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RESUMO

REZENDE, C. C. Uso de microrganismos multifuncionais na cultura do feijoeiro. 2021.
81 f. Dissertacdo (Mestrado em Agronomia: Produgédo vegetal) - Escola de Agronomia,
Universidade Federal de Goias, Goiania, 20211

O feijdo-comum é um produto com alta importancia econémica e social no Brasil
sob 0 ponto de vista alimentar. Atualmente, o desafio estd no aumento da produtividade
aliado a reducdo do uso de agrotoxicos e fertilizantes sintéticos, buscando uma producgéo
sustentavel com ganhos sociais, ambientais e econdémicos. Nesse aspecto, a utilizacdo de
alternativas tecnoldgicas como os microrganismos multifuncionais (MM) é considerada uma
opcéo para melhoria das préticas agricolas. O objetivo desta pesquisa foi determinar o efeito
do uso de microrganismos multifuncionais, isolados ou em mistura nas trocas gasosas,
producdo de biomassa de parte aerea, de raiz e total, acimulo de nutrientes na parte aérea,
raizes e grdos, componentes de producao e produtividade na cultura do feijdo-comum. Foram
conduzidos dois experimentos em condic¢des controladas (casa de vegetacdo), no primeiro e
segundo semestre de 2019. Nos dois experimentos, o delineamento experimental foi
inteiramente casualizado, sendo 26 tratamentos e trés repeti¢cdes. Os tratamentos consistiram
na aplicacdo de MM e suas combinacfes em pares, com nove rizobactérias isolados BRM
32109, BRM 32110 e 1301 (Bacillus sp.), BRM 32111 e BRM 32112 (Pseudomonas sp.),
BRM 32113 (Burkholderia sp.), BRM 32114 (Serratia sp.), 1381 (Azospirillum sp.) e Ab-
V5 (Azospirillum brasilense), um isolado fungico edafico T-26 (Trichoderma koningiopsis)
e um controle (sem MM). Esses MM foram aplicados em trés momentos: microbiolizacao
das sementes, rega do solo sete dias apds a semeadura (DAS) e pulverizacdo das plantas 21
DAS. A diferenca entre os experimentos foi a cultivar de feijoeiro utilizada, BRS Uai no
primeiro e BRS FC 402 no segundo. Com base nos resultados, pode-se inferir que alguns
dos microrganismos testados, aplicados isoladamente ou em combinagdo, proporcionaram
incrementos significativos nas trocas gasosas, producao de biomassa de parte aérea, de raiz
e total, acimulo de nutrientes e rendimento de grdos na cultura do feijao-comum. No
primeiro experimento, os isolados 1301 e T-26, além das combinac¢des Ab-V5 + T-26, BRM
32114 + BRM 32110 e 1381 + T-26 proporcionaram melhores resultados, uma vez que
permitiram aumentar 36,5% na producdo de graos, maior acimulo de biomassa (78,0%) e
maior teor de N, P e K (42,6; 67,8 e 25,7%, respectivamente) na parte aérea do feijdo-
comum. No segundo experimento, os isolados Ab-V5 e BRM 32112, além das combinacdes
BRM 32114 + T-26, 1301 + BRM 32110 e BRM 32114 + BRM 32110 foram os tratamentos
de destaque, proporcionando aumentos nas trocas gasosas (condutancia estomatica - 79,1%
e transpiracao - 10,0%), no teor de macronutrientes (N - 63,3% e P - 56,7%, na parte aérea
e P - 42,7%, nas raizes) e no desempenho agronémico, proporcionando o dobro do
rendimento de grdos. Portanto, os resultados permitem inferir que o uso de MMs é uma boa
estratégia para proporcionar aumentos no rendimento de gréos de feijdo-comum. Entretanto,
estudos devem ser realizados em campo para confirmar os bons resultados obtidos em
condigdes controladas.

Palavras-chaves: Phaseolus vulgaris, promocéo de crescimento, trocas gasosas, biomassa,
acumulo de nutrientes, rendimento.

1Orientador: Dr. Adriano Stephan Nascente. Embrapa Arroz e Feijao.
Coorientadora 1: Dr2 Marta Cristina Corsi de Filippi. Embrapa Arroz e Feijao.
Coorientadora 2: Dr? Anna Cristina Lanna. Embrapa Arroz e Feijao.



ABSTRACT

REZENDE, C. C. Use of multifunctional microorganisms in common bean crop. 2021.
81 f. Dissertation (Master in Agronomy: Plant Production) - School of Agronomy, Federal
University of Goias, Goiania, 20211

Common beans are a product with high economic and social importance in Brazil
from the food point of view. Currently, the challenge is to reduce the use of pesticides and
synthetic fertilizers, seeking more sustainable production with social, environmental and
economic gains. In this regard, the use of biotechnological alternatives such as
multifunctional microorganisms (MM) are considered an option for improving agricultural
practices. The objective of this research was to determine the effect of the use of
multifunctional microorganisms, isolated or in mixture, in gas exchange, production of
shoots, root and total biomass, accumulation of nutrients in the shoots, roots and grains,
components of grain production and productivity in common bean culture. Two experiments
were carried out under controlled conditions (greenhouse), in the first and second half of
2019. In both experiments, the experimental design was completely randomized, with 26
treatments and three replications. The treatments consisted of the application of MM and
their combinations in pairs, with nine rhizobacteria isolated BRM 32109, BRM 32110 and
1301 (Bacillus sp.), BRM 32111 and BRM 32112 (Pseudomonas sp.), BRM 32113
(Burkholderia sp.), BRM 32114 (Serratia sp.), 1381 (Azospirillum sp.) And Ab-V5
(Azospirillum brasilense), a T-26 edaphic fungal isolate (Trichoderma koningiopsis) and a
control (without MM). These MM were applied in three moments: microbiolization of the
seeds, watering of the soil seven days after sowing (DAS) and spraying of the plants 21
DAS. The difference between the experiments was the common bean cultivar used, BRS Uai
in the first and BRS FC 402 in the second. Based on the results, it can be inferred that some
of the tested microorganisms, applied alone or in combination, provided significant increases
in gas exchange, production of shoot, root and total biomass, accumulation of nutrients and
grain yield in the common bean crop. In the first experiment, isolates 1301 and T-26, in
addition to the combinations Ab-V5 + T-26, BRM 32114 + BRM 32110 and 1381 + T-26
provided better results, since they allowed a 36.5% increase in grain production , higher
biomass accumulation (78.0%) and higher N, P and K content (42.6; 67.8 and 25.7%,
respectively) in the shoot of common beans. In the second experiment, the isolates Ab-V5
and BRM 32112, in addition to the combinations BRM 32114 + T-26, 1301 + BRM 32110
and BRM 32114 + BRM 32110 were the outstanding treatments, providing increases in gas
exchange (stomatal conductance - 79, 1% and transpiration - 10.0%), in the content of
macronutrients (N - 63.3% and P - 56.7%, in the shoots and P - 42.7%, in the roots) and in
the agronomic performance, providing twice the grain yield. Therefore, the results allow to
infer that the use of MMs is a good strategy to provide increases in the yield of common
bean grains. However, studies must be carried out in the field to confirm the good results
obtained under controlled conditions.

Key words: Phaseolus vulgaris, growth promotion, gas exchange, biomass, nutrient
accumulation, yield.
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1 INTRODUCAO GERAL

A utilizacdo intensiva da mecanizacdo, de agrotoxicos, corretivos e adubos
sintéticos, somada ao monocultivo, conduziu a grande maioria das lavouras brasileiras a um
processo intenso de degradacdo (Kour et al., 2019). Entre todos os setores, a agricultura
contribui com a quantidade maxima de poluentes quimicos usando pesticidas e fertilizantes
sintéticos (Senar, 2019). Além do Brasil ser o pais que mais consome agrotdxicos, 0 ano de
2020 foi um marco, considerado o0 ano com maior aprovacdo de agrotoxicos (Rodrigues,
2020). As importacdes de pesticidas também bateram um recorde historico, quase 335 mil
toneladas de agrotoxicos em 2019, um aumento de 16% em relacdo a 2018. O Brasil usa 500
mil toneladas de agrotdxicos por ano, representando um gasto de US$ 8,8 bilhGes (cerca de R$
35 bilhdes no cdmbio atual) (Senar, 2019).

Em relacdo a adubacdo mineral, o Brasil € o quarto maior mercado de
fertilizantes, perdendo apenas para China, India e Estados Unidos (Moraes, 2019). O pais
atingiu a marca histérica de 36,2 milhGes de toneladas de NPK vendidas em 2019. A
utilizacdo dos adubos sintéticos cresceu 450% nos ltimos 30 anos; nesse mesmo periodo, 0
aumento médio mundial ndo passou de 50% (Senar, 2019). Embora a aplicacdo de
agrotoxicos e adubacdo mineral proporcione aumento da produtividade agricola, 0 seu uso
intensivo frequentemente gera um conjunto de externalidades negativas como impactos
sobre seres humanos (Rastegari et al., 2020) e impactos ambientais como, contaminacdo da
agua, plantas e solo, diminuicdo no nimero de organismos vivos e aumento da resisténcia
de pestes (Moraes, 2019). Adicionalmente, causa aumento dos custos de producdo e redugéo
da rentabilidade agricola pelo produtor (Rai et al., 2020).

Um dos principais desafios da agricultura atualmente € uma producao agricola
sustentavel, utilizando ambiente ecologicamente correto, socialmente aceito e
economicamente viavel para atender a demanda crescente de alimentos (Rodrigues, 2020).
De acordo com o relatério do World Population Clock (2019), a popula¢do do mundo ir4
aumentar de 7,7 bilhdes em 2019 para 10 bilhdes em 2050, com isso, 70% alimentos

excedentes serdo necessarios para nossas geracgoes futuras em 2050. Devido a isso, para
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atender a essa demanda de alimentos sem precedentes, serd necessario cerca de 2,7-4,9
Mha/ano de solo (Rai et al., 2020). Como o solo é um recurso limitado e 33% das terras
cultivadas ndo sdo mais avaliaveis (devido a poluicdo ou atividades antropogénicas), uma
tremenda pressao sobre a producéo agricola é atualmente desafiando e abordando a questéo
(Lopes et al., 2020).

Diante deste desafio, o Brasil é o pais com maior potencial para crescer na
producdo agricola (Rodrigues, 2020), sendo o Cerrado um dos principais produtores de
alimento no pais (Moraes, 2019). As culturas de subsisténcias como o feijao-comum tém
destacada importancia nutricional, sendo a principal fonte de proteinas vegetais da
populagéo de baixa renda (Salvador, 2017). O Brasil se destaca no Mercosul como maior
produtor e consumidor (cerca de 90%) de feijdo comum (Phaseolus vulgaris L.) (Conab,
2019). Porém, para atender a demanda necessaria de alimentos para 0s préximos anos serdo
necessarios investimentos no uso de tecnologias alternativas que se diferenciam do modelo
de producéo utilizado atualmente (Pierangeli et al., 2017).

Assim, o uso de microrganismos multifuncionais (MM) que sdo fungos ou
bactérias benéficos que apresentam mecanismos diretos e indiretos de promocdo de
crescimento vegetal podem constituir uma alternativa bioldgica promissora para aumentar a
produtividade das culturas (Marques et al., 2010) e reduzir as entradas de fertilizantes e
agrotoxicos nos agroecossistemas (Adesemoye & Kloepper, 2009). Os principais
microrganismos multifuncionais sdo fungos e bactérias que vivem no solo em um ambiente
de intima relacdo com a raiz da planta (Rastegari et al., 2020; Singh & Yadav, 2020). As
rizobactérias promotoras de crescimento vegetal constituem um grupo heterogéneo de
bactérias que podem ser encontrados na rizosfera, em superficies radiculares e em associacao
com raizes (Ahemad & Kibret, 2014). Entre os géneros mais estudados destacam-se:
Bacillus, Pseudomonas, Azospirillum, Serratia, e Azotobacter (Ratz et al., 2017). Quanto
aos fungos com potencial de promocao do crescimento de plantas, podemos citar as espécies
do género Trichoderma sp. Estes fungos atuam tanto na promocao de crescimento, quanto
como agentes de biocontrole de doencas em plantas (Reis et al., 2013).

Os microrganismos multifuncionais podem proporcionar diferentes efeitos no
desenvolvimento das plantas, tais como, aumentar a germinacdo das sementes, a emergéncia
das plantulas e beneficiarem seu crescimento (Ahemad & Kibret, 2014). O crescimento
vegetal pode ser promovido através de varias formas, dentre elas, aumento da

disponibilidade de N fixado, sintese de horménios e outras moléculas, controle bioldgico
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de patdgenos e pela solubilizacdo de nutrientes com consequente aumento da oferta de
fésforo biodisponivel e outros oligoelementos para absorcéo pelas plantas (Canellas et al.,
2015; Ratz et al., 2017).

Entretanto, muitos estudos ainda precisam ser feitos para entender melhor as
interacdes que ocorrem entre 0s microrganismos, planta e ambiente para que se aproveite ao
maximo o uso de MM nos sistemas agricolas. Assim, 0 objetivo desta pesquisa foi
determinar o efeito de microrganismos multifuncionais, isolados ou em mistura, na produgéo
de biomassa, trocas gasosas, acumulo de nutrientes (NPK) e rendimento de gréos da cultura

do feijdo-comum.
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Resumo

Microrganismos multifuncionais sdo microrganismos benéficos que apresentam mecanismos diretos
e indiretos de promocdo de crescimento vegetal e apresentam um papel importante como uma
tecnologia alternativa rumo a escala para uma agricultura sustentavel. O aumento da demanda pela
producdo agricola com uma reducdo significativa do uso de fertilizantes e pesticidas sintéticos é um
grande desafio na atualidade. O estudo desses microrganismos vem merecendo destaque nos Gltimos
anos em razdo da grande demanda por tecnologias sustentaveis, podendo reduzir os custos de
producdo, aumentando a produtividade e a rentabilidade do agronegécio. A aplicacdo de
microrganismos multifuncionais através de mecanismos diretos e indiretos tem mostrado que é
possivel tornar as praticas de manejo das culturas ambientalmente mais sustentaveis. Os mecanismos
dos microrganismos multifuncionais incluem a regulacdo do equilibrio hormonal, solubilizacdo de
nutrientes na solugdo do solo e inducdo de resisténcia contra patdgenos. O objetivo do trabalho foi
trazer informacdes referentes aos microrganismos multifuncionais priorizando 0s aspectos gerais, as
caracteristicas dos microrganismos (rizobactérias e fungos) promotores do crescimento vegetal e seus
principais mecanismos de acdo. Conclui-se que os microrganismos multifuncionais possuem diversas
caracteristicas favoraveis para serem utilizados como promotores de crescimento das plantas, na
agricultura sustentavel.

Palavras-chave: Producdo agricola; rizobactérias promotoras de crescimento vegetal; Fungo;
Sustentabilidade.

Abstract

Multifunctional microorganisms are beneficial microorganisms that have direct and indirect
mechanisms for promoting plant growth and play an important role as an alternative technology
towards scale for sustainable agriculture. The increase in demand for agricultural production with a
significant reduction in the use of synthetic fertilizers and pesticides is a major challenge today. The
study of these microorganisms has been highlighted in recent years due to the great demand for
sustainable technologies, which may reduce production costs, increasing the productivity and
profitability of agribusiness. The application of multifunctional microorganisms through direct and
indirect mechanisms has shown that it is possible to make crop management practices more
environmentally sustainable. The mechanisms of multifunctional microorganisms include the
regulation of hormonal balance, solubilization of nutrients in the soil solution and induction of
resistance against pathogens. The objective of the work was to bring information regarding
multifunctional microorganisms prioritizing the general aspects, the characteristics of the
microorganisms (rhizobacteria and fungi) that promote plant growth and their main mechanisms of
action. It is concluded that multifunctional microorganisms have several favorable characteristics to
be used as promoters of plant growth in sustainable agriculture.

Keywords: Agricultural production; Plant growth promoting rhizobacteria; Fungi; Sustainability.

Resumen
Los microorganismos multifuncionales son microorganismos beneficiosos que tienen mecanismos
directos e indirectos para promover el crecimiento de las plantas y juegan un papel importante como

16


mailto:anna.lanna@embrapa.br

tecnologia alternativa a escala para la agricultura sostenible. EI aumento de la demanda de produccién
agricola con una reduccion significativa en el uso de fertilizantes y pesticidas sintéticos es un desafio
importante en la actualidad. El estudio de estos microorganismos se ha destacado en los Gltimos afios
debido a la gran demanda de tecnologias sostenibles, que pueden reducir los costos de produccion,
aumentando la productividad y rentabilidad de la agroindustria. La aplicacion de microorganismos
multifuncionales a través de mecanismos directos e indirectos ha demostrado que es posible hacer que
las practicas de manejo de cultivos sean mas sostenibles ambientalmente. Los mecanismos de los
microorganismos multifuncionales incluyen la regulacién del equilibrio hormonal, la solubilizacién
de nutrientes en la solucién del suelo y la induccion de resistencia contra patdgenos. El objetivo del
trabajo fue traer informacion sobre los microorganismos multifuncionales priorizando los aspectos
generales, las caracteristicas de los microorganismos (rizobacterias y hongos) que promueven el
crecimiento de las plantas y sus principales mecanismos de accion. Se concluye que los
microorganismos multifuncionales tienen varias caracteristicas favorables para ser utilizados como
promotores del crecimiento vegetal en la agricultura sostenible.

Palabras clave: Produccion de agricultura; Rizobacterias promotoras del crecimiento vegetal;
Hongos; Sustentabilidad.

1. Introducéo

A utilizagdo massiva dos agrotoxicos se iniciou na década de 60, na chamada Revolucdo Verde —um
movimento pela modernizacdo da agricultura, utilizando méaquinas, agrotdxicos e sementes geneticamente
modificadas com o intuito de aumentar a produtividade. A partir desse momento, grande parte dos agricultores
brasileiros passaram a utilizar esses produtos, inclusive pequenos agricultores (Carvalho & Chagas, 2019).

Porém, essa a¢do desencadeou uma degradacdo das terras agricolas causada pela acdo do homem no
manejo do solo e das culturas, que afeta de maneira irreversivel extensas reas cultivadas e contribui para o
decréscimo do rendimento das culturas (Rai et al., 2020). Este tipo de producéo, considerada ndo sustentavel,
acarreta também problemas ambientais como polui¢do dos recursos hidricos, do solo e do ar; além de riscos
econdmicos como o aumento dos custos de producgdo (Pietro Souza et al., 2020). Assim, devido precaucdes
com a saude e meio ambiente intensificaram o interesse para o desenvolvimento de tecnologias alternativas,
garantindo rendimentos competitivos e protecdo das culturas, em uma abordagem sustentavel levando a um
equilibrio ecoldgico a longo prazo (Singh et al., 2017).

Praticas de manejo de culturas estabelecidas ha algumas décadas como rotacdo de culturas,
desenvolvimento de cultivares com caracteristicas agrondmicas e fisioldgicas de interesse e o uso de plantas
de cobertura quando utilizadas isoladamente, ndo estdo sendo suficientemente adotadas para mitigar os
impactos negativos da degradacao das areas cultivadas sem sustentabilidade (Abhilash et al., 2016). Para Lopes
et al. (2020), essas praticas devem ser complementadas com alternativas racionais e seguras, como 0 uso de
microrganismos multifuncionais, principalmente, rizobactérias promotoras de crescimento vegetal e fungos de
solo como o Trichoderma sp. que promovem o crescimento das plantas por meio de mecanismos diretos e
indiretos.

As rizobactérias promotoras de crescimento vegetal (RPCV) sdo definidas como bactérias que
habitam a rizosfera de plantas realizando fungdes que promovem o crescimento vegetal e sdo beneficiadas
pelos exsudados das raizes (Ahemad & Kibret, 2014). De acordo com Singh et al. (2017), essas rizobactérias
exercem efeitos benéficos sobre as plantas por diferentes mecanismos de agdo, sendo diretos (fixacao bioldgica
de nitrogénio, solubilizagdo do fosfato, produgdo de fitormonios) ou indiretos (produgdo de sideroforos e

biofilme). Varios géneros de bactérias (Acetobacter, Azospirillum, Azotobacter, Bacillus, Burkholderia,
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Klebsiella, Pseudomonas e Serratia) foram relatados como capazes de promover o crescimento das plantas,
incrementos na produtividade de grdos, aumento na emergéncia de sementes, biomassa vegetal e rendimento
da colheita; e resisténcia as doencas (Kang et al., 2019).

Algumas espécies de fungos também apresentam potencial em promover crescimento em plantas
(Cadore et al., 2018). O género Trichoderma sp., considerado como um dos mais explorados, é composto de
fungos de vida livre e apresenta importancia devido ao seu grande potencial de aplicacdo do ponto de vista
agricola, industrial e biotecnolégico (Chagas et al., 2017). Diante deste desafio de produzir de forma mais
sustentavel, a producdo de produtos bioldgicos para controle de pragas e doencas agricolas cresceu mais de
70% no altimo ano no Brasil, movimentando R$ 464,5 milhdes. O resultado brasileiro é considerado o mais
expressivo da histdria do setor e supera o percentual apresentado pelo mercado internacional (Brito, 2020).

Porém, devido as inconsisténcias nos trabalhos de pesquisa com esses microrganismos sob condi¢des
de campo, em todo o mundo, poucas sdo as espécies de RPCVs que sdo efetivamente transformadas em
produtos comerciais para utilizacdo em larga escala (Steffen et al., 2018). Estudos sobre o0 ambiente, a cultura,
as condigbes do solo e as intera¢cbes com 0s microrganismos nativos do solo sdo fatores que necessitam de
investigacdo aprofundada e que podem contribuir para o avanco do conhecimento e a aplicabilidade nos
sistemas agricolas diversos (Kang et al., 2019).

Dessa forma, essa revisdo objetiva trazer informages referentes aos microrganismos multifuncionais
priorizando os aspectos gerais, as caracteristicas dos microrganismos (rizobactérias e fungos) promotores do
crescimento vegetal e seus principais mecanismos de acdo, além de mostrar que 0s microrganismos

multifuncionais sdo uma opcao promissora na producdo de alimentos através de tecnologias sustentaveis.

2. Desenvolvimento
Trata-se de um estudo de caréter tedrico, através de uma pesquisa bibliogréafica de carater exploratério
e abordagem qualitativa (Pereira et al., 2018), que envolveu, fundamentalmente, a analise de informacdes e

caracteristicas sobre os microrganismos multifuncionais e seus mecanismos de ag&o.

3. Aspectos gerais dos microrganismos multifuncionais

Diversos microrganismos quando associados a planta podem promover o seu crescimento e uma série
de outros beneficios no seu desenvolvimento e sdo referidos na literatura como microrganismos promotores do
crescimento vegetal (Abhilash et al., 2016). Esses microrganismos podem ser considerados insumos
tecnoldgicos no contexto da economia verde, pois reduzem o uso de insumos sintéticos na producdo agricola
(Chagas et al., 2017), representando assim alternativa estratégica para a intensificacdo sustentavel de sistemas
agricolas (Steffen et al., 2018).

A rizosfera, camada do solo mais préxima das raizes, é o lugar onde ocorre 0 maior nimero de
interacGes entre plantas e microrganismos (Bhattacharyya & Jha, 2012). Essa regido compde um habitat ideal
para os microrganismos multifuncionais, pois nela encontram-se uma gama de compostos liberados pelas
plantas (exsudatos radiculares), os quais sdo utilizados no metabolismo e crescimento microbiano (Rout, 2014).
A interagdo dos microrganismos com as plantas na rizosfera pode ocorrer de diferentes formas: microrganismos

de vida livre localizados na matriz do solo rizosférico, microrganismos associados a superficie da raiz da planta
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ou rizoplano e microrganismos que se encontram dentro dos tecidos da raiz, nos espacgos intercelulares ou
intracelulares, sendo conhecidos como endofiticos (Santoyo et al., 2016).

Os mecanismos pelos quais 0os microrganismos multifuncionais promovem o crescimento das plantas
podem ser diretos ou indiretos (Vejan et al., 2016). Diretamente, aprimorando a absorgdo e actimulo de
nutrientes essenciais as plantas (Schlaeppi & Bulgarelli, 2015), fixacéo bioldgica de nitrogénio, solubilizacéo
de fosfato, secrecdo de sider6foros (Bashan et al., 2013) e producéo de fitormdnios (Gonzalez et al., 2011).
Indiretamente, destacam-se o biocontrole contra pragas e fitopatdgenos (Liotti et al., 2018) e a inducédo de
resisténcia das plantas aos estresses bidticos e abiéticos como metais pesados, deficiéncia hidrica e salinidade
(Pietro Souza et al., 2020). Silva et al. (2020) verificaram incremento de 25% na producéo de biomassa de raiz
de plantas de soja microbiolizadas com isolados de microrganismos multifuncionais (RPCVs e o fungo
Trichoderma asperellum) quando comparados ao controle (sem microbiolizacéo).

A promocéo do crescimento radicular também é um dos efeitos benéficos dos microrganismos
multifuncionais, pois o estabelecimento rapido das raizes laterais e adventicias é uma caracteristica vantajosa
para as plantas, aumentando a habilidade destas de se fixar ao solo e obter agua e nutrientes do ambiente
(Moreira & Araujo, 2013). Sousa et al. (2019), trabalhando com arroz irrigado por inundagdo, verificaram que
sementes da cultivar BRS Catiana tratadas com os isolados BRM32110 (Bacillus thunringiensis) e
BRM32112 (Pseudomonas sp.) apresentaram aumento médio de 25,7% no comprimento radicular, em
comparagdo com o tratamento controle, enquanto para a cultivar BRS A702 CL, todos 0s microrganismos
proporcionaram incrementos com um valor médio de 31% no comprimento radicular das plantulas de arroz.

A figura 1 mostra os efeitos benéficos das bactérias promotoras de crescimento vegetal simbibnticas
e ndo-simbibnticas, apresentando 0s mecanismos como inducéo de resisténcia sisttmica em nematoides e
patdgenos, sintese de hormonios vegetais (auxina, etileno e giberelina), aumento de tolerancia vegetal e
estresses abidticos, disponibilizacdo de nutrientes e manutencao das caracteristicas desejaveis do solo.

Figura 1. Efeitos benéficos das bactérias promotoras de crescimento vegetal (BPCV), simbidnticas ou ndo-
simbidnticas, no desenvolvimento da cana-de-acucar.

Nematoides
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sistémica biolégico
Patégenos
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NManutenciao de caracteristicas
desejaveis do solo Microrganismos benéficos

Fonte: Mércia Eugénia Amaral Carvalho (2015) (Adaptado de Maheshwari, 2011).
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4. Rizobactérias promotoras de crescimento vegetal (RPCVs)

Dentre os microrganismos presentes na rizosfera existe uma populacdo variada de bactérias,
denominadas rizobactérias. Essas sdo conhecidas como RPCVs quando apresentam efeitos benéficos sobre as
culturas agricolas (Montaldo, 2016). A promogdo do crescimento vegetal pelas RPCVs esta ligada a fatores
como maior taxa germinativa das sementes, maior concentragao de nutrientes nas plantas, aumento no acimulo
de fitomassa e altura de plantas, maior producdo de gréos, dentre outros componentes da produtividade (Ratz,
2017).

As RPCVs, dependendo da proximidade, do grau de intimidade que estabelecem com as raizes e com
as células do hospedeiro, podem ser classificadas em dois grupos: eRPCV (“rizobactérias promotoras de
crescimento vegetal extracelulares”) e iRPCV (“rizobactérias promotoras de crescimento vegetal
intracelulares”) (Vejan et al., 2016) (Figura 2). As eRPCV sdo aquelas presentes na rizosfera e rizoplano ou
nos espacos intercelulares das células do cortex radicular tais como Azospirillum sp., Bacillus sp., Burkholderia
sp., Pseudomonas sp.e Serratia sp. Exemplos de iPGPR sdo Bradyrhizobium e Rhizobium, normalmente

encontradas em estruturas nodulares especializadas da raiz (Martinez Viveros et al., 2010).

Figura 2. IRPCV X eRPCV associadas com as raizes de plantas.

19 4 5
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Fonte: Armando Silva (2016).

A eficiéncia das RPCVs pode ser incrementada pela técnica de co-inoculacdo, que consiste na
combinacdo de isolados potenciais de diferentes espécies para somar os efeitos plurifacetados durante a
interacdo microrganismos-planta (Dalolio et al., 2018). Resultados positivos para o crescimento do milho

derivados do uso combinado de RPCVs foram obtidos por Akhtar et al. (2014) ao verificarem aumento da
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altura, diametro de colmo, massa seca de parte aérea e dos teores de fosforo e nitrogénio acumuladas nas plantas

em resposta a aplicacdo simultdnea de Rhizobium sp. e Bacillus sp. nas sementes.

5. Fungos promotores de crescimento vegetal

Os fungos, principalmente, os do género Trichoderma sp. exibem um papel consolidado na producéo
agricola, devido a sua capacidade de colonizar a rizosfera e outros locais na parte aérea das plantas,
promovendo efeitos benéficos no desenvolvimento vegetal (Mayo Pietro et al., 2020).

Trichoderma séo fungos de vida livre que exibem a capacidade de atuarem em diversos mecanismos
de controle biolégico como: (a) parasitismo - relagdo nutricional entre dois seres vivos em que um dos
componentes da relagdo, o parasita obtém todo ou parte de seu alimento as custas do outro componente, 0
hospedeiro; (b) hiperparasitismo - nivel mais elevado de parasitismo, no qual o hospedeiro é também um
parasita; (c) antibiose - interacdo na qual um ou mais metabdlitos produzidos por um organismo tém efeito
danoso sobre o outro; (d) competicdo - processo referente a interacdo entre dois ou mais organismos,
empenhados na mesma acdo e (e) indugdo de resisténcia de plantas as doencgas - aumento da capacidade de
defesa da planta contra amplo espectro de organismos fitopatogénicos (Guimaraes et al., 2018).

Além do biocontrole mediado pelo contato fisico com um outro microrganismo, o Trichoderma
também libera diversos metabolitos volateis e ndo voléteis (limita o crescimento do patégeno, ou da producéo
de metabolitos tdxicos, limitando assim o desenvolvimento do patdégeno, da doenca e favorecendo o
desenvolvimento da planta hospedeira) (Cadore et al., 2018). Outro mecanismo observado neste género e
capacidade de degradar paredes celular dos patégenos, alimentando-se do produto degradado e avangando
rapidamente com o processo de colonizacdo do patégeno (Guimardes et al., 2018).

Varios estudos mostram que Trichodrerma também atua como microrganismo promotor de
crescimento vegetal, uma vez que ele é capaz de produzir fitorménios, solubilizar fosfatos e outros minerais
(Franca et al., 2017), melhorar a eficiéncia do uso de nitrogénio, quando em combinagdo com outras espécies
como Bacillus sp ou Rhizobium sp, e induzir defesa contra estresses biéticos e abi6ticos, principalmente, o
estresse salino (Rubio et al., 2017).

Estudos recentes demonstram efeitos benéficos do Trichoderma sp. no aumento da porcentagem de
germinagdo, diametro do hipocétilo, comprimento do sistema radicular na cultura do feijao (Mayo Pietro et al.,
2020), no acumulo de biomassa na cultura do arroz e milho (Chagas et al., 2017), aumento da producao de
acido indol-3-acético e solubilizagdo de fosfato na cultura do tomate (Franga et al., 2017) e na supresséo da

Sclerotinia sclerotiorum na cultura da soja (Macena et al., 2020).
6. Mecanismos de a¢do dos microrganismos multifuncionais
6.1 Fixacdo bioldgica de nitrogénio
A fixacdo bioldgica de nitrogénio (FBN) é considerada apés a fotossintese, 0 mais importante processo

bioldgico para as plantas e foi o primeiro mecanismo de acdo das RPCVs a ser descoberto (Elmerich, 2015).

Segundo Chang et al. (2015), a FBN tem grande relevancia econdmica e ambiental, uma vez que as bactérias
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fixadoras de N apresentam grande eficiéncia (principalmente para a cultura da soja) e o N é o principal nutriente
mineral limitante do crescimento vegetal (Vicente & Dean, 2017).

O N é um nutriente fundamental para a sintese de biomoléculas como proteinas, &cidos nucleicos e
inimeros metabdlitos primarios e secundarios essenciais para o adequado funcionamento das plantas (Chang
et al., 2015). Embora a molécula de nitrogénio, N2, seja abundante na atmosfera, as plantas ndo sao capazes de
assimila-la e, em decorréncia disso, ha a necessidade da adubacdo nitrogenada (Vicente & Dean, 2017). A
aplicacdo de fertilizante nitrogenado vem sendo a forma mais utilizada desde a década de 60; no entanto, com
a descoberta das RPCVs diazotroficas, ou seja, aquelas que realizam FBN convertendo o N, em sua forma
amoniacal (NHs), novos rumos nas praticas agricolas estdo sendo tracados (Elmerich, 2015). Com converséao
0 N2 em sua forma amoniacal (NH3), o N se torna biodisponivel para a absorcéo vegetal (Zgadzaj et al., 2016)
(Figura 3). Existe uma diversidade de RPCVs diazotroficas conhecidas, mas a base do processo de FBN é
comum a todas elas por meio da acdo da enzima nitrogenase, composta por proteinas codificadas pelo grupo
de “operons” nif (Angel et al., 2018).

Figura 3. Processo de nodulagéo de rizdbios em raizes de leguminosas — planta hospedeira.
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As principais bactérias fixadoras de N sdo as que estabelecem associacdo simbidtica com as
leguminosas (todas as espécies do grupo iRPCV, que formam os nodulos), principalmente os géneros
Rhyzobium spp. e Bradyrhizobium spp. No entanto, algumas espécies de eRPCV de vida livre ou endofiticas
associadas a gramineas também podem promover FBN, mas de maneira menos eficiente do que as iRPCV,
como as espécies do género Azospirillum sp. (Chang et al., 2015).

A prética de inoculacdo de RPCVs fixadoras de nitrogénio em culturas de interesse econémico,

especialmente soja e feijdo, com o propdsito de suplementagdo nitrogenadas, ja é bem estabelecida, com
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inimeras linhagens comerciais disponiveis, principalmente de rizébios (Baldani et al., 2014). No entanto sdo
necessarios mais estudos em relagdo a capacidade das eRPCV em promover a absor¢do de N em diferentes
culturas, ou em auxiliar as iRPCV em aumentar a eficiéncia da FBN nas leguminosas, gramineas dentre outras
culturas, como espécies do género Azospirillum spp., que sdo bactérias diazotréficas (Chang et al., 2015). Aung
et al. (2013) registraram aumento de 20 nodulos por planta de soja com a coinoculacéo de B. japonicum com

Azospirillum sp. quando comparado a inoculagéo tradicional com somente B. japonicum.

6.2 Solubilizac&o de fosfato

O fosforo é o segundo nutriente mais limitante ao crescimento das plantas, sendo componente
estrutural de muitas coenzimas, fosfoproteinas, fosfolipideos, acidos nucléicos. Portanto, € um nutriente
associado a varios processos fisioldgicos priméarios como a fotossintese, respiracdo e formagdo da membrana
(Baby et al., 2016).

A solubilizacdo de fosfato inorganico é uma caracteristica das bactérias independentemente de estar
em interacdo com a planta. As rizobactérias e alguns fungos, incluindo o género Trichoderma sp. possuem
papel fundamental na solubilizacéo de fosforo ndo-l4bil, apresentando-se como bioinsumo, alternativa ao uso
de fertilizantes fosfatados sintéticos (Awais et al., 2017). O principal mecanismo de a¢&o na solubilizagdo de
fosfatos inorganicos é através dos acidos organicos sintetizados por microrganismos, como por exemplo acido
glucdnico, o que também promove a acidificacdo da célula microbiana e o ambiente ao seu redor (Fabianska
etal., 2019).

Além dos acidos organicos, ocorrem também a liberagdo de prétons H*, a producdo de substancias
quelantes, ou a producdo de &cidos inorganicos (Gupta et al., 2015). A liberacdo de protons H* para a superficie
celular externa ocorre em processos de absor¢do de cétions ou com auxilio de ATPases. A produgdo de
substancias quelantes, ou a producdo de &cidos inorganicos, sdo mecanismos alternativos para a solubilizacdo
de fosfatos inorganicos (Saber et al., 2009). Dentre os géneros bacterianos solubilizadores de fésforo ndo-labil
citam-se: Agrobacterium, Arthrobacter, Azotobacter, Bacillus, Beijerinckia, Burkholderia, Enterobacter,
Erwinia, Flavobacterium, Microbacterium, Pseudomonas, Rhizobium, Rhodococcus e Serratia (Bhattacharyya
& Jha, 2012).

Por outro lado, a solubilizagdo de fosfatos organicos, também chamada mineralizagéo, ocorre a partir
de restos vegetais e animais contendo elevados teores de compostos fosfatados (Ahemad & Kibret, 2014).
Numerosas espécies saprofiticas realizam a decomposicdo da matéria orgénica do solo, que liberam o radical
ortofosfato da estrutura de carbono da molécula, por processos de respiracdo e sob forte influéncia de fatores
ambientais (Marra et al., 2012). As principais moléculas fornecedoras de P depois da mineralizacdo sdo 0s
acidos nucléicos, fosfolipideos e acucares fosfatados e sdo considerados facilmente degradados, ja os acidos
fitico, polifosfatos e fosfonatos sdo mineralizados lentamente (Baby et al., 2016).

Esta mineralizacdo é promovida por enzimas chamadas fosfatases, ou fosfohidrolases, classificadas
em &cidas ou alcalinas de acordo com o pH 6timo de atividade. Estas enzimas podem ser secretadas fora da
membrana plasmatica, ou permanecerem retidas na membrana como proteinas sollveis (Teymouri et al., 2016).

Desta forma, microrganismos capazes de solubilizar e mineralizar fosfatos podem promover a utilizacdo dos
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fosfatos naturais do solo, beneficiando as culturas, diminuindo os custos de producdo e aumentando a eficiéncia
na adubagdo (Fabianska et al., 2019).

Machado (2015), detectou linhagens bacterianas endofiticas do género Bacillus e Citrobacter, isoladas
da cultura de pinhdo-manso, com potencial de solubilizar fosfato. Chauhan et al. (2015) trabalhando com
bactérias isoladas de colmos de cana-de-acucar, relataram a presenca de quatro linhagens do género
Pseudomonas e Bacillus, solubilizadoras de fésforo ndo-labil que afetaram positivamente o desenvolvimento
das plantas, evidenciando aumento da germinacdo (55%), numero de colmos (20%), altura (18%),
circunferéncia e peso de colmos (8 e 51%, respectivamente), produtividade (39%) e porcentagem de acglcares
disponiveis (6%) em relacdo ao tratamento controle. Durén et al. (2016) inocularam Bacillus sp. e Klebsiella
sp. em alface e mostraram maiores teores de fésforo, potassio e biomassa seca na parte aérea em plantas

inoculadas quando comparadas as néo inoculadas.

6.3 Producédo de horménios

Os horménios vegetais sd0 mensageiros quimicos que influenciam a capacidade da planta de reagir
ao ambiente (Enders & Strader, 2015). Estes sdo compostos organicos naturais que sdo eficazes em
concentra¢fes muito baixas e sdo principalmente sintetizados em certas partes da planta e transportados para
outro local. Os hormbnios vegetais, também chamados de fitormdnios, influenciam os processos fisioldgicos
tais como crescimento, diferenciacgdo, desenvolvimento; bem como movimento estomético (Sureshbabu et al.,
2016). Ressalta-se que a resposta de cada planta geralmente é o resultado de dois ou mais horménios agindo
em paralelo (Kang et al., 2019). Por outro lado, as RPCVs e fungos do género Trichoderma sp. também
produzem fitohorménios que podem influenciar os seus proprios processos fisiolégicos como também os das
plantas e, por isso, passam a ser denominados reguladores de crescimento das plantas (Singh et al., 2017).

Microrganismos multifuncionais, em sua maioria, produzem horménios como auxinas, citocininas,
giberelinas, &cido abscisico e etileno, e mais recentemente estrigolactonas e brassinosteroides que auxiliam o
desenvolvimento vegetal (Sureshbabu et al., 2016). Auxinas sdo uma classe hormonal responsavel em
aumentar a formagdo de primordios radiculares (Taiz & Zeiger, 2004). Dentre os géneros conhecidos por
expressar esse mecanismo citam-se Arthrobacter, Azospirillum, Bradyrhizobium, Bacillus, Pseudomonas e
Paenibacillus (Singh et al., 2017).

De acordo Vejan et al. (2016), um microrganismo que possui a capacidade de produzir ou alterar a
concentracdo de reguladores de crescimento vegetal como AIA, GA, citocininas e etileno é denominado
fitoestimulador. A aplicacdo de RPCVs, produtoras de hormonios, pode ser Gtil para melhorar a fisiologia,
biomassa e rendimento da cultura, aumentando o tamanho, nimero de ramos e area de superficie das raizes
(Enders & Strader, 2015). Aumentos na area de superficie da folha facilitam a absorg¢éo da luz solar, enquanto
0 aumento da ramificacdo da raiz e da area de superficie facilitam a absor¢do de agua e nutrientes (Kang et al.,
2019). Aradjo et al. (2014) observaram efeito significativo na altura, massa seca de parte aérea e sistema

radicular em mudas micropropagadas de bananeira, tratadas com rizobactérias produtoras de AlA.
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6.4 Producao de sider6foros

Os siderdforos sdo moléculas sequestradoras de ferro de baixo peso molecular (400 a 1000 Daltons)
e elevada afinidade pelo substrato (Kd 10%° a 10°%°), secretadas por microrganismos em resposta a baixa
disponibilidade de Fe*® em solucdo (Briat et al., 2015). Estes compostos atuam do lado externo da membrana
celular, capturando moléculas de ferro em solucdo e ligando-se especificamente a receptores do complexo
localizados na membrana, por onde sdo absorvidos, tornando assim o ferro absorvido disponivel para o
crescimento dos vegetais (Masepohl, 2017) (Figura 4).

Figura 4. Mecanismo de producdo de sider6foros pelos microrganismo que se ligam a moléculas de Fe.
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O ferro é um micronutriente essencial para as plantas e esta envolvido em vaérios processos
fundamentais como fotossintese, respiracdo, sintese de DNA e hormonios (Puig et al., 2017). Ele atua como
um catalisador na sintese de clorofila (Hu et al., 2017), processos enzimaticos envolvendo oxigénio
(peroxidase, catalase), hidrogénio (hidrogenases), nitrogénio (nitrogenases) e processos de transferéncia de
elétrons nos sistemas respiratorio e fotossintético (Masepohl, 2017).

Embora amplamente disponivel na natureza, o Fe nem sempre é acessivel as plantas e muitas vezes
limita a produtividade bioldgica de plantas (Briat et al., 2015). Assim, as plantas desenvolveram diferentes
estratégias para combater esta limitagcdo como a liberacdo de prétons e acidos orgénicos pelas raizes para
diminuir o pH do solo e aumentar assim a disponibilidade de ferro e/ou a liberacdo de moléculas de baixo peso
molecular (sider6foros) que se ligam ao mineral (Fe) e, em seguida, sdo absorvidas pelas células da raiz

(Johnstone & Nolan, 2015). Assim como as plantas, as rizobactérias e fungos do género de Trichoderma sp.
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podem produzir uma ampla gama de sideréforos atuando como agentes quelantes de ferro a partir de compostos
minerais ou organicos em condic6es de limitacdo do elemento (Huo et al., 2020).

Além da disponibilizacéo de ferro para o desenvolvimento da bactéria, a formacéo do complexo ferro-
sideréforo também impede a proliferacdo de patdgenos devido a competicdo pelo nutriente no ambiente (Puig
et al., 2017). Certas espécies do género Pseudomonas produzem siderdforos que quelam o ferro na rizosfera,
inibindo o desenvolvimento de alguns microrganismos que dependem do ferro para sua sobrevivéncia,
incluindo fitopatdgenos, que tém menor capacidade de competicdo por ferro (Johnstone & Nolan, 2015).

Dimkpa et al. (2009) mostraram que sider6foros possibilitam a captacdo de Fe pelas plantas ao invés
de outros minerais como Al Cu, Mn e Ni em altas concentrac6es na solucéo do solo. Por outro lado, na auséncia
de sideroforos, esses metais inibiam a absorgdo de Fe para o feijdo-caupi (Vigna unguiculata). Rajkumar e
Freitas (2008) verificaram que a producgdo de sider6foros por Pseudomonas sp. e Bacillus megaterium, em
conjunto como outros mecanismos, como a producdo de hormdnios e a acdo da enzima é&cido 1-
aminociclopropano-carboxilico (ACC desaminase), contribuiram para o incremento da produtividade em

plantas de mostarda marrom (Brasica juncea).

6.5 Producdo de biofilme

O biofilme pode ser definido como uma comunidade microbiana altamente aderente entre si ou a uma
superficie, sendo composta por carboidratos extracelulares, proteinas, exopolissacarideos e até mesmo DNA
(Branda et al., 2005). As rizobactérias e alguns géneros de fungos sdo conhecidas por formarem biofilme para
auxiliar sua sobrevivéncia em vérias condicOes de estresse: resisténcia a antibidticos, prote¢do contra
fitopatdgenos e dessecacdo e agentes estressantes antimicrobianos (Parsek & Fuqua, 2004). Kavamura et al.
(2013) observaram a producéo de biofilme pelas bactérias do género Bacillus, isoladas de cactaceas do
semiérido brasileiro, sob condi¢Bes estressantes. Timmusk (2005) mostrou que Paenibacillus também é capaz
de colonizar raizes de plantas de trigo, cevada, alho e feijdo-verde e formar biofilme.

Durante o crescimento de uma planta, o biofilme formado em decorréncia da interagdo
microrganismos-planta pode auxiliar na colonizacdo radicular (Ramey et al., 2004), proteger as células da
privagdo de nutrientes, fagocitose e alteracGes de pH e, através da secrecdo de substancias polissacaridicas,
conferir estabilidade as plantas em condic¢des limitantes de 4gua (Kasim et al., 2016). Os exopolissacarideos
formadores de biofilme s&o altamente hidratados e conseguem reter alta quantidade de agua no interior de suas
moléculas, conferindo-lhes caracteristica hidrofilica, e portanto, com alta capacidade de absorcéao e retengéo
de &gua, que ao habitarem a regido da rizosfera das plantas, conseguem proteger as raizes da secagem do solo
(Rolli et al., 2014).

6.6 Controle bioldgico

As bactérias e fungos desempenham a fungdo de agentes bioldgicos induzindo a resisténcia sistémica
em plantas, produzindo antibidticos e sideréforos que inibem o crescimento dos patégenos (Pinho et al., 2020).
No contexto da resisténcia sistémica, 0s hormonios produzidos por bactérias podem atuar como estimulantes

do sistema imune das plantas, interferindo no funcionamento dos principais sistemas de defesa vegetal. Dentre
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estes, destacam-se a resisténcia sistémica adquirida (SAR) e a resisténcia sistémica induzida (ISR) (Oliveira et
al., 2017).

Resisténcia sistémica adquirida (SAR) é um sistema de largo espectro que depende do horménio acido
salicilico e ndo apresenta especificidade a infeccao inicial, tendo efeito, principalmente, contra patdgenos
biotréficos (Neugebauer et al., 2019). Geralmente, a capacidade de defesa da planta é adquirida apés a primeira
infeccdo por um microrganismo patogénico, que leva a uma morte celular programada (Rocha & Moura, 2013).
A acdo se inicia em um sistema de defesa localizado chamado de hipersensibilidade, submergindo a
acumulacdo de fitoalexinas e requerimento da sintese de aceleracdo de enzimas (enilalanina, amonialiase,
calcone sintase, peroxidase e proteinas) associadas com a biossintese fenélica (Pinho et al., 2020).

Resisténcia sistémica induzida (ISR) é um sistema dependente do acido jasmonico e da sinergia com
o etileno, sendo ativada por microrganismos patogénicos (Neugebauer et al., 2019). Estudos recentes
mostraram efeitos benéficos de rizobactérias na redugdo da populacéo de nematoides de galha (Meloigogyne
spp.) no feijdo-comum (Oliveira et al., 2017), no controle de fungos e na qualidade sanitaria de sementes de
arroz, eficdcia na inibicdo do crescimento micelial de Sclerotinia sclerotiorum e produgdo de compostos
organicos volateis no controle do patégeno na cultura da soja (Pinho et al., 2020). Adicionalmente, atuam na
resiliéncia dos sistemas de cultivo e na indugéo de resisténcia a doenca (Nascente et al., 2017).

Os mecanismos de a¢do do Trichoderma sp. no controle bioldgico de fitopatdgenos e na promocéo de
crescimento vegetal sdo variados (Neugebauer et al., 2019). O Trichoderma sp. possui caracteristica
hiperparasitaria, pois pode detectar e localizar hifas de fungos suscetiveis, crescendo em sua diregdo,
presumivelmente em resposta a estimulos quimicos produzidos pela hifa hospedeira, formar estruturas
semelhantes a apressdrios e enrolar-se fortemente em toda a sua extenséo para, entdo, penetrar e digerir a hifa,
isso denomina-se micoparasitismo e ressalta ser um importante mecanismo de acdo de biocontrole (Machado
etal., 2012).

Dentre as substancias que podem ser sintetizadas, muitas espécies de Trichoderma ja estudadas
produzem metabdlitos secundarios toxicos, como antibidticos e enzimas liticas capazes de inibir e destruir
propéagulos de fungos fitopatogénicos (Chagas et al., 2017). A inducédo de resisténcia por Trichoderma sp. é
outro mecanismo de acdo que vem sendo pesquisado (Chen et al., 2015). Além disso, as plantas levadas ao
estado de inducdo apresentam aumento nas atividades de enzimas, tais como, quitinases, glucanases e
peroxidases, envolvidas nas rotas de percepcdo da presenca de patdgenos em potencial e nas rotas de
sinalizacdo bioguimica a pontos distantes do sitio onde o sinal foi originado. Por consequéncia, verifica-se um
aumento nas atividades de enzimas envolvidas na sintese de componentes de resisténcia (Silva et al., 2018).

Estudos evidenciaram a acdo de microrganismos como o Trichoderma sp. no potencial antagénico
contra Fusarium moniliforme na cultura do milho (Medeiros et al., 2020), no controle de nematoide
Pratylenchus brachyurus na cultura da soja (Oliveira et al., 2021), promocao de crescimento com presenca de
Rhizoctonia solani no feijio-comum (Mayo Pietro et al., 2020).

7. Considerac0es Finais
A previsdo de aumento populacional pressiona o cenario agropecuério por alternativas para suprir a

necessidade alimenticia da populagdo mundial. Os avancgos tecnolégicos advindos da industrializacdo e da era
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digital sdo os grandes responsaveis pelo impulso cientifico e tecnoldgico que alavanca a agricultura e a
producdo agricola. Mas, por outro lado, cria uma tensdo na sustentabilidade das praticas agricolas para a
producdo de alimentos. O mundo enfrenta colapsos ambientais e o cenario mercadoldgico atual tende pela
procura de alimentos produzidos de forma sustentavel. E, nesse sentido, os bioinsumos sdo vistos como
tecnologias sustentaveis que atuam de forma intrinseca e extrinseca sobre as plantas contribuindo para o
incremento produtivo e a estabilidade do equilibrio do agroecossistema.

Os estudos mostram que microrganismos multifuncionais apresentam promocdo no crescimento das
plantas, rentabilidade das culturas, qualidade fitossanitaria e consequentemente melhoria na
performance/produtividade de culturas leguminosas e ndo leguminosas, além de reducdo do uso de agrotdxicos
e adubos sintéticos, contribuindo para a redugdo dos impactos no meio ambiente. Portanto, 0 uso de
microrganismos multifuncionais sdo uma opcéao viavel ao produtor de alcancar a rentabilidade das culturas

através de uma modelo sustentavel.
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Highlights:

Multifunctional microorganisms (MMs) can have beneficial effects on plants.
We tested the use of MMs on common bean plant development.

MM s resulted in improved agronomic performance on common bean plants.
MM s resulted in higher accumulation of biomass and N, P and K in the shoots.

Abstract: Multifunctional microorganisms (MMs) can have beneficial effects on plants through direct
and indirect mechanisms. This study aimed to determine the effect of MMs on shoot and root biomass
production; gas exchange; content of macronutrients in the shoots, roots and grains; yield components;
and grain yield of common bean plants. A completely randomized design with twenty-six treatments
and three replications was used under controlled conditions. Treatments consisted of the application of
MMs and their combinations in pairs, with the nine rhizobacteria isolates BRM 32109, BRM 32110 and
1301 (Bacillus sp.), BRM 32111 and BRM 32112 (Pseudomonas sp.), BRM 32113 (Burkholderia sp.),
BRM 32114 (Serratia sp.), 1381 (Azospirillum sp.) and Ab-V5 (Azospirillum brasilense); an edaphic
fungal isolate T-26 (Trichoderma koningiopsis); and a control (without MMs). The microorganisms
used were selected from previous experiments. These MMs were applied at three time points:
microbiolization of the seeds, watering the soil seven days after sowing (DAS) and spraying the plants
with 21 DAS. In comparison to the control plants, the isolates 1301 and T-26, in addition to the
combinations Ab-V5 + T-26, BRM 32114 + BRM 32110 and 1381 + T-26, provided better results, with
an increase of 36.5% in the grain yield, a higher accumulation of biomass (78.0%) and a higher content
of N, P and K (42.6, 67.8 and 25.7%, respectively) in the shoots of common bean plants. Therefore, the
results allow us to infer that the use of MMs is a good strategy for increasing common bean grain yields.

Key words: Coinoculation. Fungus. Grain yield. Phaseolus vulgaris. Rhizobacteria.

Resumo: Microrganismos multifuncionais (MM) podem proporcionar efeitos benéficos nas plantas
através de mecanismos diretos e indiretos. Este estudo teve como objetivo determinar o efeito do MM
na producéo de biomassa da parte aérea e da raiz, nas trocas gasosas, no teor de macronutrientes na parte
aérea, na raiz e nos graos, nos componentes de producdo e na producdo de graos de feijdo-comum. O
delineamento experimental foi o inteiramente casualizado, com 26 tratamentos e trés repeticdes, em
condicbes controladas. Os tratamentos consistiram na aplicacdo de MM e suas combinagdes em pares,
com nove rizobactérias isolados BRM 32109, BRM 32110 e 1301 (Bacillus sp.), BRM 32111 e BRM
32112 (Pseudomonas sp.), BRM 32113 (Burkholderia sp.), BRM 32114 (Serratia sp.), 1381
(Azospirillum sp.) e Ab-V5 (Azospirillum brasilense), um isolado fungico edafico T-26 (Trichoderma
koningiopsis) e um controle (sem MM). Os microrganismos utilizados foram selecionados apartir de
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experimentos anteriores. Esses MM foram aplicados em trés momentos: microbiolizacdo das sementes,
rega do solo sete dias ap6s a semeadura (DAS) e pulverizagdo das plantas 21 DAS. Os isolados 1301 e
T-26, além das combinag¢bes Ab-V5 + T-26, BRM 32114 + BRM 32110 e 1381 + T-26 proporcionaram
melhores resultados, uma vez que permitiram aumentar 36,5% na producéo de grdos, maior acumulo de
biomassa (78,0%) e maior teor de N, P e K (42,6; 67,8 e 25,7%, respectivamente) na parte aérea do
feijdo-comum, comparativamente as plantas controle. Portanto, os resultados permitem inferir que o uso
de MMs é uma boa estratégia para proporcionar aumentos no rendimento de graos de feijdo-comum.

Palavras-chave: Coinoculagdo. Fungo. Phaseolus vulgaris. Produtividade. Rizobactérias.

3.1 Introduction

The common bean (Phaseolus vulgaris L.) is an agricultural product with high sociocultural
and nutritional importance to Brazil since it is the main source of vegetable protein for direct
consumption by low-income populations (Ganascini et al., 2019). The cultivation of common bean, both
alone and intercropped with other crops, is carried out in all Brazilian states (Faria et al., 2016).

Given the economic and social importance of common beans in Brazil, in addition to the
growing world demand for food and limitations in the expansion of agricultural areas, investment in
research and development by sustainable technologies is necessary (F. C. Oliveira, Benett, Benett, Silva,
& Vieira, 2017). Multifunctional microorganisms (MMs) have been incorporated as a very efficient
strategy in food production since they have the potential to promote plant growth and control pests and
diseases through direct mechanisms that occur during the production of compounds or facilitate the
absorption of certain nutrients, such as the biological fixation of atmospheric nitrogen, the solubilization
of inorganic phosphate, and the production of plant growth hormones and through indirect mechanisms
that can contribute to reducing or preventing the deleterious effects of phytopathogenic microorganisms.
Thus, it is possible to reduce the use of agrochemicals and production costs, in addition to providing
significant increases in the grain yields of crops (Glick, 2012).

As an example of MMs, rhizobacteria habitats are the rhizosphere of plants, where they
multiply, survive and protect themselves from the antagonistic action of the remaining soil microbiota
(Podile & Kishore, 2006). The rhizobacteria that establish a beneficial association with plants have been
specifically called plant growth promoting rhizobacteria (PGPR) (Glick, 2012). Dey, Pal, Bhatt and
Chauhan (2004) evaluated isolates of Pseudomonas spp. in peanut (Arachis hypogaea L.) crop and
concluded that some isolates significantly increased pod yield, nodule yield and dry weight, root length
and number of pods. In another study, seed treatment with the rhizobacterium Bacillus subtilis increased
the production of dry matter from seedlings and roots of common bean (G. R. F. Oliveira, Silva,
Marciano, Proenca, & S&, 2016).

Others examples of MMs are some species of soil fungi, which also have the potential to
promote growth in plants such as Trichoderma spp. (Druzhinina et al., 2011; Machado, Parzianello,
Silva, & Antoniolli, 2012). Souza, Harakava, Lucon and Guzzo (2012) reported that the most efficient

isolates of Trichoderma spp. (T. harzianum, T. strigosum and T. theobromicola) provided increases in
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the dry matter production of common bean shoots and reduced the severity of anthracnose
(Colletotrichum lindemuthianum). Chagas, Chagas, Soares and Fidelis (2017) showed that inoculation
of soybeans (Glycine max), cowpea (Vigna unguiculata), rice (Oryza sativa) and corn (Zea mays) with
Trichoderma asperellum isolate UFT 201 provided increased the biomass production of the shoots in
relation to that with the control for all crops.

Studies conducted by Filippi et al. (2011) and Franca et al. (2015) identified several
multifunctional microorganisms in the upland rice rhizosphere. These MMs were evaluated in controlled
and field conditions and showed many beneficial effects related to gas exchange, production of shoot
biomass, nutrient content and grain yield of upland rice (Nascente et al., 2017a, 2019a,b) and irrigated
rice (Nascente et al., 2017b). Such multifunctional microorganisms, isolated and/or in combination, can
be promising for use in other agricultural crops.

Coinoculation consists of adding two or more MMs together in a crop to maximize the
beneficial effects of their interactions in a target plant (Chibeba et al., 2015). Studies using coinoculation
of microorganisms are important to identifying combinations that provide better plant development
(Benizri, Baudoin, & Guckert, 2001). However, studies using multifunctional microorganisms in
common bean plants are rare. Therefore, the objective of this study was to evaluate the effect of isolated
or combined multifunctional microorganisms on shoot and root biomass production; gas exchange;
macronutrient content in shoots, roots and grains; yield components; and grain yield of common bean

plants.

3.2 Material and Methods
Characterization of the environment

The experiment was carried out in a greenhouse at the Embrapa Arroz e Feijdo, Santo Antdnio
de Goias, Goias, Brazil. Soil from the arable layer (0.00-0.20 m) of a clay-textured Typic Acrustox
(United States Department of Agriculture [USDA], 1996) was used. The chemical characteristics of the
soil were determined according to methods proposed by Donagema, Campos, Calderano, Teixeira and
Viana (2011), and the results were as follows: pH (H.0) = 6.1; Ca*" = 78.4 mmol. dm=3; Mg?* = 20.9
mmol, dm3; H+AIF* = 12 mmol. dm3; P = 35.9 mg dm3; K* = 203 mg dm3; Cu?* = 2.4 mg dm3; Zn?*
= 2.9 mg dm3; Fe3* = 39 mg dm3; Mn?* = 28 mg dm®; and organic matter = 24.7 g kg™.

Three weeks before the sowing of common bean, 78 pots with a capacity of 7 kg were
completely filled with soil and fertilized with 10 g of NPK, 5-30-15. During the experiment, water in

the soil was monitored daily and maintained under field capacity conditions.

Experimental design and treatments

A completely randomized design with 26 treatments and three replications was used. The

treatments consisted of the microbiolization of common bean seeds, cultivar BRS UAI (most recent
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cultivar released by Embrapa Rice and Beans), with suspension of microorganisms previously selected
as MMs and their combinations in pairs, with nine rhizobacteria isolates and one soil fungus isolate
(Table 1). Additionally, at 7 and 21 days, solutions with the microorganisms were applied according to
each treatment. In the control treatment, water was used instead of suspensions of microorganisms. The
cultivar BRS Uai has type grains carioca habit of undetermined growth, type Il, upright architecture,
cycle ranging from 85 to 95 days, presents resistance to anthracnose, viruses of the common and
withered Fusarium mosaic (Embrapa, 2018).

The main characteristics of the rhizobacteria isolates BRM 32109 (Bacillus sp.), BRM 32110
(Bacillus thuringiensis), BRM 32111 (Pseudomonas fluorescens), BRM 32112 (Pseudomonas sp.),
BRM 32113 (Burkholderia pyrrocinia), BRM 32114 (Serratia sp.), 1301 (Bacillus sp.), 1381
(Azospirillum sp.), Ab-V5 (Azospirillum brasilense) and the T-26 fungus (Trichoderma koningiopsis)
were described (Table 2). The microorganisms used are deposited and preserved in the collection of
Multifunctional Microorganisms of Embrapa Arroz e Feijao.

Table 1
Multifunctional microorganisms, isolated or combined, used during the cultivation of common
bean, cultivar BRS Uai

Treatments Microorganisms Treatments Microorganisms
1 BRM 32109 (Bacillus sp.) 14 1301 + BRM 32114
2 BRM 32110 (Bacillus thunringiensis) 15 1381 + BRM 32114
3 BRM 32111 (Pseudomonas 16 1381 + 1301

fluorescens)
4 BRM 32112 (Pseudomonas sp.) 17 BRM 32110 + Ab-V5
5 BRM 32113 (Burkholderia pyrrocinia) 18 BRM 32114 + Ab-V5
6 BRM 32114 (Serratia sp.) 19 1301 + Ab-V5
7 T-26 (Trichoderma koningiopsis) 20 1381 + Ab-V5
8 ADb-V5 (Azospirillum brasilense) 21 Ab-V5 + T-26
9 1381 (Azospirillum sp.) 22 BRM 32110 + T-26
10 1301 (Bacillus sp.) 23 BRM 32114 + T-26
11 BRM 32114 + BRM 32110 24 1301 + T-26
12 1301 + BRM 32110 25 1381 + T-26
13 1381 + BRM 32110 26 Control
Table 2

Collection code, geographical origin, biochemical characteristics and taxonomic classification of
the nine rhizobacteria isolates and one fungus isolate used in this study

Biochemical®
Code? Origin® Color®  AIAT Celul9 Phos" Sider! Biofilm’ Taxonomic®
N GOMBrazil  White -+ o+ + Bacillus sp.
BRM . . Bacillus
32110 PA/Brazil — White i * * i M thunringiensis
BRM . Pseudomonas
32111 PA/Brazil  Yellow i * * * * fluorescens
;Fili/lz GO/Brazil  Yellow - + + + + Pseudomonas sp.
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BRM PA/Brazil  Pink + + - + + Burkholderia

32113 pyrroiynia
BRM . . Serratia sp.
32114 PA/Brazil Pink + + + + +
Ab-V5  PR/Brazil  Yellow  + ; ; 4 " Azospirillum
brasilense
1381 White + - - - - Azospirillum sp.

1301 White - + - - Bacillus sp.

T-26 Green + i i i i Tric_hoderma
koningiopsis

2 Numeric code of rhizobacteria and fungus isolates in the Embrapa Arroz e Feijao collection of Multifunctional
Microorganisms;

b Geographic source of each isolate;

¢.d.eColony color, biochemical characterization and taxonomic classification of each isolate, described by Nascente
et al. (2017a); Druzhinina et al. (2011);

f Producer of indolacetic acid, 9producer of cellulase, "producer of phosphatase, ‘producer of siderophores,
Jproducer of biofilm. The methodology is described in Nascente et al. (2017a); Druzhinina et al. (2011).

Microbiolization of seeds

The bacterial suspensions for the microbiolization of the seeds and the preparation of the
suspensions for irrigation and spraying were prepared with water from cultures that grew for a period of
24 hours in a solid medium 523 (Kado & Heskett, 1970) at 28°C, and the concentration was fixed in a
spectrophotometer for A540 = 0.5 (102 CFU mi? for rhizobacteria and 1 x 108 conidia ml* for T.
koningiopsis). The common bean seeds were immersed in each suspension of microorganisms, and the
seeds of the controlled treatment were immersed in water for a period of 2 hours under a constant
temperature at 25°C, as described by Filippi et al. (2011) with adaptations for common bean.

Watering the soil: At 7 days after sowing (DAS), the soil was watered with 100 ml of suspension in each
treatment.

Leaf spraying: At 21 DAS, the plants were sprayed with 30 ml of suspension for each
treatment. The spraying was carried out using a manual sprayer with pressure supplied by a CO; pressure

source and a conical nozzle (TX-VS2).

Management of common bean plants

Ten common bean seeds, cultivar BRS UAI, were sown per pot. Ten days after germination,
the plants were thinned, leaving three plants per pot. The cultural practices were carried out according
to the recommendations and crop needs (Stone & Sartorato, 1994).

Assessments

Gas exchange measurements: photosynthetic rate (umol CO, m2 st), transpiration rate (mmol
H,O m? s?), stomatal conductance (mol H,O m2 s?), internal CO. concentration (vpm) and leaf
temperature (°C) were determined in common bean plants using a portable gas meter in the IRGA
infrared region (LCpro + ADC BioScientific) between 0800 and 1000 am. The measurements were

obtained from the plants at 51 DAS, the full flowering stage (phenological stage R6). The readings were
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obtained in the central third of the first completely expanded trefoil (from top to bottom). The equipment
was regulated to use concentrations of 370 - 400 mol mol? CO- in the reference air used in the IRGA
photosynthesis chamber. The flow density of photosynthetically active photons (DFFFA) used was
1,200 umol [quanta] m™ s’t. The minimum equilibrium time established for the readings was 2 minutes.

Biomass production: The shoot of one plant per pot was randomly cut and packed in a paper
envelope at 51 DAS (full bloom). For the roots, immediately after the plants were harvested (77 DAS),
the soil of each pot was washed and sieved to separate the roots. Then, the roots were packed in a paper
envelope and identified. Both the shoots and roots were dried in a forced ventilation oven at 65 °C until
constant mass and weighed.

Concentration of nutrients: From the dry and weighed shoots and roots, as well as from the
grains, representative aliquots were removed, which were ground to determine the levels of
macronutrients (N, P, and K), following the recommendations of Malavolta, Vitti and Oliveira (1997).

Yield components and grain yield: The harvest was carried out when the common bean plants
reached physiological maturity at 77 DAS. Thus, the number of pods per pot, number of grains per pod,
mass of 100 grains and grain yield per pot were determined. The values obtained for the mass of the

grains and grain yield were corrected for 13% humidity. These determinations were made in each pot.

Statistical analysis

The data were submitted to analysis of variance, and when significance was detected, the
means were compared by the LSD test (p<0.05). The statistical package used was SISVAR. In addition,
Pearson's correlation analysis was performed between all variables with biomass production, yield

components and grain yield of common bean. For this, the SPSS package was used.

3.3 Results and Discussion
Gas exchange evaluation

The values of photosynthesis (A), transpiration (E), stomatal conductance (gs), leaf
temperature (T°C) and internal CO; concentration (Ci) were similar in the common beans treated with
multifunctional microorganisms (Figure 1). As in this study, Nascente et al. (2017b), working with
lowland rice, concluded that gas exchange was not affected by multifunctional microorganisms. Thus,
we can conclude that MMs have minimal effects on these variables; however, they can have an effect
on other variables related to grain yields. Observing the data corresponding to the gas exchange
evaluations revealed that the variables were not affected by multifunctional microorganisms due to
changes in the photosynthetic apparatus, with all other variables related to photosynthesis. Gas exchange
is a complex event and can be influenced by several factors that control the success of plant-
microorganism interactions (Ennahli & Earl, 2005). In our research, multifunctional microorganisms

did not express sufficient beneficial effects due to external (temperature, pH, and humidity) and internal
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(nutrition and plant metabolism) factors influencing gas exchange in common bean plants.

A
(pumeoel CO, m 2 s1)

] ab
1 abed
1 ab
] ab

] abed
1 ab

] abod
1 abed

1 abed
1 abcd

] abed

ced
bed

1 abed
e

1 abed
1 abed
d

1 abed
1 abc
1 a
1 abed

] abed

AT L

C
] abed
he el

1 ab

E

(nmol H,O m? s°1)

ra

1 abed
1 abcd

1 ab

1 abed
1 ab
1 abed

] abed

ey abed
[ a b o
ed
ey aboed
[ el

] ab
1 abed
abed

bed

0.25

s

(mmol H,O m? s°1)

o 1 d

1 ab
1 ab
1 ab
] ab
1 ab
1 a

0.15 1

0.4

0.05 1

T8ONN2IBMIS161T

Treatments

1 ab
1 ab
] ab
1 ab

1 ab
ab

1 ab

1 ab

1 ab

1 ab

ab

8192021223425

ab
ab

ab

s}
v =
T T T I

Treatments

Ci =
(vpm) —
— [ 2 [y
= = = =
= = = =
c

[
= =

=

1 abc
1 abc

1 abc
1 ab

1 abc

1234567891012 MKI51617181920212223242526

1 ab

1 abc

1 abc

1 abc
1 abc
1 abc
1 abc

Tleaf
)

1 abce

3
30
JA
0
13
10

1 ab

1 abce

1 be

T8OWINNRBIUINI
Treatments

=N

1

] ) o
T 52 2y
] SEg g 2%
SR _58p°F

TRIOWANXBAULA

1 abc

1 abc
1 abc

bc

° 5

SOTSONUNBYISIEITIEN0A23242526

Treatments

1 abc
abec

7]
T

3
U

1234567 8910NRBUISIEITIRIGNALBAUEXN
Treatments

Figure 1. (a) Photosynthesis, (b) Transpiration, (c) Stomatal conductance, (d) Leaf temperature and (e)
Internal CO; concentration in common bean plants treated with multifunctional microorganisms,
isolated or in combination. * Treatments followed by the same letter in columns do not differ from each
other by the LSD test. ** Treatments: (1) BRM 32109; (2) BRM 32110; (3) BRM 32111; (4) BRM
32112; (5) BRM 32113; (6) BRM 32114; (7) T-26; (8) Ab-V5; (9) 1381; (10) 1301; (11) BRM 32114
+ BRM 32110; (12) BRM 32114 + Ab-V5; (13) BRM 32114 + T-26; (14) BRM 32110 + Ab-V5; (15)
BRM 32110 + T-26; (16) Ab-V5 + T-26; (17) 1381 + 1301; (18) 1381 + Ab-V5; (19) 1301 + Ab-V5;
(20) 1381 + BRM 32114; (21) 1301 + BRM 32114; (22) 1381 + BRM 32110; (23) 1301 + BRM 32110;
(24) 1381 + T-26; (25) 1301 + T-26; (26) control (without microorganism).
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Biomass

The accumulation of shoot biomass in common bean plants occurred when treated with
microorganisms 1381 + Ab-V5 (Figure 2). The increase in biomass was 23.5% compared to that in the
control plants. Other treatments that stood out were T-26, Ab-V5 + T-26 and 1301 + Ab-V5, with an
average increase equal to 18.0% in relation to that in the control plants. An increase of approximately
4.1 g kgt in root biomass was found in common bean plants treated with 1301 + T-26 (4.3 g) and Ab-
V5 + T-26 (4.0 g) compared to that common bean plants in the control treatment. In relation to total
biomass (root + shoots), values were significantly higher in common bean plants treated with 1381 +
Ab-V5, Ab-V5 + T-26, T-26, and 1301 + Ab-V5 than those in the other treatments. The average
increment was 20% compared to that in the control plants. These results showed that together,
Azospirillum brasilense (Ab-V5), Azopirillum sp. (1381), Bacillus sp. (1301) and Trichoderma
koningiopsis (T-26) were the most efficient in promoting an increase in biomass in common bean plants.
This increase in root and shoot biomass can be attributed to the direct mechanisms by which
rhizobacteria act in the direct solubilization of insoluble P sources, N fixation and/or the regulation of
the concentration of plant growth regulators, such as indole acetic acid (AlA) produced by Azospirillum
and Trichoderma. Benizri et al. (2001) and Hungria, Campo, Souza and Pedrosa (2010) reported that
the application of Azospirillum and Bacillus promote root development, which can result in several other
beneficial effects on plants, such as greater absorption of water and nutrients, resulting in more vigorous

and productive plants.
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Figure 2. (a) Dry shoot biomass, (b) Dry root biomass and (c) Dry total biomass in common bean plants
treated with multifunctional microorganisms, isolated or in combination. * Treatments followed by the
same letter in columns do not differ from each other by the LSD test. ** Treatments: (1) BRM 32109;
(2) BRM 32110; (3) BRM 32111; (4) BRM 32112; (5) BRM 32113; (6) BRM 32114; (7) T-26; (8) Ab-
V5; (9) 1381; (10) 1301; (11) 32114 + 32110; (12) 32114 + Ab-V5; (13) 32114 + T-26; (14) 32110 +
Ab-V5; (15) 32110 + T-26; (16) Ab-V5 + T-26; (17) 1381 + 1301; (18) 1381 + Ab-V5; (19) 1301 + Ab-
V/5; (20) 1381 +32114; (21) 1301 + 32114; (22) 1381 + 32110; (23) 1301 + 32110; (24) 1381 + T-26;
(25) 1301 + T-26; (26) control (without microorganism).

The increase in root biomass was directly associated with the increase in biomass in the shoots
of common bean plants (Figure 2), which can be attributed to increased water absorption and
translocation of nutrients resulting from the increased area of contact between roots and soil and
increased volume of root hair through the influence of phytohormones. The increase in shoot biomass
can be attributed to the ability of rhizobacteria to induce the synthesis of gibberellins and cytokinins that
regulate leaf expansion and chlorophyll synthesis (Rodriguez, Fragar, Gonzalez, & Bashan, 2006).

Bacteria of the genera Azospirillum sp. and Bacillus sp. are diazotrophic and promote nitrogen
fixation (Wang, Perez, Ye, & Huang, 2012). As common bean plants demand substantial nutrients,
mainly nitrogen, these isolates in combination may have directly contributed to the nitrogen nutrition of
the common bean plants, favoring their growth (Spolaor et al., 2016). The promotion of plant growth by
Trichoderma species occurs through the production of gibberellins and auxins such as AlA (Hermosa

et al., 2013), which favor the development of lateral roots. Souza et al. (2012) observed that the most
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efficient isolates of Trichoderma spp. (T. harzianum, T. strigosum and T. theobromicola) increased the

dry matter production of common bean shoots.

Yield components and grain yield

In comparison to the control plants, the common bean plants treated with the isolates BRM
32109, 1301, and BRM 32110 and with the combinations BRM 32114 + BRM 32110, BRM 32110 +
T-26 and BRM 32114 + Ab-V5 showed higher grain yield (Figure 3). The average increase was on the
order of 6%. In comparison to the control plants, the plants treated with BRM 32114 + BRM 32110 had
a higher number of pods per pot (increase of 46.4%), and plants treated with T-26 had a greater mass of
100 grains (increase of 23.0%). In addition, the number of grains per pod did not vary among treatments.
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Figure 3. (a) Number of pods per pot, (b) Number of beans per pod, (c) Mass of 100 grains and (d)
Grain yield common bean plants treated with multifunctional microorganisms, alone or in combination.
* Treatments followed by the same letter in columns do not differ from each other by the LSD test. **
Treatments: (1) BRM 32109; (2) BRM 32110; (3) BRM 32111, (4) BRM 32112; (5) BRM 32113; (6)
BRM 32114; (7) T-26; (8) Ab-V5; (9) 1381; (10) 1301; (11) 32114 + 32110; (12) 32114 + Ab-V5; (13)
32114 + T-26; (14) 32110 + Ab-V5; (15) 32110 + T-26; (16) Ab-V5 + T-26; (17) 1381 + 1301; (18)
1381 + Ab-V5; (19) 1301 + Ab-V5; (20) 1381 +32114; (21) 1301 + 32114; (22) 1381 + 32110; (23)
1301 + 32110; (24) 1381 + T-26; (25) 1301 + T-26; (26) control (without microorganism).

The increase in yield components and grain yields can be explained by the mechanisms of
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action of multifunctional microorganisms in common bean plants. The microorganisms that showed
increased grain yields were the same microorganisms that showed increases in the macronutrient content
of common bean plants (Figure 3). As already shown, the microorganisms influenced the biomass of the
shoots and roots, nourishing the plants and making the plants better able to absorb water and nutrients,
factors that directly influence the grain yield of a crop. In addition to improving soil structure, the
development of the roots by microorganisms may also have increased the plants’ ability to absorb water
and nutrients, offering the plants the use of nutrients necessary for the development and filling of grains,
as well as providing increased grain yield. For example, Lobo, Brand&o and Geraldine (2009) also found
increased productivity working with common bean and the application of T. asperellum and T.
harzianum, and this increase was dependent on the dose of microorganisms applied. The application of
T. asperellum (800 mL ha) produced an increase of up to 807 kg ha in comparison to that of the
control, and the application of T. harzianum (1000 mL ha) generated an increase of 957 kg ha in
comparison to that of to the control.

Macronutrients in shoots, roots and grains

Common bean plants treated with isolates 1381 and 1301, in addition to the combinations 1381
+ T-26, Ab-V5 + T-26, BRM 32114 + BRM 32110, BRM 32110 + Ab-V5, 1301 + BRM 32110 and
1381 + BRM 32114, presented the highest levels of N in shoots (Figure 4). The average increase was
on the order of 5.3%. Regarding macronutrient P, common bean plants treated with isolate 1381 and
with the combinations BRM 32114 + BRM 32110, Ab-V5 + T-26 and 1381 + T-26 showed significantly
higher levels of P than those of the control plants. The average increase was approximately 17.0%. For
macronutrient K, common bean plants treated with the combination BRM 32114 + BRM 32110 showed
significantly higher levels of K (and increase of 25.74%) than those of the control plants. Regarding the
macronutrient content in the roots of common bean plants, the levels of N and P were similar between
treatments, while the K content was significantly higher in common bean plants treated with isolate
1301 and with the combination 1381 + BRM 32110 than in the control plants (Figure 4); the increments
in the K content for these two treatments were on the order of 12.03 g kg™ and 11.47 g kg™, respectively.
For grains, common bean plants treated with the combinations 1381 + T-26 and 1301 + BRM 32110
had a significantly higher P content (average increase of 10.3%) than that of the plants in the other
treatments, while plants treated with isolate 1301 had a significantly higher K content compared to that
of the control plants (Figure 5). The increase was on the order of 3.82 g kg™. For N, there were no
differences between the treatments.

Given the results obtained for root biomass and macronutrient content, microorganisms such
as Ab-V5, 1301, and T-26, which stimulated the growth of roots, provided an increase in the contact
area of the roots with consequently higher nutrient concentrations. Machado et al. (2012) also observed

greater absorption of nutrients by plants treated with multifunctional microorganisms and suggested the
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most significant development of the roots and increased hairs on the roots as the main factors. Other
microorganisms, such as BRM 32114, BRM 32110, and 1381, may have increased the efficiency of the
biochemical mechanisms such as the absorption and assimilation of N and P to accumulate
macronutrients in the shoot, but studies on the influence of microorganisms on the efficiency of

biochemical mechanisms are still needed.
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Figure 4. (a) Nitrogen, (b) Phosphorus and (c) Potassium in the shoot in common bean plants (d)
Nitrogen, (e) Phosphorus and (f) Potassium in the root system in common bean plants treated with
multifunctional microorganisms, isolated or in combination. * Treatments followed by the same letter
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in columns do not differ from each other by the LSD test. ** Treatments: (1) BRM 32109; (2) BRM
32110; (3) BRM 32111; (4) BRM 32112; (5) BRM 32113; (6) BRM 32114; (7) T-26; (8) Ab-V5; (9)
1381; (10) 1301; (11) 32114 + 32110; (12) 32114 + Ab-V5; (13) 32114 + T-26; (14) 32110 + Ab-V5;
(15) 32110 + T-26; (16) Ab-V5 + T-26; (17) 1381 + 1301; (18) 1381 + Ab-V5; (19) 1301 + Ab-V5;
(20) 1381 +32114; (21) 1301 + 32114; (22) 1381 + 32110; (23) 1301 + 32110; (24) 1381 + T-26; (25)
1301 + T-26; (26) control (without microorganism).

(@) )]
0 6
B s &8 ] 2w
35 g = i ﬁ"zaug’ uru u"ﬁss 3 . o ToeT
Wl o pefF 28T Y oSpSggud o 54 o 9¥ By T ge_ 2
sl L 5 "8 sl "o o8 fpg " 1% = 7 22 9% £° Togda k]
30 (] 2 & _ &2 -] M ¥ =3 m® % 00 ®9 R2ggEp ®
- s _mll* _ - PR o - S FiEmpi 5 82 9% fao_ _ 3
PP M n g et o -n Yl A T e HAa~RA-n
fdh_} ﬂ, _ m _ - -
L) RN
(= o
i
o & 2
710 &
; 1
L o e e e e L S s e B s s s e L e e s e B e e L BLENE B e e
1234567800 NRBUBGITIBNGANANLNANXN 123456780100 12BH151617181920202223242526
Treatments Treatments
©)
16
v © 0 P
T Yy 2@1-""““0 L ] v L}
B13842 23333853 7 $3e5e223
12 23 ,3“'5.—0'_' 8.2 fyg2350° 24
~2mmns? “riplln o T2 P Mnd
A Me op M M - U m _ _ sl
CLIO -
o _ -
2y
g 0
y
4
bl
0

1234567801023 M4151617181920212223242526
Treatments

Figure 5. (a) Nitrogen, (b) Phosphorus and (c) Potassium in grains of common bean plants treated with
multifunctional microorganisms, isolated or in combination. * Treatments followed by the same letter
in columns do not differ from each other by the LSD test. ** Treatments: (1) BRM 32109; (2) BRM
32110; (3) BRM 32111; (4) BRM 32112; (5) BRM 32113; (6) BRM 32114; (7) T-26; (8) Ab-V5; (9)
1381; (10) 1301; (11) 32114 + 32110; (12) 32114 + Ab-V5; (13) 32114 + T-26; (14) 32110 + Ab-V5;
(15) 32110 + T-26; (16) Ab-V5 + T-26; (17) 1381 + 1301; (18) 1381 + Ab-V5; (19) 1301 + Ab-V5;
(20) 1381 +32114; (21) 1301 + 32114; (22) 1381 + 32110; (23) 1301 + 32110; (24) 1381 + T-26; (25)
1301 + T-26; (26) control (without microorganism).

In addition, multifunctional microorganisms can benefit plants through their ability to
solubilize some nutrients and make them available to the plant, contributing to greater growth
(Chaudhary & Sindhu, 2016); this result was observed in the present study, where multifunctional
microorganisms induced the accumulation of K in roots and grains and positively influenced the growth
of common bean plants (Figures 4 and 5).

Grain yield showed a positive correlation with the number of pods (0.541), while shoot

biomass correlated positively with the variables total biomass (0.330**) and mass of 100 grains
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(0.298**) (Table 3). The root biomass was highly correlated with the total biomass (0.962**). The
results showed that grain yield was related to variables such as production and biomass components,
showing a dependence between grain yield and the variation of these variables. These variables directly
influenced the grain yield of common bean plants. Confirming this explanation, this result is in line with
that described by Balbinot, Ferreira, Werner, Aguiar e Silva and Zucareli (2018), who showed a positive
correlation between the growth of soybean plants and grain yield.

Table 3
Pearson's correlation coefficient values between gas exchange variables, biomass, grain
production and productivity and nutrient content

Bshoot? Broot® Btotal® N. pods? N.grains®  M100f ;re?:;
Bshoot? - 0.061 0.330** -0.071 0.01 0.298** -0.178
Broot® - - 0.962** -0.03 0.029 0.143 0.073
Btotal® - - - -0.048 0.03 0.215 0.021
N. pods? - - - - 0.011 0.077 0.541**
N.grains® - - - - - 0.009 0.2
M100f - - - - - - 0.18
Grain
yield? - - - - - - -
Al 0.061 0.101 0.112 0.054 -0.127 -0.057 0.027
E -0.085 0.101 0.072 0.118 0.143 -0.205 0.096
gs -0.044 0.179 0.157 0.109 0.03 -0.114 0.148
ci -0.04 0.148 0.129 -0.023 0.227 -0.013 0.131
Tleaf' -0.006 0.042 0.038 0.093 0.046 -0.195 0.019
Nshoot™ 0.261* 0.069 0.137 0.337** -0.179 -0.135 0.389**
Pshoot" 0.122 -0.129 -0.088 0.059 -0.034 -0.03 -0.117
Kshoot® -0.062 0.101 0.078 0.049 -0.092 -0.142 0.048
NrootP -0.075 0.045 0.022 -0.219 -0.172 0.159 -0.189
Proot* 0.326** 0.041 0.127 -0.134 -0.082 0.168 -0.142
Kroot' 0.083 -0.104 -0.076 0.234* -0.044 -0.035 -0.163
Ngrain® -0.125 0.046 0.009 -0.088 0.364** 0.310** -0.049
Pgrain' 0.119 -0.076 -0.039 0.074 -0.09 0.096 -0.18
Kgrain“ -0.046 -0.051 -0.061 -0.238* -0.270* -0.175 0.004

** The correlation is significant at the 0.01 level (2 extremities)

*The correlation is significant at the 0.05 level (2 extremities)

aDry shoot biomass, PDry root biomass, °Dry total biomass, “Number of pods per pot, ®Number of beans per pot,
fMass of 100 grains, 9Grain field, "Photosynthesis, 'Transpiration, iStomatal conductance, XInternal CO,
concentration, 'Leaf temperature, ™Nitrogen, "Phosphorus, °Potassium shoot, PNitrogen, 9Phosphorus, "Potassium
root, °Nitrogen, 'Phosphorus, YPotassium grains.

For macronutrients, a positive correlation was observed between the N content in the shoots
and shoot biomass, number of pods and grain yield (0.261*; 0.337**; and 0.389**, respectively) (Table
3). A positive correlation was also observed between N in the grain and the number of grains per pod
(0.364**) and mass of 100 grains (0.310**). With these results, the relationship between the N content
and yield components was evident since N is an essential nutrient for the growth and development of

plants, particularly common bean (Chibeba et al., 2015). There was also a positive correlation between
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the P content in the root and shoot dry biomass shoot (0.326**) and a negative correlation between the
K content in the grain and the number of pods per plant (-0.238*) and the number of grains per plant (-
0.270*) (Table 3). For the relationship between these variables, it can be inferred that several
characteristics of the plants were influenced by the level of P available to the common bean plant, some
of which were positive and others were negative. Furlani, Bataglia, Furlani, Azzini and Camargo (1983)
verified, through correlation coefficients, that the tolerance to Al is related to the efficiency of P for one
hundred lines of irrigated upland rice and forty maize and found that in conditions of low availability of
P, the shoot biomass and roots were the characteristic that was most related to the efficiency of use of P
and allowed the differentiation of rice genotypes.

This study showed that multifunctional microorganisms other than Rhizobium produce
beneficial effects on the growth and development of common bean plants. Therefore, it is imperative to
advance knowledge through scientific research to establish economically viable types and quantities of
application for these bioinputs, as well as to validate these results in experiments under field conditions.

3.4 Conclusion

Some microorganisms used in this study resulted in significant increases in shoot and root
biomass and levels of N, P, and K with direct effects on yield components and grain yield of common
bean plants.

The multifunctional microorganisms Azospirillum brasilense (Ab-V5), Azospirillum sp.
(1381), Bacillus thuringiensis (BRM 32110), Bacillus sp. (1301), Trichoderma koningiopsis. (T-26) and
Serratia sp. (BRM 32114) were the microorganisms that stood out as having beneficial effects on

common bean plants.
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HIGHLIGHTS

o We tested the effect of multifunctional microorganisms in common bean plants.
e Ab-V5, BRM 32112 and others combinations were the most prominent treatments.
e These treatments provided twice the grain yield compared to control plants.

Abstract: Multifunctional microorganisms (MM) are natural inhabitants of agroecosystems,
capable of colonizing the root system and the shoot of plants and providing beneficial effects
to the system, through direct and indirect mechanisms. Thus, the objective of this study was
to determine the effect of the use of multifunctional microorganisms on gas exchange and
macronutrient content in the shoots and roots, yield components and grain yield of common
bean plants. A completely randomized design with twenty-six treatments and three
replications was used under controlled conditions. The treatments consisted of the
application of MM and its combinations in pairs, with nine rhizobacteria isolates BRM 32109,
BRM 32110 and 1301 (Bacillus sp.), BRM 32111 and BRM 32112 (Pseudomonas sp.), BRM
32113 (Burkholderia sp.), BRM 32114 (Serratia sp.), 1381 (Azospirillum sp.) And Ab-V5
(Azospirillum brasiliense), an edaphic fungal isolate T-26 (Trichoderma koningiopsis), and
a control (without MM). The isolates Ab-V5 and BRM 32112, in addition to the combinations
BRM 32114 + T-26, 1301 + BRM 32110 and BRM 32114 + BRM 32110 were the highlights
treatments, since they provided increases in gas exchange (stomatal conductance - 79.1%
and transpiration - 10.0%), in the content of macronutrients (N - 63.3% and P - 56.7%, in
the shoots and P - 42.7%, in the roots) and in the agronomic performance, providing twice
as much of grain yield in common bean plants, compared to control plants. Based on the
results, it can be inferred that multifunctional microorganisms are potential and sustainable
technologies for the common bean production chain.

Keywords: Phaseolus vulgaris; Bioagents; Gas exchange; Nutrients; Grain yield.
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INTRODUCTION

Common bean (Phaseolus vulgaris L.) is one of the most important legumes in Brazil
and worldwide [1-2], being considered a source of basic protein for direct consumption, low
cost, excellent source of fiber, iron and amino acids [3]. Brazil is the world's largest producer
of this legume; whose cultivation covers almost all Brazilian states [4].

Small producers dominate the Brazilian production of common beans (about 67%), but
there is a tendency to increase the participation of medium and large producers, mainly in
the Cerrado region (irrigated winter cultivation) [2]. According to [1], winter cultivation is
characterized by the intensive use of synthetic inputs, like chemical fertilizers that provide
significant increases in productivity; however, it increases production costs.

In view of the serious consequences that the intensive use of agricultural inputs has
caused to agro-ecosystems, such as air and water pollution, soil contamination and human
health problems, the idea of environmental conservation and the rational use of it is
resources has become increasingly relevant [5]. As an example, there are the specific
interactions between plants and multifunctional microorganisms, which have a positive
impact on the functioning of ecosystems [6].

In this context, rhizobacteria, capable of rapidly colonizing the root system of plants,
represent strategic organisms in the soil-plant system because in addition to preventing the
invasion of pathogens through the production of secondary metabolites [7-8] help to plant
growth and development [9]. Among the positive effects of these bacteria are: N fixation
[10], production of phytohormones [11], increased phosphate solubilization [12], stimulus
the greater root development of plants [13], increased absorption of water and nutrients
[11], control of phytopathogens [14], among others that result in greater plant development
and greater grain yield [15].

In addition to rhizobacteria, the soil fungus, Trichoderma spp., also plays a major role
in plant growth [16]. It is effect has been related to the protection of plants against primary
and secondary rhizosphere pathogens, production of plant growth hormones, increased
absorption and translocation of mineral nutrients, in addition to increased solubility and
availability of various micronutrients [17].

Additionally, the co-inoculation with rhizobacteria has been proposed as a technology
capable of enhancing the promotion of growth in plants and, consequently, benefiting the
N fixation process and stimulating the increase in the absorption of water and nutrients,
compared to the application of individual isolates [18]. [19] working with co-inoculation of
rhizobia (Bradyrhizobium japonicum) and azospirilla (Azospirillum brasilense) on common
bean (Phaseolus vulgaris L). and soybean (Glycine max) seeds showed that the
microrganisms increased grain production at field conditions. Despite the potential for the
use of multifunctional microorganisms in agricultural crops, mainly in co-inoculation, there
are still few works published in the culture of common bean.

Thus, the objective of this study was to determine the effect of the use of multifunctional
microorganisms on gas exchange and macronutrient content in the shoots and roots, as
well as yield components and grain yield of common bean plants.

MATERIAL AND METHODS

Characterization of the environment

The experiment was conducted in a greenhouse, at the headquarters of Embrapa Arroz
e Feijdo, Santo Antdnio de Goiads, GO. Soil from the arable layer (0.00-0.20 m) of a
dystrophic Latosol, medium texture, was used [20]. The chemical characteristics of the soil
were determined with the following results pH (H-0) = 5.6; Ca?* = 28.4 mmolc dm3; Mg?*
= 12.5 mmolc dm=3; H + AR * = 28 mmolc dm3; P = 11 mg dm=3; K* =218 mg dm?; Cu?* =
0.8 mgdm=3; Zn?* =4.0 mg dm=3; Fe* = 7.3 mg dm3; Mn?*= 18 mg dm and organic matter
= 37.7 g kg*. These analyzes followed the methods proposed by [21].

53



Three weeks before the sowing of common bean, 78 pots with a capacity of 7 kg were
completely filled with soil and fertilized with 10 g of NPK, formulation 5-30-15. During the
entire conduct of the experiment, soil moisture was monitored daily, and kept close to field
capacity conditions.

Experimental design and treatments

A completely randomized design with 26 treatments and three replications was used.
The treatments consisted of the application of microorganisms and their combinations in
pairs in common bean, with nine isolated from rhizobacteria and one isolated from soil
fungus (Table 1). The microorganisms were applied at three times in the culture,
microbiolization of the seeds, soil imbibition and sprayed at 7 and 21 days. In the control
treatment, water was used both for microbiolization, as well as soil imbibition and spraying
at 7 and 21 days.

Table 1 - Multifunctional microorganisms, isolated or combined, used during the cultivation of
common bean, cultivar BRS FC 402

1 Microorganisms Treatments Microorganisms
1 BRM 32109 (Bacillus sp.) 14 1301 + 32114
2 BRM 32110 (Bacillus thunringiensis) 15 1381 + 32114
3 BRM 32111 (Pseudomonas fluorescens) 16 1381 + 1301
4 BRM 32112 (Pseudomonas sp.) 17 32110 + Ab-V5
5 BRM 32113 (Burkholderia pyrrocinia) 18 32114 + Ab-V5
6 BRM 32114 (Serratia sp.) 19 1301 + Ab-V5
7 T-26 (Trichoderma koningiopsis) 20 1381 + Ab-V5
8 Ab-V5 (Azospirillum brasilense) 21 Ab-V5 + T-26
9 1381 (Azospirillum sp.) 22 32110 + T-26
10 1301 (Bacillus sp.) 23 32114 + T-26
11 32114 + 32110 24 1301 + T-26
12 1301 + 32110 25 1381 + T-26
13 1381 + 32110 26 Control

The main characteristics of the rhizobacteria isolates BRM 32109 (Bacillus sp.), BRM
32110 (Bacillus thunringiensis), BRM 32111 (Pseudomonas fluorescens), BRM 32112
(Pseudomonas sp.), BRM 32113 (Burkholderia pyrrocinia), BRM 32114 (Serratia sp.), 1301
(Bacillus sp.), 1381 (Azospirillum sp.), Ab-V5 (Azospirillum brasilense) and the fungus T-26
(Trichoderma koningiopsis) are described in Table 2. The microorganisms used are stored
and preserved in the Microorganisms collection Embrapa Rice and Bean Multifunctional.

Table 2 - Collection code, geographical origin, biochemical characteristics and taxonomic
classification of the nine rhizobacteria isolates used in this study

BiochemicalP

Code” Origin® Color® AIAF  Cel® Phot Sid Bio? Taxonomick
BRM 32109 GO/Brazil White - + + + + Bacillus sp.
BRM 32110 PA/Brazil white - + + - + Bacillus thunringiensis
BRM 32111  PA/Brazil Yellow - + + + + Pseudomonas

fluorescens
BRM 32112 GO/Brazil Yellow - + + + + Pseudomonas sp.
BRM 32113  PA/Brazil Pink + + - + + Burkholderia pyrroiynia
BRM 32114  PA/Brazil Pink + + + + + Serratia sp.
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Ab-V5 PR/Brazil Yellow + - - + + Azospirillum brasilense
1381 White + - - - - Azospirillum sp.
1301 White - - + - - Bacillus sp.

ANumeric code of rhizobacteria and fungus isolates in the Embrapa Arroz e Feijéao collection of
Multifunctional Microorganisms;

BGeographic source of each isolate;

C. D, EColony color, biochemical characterization and taxonomic classification of each isolate,
described by [22,16]

FProducer of indolacetic acid, ®producer of cellulase, Hproducer of phosphatase, 'producer of
siderophores, Jproducer of biofilm. The methodology is described in [22,16].

Microbiolization of seeds

From cultures with growth in solid medium (nutrient agar), suspensions with the
microorganisms were prepared in liquid medium 523 (nutrient broth) [23], in a shaking
incubator, for 24 hours at 28 °C. The suspension concentration of each microorganism was
adjusted in a spectrophotometer to A540 = 0.5, which corresponds to 1x108 colony-forming
units (CFU) per mL and 1 x 108 ml* conidia for Trichoderma koningiopsis. The seeds of
common bean were immersed in each suspension of microorganisms, and the seeds of the
control treatment were immersed in distilled water, for a period of 2 hours under constant
agitation at 25°C [24].

Watering and spraying were carried out with the suspensions of microorganisms in the
same concentrations used to microbiolize the seeds. Thus, at 7 days after sowing (DAS),
the soil was watered with 100 ml of suspension in each treatment and at 21 DAS the plants
were sprayed sprayed with 30 ml of suspension for each treatment. The plants were
sprayed using a manual sprayer with pressure supplied by a CO, pressure source and a
conical nozzle (TX-VS2).

Management of common bean plants.

Ten common bean seeds cultivar BRS FC 402 were sown per pot. Ten days after
germination, the plants were thinned, leaving three plants per pot. Cultural practices were
carried out according to the recommendations and needs of the culture. The cultivar BRS
FC 402 has grains carioca habit of undetermined growth, type lll, semi-erect architecture,
cycle ranging from 85 to 94 days, it presents anthracnose resistance and Fusarium wilt.

Assessments

Gas exchange measurements: photosynthetic rate (umol CO, m? s?), transpiratory
rate (mmol H.O m2 s), stomatal conductance (mol H.O m* s?), internal CO_ concentration
(vpm) and leaf temperature (°C) were determined in common bean plants at 37 DAS
(beginning of flowering), using a portable gas meter in the IRGA infrared region (LCpro +,
ADC BioScientific), between 08:00 and 10:00 hours from morning. The readings were taken
in the central third of the first completely expanded trefoil (from top to bottom). The
equipment was regulated to use concentrations of 370 - 400 mol mol* CO,, and 1200 umol
[quanta] m? st of photosynthetically active photon flux density (DFFFA). The minimum
equilibrium time established for the readings was 2 minutes.

Yield components and grain yield: harvesting was carried out when common bean
plants reached physiological maturity, 83 DAS. Thus, the number of pods per pot, the
number of grains per pod was counted and the mass of 100 grains and grain yield were
determined. The values obtained were corrected for 13% humidity. These determinations
were made in each vessel.
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Nutrient content: after drying and weighing the dry biomass of the shoots and roots,
representative aliquots were removed for grinding and determination of the levels of
macronutrients N, P and K, following recommendations by [25].

Statistical analysis

It was determined normality of errors (Shapiro-Wilk test) and homogeneity of variance
(Bartlett test) of the data. Then, the data were subjected to analysis of variance and, when
significance was detected, the means were compared by the LSD test (p<0.05). The
SISVAR statistical package was used to process these data. Additionally, a multivariate
principal component analysis (PCA) was performed to describe the correlation between
response variables (gas exchange, accumulation of nutrients in the shoots and roots, yield
components and grain yield) and isolated and combined microorganisms. The main
components (PCs) were loaded with response variables when the correlation test produced
r =2 0.50. The first five PCs responsible for 68.2% of the data variation were maintained.
Biplots (two-dimensional graph) using these five PCs that correlate isolated and combined
microorganisms and response variables were built with the “FactoExtra” package [26] on
the R platform.

RESULTS

Gas exchange evaluation

The effect of inoculation on common bean plants on photosynthesis (A), transpiration
(E), stomatal conductance (gs), internal CO; concentration (Ci) and leaf temperature (Tleaf)
is shown in Figure 1. The increase in E (16.5% on average) and gs (25.0% on average) in
common bean plants inoculated with Ab-V5 (E and gs); and the combinations BRM 32114
+ Ab-V5 (E and gs), 1381 + 1301 (gs) and 1301 + T-26 (E) indicate that there was a greater
flow of water and nutrients from the soil to the plant, since the supply water for the crop was
abundant. This is advantageous since the higher nutrient content within the plant culminates
in a more adequate metabolism and, consequently, accumulation of photoassimilates and
growth gain.
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Figure 1 - (A) Photosynthesis; (B) Transpiration; (C) Stomatal conductance; (D) Leaf
temperature and (E) Internal CO2 concentration in common bean plants treated with
multifunctional microorganisms, isolated or in combination. * Treatments followed by the
same letter in columns do not differ from each other by the LSD test. ** Treatments: (1)
BRM 32109; (2) BRM 32110; (3) BRM 32111; (4) BRM 32112; (5) BRM 32113; (6) BRM
32114; (7) T-26; (8) Ab-V5; (9) 1381, (10) 1301; (11) BRM 32114 + BRM 32110; (12) BRM
32114 + Ab-V5; (13) BRM 32114 + T-26; (14) BRM 32110 + Ab-V5; (15) BRM 32110 + T-
26; (16) Ab-V5 + T-26; (17) 1381 + 1301; (18) 1381 + Ab-V5; (19) 1301 + Ab-V5; (20) 1381
+ BRM 32114; (21) 1301 + BRM 32114; (22) 1381 + BRM 32110; (23) 1301 + BRM 32110;
(24) 1381 + T-26; (25) 1301 + T-26; (26) control (without microorganism).

Yield components and grain yield

In crops, such as common bean, where seeds are the product of interest, the main
criteria for selecting bioagents are those that lead to greater grain yield. In this study, the
bioagents that stood out to stimulate increased grain yield in common bean plants were Ab-
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V5, 1381+ BRM 32114 and BRM 32114 + BRM 32110 (Figure 2D). Common bean plants
inoculated with bioagents that differed significantly from non-inoculated plants showed an
average grain yield increase equal to 66.5%. For yield components, the increase in the
number of pods per plant (47.4%) was highlighted in plants inoculated with Ab-V5, 1381+
BRM 32114 and BRM 32114 + BRM 32110, followed by BRM 32111, BRM 32114 + T -26,
1381 + AB-V5, 1381 + BRM 32110 and 1301 + BRM 32110 (Figure 2A).

The increase in the number of grains per pod obtained in common bean plants
inoculated with the isolate BRM 32112 was double compared to the control (Figure 2B). In
relation to the increase in the mass of 100 grains (10.8%), most treatments based on
bioagents showed a beneficial effect, with emphasis on common bean plants inoculated
with the isolate BRM 32114 and the combination BRM 32110 + T -26 (Figure 2C).
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Figure 2 - (A) Number of pods per pot; (B) Number of beans per pod; (C) Mass of 100
grains and (D) Grain yield common bean plants treated with multifunctional microorganisms,
alone or in combination. * Treatments followed by the same letter in columns do not differ
from each other by the LSD test. ** Treatments: (1) BRM 32109; (2) BRM 32110; (3) BRM
32111; (4) BRM 32112; (5) BRM 32113; (6) BRM 32114; (7) T-26; (8) Ab-V5; (9) 1381; (10)
1301; (11) 32114 + 32110; (12) 32114 + Ab-V5; (13) 32114 + T-26; (14) 32110 + Ab-V5;
(15) 32110 + T-26; (16) Ab-V5 + T-26; (17) 1381 + 1301; (18) 1381 + Ab-V5; (19) 1301 +
Ab-V5; (20) 1381 +32114; (21) 1301 + 32114; (22) 1381 + 32110; (23) 1301 + 32110; (24)
1381 + T-26; (25) 1301 + T-26; (26) control (without microorganism).

Macronutrients in shoots and roots

Common bean plants treated with isolates BRM 32112, 1381, BRM 32110, BRM
32114, BRM 32109, BRM 32111, Ab-V5, BRM 32113, T-26 and 1301, in addition to the
combinations BRM 32114 + T-26, 1301 + BRM 32114, 1301 + Ab-V5, 1381 +1301, BRM
32110 + T-26, BRM 32114 + BRM 32110 and 1301 + BRM 32110 presented the highest
levels of N in their shoots. The average increase was around 3.70% (Figure 3A). In relation
to macronutrient P, common bean plants treated with isolates BRM 32111, BRM 32112,
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BRM 32114, 1381, BRM 32110 and Ab-V5 and with the combination BRM 32114 + BRM
32110, showed significantly higher levels compared to control plants (Figure 3B).

The average increase was of the order of 9.23%. As for macronutrient K, common bean
plants treated with the BRM 1301 + Ab-V5 combination and the BRM 32113 and 1301
isolates showed significantly higher levels (11.02%) when compared to the control plants
(Figure 3C). Regarding the levels of macronutrients in the roots of common bean plants,
the levels of N and K were similar between treatments; while the P content was significantly
higher in common bean plants treated with the combinations 1381 + 1301, BRM 32114 +
T-26 and 1301 + BRM 32110, compared to control plants (Figures 3D, 3E and 3F). The
average increase in the P content was around 14.68%.
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Figure 3 - (A) Nitrogen; (B) Phosphorus and (C) Shoots potassium (D) Nitrogen; (E)
Phosphorus and (F) Roots potassium in common bean plants treated with multifunctional
microorganisms, isolated or in combination. * Treatments followed by the same letter in
columns do not differ from each other by the LSD test. ** Treatments: (1) BRM 32109; (2)
BRM 32110; (3) BRM 32111; (4) BRM 32112; (5) BRM 32113; (6) BRM 32114; (7) T-26;
(8) Ab-V5; (9) 1381; (10) 1301; (11) 32114 + 32110; (12) 32114 + Ab-V5; (13) 32114 + T-
26; (14) 32110 + Ab-V5; (15) 32110 + T-26; (16) Ab-V5 + T-26; (17) 1381 + 1301; (18) 1381
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+ Ab-V5; (19) 1301 + Ab-V5; (20) 1381 +32114; (21) 1301 + 32114, (22) 1381 + 32110;
(23) 1301 + 32110; (24) 1381 + T-26; (25) 1301 + T-26; (26) control (without
microorganism).

Principal Component Analysis

Regarding the analysis of the main components, it was found that the variability of
treatments (isolated and combined microorganisms) observed in gas exchange
(photosynthesis, transpiratory rate, stomatal conductance, internal CO, concentration and
leaf temperature), in the yield components (number of pods per pot, number of grains per
pot and mass of 100 grains) and in grain yield and nutrient accumulation (N, P and K), both
in shoots and in the roots, was better explained by five main components (PCs),
representing 68.26% of the data variation, that is, PC1 (22.08%), PC2 (18.94%), PC3
(14.86%), PC4 (8.89%) and PC5 (7.49 ) (Figure 4).

The factor map (biplot) shows groups of variables (arrows) indicating positive and
negative correlations with each main component (PC), with the length of the arrow indicating
the magnitude of each response for each PC (Figure 4). PC1 was positively correlated with
photosynthesis, transpiration, stomatal conductance, CO2 concentration, number of pods
per pot, mass of 100 grains and grain yield. On the other hand, PC2 was positively
correlated with photosynthesis, transpiration, stomatal conductance, internal CO;
concentration, leaf temperature and N at the root. While PC3 was positively correlated with
the number of pods per pot, N and P in the shoots and P in the roots. PC4 was positively
correlated with photosynthesis and K at the roots while PC5 correlated positively with P at
the roots.

The variables of K in the roots, grain yield, number of pods per pot and K in the shoots
(69.6%; 66.3%; 65.7%; 64.2%, respectively) presented the greatest contribution to PC1.
For PC2, transpiration, stomatal conductance, internal CO; concentration and temperature
(67.9%, 64.6%, 62.4%, 62.0%, respectively) provided the greatest contribution. While for
PC3, N and P in the shoots (91.0% and 81.7%), for PC4, photosynthesis and K in the roots
(40.8% and 40.4%) and for PC5, P in the roots (50.9%) were the variables that provided
the greatest contributions.

Based on the representational quality of treatments with isolated microorganisms and
in combination for the variables analyzed, treatments 8 (Ab-V5) and 20 (1381 + BRM 32114)
showed the greatest positive correlation for the mass of 100 grains and the number of pods
per vessel, respectively (Figure 4). The transpiration and stomatal conductance variables
were positively correlated with treatments 14 and 19 (BRM 32110 + Ab-V5 and 1301 + Ab-
V5). The accumulation of P in the shoots was positively correlated with treatment 4 (BRM
32112) and the accumulation of P in the roots with treatment 6 (BRM 32114).
Photosynthesis was positively correlated with treatment 5 (BRM 32113) and the
accumulation of P at the roots with treatment 13 (BRM 32114 + T-26).
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Figure 4 - Principal component analysis (PCA) explaining correlations among variables and
among 26 treatments with individual and combined microorganisms. Five main components
(PCs) accounted for 68.26% of the data variation. Treatments isolates: (1) BRM 32109; (2)
BRM 32110; (3) BRM 32111, (4) BRM 32112; (5) BRM 32113; (6) BRM 32114; (7) T-26;
(8) Ab-V5; (9) 1381; (10) 1301, in combination: (11) 32114 + 32110; (12) 32114 + Ab-V5;
(13) 32114 + T-26; (14) 32110 + Ab-V5; (15) 32110 + T-26; (16) Ab-V5 + T-26; (17) 1381 +
1301; (18) 1381 + Ab-V5; (19) 1301 + Ab-V5; (20) 1381 +32114; (21) 1301 + 32114, (22)
1381 + 32110; (23) 1301 + 32110; (24) 1381 + T-26; (25) 1301 + T-26; control (26) without
microorganisms.

DISCUSSION

According to [27], a higher transpiratory rate is attributed to a greater stomatal opening,
which in turn can be induced by multifunctional microorganisms. On the other hand, greater
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stomatal opening decreases stomatal resistance to CO; diffusion, favoring its mesophilic
conductance and, consequently, the production of photoassimilates [28-29]. Although no
difference in A was observed between inoculated and non-inoculated plants, the
photosynthetic rate of common bean plants is considered high, with emphasis on plants
inoculated with Ab-V5, BRM 32113 and the combinations 1301 + T-26 and 1301 + BRM
32110.

Changes in the intercellular concentration of CO- (Ci), found in common bean plants
inoculated with the combinations Ab-V5 + T-26, 1301 + Ab-V5, BRM 32110 + Ab-V5 and
BRM 32114 + T-26, suggest that there may have been an increase in Rubisco's
carboxylation activity by regulating the stomatal opening that favors the fixation of
mesophilic CO; [30]. These benefits acquired with the use of multifunctional
microorganisms can result in greater production of photoassimilates, which can be allocated
to heterotrophic organs of common bean plants to sustain growth or be converted into
reserve products or have been exuded by the roots and used by the rhizobacteria
themselves. In upland rice, [22] found values significantly higher than the control treatment
for the variables photosynthesis, transpiration and stomatal conductance, while there was
no statistical difference for internal CO concentration and leaf temperature.

These results corroborate those found by [31], who reported that treatment with
rhizobacteria significantly increased the number of pods per plant, the number of grains per
pod, mass of 100 grains, mass of grains per plant and mass of pods per plant, with the co-
inoculation with Rhizobium and rhizobacteria showed a significant increase in common
bean yield and yield components.

Multifunctional microorganisms can benefit plants through their ability to solubilize
some nutrients in the soil solution and, thus, make them available to the plant to increase
the growth rate [32]. As observed in the present study, multifunctional microorganisms
induced the accumulation of N, P, K in the aerial part and K in the root, positively influencing
the growth of common bean plants. These results may be related, since the transpiration of
the plant is fundamental for the absorption of water and mineral nutrients from the soil. The
results show that the multifunctional microorganisms Ab-V5, BRM 32114 + Ab-V5 and 1301
+ T-26 provided increases in transpiration of common bean plants.

Regarding P, our results corroborate those of [33], where several rhizobacteria tested,
alone, provided higher phosphorus content in the shoots of inoculated plants than in
uninoculated plants, both under natural phosphate fertilization and without using fertilizer.
Therefore, the isolates BRM 32110, BRM 32111, BRM 32112 and BRM 32114, in addition
to the combinations, BRM 32114 + BRM 32110, 1301 + BRM 32110 and BRM 32114 + T-
26 favored the solubilization of P in the soil solution and, consequently, accumulation of P
in the shoots and root of common bean plants. This can be explained due to the ability of
these microorganisms to solubilize and mineralize inorganic phosphorus through organic
acids, release of H+ protons, aid of ATPases and production of chelators.

In addition, these microorganisms can favor the increase in the accumulation of
nutrients in plants, promoting root development, which allows greater access and
absorption of nutrients and improving the absorption mechanisms [9]. Isolates 1381 and
BRM 32113 and the combination 1301 + Ab-V5 provided the highest K accumulation in the
shoots. This suggests that the high accumulation of K in common bean plants may have
been due to the improvement of the K absorption mechanism or to the greater development
of roots by microorganisms.

The study shows that the highlighted microorganisms were the isolated Ab-V5
(Azospirillum brasilense) and BRM 32112 (Pseudomonas sp), where there was a positive
influence of Azospirillum brasilense on stomatal conductance, transpiration, number of pods
per pot, grain yield and N and content P in the shoots of common bean plants and
Pseudomonas sp. in the number of grains per pot, grain yield and N and P content in the
shoots of common bean plants. Bacteria of the genus Azospirillum sp. are able to promote
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plant growth through biosynthesis and release of amino acids, indolacetic acid, cytokinins,
gibberellins and other polyamines, favoring root growth and, consequently, intensifying the
absorption of water and nutrients by plants. In addition to fixing atmospheric nitrogen (N2)
through the biological nitrogen fixation process [34]. The group of Pseudomonas sp. they
promote plant growth either directly through phosphorus solubilization and production of
siderophores or indirectly, with their ability to control plant diseases [35].

The combinations BRM 32114 + T-26 (Serratia sp. + Trichoderma koningiopsis), BRM
1301 + BRM 32110 (Bacillus sp. + Bacillus thunringiensis) and BRM 32114 + BRM 32110
(Serratia sp. + Bacillus thunringiensis) are also featured in this study. These combinations
positively influenced the number of pods per pot, grain yield and N content in the shoots. In
addition, the BRM 32114 + T-26 and BRM 1301 + BRM 32110 combinations influenced the
P content in the root and the internal CO,concentration, while the BRM 32114 + BRM 32110
influenced the P content in the shoots of common bean plants.

The genus Serratia sp. associated with plants, promotes plant growth by various
mechanisms, such as indolacetic acid production, nitrogen fixation, 1-aminocyclopropane-
1-carboxylate deaminase activity, phosphate solubilization, siderophores production and
systemic induction host plant resistance [36]. Bacillus sp. it can promote plant growth
through the production of phosphatase and phosphorus solubilization, and is also frequently
used in biological control [35]. Trichoderma sp. it is known to be efficient in biological control,
but recently it has been identified as a promoter of plant growth through the production of
phytohormones such as auxins, cytokinins, abscisic acid, gibberellins, among others [37].

Therefore, it appears that multifunctional microorganisms significantly influenced the
development of common bean plants such as gas exchange, yield components and grain
yield and accumulation of macronutrients in the shoots and roots, and this resulted in more
productive plants.

CONCLUSION

This study describes important aspects of the effects of multifunctional microorganisms
on common bean plants, providing a better understanding of the physiological and
agronomic changes that occur in inoculated plants. Events such as gas exchange and
macronutrient content in the shoots and roots were increased so that the plants could
achieve increased yield components and grain yield.

The outstanding bioagents were Azospirillum brasilense (Ab-V5); Pseudomonas sp.
(BRM 32112), in addition to the combinations Serratia sp. + Trichoderma koningiopsis (BRM
32114 + T-26), Bacillus sp. + Bacillus thunringiensis (1301 + BRM 32110) and Serratia sp.
+ Bacillus thunringiensis (BRM 32114 + BRM 32110).
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5. CONSIDERACOES FINAIS

Os resultados de ambos experimentos permitem inferir que o uso de alguns dos
microrganismos promotores de crescimento testados (isolados ou em combinacao)
proporcionou o desenvolvimento das plantas, seus efeitos ocorreram nas trocas gasosas,
producdo de biomassa, acimulo de nutrientes (NPK) e componentes de rendimento e
rendimento de grdos do feijdo-comum. Além disso, os resultados apresentam algumas
inovacbes em relacdo a alguns microrganismos, porém sdo necessarios estudos
complementares em condic¢des de campo e desenvolvimento de formulacdes que permitam
0 uso desses microrganismos em escala industrial.

O género Bacillus sp. € um dos mais conhecidos no controle de pragas, mas
pouco estudado como promotor de crescimento, porém os resultados de ambos 0s
experimentos mostram o género como um dos destaques nos resultados proporcionando
incrementos nas trocas gasosas, producdo de biomassa, acumulo de nutrientes e
componentes de rendimento e rendimentos de graos tanto isolado quanto em combinagdes.
A espécie Trichoderma koningiopsis, € importante para controle de nematoides, mas nao é
relacionada como um promotor de crescimento. Porém, os resultados deste trabalho mostram
que a espécie isolada ou em combinacdes apresenta efeitos satisfatorios para a promocéo de
crescimento em plantas de feijdo-comum, sendo necessario mais pesquisas voltadas para a
especie.

Os resultados apresentam também microrganismos que proporcionaram efeitos
benéficos em ambos os experimentos como as combina¢fes BRM 3114 + BRM 32110 e
BRM 32110 + T-26 para os componentes de rendimento e rendimento de gréos; e os isolados
BRM 32110, BRM 32111, BRM 32112, BRM 32113, BRM 32114, Ab-V5, 1301 e 1381, e
as combinagdes BRM 32114+BRM 32110, 1381+1301, 1301+BRM 32110, 1381+T-26 e
BRM 32114+T-26 para o acumulo de macronutrientes (N, P, K).

Esta tecnologia pode ajudar especialmente os pequenos agricultores a aumentar
a producdo de feijdo-comum usando microrganismos multifuncionais, reduzindo o custo de
producdo e reduzindo os efeitos negativos no meio ambiente. Os resultados contraditdrios

podem ser explicados pelas diferencas nas condi¢des climaticas e ambientais de um
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experimento para outro, ja que foram conduzidos em épocas (1° experimento: jun/set; 2°
experimento: nov/fev) e locais (casa de vegetacéo) diferentes, pela eficiéncia ou ineficiéncia
da colonizacdo radicular e a incapacidade de locomoc¢éo dos microrganismos do local de
inoculacdo até a rizosfera. Além disso, o uso de diferentes cultivares levanta uma suspeita
de que os microrganismos atuam de forma diferenciada em diferentes cultivares da mesma

espécie.
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APENDICES

APENDICE A — Crescimento das rizobactérias

Figura 1. Rizobactéria R46 (BRM 32113 — Burkholderia pyrroiynia) crescida em
meio sélido 523.

APENDICE B - Crescimento das rizobactérias

Figura 2. Caldo nutriente para o crescimento das rizobactérias.
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APENDICE C - Suspens&o de rizobactérias

Figura 3. Suspensoes de rizobactérias crescidas em caldo nutriente por 48 horas.
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APENDICE D - Comparagcéo entre plantas microbiolizadas com rizobactérias e sem
microbiolizacéo

Figura 4. Planta microbiolizada com o isolado Ab-V5 (Azospirillum brasilense)
X controle.
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APENDICE D - Comparagcao entre plantas microbiolizadas com
rizobactérias e sem microbiolizacdo

Figura 5. Planta microbiolizada com o isolado BRM 32110 + T-26 (Bacillus
thunringiensis + Trichoderma koningiopsis) X controle.
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APENDICE D - Comparagcéo entre plantas microbiolizadas com rizobactérias e sem
microbiolizacéo

Figura 6. Planta microbiolizada com o isolado BRM 32114 + Ab-V5 (Serratia sp. +
Azospirillum brasilense) X controle.
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APENDICE D - Comparagcéo entre plantas microbiolizadas com rizobactérias e sem
microbiolizacéo

Figura 7. Planta microbiolizada com a combinagdo 1381 + Ab-V5 (Azospirillum sp.
+ Azospirilum brasilense) X controle.
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APENDICE D - Comparagcéo entre plantas microbiolizadas com rizobactérias e sem
microbiolizacéo

Figura 8. Planta microbiolizada com a combinacdo Ab-V5 + T-26 (Azospirillum
brasilense + Trichoderma koningiopsis) X controle.
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APENDICE E — Crescimento dos isolados de Trichoderma koningiopsis
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Figura 9. Trichoderma koningiopsis crescido por 48 horas no arroz autoclavado.
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APENDICE F — Microbiolizagio das sementes de feijao-comum

Figura 10. Microbiolizacao das sementes de feijdo-comum com rizobactérias e fungo do
solo.
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APENDICE G — Comparagcdo entre planta microbiolizada com pool de Trichoderma
asperellum e sem microbiolizacéo

Figura 11. Planta microbiolizada com com Trichoderma koningiopsis X controle.
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APENDICE H — Aplicagio das suspensdes de microrganismos

Figura 12. Aplicagdo da suspensdo de microrganismos no solo 7 dias apo6s a
semeadura.
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APENDICE H — Aplicagio das suspensdes de microrganismos

Figura 13. Pulverizacdo das plantas com suspensdo de microrganismos aos 21
dias ap6s a semeadura.
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