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AVALIAÇÃO DO POTENCIAL DE INIBIÇÃO DO DESENVOLVIMENTO VEGETAL 
CAUSADO PELA AUXINA PRODUZIDA POR CONSÓRCIOS BACTERIANOS 

 

RESUMO - As bactérias promotoras de crescimento de plantas (BPCP) 
possuem diversas habilidades diretas e indiretas para garantir o desenvolvimento e 
crescimento vegetal. Sendo a síntese de auxinas, principalmente o ácido 3-indol-
acético (AIA), uma das habilidades diretas mais importantes. Bacillus spp. e 
Azospirillum brasilense são BPCP amplamente utilizadas na agricultura como 
bioinoculantes e relatadas como sintetizadoras de AIA. Entretanto, pouco se sabe se 
a inoculação consorciada (co-inoculação) destas bactérias pode reduzir o 
desenvolvimento vegetal devido ao excesso de AIA sintetizado. Sabendo-se que 
altas doses de AIA na planta pode ser limitante para o seu crescimento. Por outro 
lado, diante da necessidade de um sistema agrícola mais sustentável é inegável a 
importância da utilização de bioinoculades a base de BPCP. Sendo assim, estudos 
com o intuito de elucidar a interação dessas bactérias com a planta, baseados nas 
suas características e formas de uso, são muito importantes. No caso de hormônios 
vegetais, plantas modelos tem sido utilizadas em estudos que avaliam a resposta 
vegetal nesse sentido. No presente estudo, o tomateiro Micro-Tom (MT) e seus 
mutantes diageotropica (dgt) e entire, com alterações de baixa e alta sensibilidade 
para auxina respectivamente, foram utilizados para verificar se a co-inoculação de 
bactérias sintetizadoras de AIA pode ou não prejucar o desenvolvimento vegetal. 
Para isso, foram realizados dois experimentos, capítulos dois e três, nesta tese. No 
primeiro foram utilizados tratamentos com inoculações indivuais e conjuntas de B. 
velezensis (BV), B. pumillus (BP) e A. brasilense (AZ) em cada genótipo de 
tomateiro. Houve aumento para massa seca de raiz com o tratamento BV+BP+AZ 
em MT, para massa seca de parte aérea em dgt com BV. Não houve aumento para 
nenhum parâmetro avaliado em entire. A co-inoculação de BP+AZ diminuíram os 
valores para os parâmetros massa seca de parte aérea, massa seca de raiz e área 
foliar para dgt e entire. A co-inoculação de BP+AZ prejudicou os parâmetros 
analisados em dgt e entire ambos divergentes quanto a sensibilidade ao AIA. A co-
inoculação de BV+BP+AZ que teoricamente proporcionou a maior concentração de 
AIA promoveu um aumento de MSR em MT. No segundo experimento foram 
utilizados tratamentos com inoculações indivuais e conjuntas de B. subtilis (BS), A. 
brasilense selvagem (Azw) e A. brazilense mutante (Azm). Os resultados mostram 
que o parâmetro vegetal mais sensível à inoculação microbiana é o número de 
raízes. Nenhum tratamento aumentou os parâmetros massa seca de parte aérea 
para MT e dgt, massa seca de raiz para o MT, altura da planta em MT e entire, área 
e volume radicular em dgt. O tratamento Azm reduziu a altura da planta para dgt, os 
tratamentos BS+Azw e BS+Azm reduziram no genótipo MT e o tratamento 
Azw+Azm reduziu em dgt o diâmetro da planta, os tratamentos BS e BS+Azw 
reduziram o número de raízes no MT. Conclui-se que a co-inoculação de Bacillus e 
A. brasilense pode reduzir alguns parâmetros de desenvolvimento vegetal, 
entretanto, esse efeito não está relacionado a quantidade de AIA sintetizado pelas 
bactérias. 

Palavras-chave: Bacillus, Azospirillum brasilense, Tomate, fitormonios, auxina.  
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EVALUATION OF THE POTENTIAL FOR INHIBITION OF VEGETABLE 

DEVELOPMENT CAUSED BY AUXIN PRODUCED BY BACTERIAL CONSORTIA 

 

ABSTRACT - Plant growth promoting bacteria (PGPB) have several direct 

and indirect abilities to ensure plant development and growth. Being the synthesis of 

auxins, mainly 3-indole-acetic acid (IAA), one of the most important direct skills. 

Bacillus spp. and Azospirillum brasilense are PGPB widely used in agriculture as 

bioinoculants and reported as EIA synthesizers. However, little is known whether the 

combined inoculation (co-inoculation) of these bacteria can reduce plant 

development due to the excess of synthesized AIA. Knowing that high doses of AIA 

in the plant can be limiting for its growth. On the other hand, given the need for a 

more sustainable agricultural system, the importance of using bioinoculates based on 

PGPB is undeniable. Therefore, studies with the aim of elucidating the interaction of 

these bacteria with the plant, based on their characteristics and forms of use, are 

very important. In the case of plant hormones, model plants have been used in 

studies that evaluate the plant response in this regard. In the present study, the 

Micro-Tom (MT) tomato plant and its diageotropic (dgt) and entire mutants, with 

changes of low and high sensitivity for auxin respectively, were used to verify 

whether the co-inoculation of AIA-synthesizing bacteria can or cannot harm plant 

development. For this, two experiments were carried out, chapters two and three, in 

this thesis. In the first, treatments with individual and joint inoculations of B. 

velezensis (BV), B. pumillus (BP) and A. brasilense (AZ) were used in each tomato 

genotype. There was an increase in root dry mass with the BV+BP+AZ treatment in 

MT, for shoot dry mass in dgt with BV. There was no increase for any parameter 

evaluated in entire. The co-inoculation of BP+AZ decreased the values for the 

parameters shoot dry mass, root dry mass and leaf area for dgt and entire. Co-

inoculation of BP+AZ impaired the parameters analyzed in dgt and between both 

divergent in terms of sensitivity to AIA. Co-inoculation of BV+BP+AZ which 

theoretically provided the highest concentration of AIA promoted an increase in root 

dry mass in MT. In the second experiment, treatments with individual and joint 

inoculations of B. subtilis (BS), wild A. brasilense (Azw) and mutant A. brazilense 

(Azm) were used. The results show that the plant parameter most sensitive to 

microbial inoculation is the number of roots. No treatment increased shoot dry mass 

for MT and dgt, root dry mass for MT, plant height for MT and entire, root area and 

root volume for dgt. The Azm treatment reduced the plant height for dgt, the BS+Azw 

and BS+Azm treatments reduced the MT genotype and the Azw+Azm treatment 

reduced the plant diameter in dgt, the BS and BS+Azw treatments reduced the 

number of roots in Mt. It is concluded that the co-inoculation of Bacillus and A. 

brasilense can reduce some plant development parameters, however, this effect is 

not related to the amount of AIA synthesized by the bacteria. 

Keywords: Bacillus, Azospirillum brasilense, Tomato, phytormons, auxin. 
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CAPITULO 1 – Considerações gerais 

 

1. Introdução 

 

As bactérias promotoras do crescimento de plantas (BPCP) possuem habilidades 

diretas e indiretas para promover o crescimento e desenvolvimento vegetal. Os 

mecanismos diretos estão relacionados ao aumento da disponibilidade de nutrientes 

e produção de fitohormônios e os mecanismos indiretos envolvem a inibição de 

patógenos e indução de resistência sistêmica na planta (Ramakrishna et al., 2019; Li 

et al., 2021) 

Na busca por uma produção agrícola mais sustentável e com redução de custos 

em insumos as BPCP são uma alternativa viável em muitos sistemas e culturas 

agrícolas. Tal desempenho, tem sido descritos em diversos estudos sobre as 

habilidades dessas bactérias em promoverem o crescimento vegetal, manter o 

estado nutricional da planta conciliando com a redução do uso de insumos químicos 

(Aloo et al., 2019; de Andrade et al., 2023). 

Nesse sentido, a síntese de fitohormonio pelas bactérias é uma habilidade 

importante, pois tem como resultado o aumento radicular e consequentemente maior 

eficiência na captação de água e nutrientes exploração de volume de solo 

permitindo assim uma redução da dose de fertilizantes (Nabrdalik et al., 2018; 

Safara et al., 2022). 

Um grande numero de BPCP, rizosfericas e endofiticas, são relatadas como 

produtora de ácido 3-indol-acético (AIA), sendo o aminoácido L -triptofano (Trp) o 

principal precursor de sua biossíntese (Loper e Schroth 1986; Patten e Glick 1996 ). 

Dentre estas, os gêneros Bacillus e Azospirillum são bem conhecidos como 

produtores desse fitormonio. 

Para entender o papel dos hormônios na resposta vegetal o uso de plantas 

modelo tem sido fundamentais no avanço de estudos nesse sentido (Koornneef; 

Santos 2016; Gaion, 2017). Carvalho et al. (2011) introgrediram em Micro-Tom uma 
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série de mutações hormonais, tanto em biossíntese como em sensibilidade, assim 

possibilitando o estudo das principais classes hormonais e suas respostas a 

estresses bióticos e abióticos no tomateiro. 

Nem sempre é possível correlacionar a concentração de AIA e o crescimento das 

plantas de forma linear, sendo que, as plantas têm níveis endógenos ótimos desta 

auxina para o seu melhor desenvolvimento (Duca et al., 2014). O AIA é portanto 

uma molécula orgânica que dependendo da concentração promove ou inibe o 

crescimento da planta (Fahad et al., 2015; Mishra et al., 2021). 

Sendo assim, é importante entender a melhor forma de aplicação de BPCP, 

sintetizadoras de AIA, nas culturas agrícolas, uma vez que o uso destas vem 

crescendo e diversas formas de aplicação são indicadas, como a utilização 

individual (inoculação) e/ou consórcios bacterianos (co-inoculação), sem considerar 

a quantidade de AIA sintetizado por estas bactérias.  

Neste contexto, o objetivo do presente estudo foi verificar se a co-inoculação de 

bactérias sintetizadoras de AIA, Bacillus spp. e Azospirillum. brasilense, prejudica ou 

não o crescimento e o desenvolvimento de plantas de tomateiro Micro-Tom e seus 

mutantes em auxina. 

 

2. Revisão de Literatura  

 

2.1. Utilização de BPCP para uma agricultua sustentável 

 

Atualmente os problemas ambientais, redução dos recursos da terra e o 

esgotamento da riqueza biológica, demandam por uma agricultura mais sustentável, 

sem reduzir o rendimento e a produtividade das culturas agrícolas (Kesavan e 

Swaminathan, 2018).  

No entanto, para atender a necessidade massiva de produção de alimentos 

ainda os agricultores dependem da utilização de fertilizantes químicos e pesticidas 

em práticas agrícolas intensivas (Singh et al. 2020) 
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Sendo assim, a adoção de práticas agrícolas sustentáveis que envolvam a 

redução gradual do uso de agroquímicos sintéticos, o aumento da utilização de 

substâncias derivadas de resíduos biológicos e o aproveitamento do potencial 

biológico e genético de plantas e micróbios é uma estratégia viável para combater a 

rápida degradação ambiental, garantir alta produtividade agrícola, e melhorar a 

saúde do solo (Basu et al. 2021). 

As BPCP são amplamente estudas e conhecidas como um grupo de bactérias 

benéficas para o solo e plantas, colonizando a superfície da raiz ou habitando o solo 

rizosférico, sendo conhecidas como bactérias rizosféricas e/ou muitas das vezes 

colonizando os tecidos vegetais e sendo conhecidas como bactérias endofíticas. 

Ambas promovem o crescimento e a saúde das plantas por meio de múltiplos 

mecanismos, como a disponibilidade de nutrientes e produzindo fitormonios 

estimulando o desenvolvimento das raízes e protegendo as plantas de doenças e 

parasitas. Devido as suas características essas bactérias benéficas possuem o 

potencial para melhorar o crescimento das plantas reduzindo o uso de fertilizantes e 

pesticidas sintéticos, além de melhorar a saúde do solo em sistemas agrícolas (De 

Andrade et al. 2023; Dos Santos et al., 2020). 

O uso de bactérias benéficas capazes de sintetizar AIA tem efeito de 

biocontrole na bio-estimulaçao das plantas, sendo uma alternativa para a redução do 

uso de agroquímicos. Embora alguns produtos biológicos a base de bactérias não 

informe sua atividade bioquímica, incluindo a habilidade de produzir AIA, essa 

habilidade deveria ser esperada. Uma vez que estes produtos biológicos promovem 

o desenvolvimento de raízes laterais e primárias e também um aumento no número 

e no comprimento das raízes. Inoculações com esses microrganismos favorece o 

sistema radicular e consequentemente aumenta a absorção de água e nutrientes, o 

que leva as plantas a suportar condições adversas. Entretanto, faz-se necessário 

que as concentrações de AIA sejam ótimas, uma vez que, o excesso de AIA pode 

inibir o crescimento e o desenvolvimento das raízes (Lata et al., 2018) 

 

2.2. A síntese de AIA e sua importância nas plantas e bactérias 
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O ácido 3-indol-acético é uma molécula, classificada como um dos principais 

fitormonios da classe das auxinas, envolvido em muitos aspectos do crescimento e 

desenvolvimento das plantas, como a divisão e alongamento celular, 

desenvolvimento das raízes, frutos e senescência (Phillips et al., 2011; Grossman, 

2010)  

As plantas são organismos típicos produtores de AIA e sua ação dar-se devido a 

sua presença de forma livre em algumas moléculas, enquanto em outras moléculas 

o ácido está conjungado com aminoácidos, proteínas, açúcares e assim essas 

moléculas não estão ativas nas plantas.  

As vias de síntese de auxinas nas plantas e o gene auxin/AIA regulam a 

organogenesis, crescimento e as respostas ambientais. A regulação do processo de 

expressão de auxin/AIA é pouco conhecido, embora alguns fatores estejam bem 

descritos (Safara et al., 2022). Shani et al. (2017) descreveram fatores de 

transcrição de 38 famílias de genes que diretamente promoveram a transcrição dos 

genes AIA5 e AIA19 em reações de estresse abiótico. As mutações recessivas que 

foram obtidas desses genes resultaram em uma diminuição da tolerância aos 

estresses ambientais mostrando um papel importante da auxina nos estresses 

abióticos. Esses resultados mostram porque os genes de auxin/AIA são importantes 

fatores genéticos e de adaptação ambiental que influenciam o desenvolvimento e a 

fisiologia da planta ( Shani et al., 2017; Poveda e González-Andrés, 2021)  

O desenvolvimento das plantas é afetado por este fitormonio de maneira 

favorável ou prejudicial e muitas bactérias têm a capacidade de sintetiza-lo, incluindo 

bactérias benéficas e fitopatogênicas (Abadi et al., 2021; Duca et al. 2014). As 

bactérias produtoras de AIA são geralmente membros da biota endofítica, bem como 

as bactérias de vida livre e bactérias epífitas e as bactérias de vida livre que vivem 

na água. A maioria das bactérias produtoras de AIA são associadas as plantas e são 

membros de muitos filos como as Proteobacteria e os Bacteriodetes (Huang et al., 

2021). Podendo usar o AIA como uma molécula sinalizadora para e assim garantir 

seu recrutamento e colonização. Essas bactérias colonizadoras também exercem 

um efeito protetor nas plantas hospedeiras (Potters et al., 2007). Por outro lado, 
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além dos microrganismos benéficos, os fitopatógenos também utilizam o AIA nos 

processos infecciosos (Costacurta e Vanderleyden, 1995; Ludwig-Müller, 2015). 

Para as bactérias o mais importante papel do AIA é sua ação como molécula que 

permite a interação planta-microrganismo, especialmente como Kim et al. (20cx 11), 

sugeriram que o papel do AIA seria aumentar a sobrevivência das bactérias. 

Resultados descritos por Bianco et al. (2006) demonstraram que o AIA preserva a 

bactéria em condições de estresses ambientais como o excesso da radiação 

ultravioleta, acidez, alcalinidade, elevadas e baixas temperaturas. Bianco et al. 

(2009) também observou que em Sinorhizobium melilotti, o AIA estimulou a 

produção intracelular de trealose, um carboidrato fonte de carbono, sendo um 

componente osmotolerante para essa bactéria. A atividade osmototelarante da 

trealose promove uma melhor proteção da bactéria contra a dessecação e o 

congelamento. Matsukawa et al. (2007) observaram que baixas concentrações desta 

molécula pode regular a formação de estruturas semi-miceliais e atividades 

antibióticas em algumas cepas de Streptomyces, protegendo melhor o nicho de 

colonização contra outros microrganismos (Matsukawa et a., 2007). 

A síntese bacteriana de AIA resulta também na atividade de biocontrole por 

algumas dessas bactérias. O B. amyloliquefaciens, quando inoculados em sementes 

de milheto, in vitro, mostraram atividades inibidoras de alguns fungos patogênicos, 

incluindo o Fusarium oxysporium, Alternaria sp e a Sclerotinia homoeacarpa (Verma 

e White, 2018). A. brasilense uma das espécies bacterianas descritas como 

sintetizadora de AIA, também possuem ação no biocontrole e resistência contra 

antracnose em plantas de morango, além de promover o aumento da tolerância à 

salinidade e ao estresse hídrico (Galazka et al., 2015). 

Sendo assim, as auxinas são fatores importantes na resistência das plantas 

contra doenças bacterianas e seus sistemas de defesa. O modo de ação é baseado 

no fato das proteínas repressoras do gene Auxin/AIA não serem decompostas, 

reprimindo os genes de respostas as auxinas. Isto significa que os genes de defesa 

das plantas são up-regulated e as plantas podem usar suas formas de defesa contra 

ataques de patógenos (Duca et al., 2014). Por outro lado, as auxinas podem induzir 
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a expressão de muitos genes que alteram a reconstrução celular, na qual, a célula 

favorece o patógeno (Ludwing-Müller, 2015; Hardoim et al., 2015).  

BPCP endofíticas podem promover o crescimento vegetal, mesmo a planta 

estando em condições de estresse ambiental como a seca, elevadas temperaturas, 

elevada salinidade e baixa disponibilidade de nutrientes. Os mecanismos 

moleculares para a tolerância dos estresses nas plantas promovidos pelas bactérias 

endofíticas, incluem a expressão de genes e de moléculas reativas de oxigênio (Lata 

et al., 2018). 

 

2.3. Inoculação de BPCP sintetizadoras de AIA 

 

O AIA é considerado o mais importante fator bacteriano que estimula o 

crescimento das plantas (Spaepen et al., 2007). Paradoxalmente, ambos, patógenos 

e BPCP são capazes de sintetizar AIA, como visto anteriormente.  

Positivamente a produção de AIA exercida por bactérias de gêneros como 

Azospirillum, Bacillus e Bradyrhizobim tem apresentado diversos resultados, 

melhorando o desenvolvimento e o crescimento vegetal em diversas culturas de 

importância agrícola. Como o aumento na produtividade e concentração de açúcar 

em beterraba (Shi et al. 2010). Desenvolvimento e crescimento de plantas de milho 

aumentando em cerca de 250% e 140% no peso seco das raízes em condições 

controladas (Batista et al., 2018, Batista et al., 2021). Aumentou da massa seca e 

conteúdo de clorofila em plantas de arroz, além da redução no período de 

germinação das sementes de sete para apenas um dia (Greetatorn et al. 2019) 

A produção de fitohormônios pelas bactérias tem como consequência a 

estimulação das raízes nas plantas, proporcionando assim, maior absorção de 

nutrientes orgânicos e inorgânicos do solo. Verma e White (2018) identificaram 

quatro cepas produtoras de AIA com efeito de promoção de crescimento, estas 

foram aplicadas via tratamento de sementes, sendo elas: Curtobacterium sp, 

Microbacterium sp e Methylobacterium sp e Bacillus amyloliquefaciens. Essas cepas 
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aumentaram o desenvolvimento vegetal, com o aumento na formação de pêlos 

radiculares, comprimento das raízes e aumento dos conteúdos fotossintéticos.  

Alguns estudos demonstram que a forma de aplicação dessas bactérias pode 

trazer muitos benefícios para as plantas, sendo as sementes uma via de inoculação 

eficiente, além de ser uma forma viável para os agricultores (Shi et al., 2011). A 

inoculação direta ao solo também é utilizada como método de inoculação, mesmo 

acreditando-se que a inoculação na semente proporcione maior colonização. Khan 

et al. (2014) usaram bactérias endofíticas Sphingomonas em suspensão inoculada 

diretamente no solo e como resultado dessas inoculações houve um aumento das 

plantas de tomate, aumento do comprimento das raízes, aumento da quantidade de 

clorofila e da massa da raiz e de parte aérea. Essa cepa foi capaz de produzir uma 

quantidade de 11,23 g mL-1 de AIA, mas sua atividade foi somada à sua habilidade 

de também produzir giberelinas (Ruckdaschel e Klingmuller, 1992) 

Pitzschke (2016) sugeriu que as sementes de quinoa (Chenopodium quinoa) 

que foram colonizadas por Bacillus spp tiveram sua taxa de germinação e vigor 

aumentado e também suportaram melhor as condições de estresses ambiental 

comparado com as sementes que não receberam. Shi et al. (2009) usaram 

sementes desinfectadas mergulhando em uma solução bacteriana por seis horas 

para a inoculação de bactérias endofíticas antes de semear. Segundo Galazka et al. 

(2015) as inoculações das sementes de milho, trigo, cevada, sorgo e milheto 

resultaram em efeitos positivos para o seu crescimento e desenvolvimento. Marathe 

et al. (2017) suplementaram sementes de soja com Pseudomonas fluorescens e 

reportaram um aumento na taxa de germinação, um aumento nos teores de massa 

seca de raiz e parte aérea. Figueira et al. (2019) mostraram que a colonização de 

Salicornia ramosíssima e Bacillus aryabhattai nas raízes dobrou a taxa de 

germinação das sementes no solo sob condições de elevada salinidade. 

Rhizobium spp., Azotobacter spp. e Azospirillum spp. são os principais 

biofertilizantes fixadores de nitrogênio disponíveis no mercado (Marks et al., 2015). 

Sendo também microrganismos descritos como promotores de crescimento e 

produtores de AIA. O uso comercial da bactéria Azospirillum brasilense cepa Ab-V5 

em milho vem crescendo exponencialmente no Brasil (Santos et al., 2021; Fukami et 
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al., 2017; Fukami et al., 2016; Hungria et al., 2010). O primeiro inoculante contendo 

A. brasilense produzido no país foi lançado no mercado em 2009 e, dez anos 

depois, estima-se que cerca de 10,5 milhões de doses de inoculantes carreando Ab-

V5 foram aplicadas em culturas de cereais no Brasil (Fergunson et al. 2019; 

Soumare et al. 2020). 

Como biofertilizantes as BPCP devem ser capazes de colonizar 

suficientemente as raízes das plantas hospedeiras, criar uma rizosfera adequada 

para o crescimento das plantas, aumentan a biodisponibilidade de nutrientes e a 

saúde da planta (Vessey, 2003; Vejan et al. 2016). As BPCP devem possuir 

características específicas para sua utilização como um bioinoculante eficiente e 

bem-sucedido. Devem ser capazes de sobreviver no solo, serem compatíveis com a 

cultura em que forem inoculados e interagir com a comunidade já existente no solo. 

Medidas necessárias devem ser tomadas para evitar qualquer efeito não-alvo do 

bioinoculante e estabilizá-los nos sistemas agrícolas. Essas medidas garantirão a 

durabilidade do efeito de crescimento das plantas e o bom desempenho das BPCP 

introduzidos como bioinoculantes (Basu et al, 2021). A variabilidade entre os estudos 

sobre o impacto do inoculante na planta e no microbioma do solo também pode 

estar correlacionada com a concentração do inoculante, o método de aplicação e as 

diversas condições ambientais, incluindo o tipo de solo (Fukami et al. 2016; Marks et 

al., 2015). 

Apesar da produção de auxina ser reconhecida como o principal mecanismo 

de promoção do crescimento vegetal causado por BPCP, o efeito final das auxinas 

depende de um bom equilíbrio de seu conteúdo na planta, esse resultado dependerá 

de todas as fontes de compostos de auxinas no sistema. Além das auxinas 

produzidas pelas bactérias inoculadas, a própria planta produz seus próprios 

hormônios como parte de processos fisiológicos complexos, variando em quantidade 

e sensibilidade. Além disso, a matéria orgânica do solo exibe atividade de auxina, 

causando respostas nas plantas exatamente como aquelas produzidas por auxinas 

exógenas. Portanto, a inoculação de bactérias produtoras de auxina pode causar 

uma ampla variedade de respostas na planta, estas podem ser desde a promoção 

efetiva do crescimento até a restrição do crescimento, dependendo do conteúdo total 

de auxina. (Pantoja et al. 2023) 
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2.4. O tomateiro Micro-Tom e seus mutantes em auxina   

 

O uso de plantas modelos tem sido fundamentais para o avanço em estudos 

relacionados aos processos e mecanismos genéticos, fisiológicos e bioquímicos, 

responsáveis pelo crescimento e desenvolvimento das plantas (Lucio 2020; Gaion 

2017)  

Nesse contexto o tomateiro Micro-Tom (Lycopersicum esculentum cv Micro-

Tom) lançado em 1989 por J. Scott, inicialmente como ornamental, passou a ser 

utilizado como planta modelo em muitos estudos, pois apresenta características 

desejáveis, se assemelhando a Arabidopsis o primeiro e mais bem estudado modelo 

vegetal utilizado em pesquisas biológicas. Além de suas características, como porte 

pequeno, ciclo curto, frutos carnosos, o tomateiro também tem grande importância 

agronômica, sendo uma ferramenta ideal para estudos neste sistema (Koornneef, 

2010). 

Neste tomateiro, Carvalho et al. (2011) indrogrediram uma serie de mutações, 

0criando uma coleção de mutantes bastante úteis principalmente no estudo do papel 

de hormônios em respostas vegetais frente a estresses bióticos e abióticos. Dentre 

estes mutantes para auxina tem-se o diageotropica (dgt) (baixa sensibilidade à 

auxina/ gene defectivo para a biossíntese de uma ciclofinilina) e entire (com alta 

biossíntese de auxina). 

Em entire devido a sua mutação na síntese de auxina, sua morfologia foliar foi 

alterada e folhas compostas de tomate foram convertidas em folhas simples. (Zhang 

et al. 2007). Em dgt as plantas com alelo mutado possuem baixa sensibilidade a 

auxina exógena e tal efeito é associado ao sitio primário de percepção e ação da 

auxina (Kelly e Bradford 1986). O dgt apresenta folhas hiponásticas, raízes 

plagiotrópicas com menos ramificações e caules delgados (Kelly e Bradford 1986). 
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CAPITULO 2 - The Negative Effect of Coinoculation of Plant Growth‑Promoting 
Bacteria Is Not Related to Indole‑3‑Acetic Acid Synthesis1 

 

Abstract - The use of coinoculations of indole-3-acetic acid-synthesizing 

bacteria has become increasingly common in agriculture. Different bacterial isolates 

are capable of synthesizing IAA. Depending on the amount, IAA can promote, inhibit, 

or modify the growth and development of plants. However, little is known about the 

effect of auxins on plants under coinoculation conditions. The present study aimed to 

verify whether coinoculation with indole-3-acetic acid (IAA)-synthesizing bacteria may 

or may not harm plant development in three tomato genotypes with different 

sensitivities to auxins: Micro-Tom (MT), diageotropica (dgt) (low auxin sensitivity) and 

Entire (high auxin biosynthesis). The experiment was conducted in a completely 

randomized design with six replicates and eight treatments: control; Bacillus 

velezensis (BV); B. pumilus (BP); Azospirillum brasilense (AZ); B. velezensis + 

Bacillus pumilus (BV + BP); B. velezensis + A brasilense (BV + AZ); B. pumilus + A 

brasilense (BP + AZ); B. velezensis + Bacillus pumilus + A. brasilense (BV + BP + 

AZ), for each tomato genotype. The parameters analyzed were dry shoot and root 

weight, plant height, and leaf area. The results showed an increase in root dry weight 

with BV + BP + AZ treatment in the MT genotype, an increase in shoot dry weight in 

the dgt genotype with BV and no increase in any parameter in the Entire genotype for 

the analyzed parameters. The results also showed that coinoculation with BP + AZ 

decreased the shoot dry weight, dry root weight, and leaf area values of the dgt and 

Entire genotypes. Coinoculations with BP + AZ reduced the parameters analyzed in 

the dgt genotype, which is insensitive to the IAA and Entire genotypes and is 

sensitive. In addition, coinoculation with BV + BP + AZ, which provided the highest 

IAA concentration, increased the dry root weight in the MT genotype. These results 

suggest that the reduction in plant development caused by coinoculation is not 

related to IAA synthesis produced by bacteria but is probably due to negative 

interference in the interaction mechanisms between plants and bacteria and might 

also be due to negative bacteria–bacteria interactions. 

 

Keywords Plant growth ・ Tomato ・ Growth promotion ・ Phytormons 
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1 Este capitulo corresponde ao artigo cientifico publicado na revista Journal of Plant 
Growth Regulation. Accepted: 9 June 2022 https://doi.org/10.1007/s00344-022-
10706-1 
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Introduction 

 

Indole-3-acetic acid (IAA) is the main auxin acting as a phytohormone in many plant 

development processes. The ability to synthesize IAA is widely associated with 

plants and various plant growth-promoting rhizobacteria (PGPR). Several studies 

have been published on the potential of PGPR application to improve plant 

development through the enhancement of its main processes (Defez et al., 2019). 

The phytohormone auxin controls almost every aspect of plant growth and 

development (Halliday et al. 2009; Grossmann 2010). The most important and most 

common auxin is indole-3-acetic acid (IAA), which is produced by bacteria, plants 

and fungi. In plants, this phytohormone plays a central role in cell division, 

elongation, fruit development flowers (Phillips et al. 2011). Particularly in 

dicotyledons, IAA induces lateral root formation, whereas in monocots, IAA induces 

adventitious root formation (McSteen 2010). Endogenous IAA concentrations vary 

widely in diferente plant tissues, depending on plant species and organs. Typically, 

the IAA concentration is low (5–100 ng/g fresh weight) in leaves and 10–100 times 

lower in roots (Reid et al. 2011). Even at low concentrations, IAA is the main 

regulator of plant development (Chen and Baluska 2013). Different bacterial isolates 

are capable of synthesizing IAA, including soil, epiphytic, endophytic, marine, 

methylotrophic bacteria and cyanobacteria (Sergeeva et al. 2002). Some of these 

bacteria are harmful to plant health, while others are beneficial. Plants can harbor 

thousands of IAAproducing bacteria from different genera, such as Pseudomonas, 

Rhizobium, Azospirillum, Enterobacter, Azotobacter, Klebsiella, Alcaligenes, 

Pantoea, Streptomyces and Bacillus (Apine and Jadhav 2011). Bacterial IAA 

stimulates the formation of root hairs, increasing the number and length of lateral and 

primary roots when its concentration is within the optimal range. However, at higher 

concentrations, bacterial IAA can also inhibit primary root growth (Davies 1995). 

Bacillus velezensis was previously grouped with B. subtilis and B. amyloliquefaciens; 

in recent years, several isolates of this bacterium have received attention due to their 

potential in disease control (Adeniji et al., 2019; Bem fan et al., 2017). Previous 

studies have determined that B. velezensis has the ability to produce IAA in pepper 

plants (Jiang et al. 2019); in addition, metabolites have been shown to have 
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antagonistic activity against bacterial and fungal pathogens under laboratory and 

greenhouse conditions in tomato crops (Cao et al. 2018). Bacillus pumilus is a 

species with the potential to be used as a plant growth promoter, which is an IAA and 

gibberellin producer and has been shown to stimulate the growth and development of 

plants (Probanza et al., 2002; Santos et al., 2018). Azospirillum brasilense is the 

most studied gram-negative plant growth-promoting bacterium. Many studies have 

shown improvement in the growth and development of plants inoculated with A. 

brasilense due to the production of auxins, cytokinins and gibberellins. Plant 

inoculation with this bacterium has promoted morphological changes such as 

increased root surface through greater production of root hairs, which increases 

nutrient absorption (Rondina et al., 2020). Coinoculation with plant growth-promoting 

bacteria is becoming increasingly common. This practice has some advantages, 

such as an increase in the successful establishment of bacteria in the rhizosphere 

and in the condition of interaction with plants (Bulgarelli et al., 2013). Keswani et al. 

(2020) published a fascinating review regarding the plant growth-promoting 

rhizobacteria and fungi that secrete IAA to promote plant growth. However, the 

coinoculation with bacteria and its effect related to IAA produced on the plants were 

not approached. Little is known about the advantages of coinoculation of plant 

growth-promoting bacteria in relation to IAA synthesis. The present study aimed to 

verify whether coinoculation with indole-3-acetic acid (IAA)-synthesizing bacteria may 

or may not harm plant development. For this verification, tomato genotypes with 

different auxin sensitivity levels were used in conjunction with inoculations with 

bacteria that synthesize different IAA concentrations. 

 

Materials and Methods 

 

Experimental Design 

 

The experiment was carried out in a completely randomized design with eight 

treatments for each tomato genotype and six replicates (Table 1). 
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Bacterial Isolates 

 

The following bacterial isolates were used: B. velezensis (MZ133757), B. pumilus 

(MZ133755), and A. brasilense (11,005), belonging to the collection of the Laboratory 

of Soil Microbiology, FCAV-UNESP, campus of Jaboticabal. For experimental use, 

bacteria were routinely streaked on plates containing NA (nutrient agar) culture 

medium. 

 

Tomato Genotypes 

 

Tomato seeds (Solanum lycopersicum L.) The Micro-Tom variety and its dgt (low 

sensitivity to auxin/defective gene for cyclophilin biosynthesis) and Entire (with high 

auxin biosynthesis) mutants belong to the Laboratory of Plant Physiology, 

Department of Biology Applied to Agriculture Table 1 Description of greenhouse 

treatments with diageotropica (dgt), Entire (e) and Micro-Tom tomato genotypes The 

treatments were carried out with six repetitions each 

 

Table 1 Description of greenhouse treatments with diageotropica (dgt), Entire (e) and 
Micro-Tom tomato genotypes 

Treatments 

Control 

Bacillus velezensis (BV) 

Bacillus pumilus (BP) 

Azospirillum brasilense (AZ) 

B. velezensis + Bacillus pumilus (BV + BP) 

B. velezensis + A. brasilense (BV + AZ) 

B. pumilus + A. brasilense (BP + AZ) 

B. velezensis + Bacillus pumilus + A. brasilense (BV + BP + AZ) 

 

at FCAV-UNESP, campus of Jaboticabal. Seeds of MT, dgt and Entire genotypes 

were multiplied to maintain the laboratory genotype bank. In the Entire tomato 

genotype (Solanum lycopersicum L), locus (e) controls leaf morphology, and the 

dominant (e) recessive allele and allele of the locus produce pinnate compounds and 
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complex reduced leaves. The leaf morphology of these transgenic lines was similar 

to the leaf morphology of the Entire tomato mutant (Zhang et al., 2007). Figure 1 

shows the three tomato genotypes. In the diageotropica genotype (dgt), the mutant 

gene was Solyc01g111170, and plants with the mutated allele had low sensitivity to 

auxin. The tomato genotype (dgt)-dgt has hyponastic leaves, plagiotropic roots with 

fewer branches and slender stems (Albert et al., 2004).  

 

Greenhouse Experiment 

 

In the greenhouse, seeds were germinated in trays containing a 1:1 mixture of 

commercial substrate (Plantmax HT)  Eucatex producer-Brazil with expanded 

vermiculite supplemented with 1 g L− 1 10:10 NPK and 4 g L− 1 commercial 

dolomitic limestone (Ca + Mg). After 15 days, under the same substrate conditions, 

plants were transferred to pots with a capacity of 1 L, remaining for 90 days to collect 

fruits and seeds used in the experiment. 

 

In Vitro Auxin Biosynthesis 

 

The analysis of in vitro indole-3-acetic acid production was performed using HPLC. 

Each bacterial colony and mixtures were applied to 20 mL of dextrose yeast glucose 

sucrose (DYGS) medium containing (in g L−1): glucose, 2; peptone, 1.5; yeast 

extract, 2; potassium dihydrogen phosphate, 0.5; magnesium sulfate heptahydrate, 

0.5 (Rodriguez Neto et al., 1986), supplemented with 5 mM L-tryptophan and 

incubated for 48 h at 28 °C under constant stirring at 120 rpm in the absence of light 

(Andrade, 2012). After growth, 5 mL of each culture was centrifuged at 10,000 rpm 

for 10 min.  The samples (15 mL) were collected for centrifugation (Sorvall centrifuge 

at 16,266 × g for 30 min at 4 °C) and then concentrated under vacuum using a 

centrifugal evaporator to a volume of 1 mL. Then, they were filtered through a 

cellulose ester filter (Millipore Corp.) with a pore size of 0.45 μm and injected in 

triplicate into an HPLC equipped with an RID detector (Shimadzu RID model 10A). 

The injected samples were eluted at 20 μL with a mobile phase of acetonitrile:water 

(75:25 v:v) under the following chromatographic conditions: 35 °C injection 
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temperature, 20 μL injection volume, 1.0 mL/min flow. The culture medium at time 

zero was used as a negative control. Four concentrations  (50, 25, 12.5, 6.25 μmol/L) 

were prepared for each indole compound standard indole-acetic acid, indole-pyruvic 

acid, indole-lactic acid, and indole-acetaldehyde for quantification and then analyzed 

by HPLC. A Shimadzu Class-VP chromatography data system was used for data 

acquisition and data analysis. Means and standard deviations were calculated,  and 

SigmaPlot 11.0 was used to generate graphs.  

 

Inoculations in Seeds and Plants 

 

For inoculations, each bacterial isolate was cultivated in a 125 mL Erlenmeyer flask 

containing 50 mL of nutriente broth (meat extract: 1.0 g/L, yeast extract: 2.0 g/L, 

peptone:  5.0 g/L, NaCl: 5.0 g/L, pH: 6.8 •} 0.2), and cultures wereincubated at 28 °C 

for 24 h for standardized growth of 108 colony-forming units (CFU) per mL. The 

seeds were sterilized prior to inoculation. The seeds were washed with water tap and 

deionized water and dried on absorbent towels. Then, 2 g of seeds was transferred 

aseptically to a sterile beaker, washed two times with sterile distilled water and 

sterilized using 0.2 g% HgCl2 for 30 s. Then, the seeds were washed six times with 

distilled water (Ladha et al., 1997). After sterilization, seeds were immersed in 

bacterial suspensions  

 

 

 

 

 

 

 

 

 

Fig. 1 Tomato genotypes used in this experiment 

 

Genótipo Entire Genótipo dgt Genótipo Micro-Tom 
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and stirred at 180 rpm and 28 °C for approximately 30 min. Control treatments 

consisted of seeds immersed only in the culture medium, free from bacteria, under 

the same conditions. Throughout the experiment, four inoculations were carried out 

using 2 mL of each bacterial inoculum according to the treatments in the plants. The 

period between the inoculations was 15 days. 

 

Dry Shoot and Root Weight, Plant Height and Leaf Area 

 

Plant height was measured using a measuring tape. After measurements, plants 

were removed from pots, and shoots and roots were separated, with roots being 

washed and packed in paper bags. To obtain dry weight, after the end of previous 

analyses, the collected material was kept in a paper bag and placed in an oven with 

forced air circulation at 65 °C for 72 h. Subsequently, root and shoot weights were 

obtained using na analytical scale (Denver Instrument Company AA-200) with a 

precision of 0.0001 g. To measure leaf area, a Marconi AM350 leaf area meter was 

used. 

 

Bacillus sp. and Azospirillum brasilense Reisolation from Pot Soil 

 

The number of CFUs for both Bacillus sp. and A. brasilense was estimated by serial 

dilution (Wollum, 1982). Bacillus spp. isolation was performed following a selective 

isolation method based on thermal shock proposed by Rothfuss et al. (1997) and 

Vieira and Nahas (2000). A. brasilense was isolated using Burks N-free media 

(Martinez-Toledo et al., 1985). Soil samples (10 g) were obtained from potting soils 

without tomato plants, and after 48 h of inoculation, 2 g soil samples were added to 

250 mL Erlenmeyer flasks containing 18 mL of Burks liquid medium. Samples were 

incubated for 48 h at 28 °C. Each culture was subcultured five times after 48 h of 

incubation, and enriched cultures were plated on Burks solid medium and then 

incubated (28 °C for 48 h). All bacterial strains were selected and counted after Gram 

staining. 
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Analysis of Results 

 

From the six repetitions of each treatment, the mean and standard error of each 

treatment were obtained. Data normality and heteroscedasticity were assessed using 

the Shapiro– Wilk and Bartlett tests, respectively. Analysis of variance (ANOVA) was 

performed for each experiment, and when differences were detected, means were 

compared by Duncan's test at the 5% significance level. Principal componente 

analysis (PCA) was used to describe the relationship between plant biometric and 

morphological variables and their association with treatments. PCA was performed 

after data standardization (to avoid the influence of different units of means of 

response variables) using Pearson's correlation matrix. Hierarchical clustering on 

principal componentes (HCPC) was built with the similarity matrix among samples 

using the Euclidean distance, and the linking of groups was conducted by Ward's 

method. 

 

Compatibility Test (Dual Culture Assays) with Bacterial Strains Under In Vitro 

Conditions 

 

The A. brasilense, B. pumilus, and B. velezensis strains were analyzed for their 

ability to inhibit each other's growth in vitro. They were previously grown in nutrient 

broth medium in 5-mL test tubes individually for 24 h at 28 °C. For the test, nutrient 

agar (NA) medium was added to a plate, 1 mL of the bacterial suspension of each 

strain was added individually, and the others were dripped (10 μL) into the AN and 

individual suspension plates so that two were inoculated into each plate. Strains 

different from the specified strains were added in suspension to the medium. All 

interaction possibilities were evaluated, and the test was performed in triplicate. The 

plates were incubated for 24 h at 28 °C, and the growth inhibition halo formed around 

the strain with antagonistic activity was observed. 

 

Results 
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The indole-acetic acid (IAA) production from each isolate and their combinations was 

measured in vitro. The values for each isolate used in this experiment were 17.86 μg 

IAA mL−1 for A. brasilense, 17.79 μg IAA mL−1 for B. pumilus and 7.40 μg IAA mL−1 

for B. velezensis, 22.13 μg IAA mL−1 for BV + BP, 19.45 μg IAA mL−1 for BV + AZ, 

18.74 μg IAA mL−1 for BP + AZ and 24.71 μg IAA mL−1 for BV + BP + AZ. For the 

Micro-Tom genotype, there was no difference (p > 0.05) among treatments for dry 

shoot weight, with values ranging from 0.40 to 0.50 g (Fig. 2A). There was also no 

difference in plant height (p > 0.05) between the treatments and the control, with 

values ranging from 9 to 11 cm (Fig. 2B). Regarding dry root weight, the highest 

treatment (0.14 g) and the only treatment that differed (p < 0.05) from the control 

(0.07 g) and from the others was BV + BP + AZ (Fig. 2C). There was no difference (p 

> 0.05) between the treatments and the control for leaf area, with values ranging from 

90 to 125 cm2 (Fig. 2 D). Treatments did not increase the parameters analyzed; 

however, the BP + AZ treatment harmed plant development. Cluster analysis showed 

the formation of four distinct groups. Interestingly, the BP + AZ treatment group was 

far from the control group (Fig. 2E). Principal component analysis (PCA) showed that 

dry root 
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Fig. 2 Biometric data of Micro-Tom tomato genotype A dry shoot weight (DSW) and 
B plant height, C dry root weight, D leaf area, inoculated with B. velezensis (BV), B. 
pumilus (BP), and A. brasilense (AZ). Means followed by the same lowercase letter 

do not differ by Duncan's test (p ≤ 0.05). E Hierarchical clustering of principal 

components (HCPCs) of inoculations tested. F Principal componente analysis (PCA) 
for variables and treatments (individuals). Values on Axes 1 and 2 represent the 
percentage of total variance explained by axes 
 

weight and leaf area parameters had a negative correlation with the BP + AZ 

treatment (Fig. 2F). For the diageotropica genotype (dgt), the highest dry shoot 

weight value was found for the BV treatment (0.58 g) (p < 0.05), differing from the 

control (0.45 g) (p < 0.05). The lowest value found was for the BP + AZ treatment 

(0.2 g), differing from the control (p < 0.05) and from the other treatments (Fig. 3A). 

The highest plant height value was found for the BV treatment (12 cm), differing only 

from the BP (10 cm) (p < 0.05) and BP + AZ (8.0 cm) treatments. The lowest plant 

height value found was for the BP + AZ treatment, differing (p < 0.05) from all other 

treatments (Fig. 3B). The highest dry root weight value was found for the BV 

treatment (0.9 g), which differed from the BP (0.06 g) (p < 0.05), AZ (0.05 g), BV + 
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BP (0.05 g), BP + AZ (0.03 g) and BV + BP + AZ (0.04 g) treatments. The lowest 

value was found for the BP + AZ (0.03 g) treatment, differing from the control (0.07 g) 

and BP (0.06 g) treatments (Fig. 3C). The lowest leaf area value (60 cm2) and the 

only one that differed from the control (131.63 cm2) was in the BV + AZ treatment. 

The other treatments did not differ (p > 0.05) (Fig. 3D). The analysis of hierarchical 

clusters showed that five distinct groups were formed in relation to treatments and 

that the BP + AZ treatment was distinct from the control group (Fig. 3E). Principal 

component analysis (PCA) showed that dry root weight and leaf area were indirectly 

related to the BP + AZ treatment, which was located on the opposite side of the two-

dimensional plane (Fig. 3F). For the entire genotype, the lowest values that differed 

from the control (0.36 g) for dry shoot weight were obtained for BP (0.12 g), BV + AZ 

(0.2 g), and BV + BP + AZ (0.2 g). The BV + BP (0.33 g) and BP + AZ (0.34 g) 

treatments did not differ from the control (p > 0.05) (Fig. 4A). For plant height, there 

was no difference (p > 0.05) among treatments, with values ranging from 8.5 to 9.6 

cm (Fig. 4B). For dry root weight, no treatment presented a value higher than the 

treatment of the control (0.07 g) (p > 0.05). The lowest values were found for the BP 

(0.032 g), BV + AZ (0.034), and BV + BP + AZ (0.036) treatments (Fig. 4C). For leaf 

area, no treatment presented a value greater than the value of the control (87.46 

cm2); however, treatments that had reduced values (p < 0.05) were BP (58.14 cm2), 

AZ (64.12 cm2), BV + AZ (53.01 cm2), and BV + BP + AZ (59.00 cm2) (Fig. 4D). The 

analysis of hierarchical clusters showed that five distinct groups were formed in 

relation to treatments and that the BV + AZ treatment was distant from the control 

group (Fig. 4E). Principal component analysis (PCA) showed that the parameters dry 

root weight and leaf 
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Fig. 3 Biometric data of the diageotropica tomato genotype (dgt) A dry shoot weight 
(DSW) and B plant height, C dry root weight, D leaf area inoculated with B. 
velezensis (BV), B. pumilus (BP), and A. brasilense (AZ). Means followed by the 

same lowercase letter do not differ by Duncan's test (p ≤ 0.05). E Hierarchical 

clustering of principal components (HCPCs) of inoculations tested. F Principal 
componente analysis (PCA) for variables and treatments (individuals). Values on 
Axes 1 and 2 represent the percentage of total variance explained by axes 
 

area were in the opposite plane in relation to the BP + AZ treatment (Fig. 4F). The 

compatibility among the bacteria was evaluated. B. velezensis showed slight 

antagonism with A. brasilense and B. subtilis (Fig. 5). 

Discussion 

 

The results suggest that the damage to plant development caused by coinoculation is 

not related to IAA synthesis produced by bacteria but is related to plant–bacteria 

interactions. Furthermore, bacterial inoculations behaved neutrally in MT growth 

reduction to the other genotypes, which demonstrates changes in plant behavior 

against inoculated strains (Fig. 6). The decrease in plant development can be caused 
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by many factors. It is not easy to measure the degree of interference of both bactéria 

in the plant microorganism interaction. Rhizosphere communication is established in 

a highly sophisticated manner and controlled through wide-ranging specialized 

metabolites and exudates and results in altered gene expression in one of both 

interacting partners. This mutual communication results in alterations in plant growth, 

inhibition of soil pathogens, nutrient availability, biofilm development and 

accumulation of soil microbes (Li et al.,2013; Mommer et al., 2016; Sasse et al., 

2017). Some studies on the combination of PGPR have found that most of the 

microorganisms used in mixtures did not interfere negatively with each other. Korer et 

al. (2017) showed that coinoculation of B. subtilis and Rhizobium sp. has a 

synergistic effect on bean growth. Kaur et al. (2015) verified a synergistic effect of 

coinoculation between Mesorhizobium and Pseudomonas sp. Significant 

improvement in growth and symbiotic parameters was observed with coinoculation. 

Ferreira et al. (2020) evaluated the effects of coinoculation of nodule endophytic 

strains of the genera Bacillus, Paenibacillus, Burkholderia and Pseudomonas with 

Rhizobium tropici. The results showed that the use of rhizobacteria combined with 

rhizobia contributed synergistically to the promotion of growth and the control of 

damping off in the common bean. However, few reports agree with our results, 

indicating that certain mixtures of microbial strains do not show synergistic or at least 

comparable effects on plant growth promotion with respect to the separate 

application of microorganisms. 
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Fig. 4 Biometric data of the Entire tomato genotype A dry shoot weight (DSW) and B 
plant height, C dry root weight, D leaf área inoculated with B. velezensis (BV), B. 
pumilus (BP), and A. brasilense (AZ). Means followed by the same lowercase letter 

do not differ by Duncan's test (p ≤ 0.05). E Hierarchical clustering of principal 

components (HCPCs) of inoculations tested. F Principal componente analysis (PCA) 
for variables and treatments (individuals). Values on Axes 1 and 2 represent the 
percentage of total variance explained by axes 
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Fig. 5 Compatibility test (culture assays) with bacterial strains under in vitro 
conditions. The bacteria evaluated were B. pumilus (BP), A. brasilense (AZ) and B. 
pumilus (BP) 
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Fig. 6 Scheme showing that coinoculation with BV + BP + AZ promoted an increase 
in root dry matter in the Micro-Tom genotype. The coinoculation of BP + AZ promoted 
a decrease in all parameters analyzed in the genotype dgt. Coinoculation with BV + 
AZ promoted a decrease in root and shoot dry matter in the Entire genotype. The 
results show that the harm to plant development is not related to IAA concentration 
 

Felici et al. (2008) used the combination of B. subtilis and A. brasilense in tomato 

plants and found that the combination of the two bacteria did not improve plant 

growth compared to the inoculation of single bacteria. These authors support the 

hypothesis that these two bacteria might operate differently in modulating root 

growth. In plantlets coinoculated with B. subtilis and A. brasilense, activation of the 

quiescente center was not observed, and primary root elongation was strongly 

inhibited. This inhibitory effect also induced a morphogenesis resistance process in 

which several conflicting intercellular signals were involved (Potters et al., 2007; 

Werner et al., 2003). Therefore, Felici et al. (2008) concluded that the copresence of 
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the two microorganisms may alter, directly or indirectly, the internal hormone content 

of the root, interfering with the normal morphogenesis of the root itself. Vestberg et 

al. (2004) evaluated a mixture of several microorganisms, including fungi and 

bacteria, and a mixture of B. subtilis + Glomus mosseae, B. subtilis + Trichoderma 

harzianum, B. subtilis + Pseudomonas fluorescens and B. subtilis + Gliocladium 

catenulatum in strawberry crops. Although B. subtilis had the best performance in 

promoting plant growth, there was no improvement in plant growth due to 

coinoculation of B. subtilis with the aforementioned microorganisms. Coinoculation of 

plant growth-promoting rhizobacteria (PGPR) and microbial pest control agents is 

considered na innovative approach in phytosanitary management and for improving 

crop yield and quality (Janisiewicz, 1996; Marimuthu et al., 2002). In fact, the use of 

formulated preparations consisting of a single microbial species or isolates as 

inoculants (i.e., a single antagonist against a single pathogen) has often resulted in 

inconsistent performance in agriculture and, consequently, in low representation in 

the world inoculant market. One of the reasons for such failure may be that a single 

microbial agent is unlikely to be active in all soil environments (in the presence of 

diferente biotic and abiotic stressors) or against all pathogens attacking the host plant 

(the latter is also seen as an advantage from the point of view of risk management). 

One way to overcome this problem is to include different species or strains of 

beneficial microbes in the same microbial formulation. The application of binary or 

multiple mixtures would mimic the natural situation more closely and could broaden 

the spectrum of biocontrol activity (Raupach and Kloepper, 1998). However, excess 

IAA is known to harm plant development, and little is known about the effect of these 

inoculations. In the present study, as coinoculations with BP + AZ affected the 

parameters analyzed in the dgt genotype insensitive to IAA and in the Entire 

genotype, which is sensitive, these results strongly suggest that the reduction in plant 

development caused by coinoculation is not related to IAA synthesis produced by 

bacteria and that changes in the root architecture induced by microbial combination 

may involve signaling pathways independent from the two bacterial species. 

Inoculations did not have a negative effect on the MT genotype, which had no 

genetic alterations in pathways involved with auxin and draws attention to the fact 

that genes involved in auxin signaling in plants can be fundamental for interaction 
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with soil microorganisms, modulating the plant response to bacterial inoculations, 

regardless of IAA concentration produced by strains. Hypothetically, B. subtilis, as 

well as A. brasilense, might produce IAA or another phytohormone by plantregulated 

mechanisms and might induce phytohormone production by means of other 

molecular signals (Felici et al., 2007). The reduction in plant development might be a 

result of a change in the hormone content of the indirect effect of the mixture of 

bacteria on the ability of plants themselves to produce phytohormones, including 

cytokinins and abscisic acid (ABA). Perhaps the coinoculation of B. subtilis and A. 

brasilense neutralizes their mechanisms of phytostimulation. 

 

Conclusions 

 

Many studies report the urgent need to develop new Technologies with an eco 

friendly approach to supply food production without yield reduction or environmental 

impact. However, inconsistent results in the field application of biologicals still hinder 

their successful use by farmers (Keswani et al., 2020). In this regard, the present 

study collaborates to better understand the use of coinoculation of PGPR concerning 

IAA in plant production.  
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CAPITULO 3 – Efecct of índole-3-acetic acid on tomato plant growth1 

 

Abstract - Plant growth-promoting bacteria have several abilities to promote 

plant growth and development. One of these skills is the synthesis of indole-3-acetic 

acid (IAA), which mainly promotes root and shoot development. The bacteria Bacillus 

subtilis and Azospirillum brasilense have been widely used in agriculture with this 

function. However, little is known about whether the joint inoculation of these bacteria 

can reduce plant development by the excess of IAA produced as a result of the joint 

inoculation. The objective of the present study was to verify the effect of IAA on the 

inoculation of B. subtilis and A. brasilense in three tomato genotypes. The Micro-Tom 

genotype without mutation for IAA synthesis, Entire, has high sensitivity to IAA, and 

the diageotropic genotype (dgt) has low sensitivity to IAA. The results show that the 

plant parameter most sensitive to microbial inoculation is the number of roots. No 

treatment increased the shoot dry mass parameters for the Micro-Tom genotype and 

dgt, root dry mass for the Micro-Tom genotype, plant height for the Micro-Tom and 

Entire genotypes, root area and root volume for the genotype dgt. The Azm treatment 

reduced plant height compared to the control in the dgt, the BS + Azw and BS + Azm 

treatments in the Micro-Tom genotype and the Azw + Azm treatment in the dgt 

genotype reduced the plant diameter compared to the control. BS and BS + Azw 

reduced the number of roots in the Micro-Tom. The results strongly support that the 

mixture of B. subtilis and A. brasilense can reduce some parameters of plant 

development; however, this effect is possibly an interference in the mode of action of 

growth promotion of each isolate and is not related to excess of IAA produced by the 

bacteria. 

 

Keywords: Bacillus subtilis; Azospirillum brasilense; tomato 

  

 

 

 

______________________________ 

1 Este capitulo corresponde ao artigo cientifico publicado na revista Microorganisms 
10(11), 2212, 2022. https://doi.org/10.3390/microorganisms10112212 
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Introduction 

 

 Plant growth-promoting bacteria (PGPB) have several abilities that promote 

plant growth and development. These abilities may be the synthesis of 

phytohormones such as indole-3-acetic acid (IAA)[1], phosphorus solubilization[2], 

nitrogen fixation[3], production of siderophores[4] and induction of systemic 

resistance[5]. 

The bacteria capable of producing IAA belong to the numerous genera 

Aeromonas, Azospirillum, Enterobacter, Erwinia, Pantoea, Pseudomonas, 

Flavobacterium, Shortbacterium, Microbacterium, Bacillus, Bradyrhizobium, 

Streptomyces, Azotobacter, Klebsiella, Alcaligenes, Brevebacteria, Rhodocystia, 

Rhodocyst and Dickeya. These bacteria live as free-living microorganisms in the soil 

or as endophytes, colonizing plant tissue[1,6]. 

Most endophytic bacteria are capable of producing IAA. This phytohormone 

plays an important role as a molecule of interaction between the plant and the 

microorganism, in addition to improving the survival of bacteria[7,8]. IAA increases 

the survival rate of bacteria in situations of environmental stress, such as excessive 

ultraviolet rays, salinity, acidity, and high and low temperatures. IAA also plays an 

important role in the chemotaxis of bacteria, a movement used for the bacteria to 

reach the plant roots[9,10]. 

PGPB can be inoculated into agricultural crops individually or as a mixture of 

microorganisms. Both forms bring benefits and losses. Sometimes the failure in the 

establishment of microorganisms with plant growth promotion abilities occurs due to 

the noninteraction between the microorganism and the host plant due to the lack of 

connection between the cell membrane receptors of the microorganisms and the host 



41 
 

cells [11,12]. In this sense, products containing more than one microorganism in their 

formulations would increase the chance of at least one microorganism of the 

formulation interacting with the host plant. On the other hand, more studies are 

needed to answer this question. Is it possible that products based on mixtures of 

various microorganisms, many of them phytohormone producers, do not hinder the 

growth and development of plants due to the excess of indole-3-acetic acid?[13]. 

IAA is a phytohormone and, like all phytohormones, is an organic molecule that, 

depending on the concentration, promotes or inhibits plant growth[14,15]. Some 

studies have shown the benefits and effects of promoting plant growth in the use of 

biological products based on mixtures of various microorganisms[16,17]. Other 

studies show that these mixtures of microorganisms can cause no effect or even 

damage in plant growth[13,18]. 

 

Objective 

 

The objective of the present study was to verify whether inoculation with a 

mixture of B. subtilis and A. brasilense, both indole-3-acetic acid-synthesizing 

bacteria, impairs the growth and development of tomato plants of three different 

genotypes. 

 

Materials and Methods 

 

Bacterial Isolates 
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The following bacterial isolates were used: Bacillus subtilis (GenBank deposit 

number) MZ133755; Azospirillum brasilense wild - MZ133758; Azospirillum 

brasilense mutant-MZ133759, belonging to the collection of the Laboratory of Soil 

Microbiology, FCAV-UNESP, campus of Jaboticabal. For experimental use, bacteria 

were routinely streaked on plates containing NA (nutrient agar) culture medium. 

 

Tomato Genotypes 

 

Tomato seeds (Solanum lycopersicum L) with the Micro-Tom variety and its 

dgt (low sensitivity to auxin/defective gene for cyclophilin biosynthesis and genotype 

Entire (with high auxin biosynthesis) mutant belong to the Laboratory of Plant 

Physiology, Department of Biology Applied to Agriculture at FCAV-UNESP, campus 

of Jaboticabal. Seeds of MT, dgt and Entire genotypes were multiplied to maintain 

the laboratory genotype bank. 

In the Entire tomato genotype (Solanum lycopersicum L), locus (e) controls 

leaf morphology, and the dominant (e) recessive allele and allele of the locus 

produce pinnate compounds and complex reduced leaves. The leaf morphology of 

these transgenic lines was similar to the leaf morphology of the Entire tomato 

mutant[19]. 

In the diageotropic genotype (dgt), the mutant gene was Solyc 01g111170, 

and plants with the mutant allele had low sensitivity to auxin. The tomato dgt 

genotype has hyponastic leaves and plagiotropic roots with fewer branches and 

slender stems[20]. 
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Greenhouse Experiment 

 

 New seeds of each tomato genotype were produced to be used in the 

experiment. For this purpose, in the greenhouse, seeds from the laboratory collection 

were germinated in trays containing a 1:1 mixture commercial substrate (Plantmax 

HT) Eucatex producer -Brazil with expanded vermiculite supplemented with 1 g L -1; 

10:10 NPK and 4 g L -1 commercial dolomitic limestone (Ca + Mg). After 15 days, 

under the same substrate conditions, plants were transferred to pots with a capacity 

of 1 L, remaining for 90 days to collect fruits and seeds used in the experiment. After 

that, the new seeds were used in the experiment as described above. Table 1 shows 

the description of the treatments in which the control treatment (without inoculation) 

consisted of B. subtilis (BS), A. brasilense wild (Azw) without transformation, A. 

brasilense mutant (Azm) and the mixtures B. subtilis + A. brasilense wild (BS + Azw), 

B. subtilis + mutant A. brasilense (BS + Azm), B. subtilis + exogenous auxin 400 µg 

mL -1 (BS + IAA Azw), A. brasilense + exogenous auxin (30 µg mL-1) (Azw + IAA BS) 

and A. brasilense wild + A. brasilense mutant (Azw + Azm) 

 

Table 1. Description of treatments in the greenhouse with tomato genotypes Micro-
Tom, diageotropic (dgt) and Entire. 

Description of Treatments 

Control (no inoculation) 
Bacillus subtilis (BS) 

Azospirillum brasilense wild (Azw) 
Azospirillum brasilense mutant (Azm) 

B. subtilis + A. brasilense wild (BS + Azw) 
B. subtilis + A. brasilense mutant (BS + Azm) 

B. subtilis + IAA Azw (BS + IAA Azw) 
A. brasilense + IAA BS (Azw + IAA BS) 

A. Brasilense wild + A. brasilense mutant (Azw + Azm) 

BS + IAA Azw means  B. subtilis + 400 µg mL -1 exogenous auxin; 
AZW + IAA BS means A. brasilense + 30 µg mL -1 exogenous auxin 
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Exogenous Auxin 

 

The bacteria B. subtilis, wild-type A. brasilense and mutant A. brasilense were 

grown in culture medium for 24 hours at 28 °C. After bacterial growth, the media 

were filtered and centrifuged. In the centrifuged medium and in the supernatant, the 

concentrations of IAA were measured with the aid of HPLC. In the B. subtilis + IAA 

Azw mixture, Azw was replaced by the amount of IAA found in the extract extracted 

from the growth medium of this bacterium, approximately 400 µg mL -1. The same 

was done in the Azw + IAA BS treatment, replacing the corresponding extract with 30 

µg mL -1 IAA for B. subtilis. These treatments were performed to measure the effect 

of IAA-producing bacteria and IAA alone. 

 

 In Vitro Auxin Biosynthesis 

 

The in vitro indole-3-acetic acid production analysis was performed using 

HPLC. Each bacterial colony and mixture were applied to 20 mL of dextrose yeast 

glucose sucrose (DYGS) medium containing (in g L - 1): glucose, 2; peptone, 1.5; 

yeast extract, 2; potassium dihydrogen phosphate, 0.5; magnesium sulfate 

heptahydrate, 0.5[21], supplemented with 5 mM L-tryptophan and incubated for 48 h 

at 28 °C under constant stirring at 120 rpm in the absence of light. After growth, 5 mL 

of each culture was centrifuged at 10,000 rpm for 10 min. The samples (15 mL) were 

collected for centrifugation (Sorvall centrifuge at 16.266 × g for 30 min at 4 °C) and 

then concentrated under vacuum using a centrifugal evaporator to a volume of 1 mL. 
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Then, they were filtered through a cellulose ester filter (Millipore Corp.) with a pore 

size of 0.45 μm and injected in triplicate into an HPLC equipped with an RID detector 

(Shimadzu RID model 10A). The injected samples were eluted at 20 μL with a mobile 

phase of acetonitrile:water (75:25 v:v) under the following chromatographic 

conditions: 35 °C injection temperature, 20 μL injection volume, 1.0 mL/min flow. The 

culture medium at time zero was used as a negative control. Four concentrations (50, 

25, 12.5, 6.25 μmol/L) were prepared for each indole compound standard indole-

acetic acid, indole-pyruvic acid, indole-lactic acid, and indole-acetaldehyde for 

quantification and then analyzed by HPLC. A Shimadzu Class-VP chromatography 

data system was used for data acquisition and data analysis. Means and standard 

deviations were calculated, and SigmaPlot 11.0 was used to generate graphs. 

 

Inoculations in Seeds and Plants 

 

For inoculations, each bacterial isolate was cultured in a 125 mL Erlenmeyer 

flask containing 50 mL of nutrient broth (meat extract: 1.0 g L-1, yeast extract: 2.0 g L-

1, peptone: 5.0 g L-1, NaCl: 5.0 g L-1, pH: 6.8 ± 0.2), and cultures were incubated at 

28 °C for 24 h for standardized growth of 10 8 colony-forming units (CFU) per mL. 

The seeds were sterilized prior to inoculation. The seeds were washed with water tap 

and deionized water and dried on absorbent towels. Then, 2 g of seeds was 

transferred aseptically to a sterile beaker, washed two times with sterile distilled 

water and sterilized using 0.2 g% HgCl2 for 30 s. Then, the seeds were washed six 

times with distilled water[22]. After sterilization, seeds were immersed in bacterial 

suspensions and stirred at 180 rpm and 28 °C for approximately 30 min. Control 
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treatments consisted of seeds immersed only in the culture medium, free from 

bacteria, under the same conditions. Throughout the experiment, four inoculations 

were carried out using 1 mL of each bacterial inoculum according to the treatments in 

the plants. The period between the inoculations was 15 days. 

 

Azospirillum brasilense mutant 

 

A. brasilense and mutant A. brasilense (IAA knockout) for auxin/IAA gene 

strains were used, which belong to the collection of microorganisms of the Laboratory 

of Soil Microbiology (LSM) - FCAV/UNESP, campus of Jaboticabal. Both A. 

brasilense strains were gently transformed by Dr. Carl Bauer from the Indian 

University in the United States. 

 The mutation method used for the transformation of mutant A. brasilense was 

conjugation, using the E. coli HB101 strain to donate the suicidal plasmid pGS9[23] 

carrying the Tn5 transposon kanamycin resistance genes for Sp. F94. Conjugation 

was performed using the filter membrane method, and the transformed isolates were 

selected on Luria Bertani agar supplemented with kanamycin and rifamycin both at a 

concentration of 40 µg mL -1. 

 

Experimental Design 

 

The experiment was carried out in a completely randomized design with nine 

treatments for each tomato genotype and six replicates (Table 1). 

 The seeds were planted in each pot according to the treatment. The duration 

of the experiment was 60 days. 
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Plant height and diameter 

 

After 60 days, the plants of each pot were collected, the plant height was 

measured with a ruler, and the plant diameter was measured with the aid of a caliper, 

 

Root length, area and density 

 

The roots were separated from the shoots, washed and kept in a test tube 

containing alcohol (30%). The roots were spread in a layer of water in a transparent 

tray (30 cm x 20 cm), and images were captured at 400 dpi with a professional 

Epson Expression 11000XL scanner system. The images were analyzed for root 

length, root area, root volume and number of roots using WinRHIZO TM Arabidopsis 

software (Reagent Instruments Inc). 

 

Shoot and root dry mass 

 

To obtain dry mass, the material was kept in a paper bag and placed in a 

forced air oven at 55 °C for 72 hours. Subsequently, the root dry mass and shoot dry 

mass were obtained using an analytical scale (Denver Instrument Company AA-200) 

with an accuracy of 0.0001 g. 
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Results 

 

The amounts of indole compounds measured in the supernatant and in the 

concentrated extract by HPLC were 76.34 µg IAA mL -1 and 416.41 µg IAA mL -1 for 

Azw, 8.41 µg IAA mL -1 and 140.89 µg IAA mL -1 for Azm, and 4.86 and 30.56 µg IAA 

mL -1 for Azw, respectively. 

 

Micro-Tom Genotype 

 

For the Micro-Tom tomato genotype, there was no significant difference (p> 

0.05) in the shoot dry mass parameter between treatments (Fig. 1A). There was also 

no difference between the treatments and the control (p> 0.05) for the parameters 

plant height, root dry mass and root volume (Fig. 1B, 1D and 1G). For the plant 

diameter, the lowest values were found in the BS + Azm and BS + AZm treatments 

(p <0.05) compared to the control, and there was no difference between the other 

treatments (p> 0.05) (Fig. 1C). For the root length parameter, the highest values 

were found in the Azm and Azw + IAA BS treatments (p <0.05), and the other 

treatments did not differ from the control (p> 0.05) (Fig. 1E). For the root area 

parameter, the highest value was found for the Azm treatment (p <0.05). All other 

treatments did not differ from the control (p> 0.05) (Fig. 1F). For root volume, there 

was no significant difference between the treatments and the control (Fig. 1G). For 

the parameter number of roots, the BS treatment had the lowest value compared to 

the control, and the only treatment that showed the highest value compared to the 

control and the other treatments was Azw + IAA BS (Fig. 1H). 
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Figure 1. Boxplots for growth evaluation of Micro-Tom tomato plants inoculated with 

auxin-synthesizing bacteria. a) Shoot dry mass, (b) plant height, (c) plant diameter, 

(d) root dry matter, (e) root length, (f) root area, (g) root volume, (h)) number of roots. 

Means followed by the same lowercase letter or absence of letters do not differ by 

Tukey’s test (p <0.05). Control, without inoculation; BS, B. subtilis; Azw, A. brasilense 

wild; Azm, A. brasilense mutant; BS + Azw, B. subtilis + A. brasilense wild; BS + 

Azm, B. subtilis + A. brasilense mutant; BS + IAA Azw, B. subtilis + exogenous auxin 

(400 µg mL -1); Azw + IAA BS, A. brasilense + exogenous auxin (30 µg mL -1); Azw + 

Azm, A. brasilense wild + A. brasilense mutant. 
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In the principal component analysis, the Azw + IAA BS treatments had a 

positive correlation with the parameters root number, root length, root area and root 

volume. The Azw, BS + IAA Azw, BS + IAA Azw, BS + Azw, and Azw + Azm 

treatments had a positive correlation with the parameters plant height and root 

diameter (Fig. 2). 

 

Figure 2. Main component analysis (PCA) for variables and treatments (individuals). 

Values on Axes 1 and 2 represent the percentage of total variance explained by axes 

for the Micro-Tom genotype. 

 

The analysis of the hierarchical component shows the formation of eight 

groups, with the treatments Azw, BS + IAA Azw, Azw + Azm and BS + Azw being the 

closest and BS + Azm being the most distinct (Fig. 3). 
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Figure 3. Hierarchical clustering of principal components (HCPCs) of inoculations 

tested. 

 

Entire Genotype 

 

For the Entire tomato genotype for the shoot dry mass parameter, the highest 

values were found for the Azw + IAA BS and Azw + Azm treatments (p <0.05). The 

other treatments did not differ from the control or from each other (p> 0.05) (Fig. 4A). 

For the plant height parameter, there was no significant difference between the 

treatments and the control (Fig. 4B). For the plant diameter, the highest values were 

found in the Azw, BS + Azw, Azw + IAA BS and Azw + Azm treatments (p <0.05). 

The other treatments did not differ from the control. (Fig. 4C). For the root dry weight 

parameter, the highest and only value that differed from the control and from the 
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other treatments was Azw + IAA BS (p <0.05). The other treatments did not differ 

from each other (p> 0.05) (Fig. 4D). For the root length parameter, the highest values 

were found in the BS + IAA Azw, Azw + IAA BS and Azw + Azm treatments (p 

<0.05). There was no significant difference between the other treatments (p> 0.05) 

(Fig. 4E). For the root area parameter, the highest values were found in the BS + IAA 

Azw, Azw + IAA BS and Azw + Azm treatments (Fig. 4F). For the root volume 

parameter, the highest values were found in the Azw + IAA BS and Azw + Azm 

treatments. The other treatments did not differ from each other (p> 0.05) (Fig. 4G). 

For the parameter root number, the treatments that did not differ from the control 

were only BS and BS +Azm (p <0.05), and the other treatments showed higher 

values than the control (p <0.05) (Fig. 4H). 
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Figure 4. Boxplots of the Entire tomato plant growth evaluations inoculated with 
auxin-synthesizing bacteria. a) Shoot dry mass, (b) plant height, (c) plant diameter, 
(d) root dry matter, (e) root length, (f) root area, (g) root volume, (h)) number of roots. 
Means followed by the same lowercase letter or absence of letters do not differ by 
Tukey’s test (p <0.05). Control, without inoculation; BS, B. subtilis; Azw, A. brasilense 
wild; Azm, A. brasilense mutant; BS + Azw, B. subtilis + A. brasilense wild; BS + 
Azm, B. subtilis + A. brasilense mutant; BS + IAA Azw, B. subtilis + exogenous auxin 
(400 µg mL -1); Azw + IAA BS, A. brasilense + exogenous auxin (30 µg mL -1); Azw + 
Azm, A. brasilense wild + A. brasilense mutant. 
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In the principal component analysis, the Azw + IAA, Azw and BS + Azw 

treatments had a positive correlation with the parameters plant height, root dry mass, 

plant diameter and shoot dry mass. The BS + IAA, Azw, and Azw + Azm treatments 

had a positive correlation with the parameters root volume, root area, root length and 

number of roots (Fig. 5). 

 

 

 Figure 5. Main component analysis (PCA) for variables and treatments (individuals). 

Values on axes 1 and 2 represent the percentage of total variance explained by axes 

for the Entire genotype. 

 

In the hierarchical clustering analysis, the Azw + IAA BS and Azw + Azm 

treatments were the most distinct compared to the other treatments (Fig. 6). 
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 Figure 6. Hierarchical clustering of principal components (HCPCs) of inoculations 

tested for the Entire genotype. 

 

Genotype dgt  

 

There was no difference in the diageotropic genotype (dgt) for the shoot dry 

mass parameter (p> 0.05) between the control treatment and the other treatments 

(Fig. 7A). For the plant height parameter, the highest value was found in the BS + 

IAA Azw treatment (p <0.05), and the lowest value and only treatment that differed 

from the control was Azm (p <0.05). There was no significant difference (p> 0.05) 

between the other treatments (Fig. 7B). For the parameter plant diameter, the lowest 

value and the only treatment that differed from the control was Azw + Azm (Fig. 7C). 
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For the root dry mass parameter, the highest value and the only parameter that 

differed from the control was BS + IAA Azw (p <0.05). There was no difference 

between the other treatments (Fig. 7D). For the root length parameter, the highest 

values were found in the Azw and BS + IAA Azw treatments compared to the control 

(p <0.05). There was no significant difference (p> 0.05) between the other treatments 

(Fig. 7E). For the root area parameter, there was no difference between the 

treatments and the control (Fig. 7F). For the root volume parameter, there was no 

difference between the control and the other treatments (p <0.05) (Fig. 7G). For the 

parameter number of roots, the highest values were found in the Azw and Azw + 

Azm treatments. There was no difference between the other treatments and the 

control (Fig. 7H). 
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Figure 7. Boxplots for growth evaluation of dgt tomato plants inoculated with auxin-
synthesizing bacteria. a) Shoot dry mass, (b) plant height, (c) plant diameter, (d) root 
dry matter, (e) root length, (f) root area, (g) root volume, (h) number of roots. Means 
followed by the same lowercase letter or absence of letters do not differ by Tukey’s 
test (p <0.05). Control, without inoculation; BS, B. subtilis; Azw, A. brasilense wild; 
Azm, A. brasilense mutant; BS + Azw, B. subtilis + A. brasilense wild; BS + Azm, B. 
subtilis + A. brasilense mutant; BS + IAA Azw, B. subtilis + exogenous auxin (400 µg 
mL -1); Azw + IAA BS, A. brasilense + exogenous auxin (30 µg mL -1); Azw + Azm, A. 
brasilense wild + A. brasilense mutant. 
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The principal component analysis shows that the Azw treatment had a positive 

correlation with the parameters number of roots, root length, and root area and that 

the Azw + IAA BS and BS + IAA Azw treatments had a positive correlation with the 

parameter plant height.), root dry mass, root volume, shoot dry mass and plant 

diameter (Fig. 8). 

 

 

Figure 8. Main component analysis (PCA) for variables and treatments (individuals). 

Values on Axes 1 and 2 represent the percentage of total variance explained by axes 

for the dgt genotype. 

 

In the hierarchical cluster analysis, the closest groups were Azm and Azw + 

Azm. The next groups were BS + Azm, BS + Azw, Azw + IAA BS, BS and control. 

The groups most distinct from the others were Azw and BS + IAA Azw (Fig. 9). 
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 Figure 9. Hierarchical clustering of principal components (HCPCs) of inoculations 

tested. 

 

Discussion 

 

The inoculations with the bacteria B. subtilis, A. brasilense wild and A. 

brasilense mutant promoted increases in most of the measured plant parameters 

compared to the control treatment that did not receive inoculation. However, it is 

important to note that the inoculation of PGPB synthesizing IAA did not differ from the 

control treatment for the parameters shoot dry mass in the Micro-Tom and dgt 

genotypes, root dry mass for the Micro-Tom genotype, plant height for the genotypes 

Micro-Tom and Entire, root area for the dgt genotype and root volume for the Micro-

Tom and dgt genotypes. The inoculation of the mixtures of these bacteria also 

promoted the reduction of the development of some parameters, such as the 
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reduction in plant diameter in the BS +Azw and BS +Azm treatments for Micro-Tom 

and Azw +Azm in the dgt genotype, and there was a reduction in the height of the 

inoculated plant with Azm and BS reduced the number of roots in the Micro-Tom 

genotype (Table 2). 

Table 2. Effects of inoculation of the various treatments that differed from the control 
treatment in relation to the plant parameters analyzed in the tomato genotypes Micro-
Tom, Entire and dgt. 

Plant Parameter Genotype Effect Treatments 

Shoot Dry Mass 

Micro-Tom No differences - - 

Entire Increased 
Azw + IAA BS 

Azw + Azm 

dgt No differences - - 

    

Root Dry Mass 

Micro-Tom No differences - - 

Entire Increased Azw + IAA BS 

dgt Increased BS + IAA Azw 

    

Plant Height 

Micro-Tom No differences - - 

Entire No differences - - 

dgt 

Reduced 

 

Increased 

Azm 

 

BS + IAA Azw 

 

Plant Diameter 

Micro-Tom Reduced 
BS + Azw 

BS + Azm 

Entire Increased 

Azw 

BS + Azw 

Azw + IAA BS 

Azw + Azm 

dgt Reduced Azw + Azm 
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Root Length 

Micro-Tom Increased 
Azm 

Azw + IAA BS 

Entire Increased 

BS + IAA Azw 

Azw + IAA BS 

Azw + Azm 

dgt Increased 
Azw 

BS + IAA Azw 

 

Root Area 

Micro-Tom Increased Azm 

Entire Increased 

BS + IAA Azw 

Azw + IAA BS 

Azw + Azm 

dgt No differences - - 

    

 

Root Volume 

 

 

Micro-Tom No differences - - 

Entire Increased 
Azw + IAA BS 

Azw + Azm 

dgt No differences - - 

    

Number of Roots 

Micro-Tom 

Reduced 

 

Increased 

BS 

 

Azw + IAA BS 

Entire Increased 

Azw 

Azm 

BS + Azw 

BS + IAA Azw 

Azw + IAA BS 

Azw + Azm 

dgt Increased 
Azw 

Azw + Azm 
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The main effect of inoculation of IAA-producing bacteria in plants is usually an 

increase in root development and, as a consequence, an increase in the efficiency of 

obtaining water, nutrients, and soil volume exploitation, thus allowing a reduction in 

the dose of fertilizers [24,25]. However, some studies have shown that inoculation of 

a mixture of IAA-producing microbial isolates may also not effectively respond to the 

replacement of an agricultural input because it does not promote or even decrease 

plant development. Felici [18] used a mixture of B. subtilis and A. brasilense bacteria 

in tomato plants and found that the combination of the two bacteria did not improve 

plant growth compared to inoculation of the bacteria separately. These authors 

support the hypothesis that these two bacteria may operate differently in the 

modulation of root growth. In seedlings inoculated with the mixture of B. subtilis and 

A. brasilense, a strong inhibition of primary root elongation was observed. This 

inhibitory effect also induced a process of resistance to morphogenesis[26,27]. 

Therefore,[18] concluded that the presence of the two microorganisms can directly or 

indirectly alter the internal hormonal content of the root, interfering with its normal 

morphogenesis. Similar results were found by[13]. These studies suggest that the 

reduction of some plant parameters promoted by the mixture of these bacteria is not 

related to the excess of IAA produced by the bacteria but by an interference in the 

mode of action of the isolates. 

The synthesis of IAA is not only used for plant growth and development, but 

low concentrations of IAA produced by bacteria can interfere with the response of 

certain microorganisms; for example, they can regulate the formation of semimycelial 

structures and antimicrobial activity in some strains of bacterium Streptomyces. Thus, 

the secretion of IAA in the rhizosphere produced by bacteria and plants is a signal for 
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Streptomyces spp. to improve their antimicrobial production activity, improving their 

efficiency in establishing their colonization niche against other 

microorganisms[28,29]. 

The results of the present study reinforce the suggestions of previous studies 

and show that although the mixture of bacteria has reduced the plant development of 

some parameters, this effect is not related to the synthesis of IAA. For example, the 

BS + Azw and BS + Azm mixtures reduced the plant diameter in the Micro-Tom 

genotype, and the BS + Azm mixture produced almost three times less IAA than BS 

+ Azw (Fig. 1E). On the other hand, for the root dry mass parameter, there was no 

difference for the same treatments BS + Azw (30.56 µg IAA mL -1 + 416.41 µg IAA 

mL -1) and BS + Azm (30.56 µg IAA mL -1 + 140.89 µg IAA mL -1), even though the 

latter produced less IAA (Fig. 1D). These results show that the concentration of IAA 

is not the only determining factor but that each plant parameter responds differently 

to inoculations. Another interesting result occurred in the Entire genotype (which is 

sensitive to IAA) for the shoot dry mass parameter. There was no difference between 

the BS + Azw treatments that would theoretically produce (30.56 µg IAA mL -1 + 

416.41 µg IAA mL -1) or BS + Azm (30.56 µg IAA mL -1 + 140.89 µg IAA mL -1), and 

there was a difference between BS + IAA Azw (30.56 µg IAA mL -1 + 400.00 µg IAA 

mL -1) and Azw + IAA BS (416.41 µg IAA mL -1 + 30 µg IAA mL -1) (Fig. 4A). These 

treatments have the ability to produce the same amount of IAA in the plant or less, 

and even so, there was no difference in a sensitive genotype, which is the Entire 

genotype. The application of plant growth-promoting microorganisms, including IAA-

producing bacteria, is an excellent alternative to address the challenges of global 

agriculture due to the possibility of reducing production costs, doses of mineral 
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fertilizers and environmental impacts [30,31]. However, in some situations, these 

microorganisms may fail for this purpose. This failure occurs due to the failure of the 

plant growth-promoting microorganism to colonize the rhizosphere and subsequently 

the plant tissues to express the effect growth promoter. In this sense, the use of 

formulations containing more than one microorganism would increase the chances of 

successful colonization [12]. However, it is necessary to better understand whether 

these mixtures or combinations of different IAA-producing microorganisms do not 

reduce plant development due to excess IAA. The results of the present study show 

that this reduction may occur but is not related to IAA but is most likely the 

interference of each microorganism in the mode of action and in the growth 

promotion effect. 

 

Conclusion 

 

The inoculation of the mixture of B. subtilis and A. brasilense bacteria can 

reduce some plant parameters, such as plant height and stem diameter and the 

number of roots; however, this negative effect is not related to the excess of IAA 

produced by the bacteria but is probably an interference of each bacterium in the 

mode of interaction and in the growth promotion effect with the plant. 
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CAPITULO 4 - Considerações finais 

 

O presente estudo colabora para o melhor entendimento e uso da co-

inoculação de Bacillus spp. e A. brasilense como bioinoculantes na produção 

vegetal, quando considerada a sua capacidade na sintese de AIA.  

Sabendo que o efeito final das auxinas pode ocorrer de forma favorável ou 

prejudicial para as plantas, sendo este dependente do conteúdo de auxina na planta. 

Nesse contexto, a alta biossíntese bacteriana poderia interferir negativamente 

no desenvolvimento vegetal.  

Nossos resultados demonstraram que a co-inoculação bacteriana pode afetar 

negativamente alguns parâmetros do desenvolvimento vegetal. No entanto, ao 

utilizarmos modelos vegetais com alterações genéticas de alta biossíntese e de 

baixa sensibilidade para auxina, demonstramos que o efeito negativo causado não 

está relacionado a capacida de produção de AIA dos consorcios bacterianos 

utilizados.  

Provavelmente este efeito negativo no desenvolvimento vegetal decorra por 

interferência de cada bactéria no modo de interação e no efeito de promoção de 

crescimento com a planta.  

O resultado do presente estudo elucida de maneira prática respostas mais 

consistentes que possibilite a melhor forma do uso de BPCP produtoras de AIA. 

Sendo assim, a síntese de AIA bacteriano ainda deve ser vista como uma 

característica positiva na busca por microrganismos promotores de crescimento de 

plantas. 

 

 


