STN7, SRX and HAD. STN7 is a thykaloid protein kinase involved in control energy allocation in
the photosystems in response to light quality. STN7 is required for phosphorylation and migration
of light harvesting complex II proteins and long-term alterations in thykaloid composition
(PESARESI, 2009). SRX encodes a sulfiredoxine that participate in the signaling mechanism in
plant response to photooxidative stress (REY, 2007). HAD belongs to the haloacid dehalogenase-
like hydrolase (HAD) superfamily protein. This protein family has a diverse substrate specificity
and is involved in the enzymatic cleavage by nucleophilic substitution of carbon—halogen bonds
and hydrolytic enzyme activities, including phosphatase, phosphonatase and phosphoglucomutase
reactions (KOONIN and TATUSOV, 1994).
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3.5 DISCUSSION

The interaction between plant and PGPB is crucial to the plant growth promotion. The plant
host plants prefer specificity on microbial communities, which was already reported in a study with
27 maize inbred lines across different fields. This study identified a small, but significant, fraction
of variation in microbial diversity that could be attributed to host genetics (PEIFFER, 2013). In our
study, we evaluated A. thaliana ecotypes response upon TUAT-1 inoculation for 5 root traits:
MRL, NLR, BZ, TRL and LRL. The plant response was classified in three categories: positive,
negative and no response. In contrast with the A4. thaliana response to Pseudomonas simiae
WCS417r, for which all Arabidopsis accessions responded to inoculation. In this case, all ecotypes
responded positively for shoot fresh weight and number of lateral roots, and main root length. The
accessions’ response ranged from significant decreases to significant increases (WINTERMANS,

2016). Our data suggests that the plant response to bacteria inoculation is strain-genotype specific.

For TUAT-1, the three response types were verified in all traits, except MRL. For this trait,
all the ecotypes with significant differences showed a decreased measure in the inoculated plant,
indicating this is a general effect of this strain. The decrease of the MRL was already reported for
A. thaliana (Col-0) inoculated with Bacillus amyloliquefaciens UCMB5113 (ASARI, 2017). Only
one ecotype showed a consistent response for all the traits. Ts-1 responded negatively to all the
traits analyzed, while most of the ecotypes presented different response types among the traits (Fig.
3 a and f). The correlation between the phenotypes showed that the strongest correlation was
between TRL and LRL, suggesting that LRL contributes more than the other traits to the total root
length. The weakest correlation was between MRL and LRL, although the correlation was positive,

the link between the traits A phenotypes suggests a negative correlation (Sup. Fig. 7).

The GWAS analysis of the two data sets produced a list of 94 and 79 genes, for AE and RE
data sets, respectively and even with 96 ecotypes less in RE data set, the data sets presented 47
genes in common. The use of the RE data set gave us a better view of the allele effect. For the
genes SYP23, TIN1, AT3G58340, and SKIP4, which were found in both data sets, we only could
see the allele effect in the graphics produced by RE data set (Sup. Fig. 10 and 11). The use of a
data set without the non-responsive ecotypes was important, and the data suggests that their A

phenotype values may not be representing the real plant response when the difference between
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control and inoculated plants are not significant. Our results indicate that the responsiveness of the

plant is significant to perform GWAS analysis and not just the phenotype values.

In our study, several genes were associated with more than one trait. The traits TRL and
LRL were the traits with more associated genes in common (34). Among the 143 identified genes,
37.1% were associated with more than one trait. In other GWAS analysis of PGPB interaction,
there was no overlap between the genes traits that were found (KAMFWA, 2015 and
WINTERMANS, 2016). However, in a GWAS study on an interaction between a plant pathogen
fungus, Botrytis cinereal and Arabidopsis, 31% of the genes that were found were associated with
two lesion traits. Although, some of the genes were associated with more than one trait, most of
the root architecture characteristics were genetic separable traits associated with the plant growth.
(Corwin, 2018). These results are consistent with the GO terms analysis, where we found biological

processes specific to particular traits instead processes affecting all traits.

In our study, we found a potential PGPB interaction gene. ERF9 is an ethylene response
factor, which negatively regulates the plant defense mechanisms (Huang, 2016). This finding
suggests that the plant defense is decreased in the presence of TUAT-1. Besides that, the pair of

co-regulated genes ATMIN7 and GSLOS5 are also related with immune response.

Among the identified genes, there are important genes related to the alleviation of abiotic
stress. For instance, the pair of co-regulated genes AL6 and UBP14 which are related to phosphate
deficiency. In addition, MOD1 gene can be related to abiotic stress attenuation, since it catalyzes
fatty acid syntheses. The increase in lipid syntheses to avoid lipid peroxidation is one of Bacillus
mechanisms for oxidative stress alleviation (HAN, 2014). Genes that are co-expressed with the
candidate genes are also involved in abiotic stress response. HIPP26 gene is involved in Cd
detoxification in plants, while SRX participates in the signaling mechanism in response to
photooxidative stress (REY, 2007 and TEHSEEN, 2010). Besides that, there are several genes
identified in this study, or co-expressed with them, that are involved in thermotolerance, as DJC65,

TMS1, DNAJ, and TMS1 (CHIU, 2013; MA, 2015 and SUZUKI, 2008).

We also compared our results with the previous data published about A. thaliana response
to Pseudomonas simiae WCS417r. We create a gene interaction network for genes found in both

studies (Sup. Fig. 8). Although the genes identified in TUAT-1 are not the same genes found for
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WCS417r and A. thaliana, they are, in fact, connected in gene interaction network. 10 of 37 genes
identified for WCS417r were connected in some way with genes from TUAT-1 and 4. thaliana
associated genes. 9 of WCS417r are co-expressed with TUAT-1 genes. This comparison suggests
that although the plant-bacteria interaction and growth promotion is not specifically regulated by

the same genes for the different bacteria, they are involved in the same pathways.

This study showed that the PGPB interaction is strain-genotype specific, since the ecotypes
response upon TUAT-1 inoculation is definitely singular. We confirmed the power of GWAS to
identify genetic traits underlying PGPB interaction and plant growth promotion. Although, further
validation of the candidate genes is necessary, our findings showed important genes related to plant
defense and abiotic stress alleviation. Our results corroborate the Bacillus spp. growth promotion

capability, which is broadly reported.
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3.6 SUPPLEMENTARY MATERIAL

Supplementary Figure 6 - A. thaliana response upon TUAT-1 inoculation. (a) is the reference ecotype, Col-0. (b), (c)
and (d) are positive (Mh-0), no (Sp-0) and negative (Ts-1) responsive ecotypes respectively.
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Supplementary Figure 8 - Gene interaction networks. (a) Gene interaction network built from all identified genes (AE
and RE data set). (b) Gene interaction network from all genes identified in this work and genes previous reported for
Pseudomonas simiae WCS417r and Arabidopsis thaliana interaction GWAS (WINTERMANS, 2016). The thicker the
line connecting the nodes, the strongest is the relation between them. The types of interactions evidence are known
interactions from curated databases or experimentally determined; predicted interactions of genes neighborhood,
fusions or co-occurrence; or genes mentioned in the same paper, co-expressed genes or protein homology. Red lines
connecting genes mean they are co-expressed. *co-expression between identified genes for TUAT-1 and WCS417r
and Arabidopsis thaliana interaction.
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Co-expressed - -
P Gene Name

Gene Function

groups
AT3G28500 608 acidic ribosomal protein, plays an important role in the elongation step of protein synthesis
AT2GI18110 translation elongation factor EF 1B/ribosomal protein S6 family protein
ATIG77940 ribosomal protein L7Ae/L30e/S12e/Gadd45 family protein
AT1G77750 ribosomal protein S13/818 family located at the top of the head of the small subunit, it contacts several helices of the 18S rRNA.
1 EIF3E especifically targets and initiates franslation of a subset of mRNAs involved in cell proliferation
MTSSB Mitochondrially targeted single-stranded DNA binding protein involved in mitochondrial DNA recombination
AT3G11964 mnvolved in rRNA biogenesis and required for normal development of female gametophytes
AT3G16840 ATP-dependent helicase activity
ATIG77800 transeription factor involved in regulation of cell elongation and plant development
PSD IR,\IA_ processing and tRNA translocation across the nuclear pore complex involved in shoot apical meristem activity and leaf
mitiation
™ plastid isoform of triose phosphatase isomerase
Ao
B MOD1 enoyl-acyl carrier protein (ACP) reductase involved de novo synthesis of fatty acids
ALG l}istone-bhldmg component that specifically recognizes di- or trimethylated histone H3 and acts as upstream regulator of root hair
3 formation during Pi starvation
UBP14 ubiquitin-specific protease involved in root responses to phosphate deficiency
ATMINT immunity associated Arabidopsis protein targeted by HopM1. a conserved Pseudomonas syringae virulence protein
4
GSLOS callose formation in response to fungal pathogens and ontributes to PAMP-induced basal defense
SYP23 involved in intracellular protein transport
5
- SYPS81 mvolved in protein transport in the secretory pathway
AT4G04340 phosphoinositide phosphatase involved in vacuole organization
6
AT5G27730 heparan-alpha-glucosaminide N-acetyltransferase-like protein

Supplementary Table 3 - Co-expressed genes among the identified genes in GWAS analysis.
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4 CONCLUSAO

Este estudo analisou a interacdo de Bacillus pumilus TUAT-1 e Arabidopsis thaliana, e a
consequente promoc¢ao do crescimento vegetal, através do GWAS. A triagem fenotipica, realizada
em 288 ecotipos de A. thaliana para as caracteristicas da arquitetura da raiz (MRL, NLR, BZ, TRL
e LRL), identificou trés diferentes tipos de resposta da planta a inoculagdo com TUAT-1: resposta
positiva, resposta negativa e auséncia de resposta. Apenas um ecétipo de Arabidopsis mostrou
resposta constante ao longo dos 5 parametros analisados, enquanto a maioria dos ecotipos
apresentou diferentes respostas para cada caracteristica analisada. Os pardmetros com maior
correlacao foram TRL e LRL, o que sugere que o comprimento de raiz lateral € o maior contribuinte
para o comprimento total da raiz. Os dados sugerem que a interacdo entre planta e bactéria ¢
extremamente especifica e que a genética da planta hospedeira tem grande influéncia no sucesso
da interagdo. Os resultados deste trabalho também indicam que o tipo de respostas da planta ¢

essencial para a analise do GWAS e ndo somente os valores fenotipicos.

Alguns dos genes identificados através do GWAS estao associados a mais de um parametro
da arquitetura da raiz. Os parametros que apresentaram mais genes em comum foram TRL e LRL,
resultados que ¢ compativel com os dados de fenotipo, onde estes também foram os parametros
com maior correlacdo. Entretanto, a maioria dos genes esta associada exclusivamente a uma
caracteristica. Apesar de alguns genes governarem mais de um parametro, a maioria dos genes ¢
associada a apenas uma das caracteristicas da raiz. Estes resultados sugerem que os pardmetros da

raiz contribuem individualmente para a promog¢ao do crescimento.

Os genes identificados neste trabalho demonstram que o GWAS ¢é uma excelente
ferramenta para o estudo da interagdo das PGPB. Estes genes estdo relacionados, a resposta de
defesa, producdo ou regulacdo de hormonios, resposta ao estresse abidtico, producao lipidica,
autofagia e outros processos bioldgicos. As diferentes contribui¢des e a diversidade funcional dos
genes encontrados neste estudo indicam que a promog¢ao do crescimento ¢ uma caracteristica

genética quantitativa e multigénica.
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