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Relevância da fixação biológica do nitrogênio
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denitrification processes (Hungria et  al., 2007; Lassaletta et  al., 
2014; Zhang X. et  al., 2015), a total of ~20 million tons of 
N, equivalent to ~43 million tons of urea, would be  necessary 
to sustain Brazilian soybean plantations without 
BNF. Additionally, the replacement of chemical fertilizers by 
N2-fixing microbes contribute substantially to the reduction 
of GHG emissions. Assuming that each kilogram of N fertilizer 
corresponds to nearly 10 kg of CO2-equivalent GHG emissions 
(Brock et  al., 2012), approximately 430 million tons of CO2-
equivalent gases would be  released annually if no N2-fixing 

microbes were used in Brazilian soybean plantations. However, 
because Brazil developed the most successful program for using 
Bradyrhizobium-containing inoculants, there was a considerable 
reduction in environmental degradation and production costs. 
More recently, the adoption of inoculants containing N2-fixing 
microbes for soybean reached 79% (Figure  2B; Santos et  al., 
2021), which represents approximately US$ 10.2 billion in saved 
N fertilizers. The robust science and development efforts behind 
the Bradyrhizobium BNF program have also encouraged the 
development of inoculants containing biostimulants with 
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FIGURE 2 | Soybean microbial inoculation and co-inoculation in Brazil. (A–C) Individual state contributions to soybean production (A), adoption by states (% of 
area) of Bradyrhizobium-based inoculants (B) and adoption by states (% of area) of Azospirillum-based inoculants (C) for co-inoculation in Brazil in the 2019/2020 
soybean crop season. (D) Total number of inoculant doses for BNF, Bradyrhizobium-based inoculant applied to soybean and Azospirillum-based inoculant for 
grasses, sold in Brazil over several years. A partial number of doses are shown in the 2019/2020 crop season due to incomplete data collection (Source: ANPII/
Spark). Data from the 2019/2020 crop season were based on 3,551 interviewed farmers covering an extrapolated soybean planted area of 98% with a 95% 
confidence level and a 1.6% margin of error.
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Microbiome Research as an Effective 
Driver of Success Stories in Agrifood 
Systems – A Selection of Case 
Studies
Rocío Olmo 1,2*, Stefanie Urimare Wetzels 1,2, Jaderson Silveira Leite Armanhi 3,4, 
Paulo Arruda 4,5,6, Gabriele Berg 7,8,9, Tomislav Cernava 7, Paul D. Cotter 10,11, 
Solon Cordeiro Araujo 12,13, Rafael Soares Correa de Souza 3,4, Ilario Ferrocino 14, 
Jens C. Frisvad 15, Marina Georgalaki 16, Hanne Helene Hansen 17, Maria Kazou 16, 
George Seghal Kiran 18, Tanja Kostic 19, Susanne Krauss-Etschmann 20,21, Aicha Kriaa 22, 
Lene Lange 23, Emmanuelle Maguin 22, Birgit Mitter 19, Mette Olaf Nielsen 24, Marta Olivares 25, 
Narciso Martín Quijada 1,2, Marina Romaní-Pérez 25, Yolanda Sanz 25, Michael Schloter 26, 
Philippe Schmitt-Kopplin 27, Sarah Craven Seaton 28, Joseph Selvin 18, Angela Sessitsch 19, 
Mengcen Wang 29, Benjamin Zwirzitz 30, Evelyne Selberherr 2 and Martin Wagner 1,2

1 FFoQSI GmbH - Austrian Competence Centre for Feed and Food Quality, Safety and Innovation, Tulln, Austria, 2 Unit of Food 
Microbiology, Institute of Food Safety, Food Technology and Veterinary Public Health, University of Veterinary Medicine, Vienna, 
Austria, 3 Symbiomics Microbiome Solutions, Florianópolis, Brazil, 4 Genomics for Climate Change Research Center, Universidade 
Estadual de Campinas, Campinas, Brazil, 5 Centro de Biologia Molecular e Engenharia Genética, Universidade Estadual de 
Campinas, Campinas, Brazil, 6 Departamento de Genética e Evolução, Instituto de Biologia, Universidade Estadual de Campinas, 
Campinas, Brazil, 7 Institute of Environmental Biotechnology, Graz University of Technology, Graz, Austria, 8 Leibniz Institute for 
Agricultural Engineering and Bioeconomy (ATB), Potsdam, Germany, 9 Institute for Biochemistry and Biology, University of 
Potsdam, Potsdam, Germany, 10 Food Bioscience, Teagasc Food Research Centre Moorepark, Fermoy, Ireland, 11 APC 
Microbiome Ireland and VistaMilk, Cork, Ireland, 12 SCA, Consultoria em Microbiologia Agrícola, Campinas, Brazil, 13 Brazil National 
Association of Inoculant Producers and Importers (ANPII), Campinas, Brazil, 14 Department of Agricultural, Forest and Food 
Science, University of Torino, Torino, Italy, 15 Department of Biotechnology and Bioengineering, Technical University of Denmark, 
Kongens Lyngby, Denmark, 16 Laboratory of Dairy Research, Department of Food Science and Human Nutrition, Agricultural 
University of Athens, Athens, Greece, 17 Department of Veterinary and Animal Sciences, University of Copenhagen, Frederiksberg, 
Denmark, 18 School of Life Sciences, Pondicherry University, Puducherry, India, 19 Bioresources Unit, Center for Health & 
Bioresources, AIT Austrian Institute of Technology GmbH, Tulln, Austria, 20 Research Center Borstel, Leibniz Lung Center, Airway 
Research Center North (ARCN), German Center for Lung Research (DZL), Borstel, Germany, 21 Institute for Experimental 
Medicine, Christian Albrechts University, Kiel, Germany, 22 Microbiota Interaction With Human and Animal Team (MIHA), Micalis 
Institute, Université Paris-Saclay, INRAE, AgroParisTech, Jouy-en-Josas, France, 23 BioEconomy, Research & Advisory, 
Copenhagen, Denmark, 24 Department of Animal Science, Faculty of Technical Sciences, Aarhus University, Tjele, Denmark, 
25 Microbial Ecology, Nutrition and Health Research Unit, Institute of Agrochemistry and Food Technology, Spanish National 
Research Council (IATA-CSIC), Valencia, Spain, 26 Research Unit Comparative Microbiome Analysis, Helmholtz Center Munich, 
Neuherberg, Germany, 27 Research Unit Analytical Biogeochemistry, Helmholtz Center Munich, Neuherberg, Germany, 28 Indigo 
Agriculture, Charlestown, MA, United States, 29 State Key Laboratory of Rice Biology & Ministry of Agricultural and Rural Affairs 
Laboratory of Molecular Biology of Crop Pathogens and Insects, Institute of Pesticide and Environmental Toxicology, Zhejiang 
University, Hangzhou, China, 30 Institute of Food Science, University of Natural Resources and Life Sciences, Vienna, Austria

Increasing knowledge of the microbiome has led to significant advancements in the 
agrifood system. Case studies based on microbiome applications have been reported 
worldwide and, in this review, we have selected 14 success stories that showcase the 
importance of microbiome research in advancing the agrifood system. The selected case 
studies describe products, methodologies, applications, tools, and processes that created 
an economic and societal impact. Additionally, they cover a broad range of fields within 

Vamos aos cálculos?
- 1000 kg soja = 80 kg de N
- Produtividade média: 3500 kg/ha
- Demanda: 280 kg/ha N
- Eficiência fertilizante ureia: 50%
- 560 kg/ha N-ureia
- 1000 kg ureia = 460 kg/ha N
- 1200 kg/ha ureia
- Custo tonelada ureia = US$ 450
- Custo por ha = US$ 540 x R$ 5 
- Brasil Safra 21/22 – 40,95 milhões/ha

110,7 bilhões – safra 22/23
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Vida-livre
Ex.: Cianobactérias

Cianobactérias 

9Filo do domínio Bacteria 
 

9Organismos fixadores de N e C 
 

9Presença ou não de heterócito 
 

9Baixo O2 devido a respiração 
acelerada, espessamento da parede 
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9Fixação temporal em espécies não-
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• Organismos fixadores de C e N
• Podem possuir ou não células especializadas 

para fixação de N - heterócitos
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Associativas
Ex.: Bactérias rizosféricas

• Colonizam a rizosfera das raízes
• Importância em gramíneas

• 20 a 50 kg ha-1 ano-1 N

• PGPR – auxina

Diazotróficos associativos na rizosfera 

Diazotrófico Espécie Vegetal 

Azotobacter paspali Paspalum notatum 

Azospirillum brasiliensis/ 
Azospirillum lipoferum 

Milho, arroz, sorgo, trigo, cevada 

Azospirillum amazonense Panicum boliviense, Paspalum repens, 
Sorghum arudinaceum, Brachiaria 
humidicola, Brachiaria brizantha 

Beijerinckia spp. Cana-de-açúcar, braquiária 

Burkholderia brasiliensis Arroz, mandioca, batata-doce e cana-
de-açúcar 

Diazotróficos associativos 
9 Bactérias rizosféricas – colonizam áreas próximas e superfícies de raízes 

das plantas 
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Associativas
Ex.: Bactérias endofíticas • Organismos inter e intra-celulares

• Colonizam os tecidos das plantas

• Alguns capazes de fixar N

Diazotróficos associativos 

9 Bactérias endofíticas – colonizam tecidos internos das plantas 
 
 

 
 
 

9Organismos inter e intra-celulares 
 

9 Colonizam as plantas de maneira 
assimbiótica 

 
9Alguns capazes de fixar nitrogênio 
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Simbiose 
Ex.: Anabaena - Azolla

• Azolla – planta aquática que 
estabelece simbiose com Anabaena

• Sistema fixador de N2-atm

Simbiose Anabaena-Azolla Simbiose Anabaena-Azolla Azolla   
9 planta aquática de tamanho reduzido 
9 estabelece simbiose com Anabaena 
9 sistema fixador de nitrogênio atmosférico 

Simbiose Anabaena-Azolla 

Incorporação de Azolla em área 
de cultivo de arroz 
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Simbiose
Ex.: Frankia spp.

• Associação entre actinobactérias e raízes
• Importantes em espécies arbóreas (Casuarina e Alnus)

• 40 a 300 kg ha-1 ano-1 N

described (Pozzi et al. 2015) (Supplementary Table S1). Three
different trees were randomly selected per site and, for each of
them, a minimum of three nodules were collected with asso-
ciated roots. All Frankia strains inhabiting field nodules used in
this study had been previously genotyped (Pozzi et al. 2015).
All collected material was stored at _80!C before being freeze-
dried (Christ Alpha 1-4 freeze dryer). In our experiments, a
nodule sample is defined as a pool of three nodules collected on
three different trees (one nodule per tree) coming from the same
site, which represents a minimum of three nodule samples per
site. Similar sampling was done for associated roots (at least
three pooled root samples were also made per site). Each
sample, whether nodule or associated root, was made from
around 150 mg of freeze-dried material, crushed to a very fine
dry powder (Retsch TissueLyser II) and kept at _20!C before
extraction.

Nodule and root samples from greenhouse:
plant growth and inoculation conditions.
A. glutinosa seeds sampled from a single tree (bank of the

Rhone river in Lyon) were germinated on a sterilized mixture of
soil/vermiculite (1:1, vol/vol) for 5 weeks in a greenhouse (with
a 16-h and 8-h nycthemeral regime at temperatures of 21 and
25!C, respectively). Before bacterial inoculation, seedlings
were transferred to Fåhraeus medium (Fahraeus 1957) with
5 mMKNO3 in plastic pots (four seedlings per pot) for 4 weeks,
and then, on Fåhraeus medium without KNO3 for 2 weeks.
F. alni ACN14a (Normand and Lalonde 1982) and Frankia

AgTrS (Bethencourt et al. 2019) were used for inoculation. The
strain ACN14a is cultivable and was grown on N supplemented
medium (FBM+) for 3 weeks followed by on an ammonium
free medium (FBM_) for 2 weeks. FBM medium derived from
modified BAP medium (Lurthy et al. 2018) by i) suppressing
vitamins and ii) replacing iron citrate by iron chloride FeCl3
at a final concentration of 20 µM. The addition of 5 mM of
NH4Cl constituted the FBM+ medium, as opposed to N-fixing

conditions with FBM_. Cultures were syringe-infiltrated
through a 21G needle to fragment mycelium, and 4 ml of the
syringed culture was used per pot for inoculation (final volume
in pot was around 1 liter). Strain AgTrS was chosen because it
was previously observed as predominant in nodules from
Tremblay, one of the four sampled sites (Pozzi et al. 2015). This
strain has not been isolated and required using crushed nodules
to inoculate the plant. For this, we applied the same procedure
as Cotin-Galvan et al. (2016), using a suspension of crushed
nodules freshly collected on the TrS site. Field nodules col-
lected from this site were used for inoculating greenhouse
seedlings and, 5 months after inoculation, DNA was extracted
from young nodules. Housekeeping genes (dnaA, ftsZ, and pgk)
amplification and sequencing were performed, as previously
described (Pozzi et al. 2015), to confirm the identity of the
Frankia genotype in nodules (data not shown). Roots and
nodules were harvested from nodulated plants (six to eight
plants per condition) and were stored at _80!C before amino
acid analyses.

Amino acid extraction from nodule and root samples.
A total of 24 nodule and root samples from the field and 28

samples from the greenhouse were extracted. Before extraction,
0.1 nmol of norvaline per milligram was added as an internal
standard in each sample. Two successive extractions were
performed, in 1 ml of ethanol and water (60:40 vol/vol) for
100 mg of sample, by vortexing (Heidolph Top-mix 94323) and
sonicating (Bransonic Ultrasonic cleaner 2510E-DTH) for
15 min, followed by 10 min of centrifugation at 13,000 × g. The
resulting supernatants were kept as the first extracts (E1 and
E2). The remaining pellet was used for the third extraction,
performed in 100% water (1 ml to 100 mg sample) followed by
dissolving, as before, to get the third extract (E3). For each
sample, all three supernatants were pooled and dried (Cen-
triVap concentrator LABCONCO). They were stored at _20!C,
prior to chromatographic analysis.

Fig. 5. Suggested pathways for the assimilation of ammonium in Alnus-Frankia root nodules. The font size of each amino acid illustrates their abundance in
Alnus tissues. Their effect on Frankia in-vitro assays is indicated by colored font with red as toxic, blue as nitrogen source, and yellow as neutral effect or
putative carbon source. Full and thin dotted lines represent pathway reactions and nodule-xylem-root metabolic exchanges, respectively. Thick dotted lines
represent hypothetical pathway reactions. Several proteins are illustrated: Cit = citrulline, Arg = arginine, Asp = aspartate, Gln = glutamine, N2ase =
nitrogenase, GS = Gln synthetase, GOGAT = Gln oxoglutarate aminotransferase or Glu synthase, and Ag5 = the plant defensin. The relative abundance of
amino acids that decreased (down) or increased (up) in each tissue (from either greenhouse or field samples or both) was represented by a red or a green arrow,
respectively.
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Feedback Regulation of N Fixation
in Frankia-AlnusSymbiosis ThroughAminoAcids Profiling
in Field and Greenhouse Nodules

Anne-Emmanuelle Hay,1,2,† Aude Herrera-Belaroussi,1 Marjolaine Rey,1,2 Pascale Fournier,1

Philippe Normand,1 and Hasna Boubakri1,†

1 Université de Lyon, F-69361, Lyon, France, Université Claude Bernard Lyon 1, CNRS, UMR 5557, INRA UMR1418, Ecologie
Microbienne, F-69622, Villeurbanne, France

2 Université Claude Bernard Lyon 1, CNRS, UMR 5557, INRA UMR1418, Ecologie Microbienne, Centre d’Etude des
Substances Naturelles

Accepted 19 November 2019.

Symbiosis established between actinorhizal plants and Frankia
spp., which are nitrogen-fixing actinobacteria, promotes nod-
ule organogenesis, the site of metabolic exchange. The present
study aimed to identify amino acid markers involved in
Frankia-Alnus interactions by comparing nodules and associ-
ated roots from field and greenhouse samples. Our results
revealed a high level of citrulline in all samples, followed by
arginine (Arg), aspartate (Asp), glutamate (Glu), g-amino-n-
butyric acid (GABA), and alanine (Ala). Interestingly, the field
metabolome approach highlighted more contrasted amino acid
patterns between nodules and roots compared with greenhouse
samples. Indeed, 12 amino acids had a mean relative abun-
dance significantly different between field nodule and root
samples, against only four amino acids in greenhouse samples,
underlining the importance of developing “ecometabolome”
approaches. In order to monitor the effects on Frankia cells
(respiration and nitrogen fixation activities) of amino acid with
an abundance pattern evocative of a role in symbiosis, in-vitro
assays were performed by supplementing them in nitrogen-free
cultures. Amino acids had three types of effects: i) those used
by Frankia as nitrogen source (Glu, Gln, Asp), ii) amino acids
stimulating both nitrogen fixation and respiration (e.g., Cit,
GABA, Ala, valine, Asn), and iii) amino acids triggering a toxic
effect (Arg, histidine). In this paper, a N-metabolic model was
proposed to discuss how the host plant and bacteria modulate
amino acids contents in nodules, leading to a fine regulation
sustaining high bacterial nitrogen fixation.

Keywords: arginine, aspartate, bacteria-plant symbiosis, citrul-
line, glutamate, glutamine, metabolism, non-rhizobium nitro-
gen fixation

Mutualistic symbioses are striking examples of successful
coevolution promoting plant growth by facilitating access to

scarce nutrients and, particularly, to nitrogenous compounds.
Certain plants have developed highly sophisticated systems to
interact with nitrogen-fixing bacteria. These bacteria together
with archaea are the unique organisms able to reduce dinitrogen
into ammonium through the action of the nitrogenase complex
and accessory enzymes (Dos Santos et al. 2012; Zehr et al.
2003). In exchange for nitrogenous compounds that permit
colonization of N-limited ecosystems, plants provide carbon,
energy, and a protected niche to diazobacteria. After a specific
and complex crosstalk, these plants develop specialized organs,
called nodules, that house diazobacteria. Nodulation involves
two types of diazobacteria, rhizobia that associate symbioti-
cally with legumes (Fabales) and with one nonlegume genus,
Parasponia (Rosales), and filamentous actinobacteria of the
genus Frankia, able to induce nodulation on a very diverse
group of plants from the Fagales, Rosales, and Cucurbitales,
collectively called “actinorhizal plants” (Hocher et al. 2011;
Martin et al. 2017).
Nitrogen assimilation, storage, and transport processes have

been studied to understand the interaction between the host
plant and its bacterial symbiont. In several legumes, ammo-
nium, the immediate product of bacterial nitrogen fixation, is
either directly exported through a specific ammonium trans-
porter (AmtB) or through membrane diffusion to the cytosol of
infected plant cells (Lodwig et al. 2003; Prell and Poole 2006).
However, ammonium is highly reactive and may interfere with
the pH homeostasis. To ensure its rapid conversion into more
inert N compounds, ammonium is assimilated by the cytosolic
glutamine (Gln) synthetase (GS) and glutamate (Glu) synthase
(Gln oxoglutarate aminotransferase [GOGAT]) cycle. The
resulting Glu can then be taken up by the bacterium from the
plant infected cells via Aap/bra channels and can be in-
corporated into aspartate (Asp) and asparagine through the
action of an Asp amino-transferase (AaT) (Lodwig et al. 2003;
Prell et al. 2009b; Rastogi and Watson 1991). In return, the
plant shuts down ammonium assimilation in rhizobia bacte-
roids and provides amino acids to bacteroids that are auxotro-
phic for them. It was suggested that this feedback provision of
amino acids by the plant ensures a higher efficiency of bacterial
nitrogen fixation and coupling of the two metabolisms, to
modulate the transfer of carbohydrates and make it dependent
on the export of ammonium (Lodwig et al. 2003; Prell and
Poole 2006; Prell et al. 2009a and b).
In actinorhizal nodules, symbiotic interactions between

Frankia spp. and the host plant are less understood, partly

†Corresponding authors: A.-E. Hay; hay.de-bettignies@univ-lyon1.fr and
H. Boubakri; hasna.boubakri@univ-lyon1.fr

*The e-Xtra logo stands for “electronic extra” and indicates that a sup-
plementary table file is published online.

The author(s) declare no conflict of interest.

© 2020 The American Phytopathological Society
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peptide in the nodule cells, both suggesting that the
peptide is affecting vesicles more than hyphae in
live cultures.

Ag5 releases nitrogen-rich compounds from Frankia
We analyzed the possibility that the Ag5 peptide
facilitates the release of nitrogen-containing
metabolites from Frankia cells. First, we examined
the release of amino acids from cultured cells.

Significant differences were found between super-
natants of Ag5-treated and untreated cells (Figure 4
and Supplementary Table S1). Remarkably, some
amino acids were released whereas others were not.
Glutamine (Gln) was 200 times and glutamic acid
(Glu) was 30 times more abundant in supernatants
of cells treated with 1mM Ag5 grown under nitrogen-
fixing condition, with a concentration increase of
B1mM for Gln and 0.5 mM for Glu. Other amino acids
such as arginine (Arg), tyrosine (Tyr), lysine (Lys),
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Figure 1 Ag5 ASUP colocalizes with Frankia in nodules of Alnus glutinosa. Negative control with rabbit serum before intramuscular
injection of Ag5 (a, c, e) and immunofluorescence localization of Ag5 with anti-Ag5 antibody (b, d, f, h). Longitudinal (a, b, c, d) and
cross-sections (e, f) of the nodule are shown. (g) Alnus roots carrying nodules infected with F. alni ACN14a. Blue: DAPI; red:
autofluorescence; green: Alexa Fluor 488 dye anti-rabbit antibody (Life Technologies, Saint Aubin, France). c, infected cells; h, hyphae;
nc, noninfected cells; v, vesicles; x, xylem. Zones in nodule: I, meristem zone (free of Frankia), II, infection zone (mostly hyphae of
Frankia), III, nitrogen-fixation zone (mostly vesicles of Frankia) and IV, senescence zone.

Peptides release N-rich metabolites from Frankia
L Carro et al
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Alnus peptides modify membrane porosity and
induce the release of nitrogen-rich metabolites from
nitrogen-fixing Frankia

Lorena Carro1, Petar Pujic1, Nicole Alloisio1, Pascale Fournier1, Hasna Boubakri1,
Anne E Hay1, Franck Poly1, Philippe François2, Valerie Hocher2, Peter Mergaert3,
Severine Balmand4, Marjolaine Rey4, Abdelaziz Heddi4 and Philippe Normand1

1Université Lyon 1, Université de Lyon, CNRS, Ecologie Microbienne, UMR 5557, Villeurbanne, France;
2Equipe Rhizogenèse, UMR DIADE (IRD, UM2), Institut de Recherche pour le Développement, Montpellier,
France; 3Institut des Sciences du Végétal, CNRS, UPR 2355, Gif-sur-Yvette, France and 4INSA-Lyon, INRA,
UMR203 BF2I, Biologie Fonctionnelle Insectes et Interactions, Villeurbanne, France

Actinorhizal plant growth in pioneer ecosystems depends on the symbiosis with the nitrogen-fixing
actinobacterium Frankia cells that are housed in special root organs called nodules. Nitrogen
fixation occurs in differentiated Frankia cells known as vesicles. Vesicles lack a pathway for
assimilating ammonia beyond the glutamine stage and are supposed to transfer reduced nitrogen to
the plant host cells. However, a mechanism for the transfer of nitrogen-fixation products to the plant
cells remains elusive. Here, new elements for this metabolic exchange are described. We show that
Alnus glutinosa nodules express defensin-like peptides, and one of these, Ag5, was found to target
Frankia vesicles. In vitro and in vivo analyses showed that Ag5 induces drastic physiological
changes in Frankia, including an increased permeability of vesicle membranes. A significant release
of nitrogen-containing metabolites, mainly glutamine and glutamate, was found in N2-fixing cultures
treated with Ag5. This work demonstrates that the Ag5 peptide is central for Frankia physiology in
nodules and uncovers a novel cellular function for this large and widespread defensin peptide
family.
The ISME Journal (2015) 9, 1723–1733; doi:10.1038/ismej.2014.257; published online 20 January 2015

Introduction

Most plants rely for their nutrition on inorganic
nitrogen (ammonium and nitrate), a macronutrient
found to be limiting in most terrestrial ecosystems
(Chapin et al., 2002). Legumes and actinorhizal
plants have acquired the ability to establish a root
nodule symbiosis with nitrogen-fixing bacteria
known as rhizobia and frankiae, respectively.
N2-fixing root nodule symbioses by actinorhizal
plants are important contributors to ecosystems
worldwide. Phylogenetically, this symbiosis occurs
among eight plant families and three orders that
have diverse global distributions (Benson and
Silvester, 1993). Conversely, most important crop
plants such as cereals are unable to use atmospheric
N2 for their nutrition. Modern agriculture is
therefore dependent on synthetic nitrogen fertilizers.

The increasingly expensive fossil energy and the
pervasive effects of atmospheric carbon dioxide
associated with the industrial production of nitro-
gen fertilizer, together with the negative environ-
mental impact of leached nitrogen fertilizers, have
led to a renewed interest for biological nitrogen
fixation.

How nitrogen fixation occurs has been studied in
both free-living organisms and in symbioses for
more than a century (Beijerinck, 1901; Wyss et al.,
1941; Berry et al., 1990). However, key steps in the
symbiotic process, including how fixed nitrogen is
transferred from symbionts to host plants, are still
only partially understood despite efforts made in
this area (Benson and Silvester, 1993; Benson et al.,
2011; Oldroyd et al., 2011; Pawlowski et al., 2011).
High-throughput sequencing of expressed sequence
tags (ESTs) and DNA arrays are powerful tools to
understand biological processes and have been
widely used recently to study nitrogen-fixing sym-
biotic interactions (Ampe et al., 2003; Alloisio et al.,
2010; Hocher et al., 2011; Heath et al., 2012).
Nevertheless, there is presently no obvious candi-
date gene identified in either rhizobia or Frankia to
account for release of nitrogen compounds to plants.
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Microrganismos envolvidos no processo

Simbiose
Ex.: Rhizobium/Bradyrhizobium

• Associação entre bactérias e raízes formando nódulos
• Importantes em espécies leguminosas (Soja, 

amendoim, feijão, etc)
• 200 a 600 kg ha-1 ano-1 N ??

Raízes de soja noduladas por  
Bradyrhizobium japonicum 

Raízes de trevo noduladas por  
Rhizobium sp. 

Raízes de soja noduladas por  
Bradyrhizobium japonicum 

Raízes de trevo noduladas por  
Rhizobium sp. 

Nódulos
Bradyrhizobium
em soja

Nódulos Rhizobium 
em trevo
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Processo de fixação do nitrogênio

N N

2 NH3

N
2

3 H2

O nitrogênio deve ser 
fixado ”(reduzido) e esta 
ligação tripla quebrado 
de forma que N se torne 
biologicamente 
disponível.

A reação de fixação de 
nitrogênio exige uma alta 
entrada de energia.

(ammonia)
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Processo de fixação do nitrogênio

Fritz Haber Carl Bosch

N2 + 3 H2 ® 2 NH3

~500 Atmospheres
~600°C

Catalyzed reaction

Muito caro energeticamente!
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Processo de fixação do nitrogênio

2 NH3

N2

Nitrogenase

16 ATP

Muitos procariontes podem fixar 
nitrogênio usando uma enzima 
chamada nitrogenase.
Este processo usa uma grande 
quantidade de energia celular – ATP
Consumo ~ 12 gr C para 1 g de N2

3 H2
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Processo de fixação do nitrogênio

Somente procariontes podem 
produzir nitrogenase!
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Processo de fixação do nitrogênio

Associativas
Ex.: Bactérias rizosféricas

20 a 50 kg ha-1 ano-1 N
Simbiose

Ex.: Bradyrhizobium

100 a 600 kg ha-1 ano-1 N
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Processo de fixação do nitrogênio - associativas

Associativas
Ex.: Bactérias rizosféricas

• Ambiente de maior disponibilidade de O2

• Exsudatos radiculares

• Produção fitormônios – auxina

• Melhor desenvolvimento radicular
• Sinergia com Bradyrhizobium

• Co-inoculação



ESALQ/USP

Azospirillum brasilense inoculation (b) increases the internal auxin
concentration in Arabidopsis thaliana compared with control (a), as
visualized by the auxin reporter gene DR5::GUS. �mages show shoot,
middle section of the root and root tip for both treatments.
Seedlings were inoculated 7 d post-germination at a concentration
of 4E6 colony-forming units (CFU) per∙plate, and β-glucuronidase
(GUS) staining was performed at 7 d post-inoculation (dpi).

https://doi.org/10.1111/nph.12590
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Processo de fixação do nitrogênio - associativas

https://doi.org/10.1016/j.apsoil.2021.104276
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Processo de fixação do nitrogênio

Wang et al., 2018

Célula da 
plantaRizóbio
Fatores Nodulação

Flavonóides

Pêlos 
radiculares

Encurvamento 
da raiz

Formação do processo 
de infecção

Formação do nódulo
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Processo de fixação do nitrogênio – desenvolvimento do nódulo

1. Processo de pré-infecção

Quimiotaxia Aderência
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Processo de fixação do nitrogênio

1. A raiz da planta 
produz flavonóides
específicos que 
atraem rizóbios

2. A maioria dos rizóbios 
produz Nod-factor, 
identificando-os como 
simbiontes apropriados

3. A planta se prepara para 
formar uma estrutura 
nodular simbiótica

Rhizobia

Plant cell
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Processo de fixação do nitrogênio

• Nod-factors são
concentrados na parede
celular e quase imóveis

• Nod-factors causa um 
redirecionamento no 
crescimento (figura a)

• Apenas algumas bactérias 
realmente redirecionam o 
crescimento dos pêlos 
radiculares com sucesso e 
ficam envolvidas em um fio 
de infecção

tempo

Modified from: Buchanan, B.B., Gruissem, W. and Jones, R.L. (2000)  Biochemistry and Molecular Biology of Plants. American Society of Plant Physiologists.

http://www.aspb.org/publications/biotext/
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Processo de fixação do nitrogênio

Em 75% dos legumes nodulantes, 
as bactérias penetram pelos pêlos 
radiculares

Nos restantes 25% (p. Ex., Amendoim), 
as bactérias entram através de fendas na 

epiderme, por vezes promovidas pela 
formação de raízes laterais

Adapted from Oldroyd, G.E.D., and Downie, J.A. (2008). Coordinating nodule morphogenesis with rhizobial infection in legumes. Annu. Rev. Plant Biol. 59: 519-546.

http://www.annualreviews.org/doi/abs/10.1146/annurev.arplant.59.032607.092839
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Processo de fixação do nitrogênio – desenvolvimento do nódulo

2. Processo de infecção

Encurvamento do pêlo
radicular

Crescimento do cordão de 
infecção
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Processo de fixação do nitrogênio – desenvolvimento do nódulo

3. Processo de formação do nódulo

Ramificação do cordão e 
hiperplasia das células 

infectadas

Multiplicação das bactérias, 
diferenciação em bacteroides e 

formação da membrana 
peribacteroide
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Processo de fixação do nitrogênio – desenvolvimento do nódulo

4. Estabelecimento da estrutura nodular

Estrutura do nódulo

3. ESTABELECIMENTO DA ESTRUTURA NODULAR 

xi 

ed 

Desenvolvimento de nódulos em leguminosas 

zma 
zi 

xi = xilema 
ed = endoderme 
zi = zona infectada 
zma = zona meristemática 
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Processo de fixação do nitrogênio – desenvolvimento do nódulo

5. Atividade nodular

�2
�H3

�����������

�H4+

��������

��

C����������B12 C�

��������������
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Processo de fixação do nitrogênio

LEGHEMOGLOBINA

NITROGENASE

N2

UREÍDEOS

NH3

Sacarose

HIDROGENASE

��
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Fatores que afetam a fixação biológica do N

Nodulação raízes 
secundáriaNodulação fraca Nodulação em 

formação
Nodulação 

estabelecida

Solon Araújo e colaboradores, 2019

ü < 4 nódulos na raiz 
principal

ü Nodulação secundária 
em raizes mais 
profundas

ü Poucos nódulos na 
raiz principal

ü Presença de nódulos 
na raízes secundárias

ü 5 a 10 nódulos na raiz 
principal

ü Bastante nódulos 
pequenos nas raiz 
principal e secundária

ü 10 a 15 nódulos na 
raiz principal

ü Nodulação abundante
nas raízes 
secundárias
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Fatores que afetam a fixação biológica do N - inoculante

Inoculante, por definição legal, tal como se encontra na legislação do Ministério da Agricultura, 
Pecuária e Abastecimento – MAPA, é “todo o produto que contenha microrganismos favoráveis 
ao crescimento de plantas”. 

Inoculante líquido
Inoculante turfoso
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Fatores que afetam a fixação biológica do N - inoculante

Bactéria Leguminosa
Bradyrhizobium japonicum

Bradyrhizobium elkanii
Sinorhizobium fredii

Soja

Rhizobium leguminosarum, biovar phaseoli
Rhizobium tropici

Rhizobium etli

Feijão

Rhizobium leguminosarum, biovar vicae Lentilha, ervilha

Rhizobium leguminosarum, biovar trifolii Trevos

Sinorhizobium meliloti Alfafa, trevo carretilha

Mesorhizobium loti Lotus corniculatus

Bradyrhizobium spp. Amendoim, leguminosas tropicais Icentrosema, mucuna, 
caupí,etc.).
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Fatores que afetam a fixação biológica do N - inoculante

Seleção de estirpes de rizóbio 

Além da divisão em gênero e espécie, as bactérias se subdividem em estirpes. Estas estirpes se 
diferenciam entre si pela maior ou menor capacidade de fixar o nitrogênio e transferi-lo para as plantas. 
Selecionar estirpes de rizóbios para que as mais produtivas sejam incorporadas ao inoculante. 
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Os tratamentos testados, constam descritos na Tabela 2. 
 

Tabela 2. Tratamentos testados no experimento de inoculação e co-inoculação em milho safrinha, Colina, 
SP, 2017. 
 

Tratamento Característica dos tratamentos/dose Modo de aplicação - 
Inoculantes 

1 Testemunha absoluta (sem N e sem Inoculante) - 

2 55 kg ha-1 de N - 
3 110 kg ha-1 de N - 

4 55 kg ha-1 de N + Inoculação com  
Masterfix L Gramíneas (0,1 L ha-1) Tratamento de sementes 

5 55 kg ha-1 de N +Co-inoculação com Masterfix L 
Gramíneas (0,05 L ha-1) + Masterfix L Soja (0,05 L ha-1) Tratamento de sementes 

6 55 kg ha-1 de N + Co-inoculação com Masterfix L 
Gramíneas (0,1 L ha-1) + Masterfix L Soja (0,1 L ha-1)  Tratamento de sementes 

7 55 kg ha-1 de N + Co-inoculação com Masterfix L 
Gramíneas (0,2 L ha-1) + Masterfix L Soja (0,2 L ha-1)  V3/V4

(1) 

8 55 kg ha-1 de N + Co-inoculação com Masterfix L 
Gramíneas (0,3 L ha-1) + Masterfix L Soja (0,3 L ha-1)  V3/V4 

(1) Pulverização sobre o solo entre os estádios de desenvolvimento V3 e V4. 

 A descrição dos inoculantes utilizados nesse experimento segue abaixo: 
  - Masterfix® L Gramíneas: inoculante líquido para milho e trigo produzido pela Stoller do Brasil 
Ltda, tendo como garantia a bactéria Azospirillum brasilense (cepas AbV5 e AbV6), na concentração de 1 
x 107 UFC mL-1; 
 - Masterfix® L Soja: inoculante líquido para soja, produzido pela Stoller do Brasil Ltda, tendo 
como garantia as bactérias Bradyrhizobium elkanni (cepa Semia 5019) e Bradyrhizobium japonicum (cepa 
Semia 5079), na concentração de 5 x 109 UFC mL-1. 
 O delineamento experimental foi o de blocos ao acaso com quatro repetições, totalizando 32 
parcelas experimentais. Cada parcela foi composta por seis linhas de seis metros de comprimento (com 
28,8 m2), sendo a parcela útil as três linhas centrais. O espaçamento entrelinhas foi de 0,8 m. 
 A adubação de semeadura consistiu da aplicação da fórmula de adubo N-P-K 8-28-16, na dose de 
250 kg ha-1. Para a adubação de cobertura realizada em 09/03/2017, respectivamente aos 30 dias após a 
semeadura, foram aplicados a fonte ureia (45% de N solúvel), sendo as respectivas doses calculadas, de 
acordo com os resultados do laudo de análise química e física do solo e com base nas doses indicadas nos 
diferentes tratamentos supracitados. Testemunhas foram incluídas no ensaio, envolvendo ausência de 
inoculação; adubação nitrogenada usualmente recomendada ou metade da dose de N. Para a testemunha 
absoluta a adubação foi realizada manualmente com as fontes: superfosfato triplo e cloreto de potássio. 
 Antes da instalação do experimento foram coletadas amostras de solo da área experimental para 
posterior análise química e física, além da contagem de bactérias Bradyrhizobium e bactérias 
diazotróficas associativas do solo antes da semeadura. A contagem das bactérias foi realizada no 
Laboratório de Microbiologia Agrícola da FCAV/UNESP, câmpus de Jaboticabal, SP de acordo com as 
recomendações de Döbereiner, Baldani e Baldani (1995) e Kuykendall (2005). 

O solo da área experimental de Colina, SP é um Latossolo Vermelho distrófico de textura média. 
De acordo com o laudo de análise química e física do solo, obtiveram-se os seguintes resultados: pH 
(CaCl2) = 5,66; M.O. = 21,35 g dm-3; CO = 12 g dm-3 ; P = 6,34 mg dm-3 ; K = 5,56 mmolc dm-3; Ca = 18 
mmolc dm-3; Mg = 14,41 mmolc dm-3;  H + Al =  20,45 mmolc dm-3;  SB = 37,97 mmolc dm-3; CTC= 58,42  
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Fatores que afetam a fixação biológica do N - inoculante

Este número era de 80.000 ha 15 anos, depois aumentou para 160.000, mais tarde para 300.000, para 
600.000 e, atualmente, a recomendação  da RELARE e da Reunião de Pesquisa de Soja é de 1.200.000 
bactérias por semente, embora na legislação ainda permaneça o número de 600.000 bac/sem.

80.000
160.000 300.000

600.000

1.200.000

0
0

0

0

0

0
0

0

0

0

0

200000

400000

600000

800000

1000000

1200000

1400000 Cálculo do número de bactérias por semente:

Conc. Inoculante X dosagem
Bac/sem. = ------------------------------------

350.000

350.000 = Número médio de sementes em uma 
saco de 50 kg. 
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Fatores que afetam a fixação biológica do N - inoculante

Máquinas para tratamento de sementes Equipamentos para aplicação no sulco
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Fatores que afetam a fixação biológica do N - inoculante

Tratamento das sementes
Dose: 4 ml/kg de semente

Após os defensivos, micronutrientes e bioreguladores

Evitar exposição das sementes ao sol

Período máximo entre TS e semeadura: 18 horas

Sulco de plantio
Dose mínima: 300 mL/ha 

Volume de calda mínimo: 30-50 L/ha

Para mistura com outros produtos, consultar empresa Inoculante

Tanque com proteção térmica

Utilizar calda no máximo até 12 horas após o preparo
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Fatores que afetam a fixação biológica do N - planta

Redução Fotossíntese

Redução FBN

CarbonoNitrogênio

Redução da 
produtividade
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Fatores que afetam a fixação biológica do N – ambiente

Cultura antecessora: sinalização planta x bactéria (ex. cana-de-açúcar)

Quantidade de Nitrogênio: excesso de nitrogênio inibe a FBN (Max. 20 kg N/ha)

Disponibilidade de Cobalto, Molibdênio e Níquel: Co para o funcionamento da 
Leghemoglobina, Mo da Nitrogenase e Ni para hidrogenase

Temperaturas extremas: ideal em torno de 28°C.

Disponibilidade hídrica: a desidratação da bactéria no meio é o principal fator detrator.

Nebulosidade: afeta a fotossíntese e consequentemente a simbiose. (nódulos verdes).
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Fatores que afetam a fixação biológica do N – Co-inoculação

Co-inoculação: Nódulos melhores 

e mais precoce o Bradyrhizobium

Controle

Bradyrhizobium

Co-inoculação



ESALQ/USP

Benefícios da FBN

• Rotação de culturas com leguminosas
• Fornecimento de N para a cultura sucessora 
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Benefícios da FBN
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Benefícios da FBN

9 G. diazotrophicus é uma bactéria endofítica isolada do colmo 
de cana-de-açúcar 
 

9 É uma bactéria acidófila (cresce em meio com pH 3) e 
tolerante a altas concentrações de açúcar 
 

9 Cana-de-açúcar pode obter até 60% de sua necessidade de N 
da FBN (aproximadamente 164 kg N fixado ha-1 ano-1). 
Outras bactérias endófitas ocorrem em cana, tais como 
Herbaspirillum seropedicae. 

 
9 Transferência via toletes 

 
 
 

Associação Gluconacetobacter - cana-de-açúcar 
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Benefícios FBN

9 Desenvolvido pela EMBRAPA 

9 Mistura de  Gluconacetobacter diazotrophicus 

   Herbaspirillum seropedicae 

   Herbaspirillum rubrisubalbicans  

   Azospirillum amazonense   

   Burkholderia tropica 

9 Recomendado para cana de primeiro ano (inoculante + 30 kg N por ha) 

Inoculante para cana-de-açúcar 
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“A planta sempre está certa, 

o que pode estar errado é a 

interpretação humana“
José Peres Romero e Eurípedes Malavolta

Obrigado! 

Prof. Dr. Tiago Tezotto
tiago.tezotto@usp.br


