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RESUMO  

 

MANTILLA GALINDO, M. A. Exsudatos radiculares como reguladores da colonização da 

planta por Methylobacterium spp. e Methylorubrum extorquens. 2019. 158f. Dissertação 

(Mestrado em Microbiologia) – Instituto de Ciências Biomédicas, Universidade de São Paulo, 

São Paulo, 2019.  

 

O gênero Methylobacterium pode estabelecer associações epifíticas ou endofíticas com 

diferentes espécies vegetais. Para o estabelecimento dessa interação, ocorre uma comunicação 

química coordenada entre as partes, em que os exsudatos da planta hospedeira provavelmente 

desempenham um papel fundamental. Estudos anteriores, mostraram que a linhagem M. 

mesophilicum SR1.6/6 apresenta maior crescimento na presença de exsudatos vegetais, 

induzindo uma alteração no padrão da expressão de genes possivelmente envolvidos na 

colonização (atividade catalítica, formação de biofilme, metabolismo primário e genes 

envolvidos em resposta antioxidante). No entanto, o papel dos exsudatos vegetais, durante a 

interação com Methylobacterium, ainda não é bem entendido. Portanto, o objetivo deste 

trabalho foi avaliar a influência de exsudatos radiculares de plântulas de soja (Glycine max) e 

milho (Zea mays) no estabelecimento da interação com Methylobacterium spp. e 

Methylorubrum extorquens. Assim, foram desenhados primers específicos para 3 linhagens de 

Methylobacterium e uma linhagem de Methylorubrum extorquens, com a finalidade de 

quantificar cada uma das linhagens no solo e na raiz de plântulas de soja e milho por qPCR. 

Além disso, foi feita a identificação dos exsudatos vegetais durante a interação com 

Methylobacterium por GC-MS e a influência dos exsudatos vegetais na formação de biofilme 

também foi avaliada. Deste modo, foi observado que as linhagens AR1.6/2 (M. extorquens) e 

MP2-3 (M. hispanicum), quando inoculadas individualmente, sobreviveram no solo por até 90 

dias. Enquanto as linhagens SR1.6/6 (M. mesophilicum) e R16E (M. fujisawaense) 

apresentaram menor taxa de sobrevivência no mesmo período avaliado, ademais foi visto que 

no consórcio bacteriano, só a linhagem MP2-3 sobreviveu no solo. Nos experimentos de 

interação, foi observado que a linhagem SR1.6/6, inoculada individualmente apresentou maior 

abundância nas raízes de plântulas de soja, e quando inoculada no consórcio, apresentou menor 

abundância. Em raiz de milho, a abundância das bactérias não diferiu significativamente. A 

partir das análises de GC-MS, foi observado que plântulas de soja e milho apresentaram perfis 

diferenciados, sendo que plântulas de milho mostraram maior porcentagem de carboidratos 

(16%) e ácidos orgânicos (7%), em relação aos exsudatos de plântulas de soja, que apresentaram 

14% de carboidratos e 2% de ácidos orgânicos. Durante a interação, houve um aumento na 

abundância relativa de carboidratos, ácidos orgânicos e aminoácidos tanto em plântulas de soja 

como de milho. Por último, foi evidenciado que os exsudatos de plântulas de milho induziram 

a formação de biofilme bacteriano. Os resultados obtidos neste trabalho, evidenciam a 

influência dos exsudatos na seleção de linhagens específicas de Methylobacterium e ou 

Methylorubrum, mediante a disponibilização de fontes específicas de carbono. Além disso, é 

possível sugerir que o sucesso da colonização da planta por Methylobacterium é dependente do 

metabolismo dessas fontes de nutrientes.   

  

Palavras chave:  Exsudatos radiculares. Biofilmes. Interação planta-bactéria.  Colonização. 

Ecologia de interações. 

 

  



ABSTRACT 

 

MANTILLA GALINDO, M. A. Root exudates as regulators of plant colonization by 

Methylobacterium spp. and Methylorubrum extorquens 2019, 158f. Master thesis 

(Microbiology) – Instituto de Ciências Biomédicas, Universidade de São Paulo, São Paulo, 

2019.  

 

The genus Methylobacterium can establish epiphytic or endophytic associations with different 

plant species. For the establishment of interaction, chemical communication between plant and 

bacteria take place, in this communication the root exudates probably play a key role. Previous 

studies showed that the strain M. mesophilicum SR1.6/6 increased their development in root 

exudates and the expression of colonization related genes (catalytic activity, biofilm formation, 

primary metabolism and antioxidant genes). However, the importance and functions of plant 

root exudates during interaction with Methylobacterium are not well understood. Therefore, 

this work aims to determinate the role of soybean (Glycine max) and corn (Zea mays) seedling 

root exudates in the establishment of interaction with Methylobacterium spp. and 

Methylorubrum extorquens. Thus, specific primers were designed for three Methylobacterium 

spp. strains and one Methylorubrum extorquens strain. These primers were used for the strain’s 

quantification in soil and seedlings roots (soybean and corn) by qPCR. Additionally, the 

composition of seedlings roots in interaction with Methylobacterium were identified by GC-

MS and the influence of exudates in biofilm formation were evaluated. Thus, it was observed 

that the strains AR1.6/2 (M. extorquens) and MP2-3 (M. hispanicum) when inoculated 

individually survived in the soil for up to 90 days, while the strains SR1.6/6 (M. mesophilicum) 

and R16E (M. fujisawaense) showed a low survival. In bacterial consortia, only MP2-3 strain 

was survived for 90 days in soil. In the interaction experiments was evidenced that SR1.6/6 

strain when inoculated individually had the biggest abundance in soybean roots but in consortia 

had the lowest. In corn root, the abundance of bacteria didn’t differ significantly. From GC-MS 

analyzes, was observed that soybean and corn seedlings presented different profiles, and corn 

seedlings showed a higher percentage of carbohydrates (16%) and organic acids (7%), in 

comparison with soybean, which presented 14% of carbohydrates and 2% of organic acids. 

During interaction, carbohydrates, organic acids and amino acids percentages increased in 

soybean and corn seedlings. Finally, it was evidenced that corn seedling exudates induced the 

bacterial biofilm formation. The results obtained in this work show the influence of exudates in 

the selection of specific strains of Methylobacterium and or Methylorubrum, by providing 

specific carbon sources, and it’s suggested that the success of plant colonization by 

Methylobacterium is dependent on the metabolism of these nutrient sources.  

 

Key words: Root exudates. Biofilms. Plant-bacteria interaction. Colonization. Ecology of 

interactions.  

  



INTRODUÇÃO 

O gênero Methylobacterium pertence à classe Alfa-proteobacteria, ordem Rhizobiales e 

família Methylobacteriaceae (DONOVAN; MCDONALD; WOOD, 2014). Este gênero é 

constituído por 32 espécies descritas sendo Methylobacterium organophilum a espécie tipo do 

gênero (GREEN; ARDLEY, 2018). Membros deste gênero se caracterizam por apresentar a 

capacidade de metabolizar o metanol na ausência da biotina como cofator (GREEN; ARDLEY, 

2018), e por desenvolver associações endofíticas ou epifíticas com diversas espécies de plantas 

(ARAÚJO et al., 2015; DOURADO et al., 2013). Estas associações, geralmente, apresentam 

um estímulo positivo na planta, promovendo o crescimento vegetal pela produção de fito- 

hormônios (citocininas e auxinas), disponibilizando nutrientes, inibindo patógenos e regulando 

os níveis de etileno (hormônio do estresse) (CHAUHAN et al., 2015; KUMAR et al., 2016; 

MADHAIYAN et al., 2006a). 

Os mecanismos que permitem o estabelecimento da interação entre Methylobacterium e 

a planta hospedeira ainda não são bem compreendidos, mas acredita-se que os exsudatos 

vegetais desempenham um papel fundamental no processo (BERENDSEN; PIETERSE; 

BAKKER, 2012; SÁNCHEZ-CAÑIZARES et al., 2017; SASSE; MARTINOIA; NORTHEN, 

2018). Os exsudatos vegetais, são compostos secretados pela raiz, que correspondem a 20-40% 

do carbono (BADRI; VIVANCO, 2009; SINGH et al., 2019) e 15% do nitrogênio fixado pela 

planta (SASSE; MARTINOIA; NORTHEN, 2018) e desempenham um papel fundamental na 

estruturação das comunidades microbianas da rizosfera (COMPANT et al., 2019; HAICHAR 

et al., 2014). Estes exsudatos, podem também estar envolvidos no favorecimento de espécies 

capazes de trazer algum benefício ecológico e evolutivo para a planta (HARDOIM; VAN 

OVERBEEK; ELSAS, 2008). No entanto, a espécie favorecida pelos exsudatos deve ser capaz 

de coexistir com outros micro-organismos e colonizar a planta hospedeira (SASSE; 

MARTINOIA; NORTHEN, 2018), sendo necessário portanto, não somente responder ao 

estímulo da planta, mas também competir com outros micro-organismos. 

Estudos anteriores, mostraram que M. mesophilicum SR1.6/6 é capaz de colonizar 

plântulas de soja (Glycine max) após o reconhecimento inicial, sendo observadas células 

individuais após 24 h e produção de biofilme após 72 h (ARAÚJO et al., 2015). Também foi 

observado que os exsudatos das raízes de plântulas de milho (Zea mays) e de Citrus sinensis 

induzem um maior crescimento de M. mesophilicum SR1.6/6  (SALGUERO-LONDOÑO, 

2015). Os exsudatos de plântulas de soja induzem a expressão de diferentes grupos de genes, 

incluindo aqueles relacionados com a atividade catalítica, adesão, atividade transportadora e 



genes envolvidos em resposta antioxidante nesta linhagem (ARAÚJO et al., 2015), sugerindo 

que esta resposta possa estar associada à capacidade de colonizar a planta hospedeira. 

Contudo, ainda pouco se conhece acerca de como os exsudatos vegetais afetam a 

interação de Methylobacterium com a planta hospedeira, ou selecionado diferentes genótipos 

microbianos. Por outro lado, as estratégias utilizadas por Methylobacterium, em resposta à 

planta, ainda não foram elucidadas. Dessa forma, o principal objetivo deste trabalho foi 

identificar compostos presentes nos exsudatos radiculares associados à especificidade e ao 

aumento da competitividade de Methylobacterium spp. e Methylorubrum extorquens, durante 

a interação com plântulas de milho (Zea mays) e soja (Glycine max), e avaliar a capacidade 

destas bactérias em competirem sob diferentes condições no ambiente. Visando a ter melhor 

entendimento da interação de Methylobacterium com a planta hospedeira. Para isso, nesse 

trabalho foi avaliada a sobrevivência em solo e a abundância de Methylobacterium spp. e 

Methylorubrum na raiz plântulas de soja e milho, bem como a identificação de compostos 

presentes nos exsudatos vegetais, envolvidos na interação. 

  



CONCLUSÕES 

 

a) As plântulas de soja (Glycine max) e milho (Zea mays) exsudam um conjunto de 

metabólitos específicos em resposta à presença de cada isolado inoculado;  

b) O sucesso da colonização da planta hospedeira por Methylobacterium spp. e 

Methylorubrum extorquens depende da capacidade de responder aos exsudatos da 

planta e competir com outras bactérias associadas; 

c) A sobrevivência no solo não está associada à capacidade de colonizar a planta 

hospedeira.  



REFERÊNCIAS1 

 

ABANDA-NKPWATT, D. et al. Molecular interaction between Methylobacterium extorquens 

and seedlings: Growth promotion, methanol consumption, and localization of the methanol 

emission site. Journal of Experimental Botany, v. 57, n. 15, p. 4025–4032, 2006.  

ABISADO, R. G. et al. crossm Bacterial Quorum Sensing and Microbial Community 

Interactions. American society for Microbiology, v. 9, n. 3, p. 1–14, 2018.  

AFZAL, M.; KHAN, Q. M.; SESSITSCH, A. Endophytic bacteria: Prospects and applications 

for the phytoremediation of organic pollutants. Chemosphere, v. 117, n. 1, p. 232–242, 2014.  

AGAFONOVA, N. V et al. Phosphate Solubilizing Activity of Aerobic Methylobacteria. v. 82, 

n. 6, p. 28–32, 2014.  

ANDREOTE, F. D. et al. Model plants for studying the interaction between Methylobacterium 

mesophilicum and Xylella fastidiosa. Canadian Journal of Microbiology, v. 52, n. 5, p. 419–

426, 2006.  

ANDREOTE, F. D. et al. Culture-independent assessment of rhizobiales-related 

alphaproteobacteria and the diversity of Methylobacterium in the rhizosphere and rhizoplane of 

transgenic eucalyptus. Microbial Ecology, v. 57, n. 1, p. 82–93, 2009.  

ANKATI, S.; RANI, T. S.; PODILE, A. R. Changes in Root Exudates and Root Proteins in 

Groundnut–Pseudomonas sp. Interaction Contribute to Root Colonization by Bacteria and 

Defense Response of the Host. Journal of Plant Growth Regulation, v. 38, n. 2, p. 523–538, 

2019.  

ARAUJO, W. L. et al. Genes related to antioxidant metabolism are involved in 

Methylobacterium mesophilicum-soybean interaction. Antonie Van Leeuwenhoek 

International Journal of General and Molecular Microbiology, v. 108, n. 4, p. 951–963, 

2015.  

ARAÚJO, W. L. et al. Diversity of Endophytic Bacterial Populations and Their Interaction with 

Xylella fastidiosa in Citrus Plants. Applied and Environmental Microbiology v. 68, n. 10, p. 

4906–4914, 2002.  

ARAÚJO, W. L. et al. Genes related to antioxidant metabolism are involved in 

Methylobacterium mesophilicum-soybean interaction. Antonie van Leeuwenhoek, 

International Journal of General and Molecular Microbiology, v. 108, n. 4, p. 951–963, 

2015.  

ARDANOV, P. et al. Endophytic bacteria enhancing growth and disease resistance of potato 

(Solanum tuberosum L.). Biological Control, v. 56, n. 1, p. 43–49, 2011. 

BADRI, D. V. et al. Rhizosphere chemical dialogues: plant-microbe interactions. Current 

 
1 De acordo com: ASSOCIAÇÃO BRASILEIRA DE NORMAS TÉCNICAS. NBR 6023: informação e 

documentação: referências: elaboração. Rio de Janeiro, 2002.   



Opinion in Biotechnology, v. 20, n. 6, p. 642–650, 2009.  

BADRI, D. V.; VIVANCO, J. M. Regulation and function of root exudates. Plant, Cell and 

Environment, v. 32, n. 6, p. 666–681, 2009.  

BAETZ, U.; MARTINOIA, E. Root exudates : the hidden part of plant defense Trends in Plant 

Science Root exudates - the hidden part of plant defense. Trends in Plant Science, v. 19, n. 2, 

p. 90–98, 2014.  

BAIS, H. P. et al. the Role of Root Exudates in Rhizosphere Interactions With Plants and Other 

Organisms. Annual Review of Plant Biology, v. 57, n. 1, p. 233–266, 2006.  

BARROS ROSSETTO, P. Interação entre cana-de-açúcar e bactérias associadas 2008.148f. 

Tese de Doutorado  em agronomia (Genética e melhoramento de plantas). Escola Superior de 

Agricultura Luiz de Queiroz, Universidade de São Paulo, Piracicaba, 2008. 

BERENDSEN, R. L.; PIETERSE, C. M. J.; BAKKER, P. A. H. M. The rhizosphere 

microbiome and plant health. Trends in Plant Science, v. 17, n. 8, p. 478–486, 2012.  

BINI, A. P. Estudo molecular do desenvolvimento de Puccinia psidii Winter in vitro e no 

processo de infecção em Eucalyptus grandis Andressa Peres Bini Piracicaba. 2016. 145p. 

Tese Doutorado em Ciências (Génetica e melhoramento de plantas) Universidade de São Paulo 

Escola Superior de Agricultura “ Luiz de Queiroz ”, Piracicaba, 2016. 

BOGAS, A. C. et al. Effects of growth-promoting endophytic Methylobacterium on 

development of Citrus rootstocks. African Journal of Microbiology Research, v. 10, n. 19, 

p. 646–653, 2016.  

BONATELLI, M. L. Caracterização da comunidade bacteriana contaminante do processo 

fermentativo para produção de etanol e o impacto no metaboloma da fermentação 2016. 

129p Tese Doutorado em Ciências (Génetica e melhoramento de plantas). Universidade de São 

Paulo Escola Superior de Agricultura “ Luiz de Queiroz ”, Piracicaba,  2016. 

BRADLEY, A. S. et al. Hopanoid-free Methylobacterium extorquens DM4 overproduces 

carotenoids and has widespread growth impairment. PLoS ONE, v. 12, n. 3, p. 1–18, 2017.  

BRENCIC, A.; WINANS, S. C. Detection of and Response to Signals Involved in Host-

Microbe Interactions by Plant-Associated Bacteria. Microbiology and Molecular Biology 

Reviews, v. 69, n. 1, p. 155–194, 2005.  

BROUGHTON, W. J. et al. Signals exchanged between legumes and Rhizobium : agricultural 

uses and perspectives. p. 129–137, 2003.  

CANARINI, A. et al. Corrigendum: Root Exudation of Primary Metabolites: Mechanisms and 

Their Roles in Plant Responses to Environmental Stimuli. Frontiers in Plant Science, v. 10, 

n. February, 2019.  

CASSÁN, F. et al. Azospirillum brasilense Az39 and Bradyrhizobium japonicum E109, 

inoculated singly or in combination, promote seed germination and early seedling growth in 

corn (Zea mays L.) and soybean (Glycine max L.). European Journal of Soil Biology, v. 45, 

n. 1, p. 28–35, 2009.  



CASTIBLANCO, L. F.; SUNDIN, G. W. New insights on molecular regulation of biofilm 

formation in plant-associated bacteria. Journal of Integrative Plant Biology, v. 58, n. 4, p. 

362–372, 2016.  

CHALIHA, C. et al. Glycans as modulators of plant defense against filamentous pathogens. 

Frontiers in Plant Science, v. 9, n. July, p. 1–16, 2018.  

CHAUHAN, H. et al. Novel plant growth promoting rhizobacteria-Prospects and potential. 

Applied Soil Ecology, v. 95, p. 38–53, 2015.  

CHONG, J. et al. MetaboAnalyst 4.0: Towards more transparent and integrative metabolomics 

analysis. Nucleic Acids Research, v. 46, n. W1, p. W486–W494, 2018.  

COMPANT, S. et al. A review on the plant microbiome: Ecology, functions, and emerging 

trends in microbial application. Journal of Advanced Research, v. 19, p. 29–37, 2019.  

COMPANT, S.; CLÉMENT, C.; SESSITSCH, A. Plant growth-promoting bacteria in the rhizo- 

and endosphere of plants: Their role, colonization, mechanisms involved and prospects for 

utilization. Soil Biology and Biochemistry, v. 42, n. 5, p. 669–678, 2010.  

CONTRERAS-MOREIRA, B.; VINUESA, P. GET_HOMOLOGUES, a versatile software 

package for scalable and robust microbial pangenome analysis. Applied and Environmental 

Microbiology, v. 79, n. 24, p. 7696–7701, 2013.  

CUADROS-INOSTROZA, Á. et al. TargetSearch - a Bioconductor package for the efficient 

preprocessing of GC-MS metabolite profiling data. v. 12, p. 1–12, 2009.  

DAZZO, F. B.; GANTER, S.; LANSING, E. Rhizosphere. Encyclopedia of Microbiology, p. 

335–349, 2009.  

DE SOUZA, R.; AMBROSINI, A.; PASSAGLIA, L. M. P. Plant growth-promoting bacteria as 

inoculants in agricultural soils. Genetics and Molecular Biology, v. 38, n. 4, p. 401–419, 2015.  

DELGADO-BAQUERIZO, M. et al. It is elemental : soil nutrient stoichiometry drives bacterial 

diversity. v. 19, p. 1176–1188, 2017.  

DJORDJEVIC, D.; WIEDMANN, M.; MCLANDSBOROUGH, L. A. Microtiter Plate Assay 

for Assessment of Listeria monocytogenes Biofilm Formation. Society, v. 68, n. 6, p. 2950–

2958, 2002.  

DONOVAN, P. K.; MCDONALD, A. P. .; WOOD, A. P. The Family Methylobacteriaceae. In: 

The Prokaryotes: Alphaproteobacteria and Betaproteobacteria. Springer-Verlag Berlin 

Heidelberg, 2014. p. 313  

DOORNBOS, R. F.; LOON, L. C. VAN. Impact of root exudates and plant defense signaling 

on bacterial communities in the rhizosphere . A review. p. 227–243, 2012.  

DOURADO, M. N. et al. The diversity of endophytic methylotrophic bacteria in an oil-

contaminated and an oil-free mangrove ecosystem and their tolerance to heavy metals. 

Biotechnology research international, v. 2012, p. 759865, 2012a.  

DOURADO, M. N. et al. Analysis of 16s rRNA and mxaF genes revealing insights into 



Methylobacterium niche-specific plant association. Genetics and Molecular Biology, v. 35, n. 

1, p. 142–148, 2012b.  

DOURADO, M. N. et al. Interaction genes regulated by plant exudate and quorung sensing 

molecules. Brazilian Journal of Microbiology, v. 1339, p. in press, 2013.  

DOURADO, M. N. et al. Biotechnological and Agronomic Potential of Endophytic Pink-

Pigmented Methylotrophic Methylobacterium spp . BioMed Research International, v. 2015, 

2015.  

DUCA, D. et al. Indole-3-acetic acid in plant–microbe interactions. Antonie van 

Leeuwenhoek, v. 106, n. 1, p. 85–125, 2014.  

FEDOROV, D. N. et al. 1-Aminocyclopropane-1-carboxylate (ACC) deaminases from 

Methylobacterium radiotolerans and Methylobacterium nodulans with higher specificity for 

ACC. FEMS Microbiology Letters, v. 343, n. 1, p. 70–76, 2013.  

FEOFILOVA, E. P. et al. Trehalose : Chemical Structure , Biological Functions ,. 

Microbiology, v. 83, n. 3, p. 184–194, 2014.  

FERREIRA, A. et al. Diversity of endophytic bacteria from Eucalyptus species seeds and 

colonization of seedlings by Pantoea agglomerans. FEMS Microbiology Letters, v. 287, n. 1, 

p. 8–14, 2008. 

FREILICH, S. et al. Competitive and cooperative metabolic interactions in bacterial 

communities. Nature Communications, v. 2, n. 1, p. 587–589, 2011.  

GAI, C. S. et al. Transmission of Methylobacterium mesophilicum by Bucephalogonia 

xanthophis for paratransgenic control strategy of Citrus variegated chlorosis. Journal of 

Microbiology, v. 47, n. 4, p. 448–454, 2009.  

GALBALLY, I. E.; KIRSTINE, W. The production of methanol by flowering plants and the 

global cycle of methanol. Journal of Atmospheric Chemistry, v. 43, n. 3, p. 195–229, 2002.  

GERMERODT, S. et al. Pervasive Selection for Cooperative Cross-Feeding in Bacterial 

Communities. PLoS Computational Biology, v. 12, n. 6, p. 1–21, 2016.  

GLICK, B. R. Bacteria with ACC deaminase can promote plant growth and help to feed the 

world. Microbiological Research, v. 169, n. 1, p. 30–39, 2014.  

GREEN, P. N.; ARDLEY, J. K. Review of the genus Methylobacterium and closely related 

organisms: A proposal that some Methylobacterium species be reclassified into a new genus, 

Methylorubrum gen. nov. International Journal of Systematic and Evolutionary 

Microbiology, v. 68, n. 9, p. 2727–2748, 2018.  

GUO, M. et al. The influence of root exudates of maize and soybean on polycyclic aromatic 

hydrocarbons degradation and soil bacterial community structure. Ecological Engineering, v. 

99, p. 22–30, 2017.  

GUSTAVO, A. et al. Plant Growth-Promoting Bacterial Endophytes. Elsevier GmbH., v. 183, 

p. 92–99, 2015.  



HAICHAR, F. EL Z. et al. Root exudates mediated interactions belowground. Soil Biology and 

Biochemistry, v. 77, p. 69–80, 2014.  

HALL, B. G. et al. Growth rates made easy. Molecular Biology and Evolution, v. 31, n. 1, p. 

232–238, 2014.  

HANSEN, H.; GROSSMANN, K. Auxin-induced ethylene triggers abscisic acid biosynthesis 

and growth inhibition. Plant Physiology, v. 124, n. 3, p. 1437–1448, 2000.  

HARDOIM, P. R.; VAN OVERBEEK, L. S.; ELSAS, J. D. VAN. Properties of bacterial 

endophytes and their proposed role in plant growth. Trends in Microbiology, v. 16, n. 10, p. 

463–471, 2008.  

HARUN-OR-RASHID, M.; CHUNG, Y. R. Induction of systemic resistance against insect 

herbivores in plants by beneficial soil microbes. Frontiers in Plant Science, v. 8, n. October, 

p. 1–11, 2017.  

HAWES, M. C. et al. The role of root border cells in plant defense. Trends in Plant Science, 

v. 5, n. 3, p. 128–133, 2000.  

HERIGSTAD, B.; HAMILTON, M.; HEERSINK, J. How to optimize the drop plate method 

for enumerating bacteria. Journal of Microbiological Methods, v. 44, n. 2, p. 121–129, 2001.  

HERTENBERGER, G.; ZAMPACH, P.; BACHMANN, G. Plant species affect the 

concentration of free sugars and free amino acids in different types of soil. Journal of Plant 

Nutrition and Soil Science, v. 165, n. 5, p. 557–565, 2002.  

HIBBING, M. E. et al. Bacterial competition: Surviving and thriving in the microbial jungle. 

Nature Reviews Microbiology, v. 8, n. 1, p. 15–25, 2010.  

HILTNER, L.. Über neuere erfahrungen und probleme auf dem debiete der bo denbakteriologie 

und unter besonderer berucksichtigung der grundund und brache. Zbl. Bakteriol, 2, 14-25, 

1904. 

HOLLAND, M. A.; POLACCO, J. C. PPFMs and Other Covert Contaminants: Is There More 

to Plant Physiology Than Just Plant? Annual Review of Plant Physiology and Plant 

Molecular Biology, v. 45, n. 1, p. 197–209, 1994.  

HÖPPENER-OGAWA, S. et al. Specific detection and real-time PCR quantification of 

potentially mycophagous bacteria belonging to the genus Collimonas in different soil 

ecosystems. Applied and Environmental Microbiology, v. 73, n. 13, p. 4191–4197, 2007.  

HUANG, X. et al. Rhizosphere interactions: root exudates, microbes, and microbial 

communities 1. v. 275, n. February, p. 267–275, 2014.  

IGUCHI, H.; YURIMOTO, H.; SAKAI, Y. Interactions of Methylotrophs with Plants and 

Other Heterotrophic Bacteria. Microorganisms, v. 3, n. 2, p. 137–151, 2015.  

IVANOVA, E. G.; DORONINA, N. V.; TROTSENKO, Y. A. Aerobic methylobacteria are 

capable of synthesizing auxins. Microbiology, v. 70, n. 4, p. 392–397, 2001.  

JACOBY, R. P.; MARTYN, A.; KOPRIVA, S. Exometabolomic Profiling of Bacterial Strains 



as Cultivated Using Arabidopsis Root Extract as the Sole Carbon Source. v. 31, n. 8, p. 803–

813, 2018.  

JAMAL, M. et al. ScienceDirect Bacterial biofilm and associated infections. v. 81, p. 7–11, 

2018.  

JAYASHREE, S. et al. Evaluation of pink-pigmented facultative methylotrophic bacteria for 

phosphate solubilization. Archives of Microbiology, v. 193, n. 8, p. 543–552, 2011.  

JEANDET, P. Phytoalexins: Current progress and future prospectsMoleculesMDPI AG, , 

1 fev. 2015.  

JIN, Y. et al. Role of Maize Root Exudates in Promotion of Colonization of Bacillus velezensis 

Strain S3-1 in Rhizosphere Soil and Root Tissue. Current Microbiology, v. 76, n. 7, p. 855–

862, 2019.  

JONES, D. L.; NGUYEN, C.; FINLAY, R. D. Carbon flow in the rhizosphere: Carbon trading 

at the soil-root interface. Plant and Soil, v. 321, n. 1–2, p. 5–33, 2009.  

KESHISHIAN, E. A.; RASHOTTE, A. M. Plant cytokinin signalling. Essays in Biochemistry, 

v. 58, p. 13–27, 2015.  

KIM, M. S. et al. Galactinol Is a Signaling Component of the Induced Systemic Resistance 

Caused by Pseudomonas chlororaphis O6 Root Colonization. v. 21, n. 12, p. 1643–1653, 2008.  

KLOEPPER, J. W. The Interactions of Rhizodeposits with Plant Growth-Promoting 

Rhizobacteria in the Rhizosphere : A Review. 2019.  

KONG, C.-H. et al. Allelochemicals and Signaling Chemicals in Plants. Molecules, v. 24, n. 

15, p. 2737, 2019.  

KOVALEVA, J.; DEGENER, J. E.; VAN DER MEI, H. C. Methylobacterium and its role in 

health care-associated infection. Journal of Clinical Microbiology, v. 52, n. 5, p. 1317–1321, 

2014.  

KUMAR, A.; VERMA, J. P. Does plant—Microbe interaction confer stress tolerance in plants: 

A review? Microbiological Research, v. 207, n. November 2017, p. 41–52, 2018.  

KUMAR, M. et al. Methylotrophic bacteria in sustainable agriculture. World Journal of 

Microbiology and Biotechnology, v. 32, n. 7, p. 1–9, 2016.  

KUMAR, M. et al. Role of Methylotrophic bacteria in Climate Change Mitigation. In: PREM 

LAL KASHYAP (Ed.). Microbes for Climate Resilient Agriculture., 2018. p. 149–164.  

 KWAK, M. J. et al. Genome information of Methylobacterium oryzae, a plant-probiotic 

methylotroph in the phyllosphere. PLoS ONE, v. 9, n. 9, 2014.  

LACAVA, P. T. et al. Interaction between endophytic bacteria from citrus plants and the 

phytopathogenic bacteria Xylella fastidiosa, causal agent of citrus-variegated chlorosis. Letters 

in Applied Microbiology, v. 39, n. 1, p. 55–59, 2004.  

LACAVA, P. T. et al. Caracterização da comunidade bacteriana endofítica de citros por 



isolamento, PCR específico e DGGE. Pesquisa Agropecuaria Brasileira, v. 41, n. 4, p. 637–

642, 2006.  

LACAVA, P. T. et al. Detection of siderophores in endophytic bacteria Methylobacterium spp. 

associated with Xylella fastidiosa subsp. pauca. Pesquisa Agropecuaria Brasileira, v. 43, n. 

4, p. 521–528, 2008.  

LATIF, S.; CHIAPUSIO, G.; WESTON, L. A. Allelopathy and the Role of Allelochemicals 

in Plant Defence.  Elsevier Ltd, 2017. v. 82 

LI, F. et al. Bacterial Community Structure after Long-term Organic and Inorganic Fertilization 

Reveals Important Associations between Soil Nutrients and Specific Taxa Involved in Nutrient 

Transformations. v. 8, n. February, 2017.  

LITCHMAN, E.; EDWARDS, K. F.; KLAUSMEIER, C. A. Microbial resource utilization 

traits and trade-offs: Implications for community structure, functioning, and biogeochemical 

impacts at present and in the future. Frontiers in Microbiology, v. 6, n. APR, p. 1–10, 2015.  

LUNDBERG, D. S.; TEIXEIRA, P. J. P. L. Root-exuded coumarin shapes the root microbiome. 

v. 115, n. 22, p. 5629–5631, 2018.  

MACDONALD, R. C.; Detection of substantial emissions of methanol from plants to the 

atmosphere. Atmospheric Environment. Part A. v. 27, n. 1989, 1993.  

MADHAIYAN, M. et al. Growth promotion and induction of systemic resistance in rice 

cultivar Co-47 (Oryza sativa L.) by Methylobacterium spp. Botanical Bulletin of Academia 

Sinica, v. 45, n. 4, p. 315–324, 2004.  

MADHAIYAN, M. et al. Pink-pigmented facultative methylotrophic bacteria accelerate 

germination, growth and yield of sugarcane clone Co86032 (Saccharum officinarum L.). 

Biology and Fertility of Soils, v. 41, n. 5, p. 350–358, 2005.  

MADHAIYAN, M. et al. Regulation of ethylene levels in canola (Brassica campestris) by 1-

aminocyclopropane-1-carboxylate deaminase-containing Methylobacterium fujisawaense. 

Planta, v. 224, n. 2, p. 268–278, 2006a.  

MADHAIYAN, M. et al. Plant growth-promoting Methylobacterium induces defense responses 

in groundnut (Arachis hypogaea L.) compared with rot pathogens. Current Microbiology, v. 

53, n. 4, p. 270–276, 2006b.  

MADHAIYAN, M. et al. Methylobacterium oryzae sp. nov., an aerobic, pink-pigmented, 

facultatively methylotrophic, 1-aminocyclopropane-1-carboxylate deaminase- producing 

bacterium isolated from rice. International Journal of Systematic and Evolutionary 

Microbiology, n. 57, p. 326–331, 2007.  

MADHAIYAN, M.; POONGUZHALI, S.; SA, T. Characterization of 1-aminocyclopropane-

1-carboxylate (ACC) deaminase containing Methylobacterium oryzae and interactions with 

auxins and ACC regulation of ethylene in canola (Brassica campestris). Planta, v. 226, n. 4, p. 

867–876, 2007.  

MENDES, R.; GARBEVA, P.; RAAIJMAKERS, J. M. The rhizosphere microbiome: 

Significance of plant beneficial, plant pathogenic, and human pathogenic microorganisms. 



FEMS Microbiology Reviews, v. 37, n. 5, p. 634–663, 2013.  

MERCIER, A. et al. Decrease of the level of extractable polychlorinated biphenyls in soil 

microcosms: Influence of granular activated carbon and inoculation by natural microbial 

consortia. International Biodeterioration and Biodegradation, v. 105, p. 127–136, 2015.  

MHLONGO, M. I. et al. The Chemistry of Plant–Microbe Interactions in the Rhizosphere and 

the Potential for Metabolomics to Reveal Signaling Related to Defense Priming and Induced 

Systemic Resistance. Frontiers in Plant Science, v. 9, n. February, p. 1–17, 2018.  

MOHAN, R. et al. Implication of Quorum Sensing System in Biofilm Formation and Virulence. 

Implication of Quorum Sensing System in Biofilm Formation and Virulence, p. 133–160, 

2018.  

MURRAY, P.; ROSENTHAL, K. S.; PFALLER, M. A. Microbiologia médica. Elsevier 

Editora, 2014.  

NI, N. et al. Pyrogallol and its analogs can antagonize bacterial quorum sensing in Vibrio 

harveyi. Bioorganic and Medicinal Chemistry Letters, v. 18, n. 5, p. 1567–1572, 2008.  

O’TOOLE GA, PRATT LA, WATNICK PI, NEWMAN DK, WEAVER VB, K. R. to Study 

of Biofilms A. Methods in Enzymology, v. 310, n. 1996, p. 91–109, 1999.  

OCHSNER, A. M. et al. Methylobacterium extorquens: methylotrophy and biotechnological 

applications. Applied Microbiology and Biotechnology, v. 99, n. 2, p. 517–534, 2014.  

OMER, Z. S. et al. Indole-3-acetic acid production by pink-pigmented facultative 

methylotrophic bacteria. Plant Growth Regulation, v. 43, n. 1, p. 93–96, 2004.  

OMER, Z. S.; TOMBOLINI, R.; GERHARDSON, B. Plant colonization by pink-pigmented 

facultative methylotrophic bacteria (PPFMs). FEMS Microbiology Ecology, v. 47, n. 3, p. 

319–326, 2004.  

PATT, T. E.; COLE, G. C.; HANSON, R. S. Methylobacterium, a New Genus of Facultatively 

Methylotrophic Bacteria. International journal of systematic and evolutionary 

microbiology, v. 26, n. 2, p. 226–229, 1976.  

PECK, S. C.; KENDE, H. Sequential induction of the ethylene biosynthetic enzymes by indole-

3-acetic acid in etiolated peas. Plant Molecular Biology, v. 28, n. 2, p. 293–301, 1995.  

PERRET, X.; STAEHELIN, C. Molecular Basis of Symbiotic Promiscuity. Microbiology and 

Molecular Biology Reviews, v. 64, n. 1, p. 180–201, 2000.  

PII, Y. et al. Microbial interactions in the rhizosphere: beneficial influences of plant growth-

promoting rhizobacteria on nutrient acquisition process. A review. Biology and Fertility of 

Soils, v. 51, n. 4, p. 403–415, 2015.  

POONGUZHALI, S.; MADHAIYAN, M.; YIM, W. Colonization pattern of plant root and leaf 

surfaces visualized by use of green-fluorescent-marked strain of Methylobacterium suomiense 

and its persistence in rhizosphere. p. 1033–1043, 2008.  

PREDIGER, E. Calculations : Converting from nanograms to copy number, 2013. 



Disponível em: <https://www.idtdna.com/pages/education/decoded/article/calculations-

converting-from-nanograms-to-copy-number> Acesso em: 10 de setem. de 2019. 

RAJKUMAR, M. et al. Potential of siderophore-producing bacteria for improving heavy metal 

phytoextraction. Trends in Biotechnology, v. 28, n. 3, p. 142–149, 2010.  

RAMEY, B. E. et al. Biofilm formation in plant-microbe associations. Current Opinion in 

Microbiology, v. 7, n. 6, p. 602–609, 2004.  

REINA-BUENO, M. et al. Role of trehalose in heat and desiccation tolerance in the soil 

bacterium Rhizobium etli. BMC microbiology, v. 12, p. 1–17, 2012.  

ROMANOVSKAYA, V. A. et al. The ways of plant colonization by Methylobacterium strains 

and properties of these bacteria. Microbiology, v. 70, n. 2, p. 221–227, 2001.  

RUDRAPPA, T. et al. Root-secreted malic acid recruits beneficial soil bacteria. Plant 

Physiology, v. 148, n. 3, p. 1547–1556, 2008.  

SAHA, M. et al. Microbial siderophores and their potential applications : a review. 

Environmental Science and Pollution Research p. 3984–3999, 2016.  

SALGUERO-LONDOÑO JK. Análises da Expressão de genes do Sistema de Secreção na 

Interação Methylobacterium Mesophilicum SR 1.6/6 com A Planta Hospedeira. 2015. 113 

f. Dissertação (Mestrado em Microbiologia) – Instituto de Ciências Biomédicas, Universidade 

de São Paulo, São Paulo, 2015. 

SÁNCHEZ-CAÑIZARES, C. et al. Understanding the holobiont: the interdependence of plants 

and their microbiome. Current Opinion in Microbiology, v. 38, p. 188–196, 2017.  

SANTHANAM, R. et al. Specificity of root microbiomes in native-grown Nicotiana attenuata 

and plant responses to UVB increase Deinococcus colonization. Molecular Ecology, v. 26, n. 

9, p. 2543–2562, 2017.  

SASSE, J.; MARTINOIA, E.; NORTHEN, T. Feed Your Friends: Do Plant Exudates Shape the 

Root Microbiome? Trends in Plant Science, v. 23, n. 1, p. 25–41, 2018.  

SCHNEIDER, C. A.; RASBAND, W. S.; ELICEIRI, K. W. HISTORICAL commentary NIH 

Image to ImageJ : 25 years of image analysis. Nature Methods, v. 9, n. 7, p. 671–675, 2012.  

SHINTARO HARA, MASATOSHI MATSUDA, K. M. Growth Stage-dependent Bacterial 

Communities in Soybean Plant Tissues: Methylorubrum Transiently Dominated in the 

Flowering Stage of the Soybean Shoot. v. 00, n. 0, 2019.  

SINGH, D. et al. Plant microbiome: A reservoir of novel genes and metabolites. Plant Gene, 

v. 18, p. 100177, 2019.  

SOBRAL, J. K. A Comunidade Bacteriana Endofítica e Epifítica De Soja ( Glycine Max ) 

e Estudo da Interação Endófitos-planta.2003. 174f. Tese Doutorado em Agronomia 

(Genética e melhoramento de plantas) Escola Superior de Agricultura Luiz de Queiroz, 

Universidade de São Paulo, Piracicaba, 2003. 

SOLANO, C.; ECHEVERZ, M.; LASA, I. Biofilm dispersion and quorum sensing. Current 



Opinion in Microbiology, v. 18, n. 1, p. 96–104, 2014.  

STEINAUER, K.; CHATZINOTAS, A.; EISENHAUER, N. Root exudate cocktails: the link 

between plant diversity and soil microorganisms? Ecology and Evolution, v. 6, n. 20, p. 7387–

7396, 2016.  

SY, A. et al. Methylotrophic metabolism is advantageous for Methylobacterium extorquens 

during colonization of Medicago truncatula under competitive conditions. Applied and 

Environmental Microbiology, v. 71, n. 11, p. 7245–7252, 2005.  

TANI, A. et al. High-throughput identification and screening of novel methylobacterium 

species using whole-cell MALDI-TOF/MS analysis. PLoS ONE, v. 7, n. 7, 2012.  

VIVES-PERIS, V. et al. Root exudates: from plant to rhizosphere and beyond. Plant Cell 

Reports, n. 0123456789, 2019.  

WENKE, K. et al. Volatiles of rhizobacteria Serratia and Stenotrophomonas alter growth and 

metabolite composition of Arabidopsis thaliana. Plant Biology, v. 21, p. 109–119, 2019.  

XU, F.-F. et al. Evaluation of Intraspecies Interactions in Biofilm Formation by 

Methylobacterium Species Isolated from Pink-Pigmented Household Biofilms. Microbes and 

Environments, v. 29, n. 4, p. 388–392, 2014.  

YAN, Y. et al. Environmental fi ltering : A case of bacterial community assembly in soil. Soil 

Biology and Biochemistry, v. 136, n. February, p. 107531, 2019.  

YIM, W. et al. Ethylene emission and PR protein synthesis in ACC deaminase producing 

Methylobacterium spp. inoculated tomato plants (Lycopersicon esculentum Mill.) challenged 

with Ralstonia solanacearum under greenhouse conditions. Plant Physiology and 

Biochemistry, v. 67, p. 95–104, 2013.  

YUAN, J. et al. Organic acids from root exudates of banana help root colonization of PGPR 

strain Bacillus amyloliquefaciens NJN-6. Scientific Reports, v. 5, n. July, p. 1–8, 2015.  

ZHALNINA, K. et al. Dynamic root exudate chemistry and microbial substrate preferences 

drive patterns in rhizosphere microbial community assembly. Nature Microbiology, v. 3, n. 4, 

p. 470–480, 2018.  

ZHANG, M.; LIDSTROM, M. E. Promoters and transcripts for genes involved in methanol 

oxidation in Methylobacterium extorquens AM1. Microbiology  p. 1033–1040, 2003.  

 


