
 
 

NATALIA CAETANO VASQUES  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

SELEÇÃO DE BACTÉRIAS PROMOTORAS DO 
CRESCIMENTO DE PLANTAS EM PROCESSOS 

MULTIFUNCIONAIS 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Londrina 
2025 



NATALIA CAETANO VASQUES 
 
 
 
 
 
 
 
 
 
 
 
 

SELEÇÃO DE BACTÉRIAS PROMOTORAS DO 
CRESCIMENTO DE PLANTAS EM PROCESSOS 

MULTIFUNCIONAIS 
 
 
 

 
 

 
 
 

Tese apresentada ao Programa de 
Pós-Graduação em Microbiologia, da 
Universidade Estadual de Londrina, 
como requisito para obtenção do 
título de Doutora em Microbiologia. 

 
 
 
 
 

Orientadora: Dra. Mariangela Hungria 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Londrina 
2025 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
 

NATALIA CAETANO VASQUES 
 
 
 
 
 
 
 
 
 

SELEÇÃO DE BACTÉRIAS PROMOTORAS DO CRESCIMENTO 
DE PLANTAS EM PROCESSOS MULTIFUNCIONAIS 

 
 
 
 
 
 

Tese apresentada ao Programa de Pós-
Graduação em Microbiologia, da 
Universidade Estadual de Londrina, 
como requisito para obtenção do título de 
Doutora em Microbiologia. 

 
 
 

BANCA EXAMINADORA 
 
 
__________________________________ 
Profa. Orientadora Dra. Mariangela Hungria 
Universidade Estadual de Londrina – UEL 

Embrapa Soja 
 
__________________________________ 

Prof. Dr. Marco Antônio Nogueira 
Universidade Estadual de Londrina – UEL 

Embrapa Soja 
 
__________________________________ 

Dra. Paula Cerezini 
Embrapa Soja 

 
__________________________________ 

Dra. Pamela Menna 
Embrapa Soja 

 
__________________________________ 

Dra. Milena Serenato Klepa 
Embrapa Soja 

 
 

Londrina, 06 de outubro de 2025. 



 
 

 AGRADECIMENTOS 

 
 

Primeiramente, quero agradecer a Deus, a quem toda glória pertence, por 

me guiar e me dar força ao longo de toda essa jornada. Sem Ele, eu não seria 

quem sou. 

Agradeço imensamente ao meu marido, que sempre me deu o apoio 

necessário para que eu pudesse me dedicar ao meu doutorado. Seu amor e 

suporte foram fundamentais. 

Aos meus pais, que sempre me incentivaram a buscar meus sonhos e me 

deram a base sólida para alcançar tudo o que conquistei até hoje, meu mais 

sincero agradecimento. Vocês são minha inspiração. 

Minha irmã, que com carinho e amizade sempre me motivou e me apoiou 

em todos os momentos dessa caminhada, merece meu agradecimento especial. 

À minha orientadora, pela paciência, dedicação e pelos ensinamentos que 

marcaram o meu crescimento acadêmico e pessoal. Sou muito grata por toda a 

orientação recebida e pela contribuição de sua pesquisa para o avanço do 

conhecimento e para alimentar o mundo. 

À Rizobacter, que me proporcionou a oportunidade de conciliar o 

doutorado com o desenvolvimento profissional, cedendo o tempo necessário 

para que eu pudesse me especializar e crescer. 

Obrigada ao Programa de Pós-Graduação em Microbiologia da 

Universidade Estadual de Londrina e a Empresa Brasileira de Pesquisa 

Agropecuária pela estrutura cedida à realização deste trabalho.  

E, por fim, às bactérias, que deram a vida pelo meu trabalho. 

A todos vocês, meu muito obrigada! 

 

 

 

 

 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
Sempre e por tudo rendei graças a Deus Pai, 

em nome de nosso Senhor Jesus Cristo. 
Efésios 5, 20 



 

SUMÁRIO 

 

RESUMO	 8	

INTRODUÇÃO	 10	

CAPÍTULO 1	 20	

BIOPROSPECÇÃO DE MICRORGANISMOS PARA O USO EM BIOINSUMOS: 
MÉTODOS PARA TRIAGEM INICIAL DE BIOATIVOS VISANDO À NUTRIÇÃO DE 

PLANTAS E À TOLERÂNCIA A ESTRESSES ABIÓTICOS E BIÓTICOS	 	

CAPÍTULO 2	 57	

ESTRATÉGIAS PARA FACILITAR A BIOPROSPECÇÃO DE PROPRIEDADES DE 

INTERESSE AGRONÔMICO EM COLEÇÕES DE CULTURAS MICROBIANAS E UM 

CASO DE SUCESSO NA SELEÇÃO PARA MITIGAR O EFEITO DA SECA EM MILHO
	 57	

CAPÍTULO 3	 113	

USO CRESCENTE DE BACILLUS MULTIFUNCIONAIS PARA O CONTROLE 

BIOLÓGICO DE PRAGAS E DOENÇAS E PROMOÇÃO DO CRESCIMENTO DE 

PLANTAS: LIÇÕES DO BRASIL	 113	

RESUMO	 114	

CONCLUSÕES	 137	

 

 

 

 

 

 

 

 

 

 

 

 



VASQUES, Natalia Caetano. Seleção de bactérias promotoras do 
crescimento de plantas em processos multifuncionais. 2025. 138 páginas. 
Tese (Doutorado em Microbiologia) – Universidade Estadual de Londrina, 
Londrina, 2025. 

 

RESUMO 

A substituição de insumos químicos por soluções biológicas sustentáveis tem 
ganhado destaque global, especialmente no setor agrícola, impulsionada pela 
crescente demanda por práticas produtivas mais seguras, com menor impacto 
ambiental e que contribuam para a regeneração dos ecossistemas. Essa 
transição reflete não apenas uma tendência de mercado, mas também uma 
necessidade estratégica para garantir a sustentabilidade e a competitividade da 
agricultura moderna. Neste contexto, métodos de avaliação in vitro do potencial 
biotecnológico de bactérias foram validados e descritos quanto à tolerância à 
baixa atividade de água (Aw 0,919 e 0,897) e alta temperatura (40 ± 2 °C), 
síntese de protease, celulase, ACC-desaminase, exopolissacarídeos, ácido 
indol-3-acético, biofilme, sideróforos e solubilização de fosfato de cálcio. Essas 
propriedades foram avaliadas para a triagem in vitro de 100 estirpes da “Coleção 
de Culturas de Bactérias Diazotróficas e Promotoras do Crescimento de Plantas 
da Embrapa Soja”, visando identificar propriedades agronomicamente 
relevantes. Os ensaios em casa de vegetação, com milho inoculado com essas 
estirpes e submetido à restrição hídrica confirmaram a correlação entre o 
desempenho in vivo e a tolerância à baixa atividade de água e alta temperatura 
in vitro, validando o uso dessa abordagem como ferramenta eficaz para acelerar 
a seleção de estirpes promissoras para essas propriedades. Dentre as estirpes, 
destacaram-se as estirpes dos gêneros Bacillus e Pseudomonas, sendo o 
primeiro notável por sua multifuncionalidade. Três estirpes, Bacillus velezensis 
CNPSo 2384, Bacillus subtilis CNPSo 2606 e Bacillus sp. CNPSo 2723, foram 
eficientes na mitigação da restrição hídrica em milho. O potencial multifuncional 
presente em Bacillus spp., levou a uma revisão sobre suas propriedades 
relacionadas aos mecanismos de promoção do crescimento vegetal, controle 
biológico de pragas e doenças, além da contribuição para práticas de agricultura 
regenerativa. As bactérias promotoras do crescimento de plantas têm potencial 
para revolucionar a agricultura pelo aumento da produtividade das culturas e por 
meio de soluções biológicas para o controle de pragas e doenças, nutrição e 
atenuação de estresses abióticos, representando uma ferramenta essencial para 
uma agricultura ambientalmente responsável. 

Palavras-chave: Bacillus; Pseudomonas; Tolerância à seca; Bioinsumos; 
Bioprospecção de microrganismos. 
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ABSTRACT 

The replacement of chemical inputs with sustainable biological solutions has 
gained global prominence, especially in the agricultural sector, driven by the 
growing demand for safer production practices with lower environmental impact 
and contributions to ecosystem regeneration. This transition reflects not only a 
market trend but also a strategic need to ensure the sustainability and 
competitiveness of modern agriculture. In this context, in vitro methods for 
evaluating the biotechnological potential of bacteria were validated and described 
in terms of tolerance to low water activity (Aw 0.919 and 0.897) and high 
temperature (40 ± 2 °C), and for the synthesis of protease, cellulase, ACC 
deaminase, exopolysaccharides, indole-3-acetic acid, biofilm, siderophores, and 
calcium phosphate solubilization. These traits were assessed in the in vitro 
screening of 100 strains from the Collection of Diazotrophic and Plant Growth-
Promoting Bacteria of Embrapa Soja, aiming to identify agronomically relevant 
characteristics. Greenhouse experiments with maize inoculated with these 
strains and subjected to water restriction confirmed the correlation between in 
vivo performance and in vitro tolerance to low water activity and high temperature, 
validating this approach as an effective tool to accelerate the selection of 
promising strains for these traits. Among the evaluated strains, those belonging 
to the genera Bacillus and Pseudomonas stood out, the former showing 
remarkable multifunctionality. Three strains, Bacillus velezensis CNPSo 2384, 
Bacillus subtilis CNPSo 2606, and Bacillus sp. CNPSo 2723, were effective in 
mitigating water restriction in maize. The multifunctional potential observed in 
Bacillus spp. led to a review of its properties related to mechanisms of plant 
growth promotion, biological control of pests and diseases, and contributions to 
regenerative agricultural practices. Plant growth-promoting bacteria have the 
potential to revolutionize agriculture by enhancing crop productivity and providing 
biological solutions for pest and disease control, nutrition, and mitigation of abiotic 
stresses, representing an essential tool for environmentally responsible 
agriculture. 

Keywords: Bacillus; Pseudomonas; Drought tolerance; Biological inputs; 
Microbial bioprospecting. 

 

 

 

 

 



INTRODUÇÃO 

A crescente demanda global por alimentos, fibras e energia, impulsionada 

pelo aumento populacional e pela limitação de terras agricultáveis, representa 

um desafio significativo para a sustentabilidade agrícola. Para atender a essa 

demanda, práticas agrícolas intensivas, como o uso excessivo de fertilizantes e 

pesticidas, têm sido adotadas, resultando em degradação do solo e perda de 

biodiversidade (Barros-Rodríguez et al., 2021). Nesse cenário, a agricultura 

sustentável exige soluções que aumentem a produção sem comprometer os 

recursos naturais.  

Entre as alternativas promissoras, destaca-se o uso de bactérias 

promotoras do crescimento de plantas (BPCP, ou Plant Growth-Promoting 

Bacteria – PGPB). Esses microrganismos beneficiam as plantas por diferentes 

mecanismos, como a produção de fitormônios, aumento da absorção de água e 

nutrientes, indução de resistência a estresses bióticos (como pragas e 

patógenos) e abióticos (como salinidade, seca, alagamento, frio, compactação 

do solo, deficiência nutricional e fitotoxicidade), sem comprometer a qualidade 

do solo e da água (Banerjee et al., 2020; Gupta; Pandey, 2023; He et al., 2024). 

O uso desses microrganismos ou seus metabólitos, por meio de bioinsumos, 

contribui para o aumento da produtividade, com maior eficiência no uso dos 

recursos, promovendo a sustentabilidade e atendendo de forma responsável à 

crescente demanda da população (Kumari et al., 2023; Salwan; Sharma, 2022). 

Os bioinsumos podem ser agrupados em três categorias principais, de 

acordo com sua funcionalidade: (I) promotores do crescimento e 

desenvolvimento vegetal, (II) agentes de controle biológico de pragas e doenças, 

e (III) condicionadores ou recuperadores do solo. Cada grupo pode ser 

subdividido com base nos mecanismos biológicos e modos de ação específicos 

(Bullor et al., 2024). No grupo I, são incluídos os biofertilizantes, no Brasil 

denominados inoculantes, (como fixadores biológicos de nitrogênio e 

solubilizadores de nutrientes) e os bioestimulantes (outros microrganismos 

benéficos). O grupo II abrange os agentes de controle biológico, como 

biofungicidas, bioinseticidas e bionematicidas. O grupo III é formado por 

bioinsumos voltados ao condicionamento e recuperação do solo (Bullor et al., 

2024) (Figura 1). É importante destacar que, em todos esses grupos, além do 



uso de microrganismos vivos, existe a possibilidade de desenvolver produtos 

baseados apenas em seus metabólitos (como fitormônios, sideróforos, 

antibióticos naturais e lipopeptídeos), os quais podem atuar como ingredientes 

ativos sem a presença de células viáveis. Isso amplia as possibilidades de 

formulação, assegurando maior estabilidade, padronização e versatilidade de 

aplicação (Barbosa et al., 2025). Ademais, um mesmo bioinsumo pode exercer 

múltiplas funções simultaneamente, como estimular o crescimento de plantas e 

oferecer proteção contra fitopatógenos (Bullor et al., 2024). 

 

 

Figura 1. Categorias de bioinsumos, que podem ser classificados como: (I) promotores do 
crescimento vegetal, (II) para controle biológico e (III) para condicionamento ou recuperação do 
solo. Fonte: Barbosa et al. (2025).  

 

No Brasil, o registro de bioinsumos varia de acordo com a funcionalidade: 

produtos do grupo I (como inoculantes e bioestimulantes) são registrados com 

base na cultura-alvo, ou seja, o produto deve demonstrar eficácia para a planta 

à qual se destina; já os bioinsumos do grupo II são registrados de acordo com o 

alvo biológico (pragas e patógenos); por sua vez, o grupo III é registrado de 

acordo com a capacidade de promover alterações benéficas específicas no solo. 

Essa diferenciação influencia diretamente os requisitos regulatórios, refletindo 

no número de registros de cada classificação e a forma de uso dos produtos no 



campo. Segundo dados do aplicativo Bioinsumos do Ministério da Agricultura e 

Pecuária (versão de agosto de 2025), existem 636 inoculantes e 617 produtos 

destinados ao biocontrole registrados no país (Brasil; Empresa Brasileira de 

Pesquisa Agropecuária, 2024). 

As BPCP pertencentes aos grupos I e II desempenham funções que já 

são consolidadas, como produção de ácido indol-3-acético (AIA), síntese de 1-

aminociclopropano-1-carboxilato-desaminase (ACC-desaminase), produção de 

sideróforos, solubilização de minerais, mineralização de compostos ricos em 

fósforo, fixação biológica de nitrogênio, produção de exopolissacarídeos (EPS), 

formação de biofilmes e síntese de compostos antimicrobianos e enzimas 

hidrolíticas (Fanai et al., 2024). Além disso, podem promover resistência 

sistêmica nas plantas, reforçando sua defesa contra pragas e doenças. No 

entanto, a ampla diversidade funcional das BPCP indica um potencial ainda 

pouco explorado que pode contribuir significativamente para a redução do uso 

de insumos químicos e ampliar as possibilidades de adoção de práticas agrícolas 

mais sustentáveis (Kumari et al., 2023). 

As BPCP estão distribuídas em diferentes ambientes, como solos 

agrícolas, rizosfera, filosfera, ambientes aquáticos e até ecossistemas com 

climas severos, como desertos, regiões árticas e áreas salinas. Em tais 

condições, muitos isolados desenvolveram adaptações metabólicas que os 

tornaram particularmente eficientes na promoção do crescimento vegetal sob 

estresse (Leontidou et al., 2020; Vocciante et al., 2022).  

No contexto das mudanças climáticas, marcadas por secas prolongadas, 

inundações e variações térmicas, as BPCP podem aumentar a resiliência das 

culturas (Cao et al., 2023; Fiodor; Singh; Pranaw, 2021) por aumentar a 

tolerância ao estresse e aumentar a eficiência no uso de água e nutrientes. Um 

exemplo é a inoculação de BPCP em pastagens de braquiária (Urochloa spp.), 

em que Azospirillum brasilense CNPSo 2083 e CNPSo 2084, e Pseudomonas 

fluorescens CNPSo 2719 promovem o crescimento vegetal e o acúmulo de 

nutrientes por melhorias na arquitetura radicular, FBN, solubilização de fosfatos 

e síntese de fitormônios e sideróforos, além da produção de ACC-desaminase, 

característica diretamente relacionada à tolerância a estresses (Hungria et al., 

2021; Mamédio et al., 2020). Em trigo (Triticum aestivum L.) a inoculação de 

BPCP obtidas de plantas tolerantes à seca, como Alhagi pseudoalhagi e 



Chenopodium album, reduziu danos fisiológicos, aumentou o conteúdo total de 

clorofila, regulou os níveis de hormônios da planta e melhorou a atividade de 

enzimas antioxidantes, como catalase e peroxidase (Pishchik et al., 2024). A 

inoculação com Gluconacetobacter diazotrophicus Pal5 em arroz vermelho 

(Oryza sativa L.) atenuou os efeitos deletérios da restrição hídrica e contribuiu 

para o incremento da biomassa da planta e solutos osmoprotetores na parte 

aérea (Filgueiras et al., 2020). A inoculação com Bacillus spp. atenuou os efeitos 

da seca em milho (Zea mays L.), promovendo o crescimento, o acúmulo de 

pigmentos fotossintéticos e a absorção de nutrientes, além de reduzir o estresse 

oxidativo e a atividade de enzimas antioxidantes, demonstrando o potencial no 

manejo sustentável do estresse hídrico (Azeem et al., 2022).  

O desempenho dessas bactérias no ambiente agrícola varia de acordo 

com sua especificidade e resulta de interações bioquímicas e fisiológicas que 

beneficiam tanto as plantas quanto o solo (Hartmann; Six, 2023). Diferentes 

gêneros bacterianos, entretanto, influenciam processos distintos, e os efeitos 

podem variar conforme a cultura, o ambiente e até mesmo a estirpe dentro de 

uma mesma espécie (Cruz-Hernández et al., 2022; Makar et al., 2023). Algumas 

estirpes de BPCP já são conhecidas e possuem benefícios comprovados por sua 

interação promotora do crescimento em culturas agrícolas de importância 

econômica, especialmente os gêneros Bradyrhizobium (Santos; Nogueira; 

Hungria, 2019; Zilli et al., 2021), Azospirillum (Cassán et al., 2020; Gómez; 

Mercado; Pineda, 2014; Hungria et al., 2010), Pseudomonas (David; 

Chandrasehar; Selvam, 2018; Yasmeen et al., 2021) e Bacillus (Tiwari; Prasad; 

Lata, 2019; Tsotetsi et al., 2022).  

O gênero Bacillus, em particular, é notável por sua capacidade de formar 

endósporos, o que garante não apenas a sobrevivência em altas temperaturas, 

salinidade e pH do meio, mas também a estabilidade do agente biológico, 

assegurando sua eficiência e vida útil durante o armazenamento e aplicação no 

campo (Govindasamy et al., 2010; Russi, 2024). Além disso, bactérias desse 

gênero podem apresentar propriedades multifuncionais, como a produção de 

compostos antimicrobianos, indução de resistência sistêmica e controle biológico 

de fitopatógenos (Tiwari; Prasad; Lata, 2019), além de desempenharem papel 

ativo na degradação de substratos orgânicos por meio de enzimas hidrolíticas, 



como quitinases, celulases e proteases (Etesami; Adl, 2020), que também 

contribuem para o controle biológico de fitopatógenos (Panicker; Sayyed, 2022). 

A integração de BPCP no manejo agrícola é um caminho eficiente para 

enfrentar os desafios climáticos e dar suporte à intensificação sustentável da 

agricultura. Ao combinar promoção do crescimento, biocontrole e regeneração 

do solo, esses bioinsumos se consolidam como pilares para sistemas agrícolas 

resilientes, produtivos e ambientalmente responsáveis (Meneses et al., 2024).  

A biodiversidade microbiana é um recurso estratégico para a agricultura 

moderna, oferecendo base para o desenvolvimento de novos bioinsumos. 

Investimentos em pesquisa e inovação têm sido impulsionados pela crescente 

demanda por soluções biológicas, com foco em eficiência, segurança ambiental 

e formulação estável (Moreno-Espíndola et al., 2025). As BPCP, além de 

reduzirem a dependência de insumos químicos, fortalecem a resiliência agrícola 

frente às mudanças climáticas, contribuindo para segurança alimentar global 

(Prasad et al., 2019).  

O objetivo desse trabalho foi explorar a diversidade, os mecanismos de 

ação e o potencial biotecnológico de estirpes de BPCP da Coleção de Culturas 

de Bactérias Diazotróficas e Promotoras de Crescimento de Plantas da Embrapa 

Soja, especialmente no contexto das mudanças climáticas e da busca por uma 

agricultura mais sustentável. Para isso, foram desenvolvidos três capítulos. No 

primeiro, foram validadas e descritas metodologias para a avaliação de 

propriedades de interesse biotecnológico em bactérias promotoras do 

crescimento de plantas. No segundo, foram concluídas as avaliações iniciadas 

no mestrado, sobre a caracterização de propriedades in vitro em bactérias e a 

validação da correlação entre a tolerância ao estresse hídrico em condições in 

vitro e o desempenho in vivo de plantas de milho inoculadas. No terceiro capítulo, 

dada a relevância e propriedades múltiplas do gênero Bacillus, foi realizada uma 

revisão de literatura que discute o papel multifuncional desse gênero. na 

agricultura, com ênfase em mecanismos de promoção do crescimento vegetal, 

no controle biológico de pragas e doenças e em sua contribuição para práticas 

de agricultura regenerativa. O conjunto robusto de informações confirma o 

potencial de várias bactérias de compor uma nova categoria de bioinsumos 

multifuncionais. 
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RESUMO 
Como reflexo do crescente interesse do setor agrícola por insumos biológicos, 

observa-se um aumento expressivo na busca por soluções baseadas em 

microrganismos. Esse movimento reforça a necessidade de padronização de 

métodos que assegurem a repetibilidade e a confiabilidade na bioprospecção de 

novos ativos biotecnológicos, tanto em ambientes acadêmicos quanto no setor 

privado. Este documento foi elaborado para atender a essa demanda, reunindo 

e ilustrando metodologias validadas no Laboratório de Biotecnologia do Solo da 

Embrapa Soja, com o objetivo de facilitar a prospecção inicial de microrganismos 

com potencial para compor futuros bioinsumos voltados, sobretudo, à nutrição 

vegetal e à tolerância a estresses abióticos e bióticos. São descritos métodos in 

vitro que permitem avaliar características como o crescimento bacteriano em 

baixa atividade de água (Aw 0,919 e 0,897) e altas temperaturas (40 ± 2 °C), 

bem como a produção de protease, celulase, ácido indol-3-acético (AIA), ACC-

desaminase, exopolissacarídeos (EPS), biofilme e sideróforos, além da 

solubilização de fosfato. O conjunto de protocolos aqui apresentados busca 

oferecer suporte prático e reprodutível para laboratórios e pesquisadores 

envolvidos na prospecção de bactérias promotoras do crescimento de plantas, 

destacando seu potencial biotecnológico no desenvolvimento de bioinsumos 

agrícolas sustentáveis. A relevância desse esforço está em fortalecer sistemas 

agrícolas mais resilientes, produtivos e ambientalmente responsáveis, em 

consonância com as demandas globais por sustentabilidade e inovação no setor. 
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RESUMO 
A substituição de insumos sintéticos por soluções biológicas tem sido uma meta 

global de alta prioridade na agricultura. Em todo o mundo, existem diversas 

coleções microbianas, com elevada biodiversidade e potencial biotecnológico. 

Este estudo baseou-se na hipótese de que análises in vitro podem orientar a 

seleção de estirpes promissoras para posterior avaliação in vivo. Foram 

selecionadas 100 estirpes representativas da “Coleção de Culturas de Bactérias 

Diazotróficas e Promotoras de Crescimento de Plantas da Embrapa Soja”, Brasil, 

para serem avaliadas in vitro quanto às atividades proteolítica e celulolítica, 

produção de 1-aminociclopropano-1-carboxilato desaminase (ACC-

desaminase), sideróforos, compostos indólicos (ácido indol-3-acético, AIA), 

exopolissacarídeos (EPS), biofilme, solubilização de nutrientes e capacidade de 

crescimento em meio com atividade de água reduzida e alta temperatura (40 ± 

2 °C). As 100 estirpes também foram avaliadas em casa de vegetação, em milho 

cultivado em substrato estéril, para verificar a capacidade de promover tolerância 

à seca. Atividades hidrolíticas e proteolíticas destacaram-se em Paenibacillus, 

Pantoea e Bacillus, enquanto a ACC-desaminase foi amplamente detectada em 

38 estirpes de diversos gêneros. A tolerância à seca e a altas temperaturas (40 

± 2 °C) foi fortemente presente em Bacillus. Resultados de destaque foram 

obtidos com Azospirillum para EPS, com Paraburkholderia, Pseudomonas e 

Bacillus para biofilme, e com Chromobacterium para AIA. Em relação às 

propriedades que potencialmente auxiliam na absorção de nutrientes, 30 

estirpes sintetizaram sideróforos, mas apenas sete foram capazes de solubilizar 

fosfato de cálcio, das quais cinco pertenciam ao gênero Pseudomonas. Foi 

observada alta correlação entre a capacidade de crescer in vitro em meio com 

baixa atividade de água e a promoção de tolerância à seca em milho in vivo. A 

partir deste experimento inicial em casa de vegetação, 15 estirpes foram 



selecionadas para confirmar seu potencial em mitigar a restrição hídrica em solo 

não estéril. Três estirpes promissoras, Bacillus velezensis CNPSo 2384, Bacillus 

subtilis CNPSo 2606 e Bacillus sp. CNPSo 2723, foram identificadas como 

candidatas para compor futuros bioinsumos voltados ao aumento da tolerância 

das plantas à restrição hídrica. A aceleração dos programas de seleção de 

estirpes é altamente relevante, e certas propriedades de interesse agronômico 

podem ser encontradas mais facilmente em gêneros bacterianos específicos. 

Além disso, a prova de conceito para uma avaliação preliminar in vitro foi 

confirmada in vivo quanto à tolerância das plantas à seca, incentivando, assim, 

a validação de outras propriedades microbianas importantes.  
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Strategies to facilitate the bioprospection of properties of 

agronomic interest in microbial culture collections and a 

successful case of selection to mitigate drought stress in maize 

 

Abstract 

Background: The replacement of synthetic inputs with biological solutions has 

been a global goal with high priority in agriculture. Worldwide, there are several 

well-organized microbial collections holding high biodiversity and 

biotechnological potential. This study was based on the hypothesis that in vitro 

analyses can guide the selection of promising strains for subsequent in vivo 

evaluation. We selected 100 strains representative of the “Diazotrophic and Plant 

Growth-Promoting Bacteria Culture Collection of Embrapa Soja”, Brazil, to be 

evaluated in vitro for proteolytic and cellulolytic activities, production of 1-

aminocyclopropane-1-carboxylate deaminase (ACC-deaminase), siderophore, 

indolic compounds (indole-3-acetic acid, IAA), exopolysaccharides (EPS), 

biofilm, solubilization of nutrients, and ability to grow in medium with reduced 

water activity and high temperature. The 100 strains were also evaluated in a 

greenhouse on maize growing in sterile substrate to assess their ability to 

promote tolerance to drought. 

Results: Hydrolytic and proteolytic activities were highlighted in Paenibacillus, 

Pantoea, and Bacillus, and ACC-deaminase was widespread in 38 strains of 

several genera. Tolerance to drought and high temperature (40 ± 2 °C) was highly 

present in Bacillus. Outstanding results were obtained with Azospirillum for EPS, 

in Paraburkholderia, Pseudomonas, and Bacillus for biofilm, and in 

Chromobacterium for IAA. Regarding properties that could putatively help the 

uptake of nutrients, 30 strains synthesized siderophores, but only seven were 

able to solubilize calcium phosphate, five of which were classified as 

Pseudomonas. A high correlation was found between the ability to grow in vitro 

in medium with reduced water activity and tolerance to drought in vivo. From this 



initial greenhouse experiment, 15 strains were selected to confirm their potential 

to mitigate drought in a greenhouse experiment with non-sterile soil. Three 

outstanding strains, Bacillus velezensis CNPSo 2384, Bacillus subtilis CNPSo 

2606, and Bacillus sp. CNPSo 2723 were identified as promising candidates to 

compose future bio-inputs aimed at increasing plant tolerance to drought.  

Conclusion: Speeding up strain selection programs is highly relevant, and 

certain properties of agronomic interest can be found more easily in specific 

bacterial genera. Additionally, the proof of concept for a preliminary in vitro 

evaluation was confirmed in vivo for plant tolerance to drought, thereby 

stimulating the validation of other important microbial properties. 

 

Key words: Plant growth-promoting bacteria; Bacillus; Pseudomonas; IAA; EPS; 

biofilm; solubilization of nutrients; ACC-deaminase; siderophores. 

 

Background 

Biological collections are outstanding components of a nation’s scientific and 

national sovereignty, being considered essential for its innovation infrastructure 

[1]. Therefore, microbial collections represent a rich reservoir for the survey of 

potential new technologies. There are important microbial culture collections 

(MCC) worldwide, many also known as Biological Resource Centers (BRC), 

acting as centers of excellence in ex-situ conservation and microbial taxonomy, 

such as ATCC (United States of America), BCCM (Belgium), DSMZ (Germany), 

and WDCM (China). In 2022, the World Federation for Culture Collections 

(WFCC) -the leading organization that synchronizes activities of the MCC- listed 

820 collections worldwide [2]. In Brazil, a mega-diverse country that holds around 

25% of global biodiversity [3], the existing system of collections have received 

increasing recognition in governmental policies as part of efforts to organize 

germplasms of economic interest, including microbial collections.  

Microbial collections typically contain hundreds or thousands of strains or 

isolates. For example, our culture collection located in Londrina, State of Paraná, 

Brazil, “Diazotrophic and Plant Growth Promoting Bacteria Culture Collection of 

Embrapa Soja” (WFCC Collection # 1213, WDCM Collection # 1054), currently 

includes 4,800 strains obtained over more than four decades. Many of these 

strains were obtained from field collections of legume nodules, others from a 



variety of legumes and non-legume species, from natural or agricultural areas, in 

studies of biodiversity [4, 5], ecology [6, 7, 8], or bioprospection for agricultural 

purposes [9, 10, 11].  

As a result of the agricultural sector growing awareness of biological inputs 

(bio-inputs), there has been a significant increase in the search for solutions 

based on microorganisms [12]. Soil health collapses in poorly managed soils, 

biodiversity faces the sixth mass extinction, and crop yields have reached a 

plateau. Against this critical narrative, a call for regenerative agriculture emerges, 

one that goes beyond sustainability, focusing on the recovery of soil health and 

fertility [13]. In response to this scenario, a governmental program to stimulate 

the production and use of bio-inputs was established in Brazil in 2020 [14], 

reinforcing the country´s vocation for the use of bio-inputs in agriculture. 

Plant growth-promoting bacteria (PGPB) have been increasingly applied 

in agriculture as a sustainable practice to enhance crop yields [15]. PGPB can 

stimulate plant growth based on several properties, including the synthesis of 

growth-regulating molecules [16], siderophores [17, 18], 1-aminocyclopropane-

1-carboxylate deaminase (ACC-deaminase) [19], exopolysaccharides (EPS) and 

biofilms [20], hydrolytic enzymes such as cellulases and proteases [21, 22]. 

Growth promotion may also be achieved by increasing plant tolerance to abiotic 

stresses, such as drought [23, 24]. In addition, some bacteria have properties 

that can enhance the plant uptake of nutrients [25], such as the capacity for 

solubilize inorganic phosphate [26, 27] or associated with the biological N2 

fixation (BNF) [28]. Finally, we can cite mechanisms of growth-promotion related 

to the direct biocontrol of pests and diseases, including induced systemic 

resistance (ISR) and the synthesis of antimicrobial molecules, among others [29, 

30]. 

In the highly dynamic microenvironment of the plant-soil system, 

microorganisms interact with roots, exudates, and the native microbiota, directly 

influencing the colonization and activity of introduced strains. Species such as 

Azospirillum brasilense, Pseudomonas fluorescens, and various rhizobia, stored 

at the Embrapa Soja’s culture collection, have already demonstrated successful 

associations in the rhizosphere of different crops, highlighting their potential for 

adaptation to agricultural environments [9, 10, 11]. These bacteria not only 

express plant growth-promoting traits but are also influenced by factors such as 



soil type, host crop, and cultivation conditions, including water deficit. Therefore, 

studies on the occurrence and ecological behavior of these strains in the plant-

soil environment under different climatic conditions contribute to the development 

of formulations with greater persistence and positive interaction with plants under 

field conditions.  

The search for biological solutions in agriculture, with an emphasis on 

microorganisms, has been enormous, so that the growth rate of bio-inputs use 

far exceeds that of chemicals, and further increases are expected over the next 

decades [31]. However, the search for elite microbial strains can be a laborious 

task, especially due to the large number of microorganisms whose functionality 

has not yet been fully investigated.  

The objective of this study was to evaluate whether in vitro analyses can 

guide the selection of strains with agronomic potential for subsequent in vivo 

validation. For that, a careful selection of 100 representative strains based on the 

main genera isolation site, and indications of relevant properties from previous 

studies was made for the analysis of in vitro traits that might indicate agronomic 

potential (e.g., ability to increase the plant capacity for nutrient uptake, drought 

tolerance, production of phytohormones), and further evaluation of tolerance to 

drought in vivo in maize plants. The hypothesis tested was that traits evaluated 

under in vitro conditions would be predictive of the strains' performance in plants 

under water restriction. As main results, we identified genera in which certain 

properties might be predominant, facilitating bioprospection in culture collections, 

and we also confirmed a correlation between in vitro and in vivo properties 

conferring tolerance to drought in maize plants. 

 

Methods 

Bacterial strains 

A total of 100 strains, representative of a collection containing 4,800 strains, were 

initially investigated in vitro for properties putatively indicative of their 

biotechnological potential of agronomic traits of interest. The strains are 

deposited at the “Diazotrophic and Plant Growth-Promoting Bacteria Culture 

Collection of Embrapa Soja” (WFCC Collection #1213, WDCM Collection # 1054) 

in Londrina, State of Paraná, Brazil. The 100 selected strains aimed at including 

representative strains of the main genera of PGPB, site of isolation, and 



indications of relevant traits from previous studies. The selected strains and 

corresponding culture medium used for growth are shown in Supplementary 

Table S1 [32, 33].  

 

Plant growth-promoting traits in vitro 

Proteolytic activity 

For the evaluation of the synthesis of proteolytic enzymes, the strains were grown 

in a culture medium containing skim milk, as described by Gerhardt et al. [34]. 

After incubation for 7 days at 28 ± 2 °C, casein hydrolysis was evaluated by the 

formation of a translucent haloes of degradation around the colony, as shown in 

Supplementary Figure S1. 

 

Cellulolytic activity 

To evaluate the cellulose degradation capacity of the strains, the method 

described by Gerhardt et al. [34] was employed, using a culture medium 

containing carboxymethyl cellulose (CMC) as carbon source. After incubation for 

5 days at 28 °C, the cellulose degradation haloes were revealed by adding 2 mL 

of 1 Mol L-1 NaCl solution on the medium surface, and after 5 minutes, the saline 

solution was removed, and 2 mL of a 0.1% Congo red solution was added. After 

30 minutes, distilled water was applied to wash off the dye solution, revealing 

haloes around colonies showing of positive cellulolytic activity (Figure S1). 

 

Production of 1-aminocyclopropane-1-carboxylate (ACC) deaminase 

The ability to metabolize ACC as the sole source of nitrogen (N) in the medium, 

due to the action of the enzyme ACC-deaminase, was evaluated by adapting the 

methodology of Glick et al. [35] and Lucon et al. [36]. Initially, a N-free culture 

medium (NF) and a buffer solution (containing KH2PO4 and Na2HPO4) were 

sterilized in autoclave, joined, the mixture was enriched with a 0.03% solution of 

ACC previously filtered through a bacteriological filter. The same NF medium was 

prepared without ACC, therefore without any source of N. The strains were 

inoculated on plates with both media and incubated at 28 °C for 8 days. Growth 

in both conditions was then compared. Strains that showed more pronounced 

growth in the ACC-containing medium compared to the NF medium were 

considered capable of using ACC as an ACC-deaminase producer (Figure S1). 



 

Siderophore production 

To assess siderophore production, the isolates were grown on King B agar 

culture medium [37] containing chromazurol S (CAS) [38]. The medium was 

inoculated with 10 µL of bacterial culture suspension, and after 24 and 72 h of 

incubation at 28ºC, in the dark, the evaluations were carried out. The ability to 

produce siderophores was considered positive when an orange or pink halo was 

observed around the colony, and its extent was then measured using a 

pachymeter (King Tools, São Paulo, Brazil) in both evaluations to obtain the 

halo/colony ratio (Figure S1). 

 

Production of indolic compounds 

To quantify the production of indole-3-acetic acid (IAA) in vitro [39], each bacterial 

strain was inoculated in the corresponding liquid culture medium for each genus 

(Table S1) and enriched with tryptophan (100 µg mL-1), and the flasks incubated 

under shaking (100 rpm) for 7 days at 28 °C. The growth broth was then 

transferred to microtubes and centrifuged at 10,000 rpm for 10 min (Eppendorf -

Centrifuge 5804 R). Following, 1 mL of the supernatant was transferred to new 

microtubes, and 750 μL of the Salkowski’s reagent (1 mL of FeCl3.6H2O (0.5 Mol 

L-1), 50 mL of HClO4 (35%)) was added. After 30 minutes of reaction in the dark 

at room temperature, the staining intensity was evaluated in a spectrophotometer 

(Genesys™ 10S UV-VIS spectrophotometer) at a wavelength of 540 nm. The 

results were expressed in μg mL-1 of IAA in the medium based on a calibration 

curve with synthetic IAA (0, 50, 100, 200, 300, 400, 500, 600, 800, 1000 μg mL-

1) (Figure S1). 

 

Production of exopolysaccharides 

The assessment for EPS production was based on de Meneses et al. [40] and 

Castellane et al. [41], with some adaptations. Aliquots of 2 mL of culture broth 

incubated for 72 h at 28 °C were placed in microtubes and centrifuged at 14,000 

rpm (Eppendorf - Centrifuge 5804 R) for 12 min at 4 °C. The cell pellet was 

discarded, and 50 µL of the supernatant were transferred to a new microtube 

containing 150 µL of ice-cold ethanol. The microtubes were centrifuged again at 

14,000 rpm at 4 °C for 10 minutes. The microtubes were then transferred to a 



concentrator (Eppendorf - Concentration Plus) at 45 °C for 1 h or until dry, and 

then 200 µL of ultrapure water were added and homogenized in a vortex. For 

quantification, 200 µL of 5% phenol and 1 mL of concentrated H2SO4 were added 

and homogenized in a vortex, using ultrapure water, phenol, and H2SO4 as blank. 

After 15 minutes of reaction at room temperature, spectrophotometric analysis 

was carried out (Genesys™ 10S UV-VIS spectrophotometer), reading the O.D. 

at 485 nm. The results were obtained according to a calibration curve based on 

the Phenol-Sulfuric method described by DuBois et al. [42] for measuring total 

carbohydrates, using glucose (0, 10, 20, 40, 60, 80, 100, 200 µL mL-1) as the 

standard substrate for the calibration curve (Figure S1). 

 

Production of biofilm 

The assessment of biofilm production was carried out according to the method 

proposed by Lima et al. [43], with some adaptations. Bacterial growth was 

assessed in microtubes (Eppendorf - 2 mL) in the respective culture medium for 

each strain (Table S1). In this analysis, there is no standard comparative 

concentration, considering only the differences among the strains based on 

optical density (O.D.), where higher readings indicate greater biofilm production 

(Figure S1). 

 

Phosphate solubilization 

The capacity for phosphate solubilization was evaluated using the Sylvester-

Bradley et al. [44] method. After autoclaving (121 °C for 20 min), the medium was 

separately supplemented with inorganic calcium phosphate (CaHPO₄·2H₂O), 

which was previously prepared and sterilized. The cultures were incubated at 28 

°C, and the presence of a solubilization halo was assessed at 3, 7, and 12 days 

after inoculation (DAI). The Solubilization Index was determined by the ratio 

between the halo diameter and the colony diameter, using a pachymeter (King 

Tools, São Paulo, Brazil) (Figure S1). 

 

Ability to grow in culture medium with reduced water activity and high 

temperature (40 °C) 

To evaluate the development of the strains in a medium with reduced water 

activity (Aw), Aw was tested at 0.919 and 0.897, as proposed by Hallsworth et al. 



[45]. After incubation at 40 ± 2°C for seven days in Petri dishes, the strains that 

exhibited visible growth were considered positive (Figure S1), while those that 

failed to grow in the medium with a high solute concentration and incubated at 

high temperatures were considered negative. 

 

Phenotypic clustering  

The in vitro evaluation data of 100 PGPB strains for agronomically relevant traits 

were used for phenotypic clustering. A binary matrix was generated based on the 

presence or absence of these traits, and the isolates were grouped using the 

UPGMA (Unweighted Pair Group Method with Arithmetic Mean) algorithm with 

the aid of Bionumerics® software version 7.6.3 (Applied Mathematics, Sint-

Martens-Latem, Belgium) [46]. Clustering distinction was established at a 70% 

similarity threshold. 

Numerical data were normalized to generate a heatmap in the R 

environment (v. 4.5.0), supported by RStudio (v. 2024.12.1) and the packages 

ggplot2 (v. 3.5.2), reshape2 (v. 1.4.4), and ggtext (v. 0.1.2). 

 

Evaluation of the bacterial strains on conferring plant tolerance to water 

restriction under greenhouse 

 

First experiment: Evaluation of 100 strains in maize grown in sterile 

substrate 

Substrate preparation 

Plants were grown in 1 L pots (12 cm in diameter), filled with approximately 1 kg 

of a substrate composed of coarse sand and ground coal in a 1:1 (v:v) ratio. The 

substrate was previously homogenized in trays and sterilized in an autoclave at 

121 °C for 40 minutes. 

 

 

 

Inoculum preparation 

The inocula were prepared by cultivating each bacterial strain in the 

corresponding liquid medium (Table S1), ensuring an equivalent concentration of 

approximately 108 CFU mL-1 for each strain.  



 

Conduction of the experiment 

The treatments consisted of the 100 selected strains and two non-inoculated 

controls: one subjected to water restriction similar to the inoculated plants, and 

another maintained under adequate watering conditions. The experiment was 

laid out in a completely randomized design with three replicates. Maize (Zea 

mays L.) seeds of hybrid Pioneer 30F53 PRO 3 were surface-disinfested by 

immersion in 70% ethanol for 1 min, 0.4% sodium hypochlorite for 5 min, and six 

consecutive rinses in sterile distilled water. 

The inoculation was carried out directly in the pot. The seeds were 

inoculated with 1 mL of the corresponding bacterial suspension cultivated in liquid 

medium, without removing the culture medium. This volume was applied to each 

seed, ensuring complete coverage of the seed by the inoculum. Immediately 

afterward, the seeds were covered with substrate, guaranteeing full coverage and 

proper contact with the soil. 

The greenhouse experiment was carried out at the Experimental Station 

facilities of Embrapa Soja in Londrina, Paraná State, southern Brazil (23˚11′ S, 

51˚11′ W). Plants were supplied with sterilized Hoagland and Arnon’s nutrient 

solution [47] at 50% of the N concentration, in a greenhouse with forced 

ventilation, natural photoperiod, and a temperature of 29 ± 2 ˚C (day) and 17 ± 2 

˚C (night). Plants were submitted to water restriction at the V3 stage, 10 days 

after emergence (DAE), when they had three fully developed leaves, for 12 days. 

 

Induction of water restriction  

The water restriction was monitored by randomly weighing selected pots to track 

mass loss, ensuring the plants not to reach the permanent wilting point but 

keeping them stressed throughout the period of water restriction. The amount of 

nutrient solution for replenishment was established daily and distributed equally 

among the treatments. A view of the experiment is shown in Figure S2. 

 

Data collection 

Plants were collected 22 DAE, 12 days after the water restriction was imposed. 

Roots and shoots were separated, and the following traits were assessed: on the 

day before harvesting (21 DAE), plant height was measured from the soil surface 



to the base of the first mature leaf. Chlorophyll was determined using a 

chlorophyll meter (SPAD 502, Konica Minolta Sensing, Inc., Osaka, Japan) 

according to the calibration described by Kaschuk et al. [48]. At harvest, fresh 

and dry shoot biomass, and root system volume were recorded according to 

Rondina et al. [49]. 

 

Second experiment: Evaluation of selected strains in maize grown in non-

sterile soil  

Substrate and inoculant preparations and conduction of the experiment 

Fifteen bacterial strains that most promoted plant growth under water restriction 

in the first greenhouse experiment, as well as positive results in most in vitro 

tests, were selected for confirmation in a second greenhouse trial. This second 

trial followed similar inocula preparation and sowing procedures, except for the 

substrate, consisting of 5 kg of non-sterile soil per pot (24 cm in diameter). The 

soil was classified as Typic Acrudox [50] taken at 0-20 cm topsoil layer from a 

commercial farm located in Ponta Grossa, Paraná State, Brazil, and presenting 

the following characteristics: pH (CaCl2) = 5.14; organic matter = 18.24 g dm−3; 

available P= 2.85 mg dm−3; exchangeable K = 0.10 cmolc dm−3; Ca = 3.47 cmolc 

dm−3; Mg = 1.10 cmolc dm−3; soluble N = 2.5 mg dm−3; H + Al = 4.12 cmolc dm−3; 

Cation Exchange Capacity (CEC) = 8.79 cmolc dm−3; granulometry: sand = 238 

g kg−1, silt = 30 g kg−1, and clay = 732 g kg−1. 

Preparation of inoculants and procedures of inoculation were the same as 

described for the first experiment.  

The experiment was carried out at the Experimental Station facilities of 

Embrapa Soja, under greenhouse conditions, with an average photoperiod of 13 

h (day) and 11 h (night) ± 28 min and a temperature of 24 ± 3.1 ˚C (day) and 20 

± 2 ˚C (night). During the trial, the average day/night relative air humidity was 

52.5 to 92.7%, respectively. The experiment was conducted following a 

completely randomized design, with five replicates. 

 

Water stress induction 

For adjustment of soil moisture, the soil water-holding capacity was determined 

using a tension table and Richards’s extractor device, resulting in a water-

retention curve that correlates the water content with the soil water potential (ψw). 



During the first 22 DAE, all plants received water to maintain the ψw at 70% of 

the water-holding capacity. After 22 DAE, at V5 stage, when the plants had five 

fully developed leaves, they were submitted to water restriction. For that, the pots 

under water restriction were maintained at 30% of water-holding capacity, while 

non-inoculated control plants were kept with adequate water supply (70% water-

holding capacity). Soil moisture was monitored daily by weighing each pot on an 

electronic scale, and adjustments of moisture were made in the morning 

(between 9 and 11 a.m.). We considered the fresh mass of plants at well-watered 

conditions at 22 DAE from extra pots to correct the effect of plant weight on the 

water reposition in pots containing plants subjected to water restriction. An 

overview of the experiment is shown in Figure S3. 

 

Data collection 

On the 3rd, 5th and 9th days of water restriction, physiological parameters 

were recorded in both stressed and non-stressed plants with a portable gas 

exchange meter, model LI-6400 (Li-Cor, Biosciences Inc., Nebraska, USA). 

Determinations included net photosynthetic (A) and transpiration (E) rates, 

stomatal conductance (gs), intercellular CO2 concentration (Ci), and temperature 

of leaves. Gas exchanges were assessed in the central leaf in the morning (9–

11 a.m.). Plants were collected at 35 DAE, when roots and shoots were 

separated. The following traits were assessed: shoot fresh weight, root mean 

volume, shoot dry weight, root dry weight. Plant height was evaluated before 

harvesting as in Experiment I, and root length was obtained according to Tennant 

[51]. 

 

Statistical analysis 

For all experiments, the data analysis was structured to assess the significance 

of treatments and to explore relationships between the assessed variables. 

Initially, a one-way analysis of variance (ANOVA) was performed, followed by the 

Scott-Knott test at a 5% of significance to group similar treatments. For all 

ANOVA tests, the normality of residuals and the homogeneity of variances were 

assessed prior to analysis.  

To evaluate the relationship between in vitro and in vivo results from the 

first greenhouse experimental trial, Pearson’s correlation coefficient (PCC) was 



applied using R-Statistics to determine the strength and direction of the linear 

relationship between the data. Statistical significance was determined at p £ 0.05. 

Additionally, principal component analysis (PCA) explored the variability 

and relationships among the in vivo data assessed in the first greenhouse 

experiment. The PCA analysis was conducted using SPSS software (version 

22.0) to identify the main components that explain the variability in the dataset. 

This multivariate analysis allowed the summarization of the data structure and 

identification of key patterns associated with the treatments. 

 

Results and Discussion 

In vitro plant growth-promoting traits  

The selected 100 PGPB strains were evaluated in vitro for ten putative plant 

growth-promoting traits. Protease production was confirmed in 33 strains by the 

formation of a typical degradation halo around the colonies on a culture medium 

containing skim milk (Table 1). Additionally, cellulase production was observed 

in 18 strains, eight of them exhibiting the production of both enzymes, belonging 

to the genera Bacillus (6), Paenibacillus (1), and Pantoea (1) (Table 1). The 

genus Bacillus has been reported as highly efficient in producing hydrolytic 

enzymes [52, 53, 54]. The protease activity has great potential to help in the 

biocontrol of pests and diseases in agriculture. For example, Khedher et al. [55] 

reported the effect of this enzyme produced by some species of Bacillus on the 

rupture and deformation of fungal hyphae. Proteases can impair the structure and 

some cellular functions of pathogenic fungi due to vacuolization, protoplast 

leakage, and cracking of mycellium [55]. An important advantage of biocontrol 

using microbial hydrolytic enzymes to replace chemical fungicides is the lack of 

damage to plant tissues [56]. 

Thirty-eight strains demonstrated ACC-deaminase activity, indicated by 

robust growth in medium containing ACC as the sole N source. This trait was 

distributed across 15 genera: Achromobacter (1), Agrobacterium (4), Azospirillum 

(2), Bacillus (4), Bradyrhizobium (4), Chromobacterium (3), Delftia (1), Ensifer 

(=Sinorhizobium) (1), Methylobacterium (1), Neorhizobium (1), Paenibacillus (2), 

Pantoea (3), Paraburkholderia (2), Pseudomonas (6), and Rhizobium (3) (Table 

1).  



The production of ACC-deaminase is related to the regulation in the levels 

of ethylene due to mineralization of precursor molecules, releasing ammonia, 

which may contribute to plant nutrition to a small extent [57, 58]. Therefore, the 

ACC-deaminase-producing strains help to reduce the negative response to 

ethylene produced under stressing conditions, such as water deficit, and also to 

reduce the plant senescence, a widespread physiological strategy under stress 

[59]. The induction of stress tolerance promoted by ACC-deaminase-producing 

PGPB has been broadly reported in various crops, including improvements in 

plant growth, nutrient content, and antioxidant properties in wheat (Triticum 

aestivum L.) associated with strains of the genera Variovorax, Pseudomonas, 

Achromobacter, and Ochrobactrum [60]. In maize associated with 

Achromobacter xylosoxidans, the ACC-deaminase activity increased 

photosynthetic rate, stomatal conductance, total chlorophyll and carotenoid 

contents, and grain yield [61]. In soybean (Glycine max (L.) Merr.), inoculation 

with Curtobacterium sp. relieved the salt stress and stimulated plant growth [62]. 

Interestingly, in cherry tomatoes (Solanum lycopersicum var. cerasiforme), the 

inoculation of an ACC-deaminase-producing strain Leclercia adecarboxylata 

promoted both growth and tolerance to salt stress [63], highlighting the 

biotechnological potential of ACC-deaminase-producing strains such as those 

identified in our study. 

Siderophore production was observed in 30 strains, spanning 11 genera: 

Agrobacterium (3), Azoarcus (1), Azospirillum (1), Bacillus (2), Bradyrhizobium 

(2), Chromobacterium (3), Delftia (1), Paenibacillus (1), Paraburkholderia (2), 

Pseudomonas (12), and Rhizobium (2) (Table 1). To better assess the efficiency 

of siderophore production among strains with different growth rates, the assay 

was conducted at two distinct times (24 and 72 h of incubation). This approach 

was necessary because halo development was not synchronized across all 

strains. By including an additional reading, it was possible to capture the full 

expression of siderophore production in slower-growing strains and to account 

for differences in halo/colony ratios, which varied significantly among isolates. 

This metric allowed a more accurate comparison for capacity of siderophore 

production, besides only the presence or absence of a halo. After 72 h of 

incubation, Rhizobium giardini CNPSo 171 and Pseudomonas sp. CNPSo 2625 



showed the highest halo-to-colony ratios, indicating high efficiency in siderophore 

production relative to the colony growth. 

The 30 siderophore-producing strains identified in our study may be of 

biotechnological interest due to their ability to increase nutrient availability and 

inhibit pathogen growth through iron (Fe) complexation [64, 65]. Among them, 

Pseudomonas was the most prevalent genus (12 strains), as also reported Tian 

et al. [66]. This genus is widely recognized for enhancing Fe uptake in plants 

grown in Fe-deficient soils [67]. In maize, siderophore production has been 

associated with improved Fe transport to stalks, leaves, and seeds, which is 

relevant for the nutritional quality of food and feed [68]. Moreover, by restricting 

Fe availability in the rhizosphere, siderophores is involved in the suppression of 

phytopathogens, offering an eco-friendly alternative to synthetic fungicides [69].  

Regarding the synthesis of phytohormones, Chromobacterium violaceum 

strain CNPSo 1954 stood out in a tryptophan-supplemented culture medium, 

producing the highest amount of IAA, 207 μg mL-1 (Table 1). Despite being quite 

variable, all strains were able to synthesize IAA when supplemented with 

tryptophan, ranging from 1.54 to 207 μg mL⁻¹; tryptophan is the precursor of IAA. 

C. violaceum is known for the synthesis of a secondary metabolite named 

violacein, which gives the purple color to the colonies [70]. Although violacein is 

not essential for bacterial growth and survival, it is involved in the synthesis of 

tryptophan [71]. Other genera also synthesized high concentrations of IAA, such 

as Pseudomonas, which has been widely recognized in previous studies as an 

important producer of indolic compounds [72, 73], and also Pantoea. IAA 

stimulates root elongation and increases the number of root hairs and roots 

branching, which are architectural traits crucial for nutrient uptake [74]. 

Additionally, depending on the concentration, IAA may increase the length of the 

primary root and enhance tolerance to salt and drought stress by driving the roots 

away from regions of elevated salinity or towards regions with more available 

water [75, 76].  

Regarding the high biotechnological potential of C. violaceum CNPSo 

1954 for synthesis of IAA, it is worth mentioning that when searching for strains 

to be used as bio-inputs, they must also be investigated for pathogenicity to 

humans, animals, and plants. C. violaceum rarely causes diseases in humans; it 

is widely found in Amazonian rivers, where the strain CNPSo 1954 was obtained 



from [77], but as pathogenicity has been reported [78], the strains should always 

be investigated. If pathogenicity is confirmed, alternatives can be found, such as 

the use of secondary metabolites as phytostimulants [79]. 

Regarding EPS production, the strains Azospirillum rugosum CNPSo 3757 

and Azospirillum brasilense CNPSo 2084 (=Ab-V6) stood out, with average 

values of 131 μg mL⁻¹ and 129 μg mL⁻¹, respectively (Table 1). The production 

of EPS is fundamental for microbial life, as it provides an ideal environment for 

their survival, favoring chemical reactions and the provision of nutrients, and can 

also benefit plant growth by increasing soil physical conditions and facilitating the 

aggregation of particles, in addition to reports on mitigation of environmental 

stresses, such as salinity and drought [80, 81]. In this study, although two strains 

of Azospirillum stood out for EPS production, Pseudomonas accounted for five 

out of nine strains with the greatest potential. Pseudomonas has been reported 

for its plenty production of EPS under water restriction, creating a 

microenvironment that promotes water maintenance, thereby protecting the 

microorganism and the associated plant roots against dehydration [82, 83].  

EPS is part of the structural matrix of biofilms; however, in this study, there 

was no direct relationship between the production of EPS and biofilm formation, 

as strains of Paraburkholderia had the maximum production of biofilm in vitro. 

Among the 100 strains assessed for biofilm production (SD = 17%), 

Paraburkholderia nodosa CNPSo 1299 (O.D. 1.458), P. nodosa CNPSo 1204 

(O.D. 1.404), Bacillus velezensis CNPSo 2384 (O.D. 1.249), and Pseudomonas 

lurida CNPSo 2218 (O.D. 1.166) stood out, showing the highest optical density 

values, highlighting superior capacity to form biofilm (Table 1). This can be 

explained not only by the capacity of EPS synthesis but also on factors such as 

the structure and physiology of the microbial cell and quorum-sensing 

mechanisms. Biofilm production can also change during the process of 

association between the microorganism and the host plant, when other interfering 

factors may occur, such as interactions with other microorganisms, root 

exudates, microbial competition, physicochemical characteristics, and soil 

organic matter content, among others [84]. 

A very low number of strains was able to solubilize calcium phosphate, five 

of each belonging to the genus Pseudomonas (CNPSo 2222, CNPSo 2604, 

CNPSo 2719, CNPSo 2878 and CNPSo 4140), in addition to Pantoea 



agglomerans CNPSo 2602 and Gluconacetobacter azotocaptans CNPSo 2783 

(Table 1 and Figure 1), corroborating findings of Sánchez López et al. [85]. These 

strains can help plants to deal with P-limiting conditions [86], commonly found in 

Brazilian soils [87]. The benefits and importance of PGPB in making P available 

are reinforced by the finite amount of phosphate rocks mines for P-fertilizer 

production, increasing production costs, and the global low levels of soil available 

P to support agricultural production [88, 89]. 

Only 11 strains grew at reduced water activity in the culture medium with 

an Aw of 0.919 and temperature of 40 ºC, and only five had satisfactory growth 

under even more restrictive conditions, with Aw of 0.897 (Table 1). These five 

strains are species of Bacillus, highlighting their adaptability to environments with 

restricted water activity and high temperatures. This resilience is evidenced by 

the ability of these Gram-positive bacteria to form endospores, which makes the 

genus more tolerant to life-threatening abiotic conditions such as extremes of 

temperature, pH, and radiation [90, 91]. This combination of physiological and 

genetic traits allows Bacillus strains not only to survive but also to play important 

roles in challenging environments, such as those affected by water restriction and 

higher temperatures, a scenario ever more frequent as a result of the global 

warming. 

Studies have shown that plants colonized by Bacillus spp. exhibit 

enhanced water uptake, which plays a crucial role in protecting them from 

drought-induced damage [92]. Furthermore, under water restriction, the uptake 

of nutrients typically decreases. However, when treated with Bacillus spp., plants 

have higher nutrient use efficiency, even under drought conditions [93]. 

Importantly, our results provide new evidence that selected bacterial strains can 

play a major role in the agriculture of the future, when water constraints will be 

more frequent, especially the outstanding effect of Bacillus. 

 

 

Phenotypic clustering 

The dendrogram analysis, considering potential plant growth-promoting traits 

among the 100 strains assessed in vitro, identified five clusters at a similarity level 

of 70% (Figure 2). Cluster 3 had the highest number of isolates, 39, with genera 

broadly distributed, followed by clusters 5 (formed predominantly by 



Pseudomonas) and 4, with 22 and 15 isolates, respectively. Cluster 1, comprising 

only Bacillus, included nine isolates. 

The heatmap analysis confirmed distinct patterns among bacterial genera 

regarding the quantitative expression of in vitro traits associated with plant 

growth-promotion (Figure 3). Strains of the genus Paraburkholderia exhibited 

high capacity for biofilm formation, while Azospirillum stood out for EPS 

production. IAA synthesis was particularly high in a Chromobacterium strain. In 

contrast, Pseudomonas strains showed consistent performance across multiple 

tests, indicating a multifunctional profile, while Bacillus displayed high variability, 

with results depending on the strain. 

 

Assessment of plant tolerance to drought under greenhouse conditions 

First screening for tolerance to drought 

In the first experiment, assessing 100 bacterial strains on the growth of maize in 

sterile substrate, inoculated plants showed superior performance in some 

parameters compared with control, indicating promising effects of certain strains 

on the physiological variables assessed in this study. It is worth commenting that 

seeds were inoculated with 1 mL of bacterial suspensions obtained from liquid 

cultures with different compositions. However, we found no differences in seed 

germination rates and vigor that could be attributed to differences in nutrient 

composition and, therefore, we consider that nutrients carried with the inoculant 

did not affect plant growth; furthermore, plants were always supplied with nutrient 

solution to prevent any nutritional limitation. For plants under water restriction, 11 

strains stood out: Achromobacter sp. CNPSo 2660, Azoarcus indigens CNPSo 

2541, Bacillus aryabhatai CNPSo 2603, B. velezensis CNPSo 2384, Bacillus sp. 

CNPSo 2725 and CNPSo 2383, Bradyrhizobium pachyrizi CNPSo 2259, C. 

violaceum CNPSo 1954, Pantoea agglomerans CNPSo 2602, Pantoea sp. 

CNPSo 2344 and CNPSo 2493. These strains significantly increased shoot fresh 

and dry weight, root volume, plant size, and chlorophyll concentration compared 

with the non-inoculated plants (Control I) (Table 2). Inoculation with 20 strains 

significantly increased chlorophyll concentration, with Bacillus velezensis CNPSo 

2657 standing out by promoting a 27% increase compared with plants grown 

under well-watered conditions (Control II) (Table 2). The effect of two promising 

strains in promoting drought tolerance in maize is shown in Figure S4. 



Very important, the inoculation of 42 strains resulted in shoot dry weight of 

plants under water restriction statistically similar to plants kept under well-watered 

conditions, belonging to the genera: Bacillus (9), Paraburkholderia (6), 

Pseudomonas (7), Chromobacterium (5), Pantoea (4), Paenibacillus (1), 

Agrobacterium (2), Bradyrhizobium (2), Rhizobium (2), Achromobacter (1), 

Azoarcus (1), Azospirillum (1), and Gluconacetobacter (1) (Table 2).  

The average root volume ranged from 4.12 to 13.86 mL per plant, with the 

greatest value observed in plants inoculated with B. velezensis CNPSo 2384, 

which was statistically different from all the other strains, in addition to the non-

inoculated plants grown under well-watered conditions (Control II) (Table 2). 

For 21 strains, plant size under water restriction was similar to well-

watered plants (Control II). These strains included Chromobacterium violaceum 

CNPSo 1954, CNPSo 1963 and CNPSo 1958; Psudomonas lurida CNPSo 2218, 

Pseudomonas soli CNPSo 1987 and CNPSo 2220; Bacillus subtilis CNPSo 2620, 

B. velezensis CNPSo 2657, B. aryabhatai CNPSo 2603, Bacillus sp. CNPSo 

2725 and CNPSo 2383; Azoarcus indigens CNPSo 2541; Gluconacetobacter 

azotocaptans CNPSo 2783; Pantoea agglomerans CNPSo 2602, Pantoea sp. 

CNPSo 2344 and CNPSo 2493; Bradyrhizobium pachyrhizi CNPSo 2259; 

Paenibacillus polymyxa CNPSo 2227; Achromobacter sp. CNPSo 2660; 

Paraburkholderia franconis CNPSo 3157, and P. nodosa CNPSo 1204 (Table 2).   

The Pearson’s correlation coefficient analysis between the traits assessed 

in vitro and the results from the first experiment in greenhouse revealed positive 

correlations among the traits of the strains grown in vitro under reduced water 

activity (Aw 0.919 and 0.897), at 40 °C, and the ability to promote shoot fresh 

weight, shoot dry weight, and chlorophyll concentration of maize (Figure 4). 

These results can highly speed up strain selection programs towards the 

development of bio-inputs aiming at the new challenges of climate changes faced 

by agriculture. Therefore, our initial hypothesis was confirmed for drought 

tolerance, while the validation of other key traits, such as phosphate 

solubilization, remains to be addressed.  

A slightly weaker relationship was found between traits of the strains 

grown under reduced water activity (Aw 0.919 and 0.897), at 40°C, and biofilm 

production in the in vitro analyses (Figure 4). Although other plant growth-

promoting properties, such as EPS and biofilm production, have been reported 



in mitigating water stress [94], we did not observe a correlation with the in vivo 

plant performance in our study. For both root volume and chlorophyll 

concentration, plants inoculated with Bacillus spp. reached the highest averages, 

even higher than those of plants that were not subjected to water deficit (Table 

2). The potential of Bacillus spp. in increasing chlorophyll concentration was also 

verified in cotton plants (Gossypium hirsutum L.) by Diaz [95]. Higher chlorophyll 

concentrations make plants more effective to convert light energy and 

accumulate biomass under stress or physiological disorders, relieving the 

negative effects [59]. 

For selection of the most promising strains in Experiment I, a principal 

component analysis was applied to check correlations among the variables 

(Figure 5A) in a factorial plan (Figure 5B). Shoot fresh and dry weights, and plant 

size, were related to each other, as represented by PC1, which explains 56.65% 

of the total variance. Considering the information gathered by PC1, the previously 

highlighted variables show a positive correlation; on the other hand, root volume 

and chlorophyll concentration were weakly related each other variables, and were 

best represented by the PC2. 

According to the factorial plan representing the treatments, there was a 

great variation in the response among different strains. As an example, plants 

inoculated with B. pachyrhizi CNPSo 2259, A. indigens CNPSo 2541, and P.  

agglomerans CNPSo 2602 (ID 39, 44, and 45, respectively) responded differently 

from those inoculated with Delftia sp. CNPSo 3288, Agrobacterium pusenese 

CNPSo 3315, and Agrobacterium sp. CNPSo 4045 (ID 83, 85 and 98, 

respectively).  

Fifteen bacterial strains that promoted more vigorous plants grown under 

water restriction and that were positive in most in vitro assessments were 

selected for a second greenhouse trial. 

 

Assessment of the most promising strains in non-sterile soil 

In the second experiment with 15 selected strains, plant photosynthetic rates 

varied over time and among strains. A general decrease in CO₂ assimilation rate 

was observed on the fifth day of stress, followed by partial or complete recovery 

by the ninth day. Control I, with plenty water supply, showed the highest values 

at all assessing times, while Control II, under drought stress, exhibited a marked 



decrease in CO₂ assimilation, especially on the fifth and ninth days. Among the 

strains, B. velezensis CNPSo 2384 stood out for maintaining a high maize 

photosynthetic rate throughout the experimental period (Table 3). 

Among the plants under water restriction, some strains showed potential 

to mitigate the stressful condition, maintaining a high photosynthetic rate, such 

as C. violaceum CNPSo 1954 and B. velezensis CNPSo 2384, which presented, 

respectively, photosynthetic rates 26 and 51% higher than the non-inoculated 

plants (Control I). Plants under water restriction and inoculated with B. velezensis 

CNPSo 2384 showed a reduction of only 5% in photosynthetic rate in the last 

evaluation compared with those irrigated throughout the whole period (Control II). 

Similar trends were observed for stomatal conductance and transpiration rates 

(Table 3), which are closely linked to photosynthetic activity, indicating a 

consistent physiological response among these parameters. 

Shoot fresh weight ranged from 122.5 to 203.3 g per plant. The lowest 

value was observed in non-inoculated plants under water restriction, while the 

highest was recorded in plants that received plenty of water supply throughout 

the experiment. Inoculated plants showed superior performance compared with 

non-inoculated ones. For shoot dry weight, the highest average was found for 

well-watered plants (26.14 g), while plants under water restriction but inoculated 

with the Bacillus sp. CNPSo 2658 had the highest average (19.97 g). For plant 

size, the average of well-watered plants also stood out from the other treatments, 

reaching 1.35 m. Among the treatments under water restriction, plants inoculated 

with C. violaceum CNPSo 1954 and G. azotocaptans CNPSo 2783 reached 1.27 

m (Table 4). 

The root volume of plants inoculated with the strains of C. violaceum 

CNPSo 1954, Pseudomonas soli CNPSo 1987, Pantoea agglomerans CNPSo 

2602, Bacillus subtilis CNPSo 2605, and B. subtilis CNPSo 2606 were similar to 

those of well-watered plants, while no differences were found for root dry weight 

(Table 4). The average root length ranged from 261.4 to 491.8 m per plant, with 

the highest value in plants inoculated with C. violaceum CNPSo 1954. In addition, 

the length of roots of plants inoculated with Pseudomonas soli CNPSo 1987 and 

Pantoea agglomerans CNPSo 2602 were also significantly increased (Table 4). 

It is worth mentioning the importance of the contact between the root system and 

the soil, enhancing the uptake of water and nutrients [49, 96]. We found that 



plants inoculated with three strains, C. violaceum CNPSo 1954, Pseudomonas 

soli CNPSo 1987, and Pantoea agglomerans CNPSo 2602 stood out in volume, 

mass, and length of roots. Under field conditions, this ability could 

have a significant impact on drought tolerance. 

Water constraints in a warmer climate concern humanity and agriculture 

[97]. Furthermore, global patterns of increasing crop yield [98] also enhance the 

demand for water. In addition, higher temperatures with more frequent hotter 

days, more intense radiation, and land cover/land use changes [98] may intensify 

the impacts of water restriction [99]. The survival capacity of plants will depend 

on their adaptation ability but also on the severity and duration of the restrictive 

period [100]. In this scenario, inoculation with PGPB should be investigated, as it 

can help mitigate plant damages. Indeed, it has been recently shown that strains 

used in our study were able to mitigate the negative impacts of a 2 °C warming 

on the photosynthesis, growth, and nutritional value of a tropical C4 grassland 

under field conditions [101]. 

Considering all the data analyzed, we highlight the outstanding effect of 

three strains, B. velezensis CNPSo 2384, B. subtilis CNPSo 2606, and Bacillus 

sp. CNPSo 2723, with high potential to be used as new bio-inputs (Figure S5). In 

addition, the multifunctional traits of these three selected strains confirm that 

Bacillus may have multiple uses [102, 103, 104, 30], which highly benefits 

agricultural sustainability. 

According to Radhakrishnan et al. [92], during water restriction and the 

consequent increase in the concentration of toxic salts and metals in the soil 

solution, Bacillus spp. can produce EPS and siderophores. This ability can also 

regulate other microbial populations in the soil, including pathogens. Regarding 

the imbalance resulting from water restriction, the synthesis of IAA and ACC-

deaminase regulates the intracellular metabolism of phytohormones, increasing 

the plant stress tolerance. Sivasakthi et al. [105] pointed out that Pseudomonas 

and Bacillus have more abilities to survive in a wide range of stressful 

environments than other PGPB – whether through phosphate solubilization, the 

production of siderophores, or the biocontrol of plant pathogens. In this study, the 

production of siderophores and EPS in vitro was mostly found in Pseudomonas 

spp. Besides the production of metabolites, the ability of Bacillus to form 

endospores may increase the cell viability under adverse conditions, even in 



formulations of commercial products [106, 107]. Despite the promising results 

obtained under controlled conditions, further studies are needed to evaluate the 

behavior of selected strains under field conditions, where multiple biotic and 

abiotic factors affect microbial dynamics. Adaptation to the local ecosystem is 

essential for introduced microorganisms to establish themselves, interact with 

native microbiota, and promote tangible benefits to plants. According to Li et al. 

[108], land use plays a decisive role in shaping soil microbial communities, 

influencing their genomic and functional traits. These environmental factors can 

directly influence the success of inoculation and the effect of selected strains. 

Consequently, field trials are crucial for evaluating microbial inoculants under real 

agricultural conditions. The next step will involve verifying the agronomic potential 

of these strains and their consistency across diverse environments. 

 

Conclusions 

Ø In vitro assessments may accelerate the bioprospection of elite strains for 

bio-inputs based on high correlation between growth in vitro in culture 

medium with reduced water activity and the capacity to increase maize 

tolerance to water restriction; 

Ø Searching for elite strains of agronomic interest in microbial culture 

collections may be facilitated by starting from specific genera, such as 

Bacillus for drought tolerance and Pseudomonas for phosphate 

solubilization.  

Ø Microbial culture collections represent a valuable reservoir of 

biotechnological solutions for agricultural sustainability. Among them, 

plant growth-promoting bacteria stand out, offering a sustainable 

alternative to mitigate the impacts of abiotic and biotic stresses on plants. 

Many strains exhibit multiple traits of agronomic interest, and their use in 

agriculture should be encouraged
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Table 1 In vitro evaluation of protease, cellulase, growth under reduced water activity, 1-aminociclopropano-1-carboxilato deaminase(ACC)-deaminase, 

phosphate solubilization, biofilm and EPS production, IAA (indole-3-acetic acid) and siderophore synthesis of 100 bacterial strains of the Culture Collection of 

Diazotrophic and Plant Growth-Promoting Bacteria of Embrapa Soja. 









Values represent the mean of three biological replicates and when followed by the same letter are not statistically different according to the Scott-Knott test 

(p<0.05). 

 



Table 2 Growth parametersa of maize hybrid Pioneer 30F53 PRO 3 inoculated with 100 bacterial 

strains of the Culture Collection of Diazotrophic and Plant Growth-Promoting Bacteria of Embrapa 

Soja and grown in sterile substrate under water restriction. 

µ





Shoot Fresh Weight (SFW); Shoot Dry Weight (SDW); Root Volume (RV); Plant Size (PS); and 

Chlorophyll Concentration (CC) of maize plants inoculated with PGPB strains and exposed to 

water restriction. 

Values represent the mean of three replicates and when followed by the same letter are not 

statistically different according to the Scott-Knott test (p £ 0.05). 



Table 3 Photosynthetic rate, stomatal conductance and transpiration of maize plants inoculated 

with the 15 selected bacterial strains grown in non-sterile soil for 3, 5, and 9 days under water 

restriction.  

Values represent the mean of five replicates and when followed by the same letter are not 

statistically different according to the Scott-Knott test (p £ 0.05). 

µ



Table 4 Growth parametersa of maize hybrid ATL100 inoculated with 15 selected bacterial strains 

and grown in non-sterile soil under water restriction. 

Shoot Fresh Weight (SFW); Shoot Dry Weight (SDW); Plant Size (PS); Root Volume (RV); Root 

Dry Weight (RDW); and Root Length (RL) of maize plants inoculated with PGPB strains and 

exposed to water restriction. 

Values represent the mean of five replicates and when followed by the same letter are not 

statistically different according to the Scott-Knott test (p £ 0.05). 



Figure 1 Solubilization index of seven strains for calcium phosphate solubilizing activity. Capital 

letters compare the halo/colony ratio assessed at 3 days; lower case letters compare the ratio at 

7 days; italic lowercase letters compare the ratio at 12 days after inoculation. Values represent 

the means of three biological replicates and when followed by the same letter are not statistically 

different according to the Scott-Knott test (p £ 0.05).  



Figure 2 Phenotypic dendrogram based on putative plant growth-promoting traits of 100 bacterial 

strains of the Culture Collection of Diazotrophic and Plant Growth-Promoting Bacteria of Embrapa 

Soja. Dendrogram built on Bionumerics software (v.7.6.3) using the UPGMA algorithm. The 

clusters were obtained considering the similarity level of 70%. Positive traits are represented in 

yellow, while negative traits are shown in blue. 



Figure 3 Heatmap of plant growth-promoting traits of 100 bacterial strains from the Culture 

Collection of Diazotrophic and Plant Growth-Promoting Bacteria of Embrapa Soja. Data were 

normalized on a scale from 0 to 1, where 1 was assigned to strains with the highest performance 

for the respective trait, represented by orange color. Lower values follow a gradient from lighter 

orange to blue, where blue indicates trait close to 0.  



Figure 4 Pearson’s correlation analysis among the in vitro and in vivo variables assessed for 100 

bacterial strains of the Culture Collection of Diazotrophic and Plant Growth-Promoting Bacteria of 

Embrapa Soja. The color gradient indicates the direction and magnitude of the correlation, 

ranging from blue for strong positive correlations (+1 = 100%) to red for strong negative 

correlations (-1 = -100%), with white representing no correlation (0 = 0%). The size of the circle 

reflects the intensity of the correlation: larger circles indicate stronger correlations, while smaller 

circles indicate weaker correlations. Statistical significance was assessed at p ≤ 0.05.  

Legend: Water Activity (AW); exopolysaccharides (EPS); indole-3-acetic acid (AAI); Shoot Fresh 

Weight (SFW); Shoot Dry Weight (SDW); Root Volume (RV); Plant Size (PS); and Chlorophyll 

Concentration (CC) of maize plants inoculated with PGPB strains under water restriction. 

 



Figure 5 PCA results for variables and treatments. (A) Correlation circle among the variables: 

shoot fresh weight (SFW), shoot dry weight (SDW), root volume (RV), plant size (PS) and 

chlorophyll concentration (CC) of maize plants inoculated with 100 bacterial strains of the Culture 

Collection of Diazotrophic and Plant Growth-Promoting Bacteria of Embrapa Soja and grown in 

sterile substrate under water restriction. The proximity and direction of the variables indicate their 

correlation and contribution for the components. (B) Factorial plan under water restriction 

conditions. The numbers corresponding to each strain are shown in Table S1. The percentage of 

variance explained by each principal component is shown in the axis’s labels.  



Table S1 Bacterial strains selected from the Culture Collection of Diazotrophic and Plant Growth-

Promoting Bacteria of Embrapa Soja for evaluation of in vitro and in vivo plant-growth promoting 

traits and culture medium used for their growth. 



YMA: Modified Yeast Mannitol Agar [31]; 

LB: Luria-Bertani [31]; 

TSA: Trypticase Soy Agar; 

DYGS: [32]. 



Figure S1 Examples of control and positive results, respectively, for each of the ten traits 

evaluated in vitro: (A) protease and (B) cellulase activities, (C) growth under low water activity, 

(D) siderophore synthesis, (E) phosphate solubilization, (F) ACC deaminase activity, (G) biofilm 

formation, (H) EPS (exopolysaccharides) production, and (I) IAA (indole-3-acetic acid) synthesis. 

Properties evaluated in 100 bacterial strains from the “Diazotrophic and Plant Growth-Promoting 

Bacteria Culture Collection of Embrapa Soja”. 

 

 

 

Figure S2 View of the experiment with maize inoculated with the 100 bacterial strains from the 

“Diazotrophic and Plant Growth-Promoting Bacteria Culture Collection of Embrapa Soja”, grown 

on sterile substrate (Experiment I) and submitted to water restriction. 

 

 

 

 



 

Figure S3 View of the experiment with maize inoculated with 15 bacterial strains from the 

Diazotrophic and Plant Growth-Promoting Bacteria Culture Collection of Embrapa Soja, selected 

in Experiment I. Plants grown on non-sterile soil (Experiment II) and submitted to water restriction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4 Growth of maize in sterile substrate under water restriction conditions (Experiment I) 

and inoculation with two promising strains in the mitigation of water stress. Non-inoculated and 

inoculated plants with Azoarcus indigens CNPSo 2541 and Bacillus sp. CNPSo 2383. 



Figure S5 Maize growth in non-sterile substrate under (A) well-watered and (B) water-restricted 

conditions (Experiment II), inoculated with three promising strains for mitigation of water 

restriction: (C) Bacillus velezensis CNPSo 2384, (D) Bacillus subtilis CNPSo 2606, and (E) 

Bacillus sp. CNPSo 2723, respectively. 
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RESUMO 
O gênero microbiano Bacillus habita uma ampla variedade de ambientes e está 

amplamente distribuído em todos os biomas globais, com uma presença 

significativa em habitats do solo. Na agricultura, estirpes de Bacillus 

desempenham papéis multifacetados, atuando como agentes de biocontrole 

contra pragas e doenças e promovendo o crescimento das plantas ao facilitar a 

disponibilidade de nutrientes e melhorar a tolerância ao estresse. Por meio de 

mecanismos como solubilização de fosfato, atividade de ACC-desaminase e 

síntese de fitormônios e sideróforos, Bacillus spp. contribuem para a saúde do 

solo e a produtividade agrícola, em uma abordagem inovadora de agricultura 

regenerativa. A capacidade de Bacillus spp. de solubilizarem fosfatos torna 

esses nutrientes mais acessíveis às plantas, enquanto a atividade de ACC-

desaminase ajuda as plantas a resistirem a estresses ambientais. Além disso, a 

síntese de fitormônios pode estimular o crescimento e o desenvolvimento das 

plantas, e os sideróforos podem facilitar a absorção de nutrientes, como o ferro, 

pelas plantas. À medida que a agroindústria adota formulações à base de 

Bacillus para o manejo de pragas e melhoria das culturas, pesquisas futuras 

trazem perspectivas promissoras para otimizar suas aplicações e explorar todo 

o seu potencial nos agroecossistemas. A exploração contínua da diversidade de 

Bacillus spp. e de suas interações com plantas e com a microbiota do solo 

avançará ainda mais as práticas agrícolas sustentáveis. Esta revisão contribui 

para o entendimento de como as estirpes de Bacillus podem revolucionar a 

agricultura ao melhorar a saúde do solo, aumentar a produtividade agrícola e 

fornecer soluções biológicas eficazes contra pragas e doenças. A aplicação 

bem-sucedida de tecnologias baseadas em Bacillus em milhões de hectares na 

agricultura brasileira demonstra a sinergia entre a necessidade de práticas 

agrícolas mais sustentáveis e o uso de bioinsumos. 



 



 





 







 









 























 



CONCLUSÕES 

A disponibilização de metodologias padronizadas e reprodutíveis para a 

prospecção de microrganismos de interesse agrícola constitui um avanço 

estratégico para o desenvolvimento de novos bioinsumos. Ao consolidar técnicas 

que permitem avaliar características-chave relacionadas à promoção de 

crescimento vegetal e à resiliência frente a estresses, este documento contribui 

para acelerar a integração de novas bactérias em programas de inovação 

biotecnológica.  

A seleção e o uso de microrganismos adaptados a condições adversas, 

como restrição hídrica e altas temperaturas, tornam-se cada vez mais 

estratégicos diante do cenário das mudanças climáticas. O aproveitamento do 

potencial funcional de coleções microbianas contribui diretamente para o 

desenvolvimento de novos bioinsumos capazes de promover a resiliência dos 

sistemas agrícolas e garantir a produtividade de forma sustentável. 

A capacidade de crescimento das estirpes bacterianas em meio com 

baixa atividade de água e sua correlação com o desempenho de plantas de milho 

submetido a déficit hídrico valida o uso desse ensaios in vitro como um método 

preditivo eficiente para a seleção preliminar de microrganismos com potencial 

para mitigar os efeitos da restrição hídrica em condições in vivo. 

As estirpes do gênero Bacillus se destacaram entre os microrganismos 

avaliados, com maior frequência e intensidade de características 

agronomicamente relevantes, como tolerância à seca e altas temperaturas e 

produção de enzimas hidrolíticas. Esses resultados corroboram a literatura e 

evidenciam o papel central do gênero Bacillus no desenvolvimento de 

tecnologias voltadas à agricultura regenerativa e ao manejo de estresses 

múltiplos. As estirpes do gênero Pseudomonas apresentaram destaque nas 

análises in vitro, com alta frequência de resultados positivos para solubilização 

de fosfato de cálcio, produção de sideróforos e EPS. Esse desempenho indica o 

potencial do gênero, assim como das estirpes estudadas para essas 

características. 

Além das propriedades associadas à promoção de crescimento de 

plantas, algumas estirpes bacterianas podem demonstrar atividade antagonista 

contra fitopatógenos, indicando potencial para uso em estratégias de biocontrole. 



Essa capacidade amplia o escopo de aplicação das BPCP, possibilitando o 

desenvolvimento de bioinsumos multifuncionais, que atuem tanto na indução do 

crescimento vegetal, por meio de diferentes mecanismos, quanto na proteção 

das culturas.  

Ensaios em campo, em diferentes condições e culturas, além de estudos 

complementares de caracterização funcional e estabilidade, são essenciais para 

a confirmação dos benefícios potenciais indicados pelas análises in vitro e em 

condições controladas de casa de vegetação, permitindo o desenvolvimento de 

bioinsumos eficazes, seguros e adaptados às condições reais de cultivo. 


