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Scientific program 
 

3rd September (Sunday) 

12:00-18:00  Registration 

OPENING CEREMONY (Aula Magna, Faculty of Sciences) 

18:00-18:30  Welcome address 

18:30-19:30  Opening lecture  

   William Newton (Virginia Tech, Blacksburg, Virginia, USA) 
“The international congresses and nitrogen-fixation research: 
Retrospect and prospects” 

20:00-22:00  Welcome reception 

 

4th September (Monday) 

PLENARY SESSION 1: Nitrogen, environment and global change (Aula Magna, Faculty 
of Sciences) 

Chairs: Mª Dolores Roldán and Jesús González-López  

08:30-09:00  David J. Richardson (University of East Anglia, Norwich, UK) 
“Producing and destroying a potent greenhouse gas” 

09:00-09:30 Jan W. Erisman (Louis Bolk Instituut, Driebergen, The Netherlands) 
   “Nitrogen: too much of a vital resource” 

09:30-10:00 Maren Voss (Leibniz Institute of Baltic Sea Research, Rostock, 
Germany) 
“Anthropogenic impact on the ocean” 

10:00-10:30  Coffee break 
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PLENARY SESSION 2: Evolution, diversity and ecology of diazotrophs (Aula 
Magna, Faculty of Sciences) 

Chairs: Álvaro Peix and Eulogio J. Bedmar  

10:30-11:00 Catherine Masson-Boivin (Université de Toulouse, INRA, CNRS, 
Castanet-Tolosan, France) 
“Experimental evolution of mutualism in the legume-rhizobium 
symbiosis” 

11:00-11:30 Wiebke Mohr (Max Planck Institute for Marine Microbiology, 
Bremen, Germany) 
“N2-fixing symbioses in the marine environment: On key players 
and how to find them” 

11:30-12:00 Esperanza Martínez-Romero (CCG-UNAM, Cuernavaca, México) 
“Nitrogen fixation in insects” 

12:00-14:30  Lunch break 

PLENARY SESSION 3: Chemistry, biochemistry and biotechnology of 
nitrogenase (Aula Magna, Faculty of Sciences) 

Chairs: John Peters and Ray Dixon  

14:30-15:00 Luis M. Rubio (Universidad Politécnica de Madrid, Madrid, Spain) 
“Advances in engineering eukaryotic nitrogenase” 

15:00-15:30  Lance C. Seefeldt (Utah State University, Logan, USA) 
   “Insights into the nitrogenase mechanism” 

15:30-16:00  SanFeng Chen (China Agricultural University, Beijing, China) 
“Nitrogen fixation in Paenibacillus polymyxa WLY78” 

16:00-16:30  Coffee break 

PARALLEL SESSION 1: Nitrogen cycle and global change (Lecture Room, 
School of Engineering, ETSI) 

Chair: David Richardson 

16:30-17:00 Sara Hallin (Swedish University of Agricultural Sciences, Uppsala, 
Sweden) 
“Ecology of N2O reducing bacteria and archaea – the main N2O 
sink in the biosphere” 
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17:00-17:15 Bryan Vincent (IRD, New Caledonia & CIRAD, Montpellier, France) 
“Naturally occurring Acacia spirorbis in New Caledonia: a top-
notch nitrogen-fixing species through extremely contrasted soils” 

17:15-17:30 Alba Hidalgo-García (EEZ-CSIC, Granada, Spain) 
“The assimilatory nitrate reductase is required for denitrification in 
the Rhizobium etli – common bean symbiosis” 

17:30-17:45 María J. Torres (EEZ-CSIC, Granada, Spain) 
“FixK2 is the transcriptional activator of Bradyrhizobium 
diazoefficiens nosRZDYFLX genes in response to low oxygen” 

17:45-18:00 Cristina Sánchez (Graduate School of Life Sciences, Tohoku 
University, Japan) 
“Redundant roles of Bradyrhizobium oligotrophicum Cu-type and 
cd1-type nitrite reductase genes under denitrifying conditions” 

PARALLEL SESSION 2: Evolution, diversity and ecology of nitrogen-fixing 
organisms (Aula Magna, Faculty of Sciences) 

Chair: Maren Friesen  

16:30-17:00  Euan K. James (The James Hutton Institute, Dundee, UK) 
“Biogeography of legume nodulation by Beta-rhizobia” 

17:00-17:15 Vincent R. G. Greffe (Katholieke Universiteit Leuven, Leuven, 
Belgium) 
“Characterization of phenotypic and genotypic diversity of 
Sinorhizobium meliloti strains” 

17:15-17:30 Anastasiia K. Kimeklis (All-Russia Research Institute for 
Agricultural Microbiology, St. Petersburg, Russia) 
“Divergence of nucleotide sequences of symbiotic genes indicates 
the early stages of speciation in Rhizobium leguminosarum bv. 
viciae isolated form relict legume Vavilovia formosa” 

17:30-17:45 Pilar Martínez-Hidalgo (Universidad de Salamanca, Salamanca, 
Spain) 
“The diversity in Medicago truncatula root nodules 
phytomicrobiome” 

17:45-18:00 J. Peter W. Young (University of York, York, UK) 
“Population genomics of Rhizobium leguminosarum” 

18:00-20:00  POSTER SESSION 1 (odd numbers) 

20:00-23:30  “Granada tapas tour” (optional activity) 
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5th September (Tuesday) 

PLENARY SESSION 4: Regulation in nitrogen-fixing organisms (Aula Magna, 
Faculty of Sciences) 

Chairs: Lourdes Girard and Socorro Mesa  

08:30-09:00  Anke Becker (Philipps University Marburg, Marburg, Germany) 
“Second messenger network governing sinorhizobial lifestyle 
switching” 

09:00-09:30  Yuichi Fujita (Nagoya University, Nagoya, Japan) 
“Characterization of the transcriptional activator CnfR for the nif 
genes in nitrogen-fixing cyanobacteria” 

09:30-10:00  Georgina Hernández (CCG-UNAM, Cuernavaca, México) 
“Common bean microRNAs: unraveling novel players for the 
control of rhizobia nitrogen-fixing simbiosis” 

10:00-10:30  Coffee break 

PLENARY SESSION 5: Physiology of nitrogen-fixing associations (Aula Magna, 
Faculty of Sciences) 

Chairs: Ann M. Hirsch and Sharon R. Long  

10:30-11:00  Philip S. Poole (University of Oxford, Oxford, UK) 
“Multiple stages in rhizobial competition for nodule occupancy” 

11:00-11:30 Sharon L. Doty (University of Washington, Seattle, USA) 
   “N-Fixation by endophytes of Populus 

11:30-12:00 Michael K. Udvardi (Noble Research Institute LLC, Ardmore, USA) 
“Abiotic constraints on symbiotic nitrogen fixation in  legumes” 

12:00-14:30  Lunch break 

PARALLEL SESSION 3: Chemistry, biochemistry and biotechnology of 
nitrogenase (Lecture Room, School of Engineering, ETSI) 

Chair: James W. Murray 

14:30-15:00  Min-Hyung Ryu (MIT, Cambridge, USA) 
“Systematic analysis of nitrogen fixation cluster transfer to plant-
associated bacteria” 
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15:00-15:15 John W. Peters (Washington State University, Pullman, USA) 
“Balancing electron flow and energy metabolism during 
diazotrophic growth through electron bifurcation by the Fix energy 
conserving electron transferring flavoproteins” 

15:15-15:30 Ray Dixon (JIC, Norwich, UK) 
“Modular electron-transport chains from eukaryotic organelles 
function to support nitrogenase activity” 

15:30-15:45 Febin Varghese (Imperial College London, London, UK) 
“Azotobacter vinelandii cytochrome b’: a novel flavocytochrome 
involved in the oxygen protection of the iron-only nitrogenase” 

15:45-16:00 Laure Decamps (Albert-Ludwigs-University Freiburg, Freiburg, 
Germany) 
“Investigation of nitrogenase cofactors by Spatially Resolved 
Anomalous Dispersion refinement (SpReAD)” 

PARALLEL SESSION 4A: Regulation in nitrogen fixation systems (Aula Magna, 
Faculty of Sciences) 

Chair: Anke Becker 

14:30-15:00  Hans-Martin Fischer (ETH-Zürich, Zürich, Switzerland) 
"The role of the general stress response in the Bradyrhizobium 
diazoefficiens - legume symbiosis"  

15:00-15:15 Emanuele Biondi (CNRS-Aix-Marseille University, Marseille, France) 
“Bacteroid differentiation depends on the master regulator of 
bacterial cell cycle in Sinorhizobium meliloti” 

15:15-15:30 José Ignacio Jiménez-Zurdo (EEZ-CSIC, Granada, Spain) 
“Characterization of the first rhizobial small RNA regulator 
involved in symbiosis” 

15:30-15:45 Carmen Sánchez-Cañizares (University of Oxford, Oxford, UK) 
“Regulatory cross-talk by the phosphotransferase systems in R. 
leguminosarum” 

15:45-16:00 Timothy L. Haskett (Centre for Rhizobium Studies, Murdoch 
University, Perth) 
“Coordinated assembly and transfer of Mesorhizobium tripartite 
symbiosis islands” 

16:00-16:30 Coffee break 
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PARALLEL SESSION 5A: Functioning of legume-Rhizobium symbiosis (Aula 
Magna, Faculty of Sciences) 

Chair: Michael Kahn 

16:30-17:00  Sharon R. Long (Standford University, Standford, USA)  
“Stress and symbiotic polysaccharide regulation in Sinorhizobium 
meliloti 

17:00-17:15 Antoine Berger (Université Nice Sophia Antipolis, Sophia Antipolis, 
France) 
“Nitrate reductases and hemoglobins contribution to nitric oxide 
(NO) balance in the Medicago truncatula – Sinorhizobium meliloti 
symbiosis” 

17:15-17:30 Manuel González-Guerrero (Centro de Biotecnología y Genómica 
de Plantas, UPM-INIA, Madrid, Spain) 
“Medicago truncatula copper transporter 1 (MtCOPT1) delivers 
copper for symbiotic nitrogen fixation” 

17:30-17:45 Jean-Michel Ané (University of Wisconsin-Madison, Madison, USA) 
“A proteomic atlas of the legume Medicago truncatula and its 
nitrogen-fixing endosymbiont Sinorhizobium meliloti” 

17:45-18:00 Diana E. Marco (CONICET & Universidad Nacional de Córdoba, 
Córdoba, Argentina) 
“Modelling the effect of horizontal transfer of sym genes, strain 
competition and nodule co-occupation on nitrogen fixing and non-
fixing rhizobia coexistence in Rhizobium-legume symbiosis” 

PARALLEL SESSION 6: Non-legume nitrogen-fixing associations (Lecture 
Room, School of Engineering, ETSI) 

Chair: Katharina Pawlowski 

16:30-17:00  Barbara Reinhold-Hurek (University of Bremen, Bremen, Germany) 
“To be or not to be inside: A complex role of bacterial factors for 
endo- or epiphytic colonization” 

17:00-17:15 Marcelo Bueno Batista (JIC, Norwich, UK) 
“Heterodimer formation between Fnr orthologs enables fine-
tuning of transcriptional regulation in response to oxygen in 
Herbaspirillum seropedicae” 

17:15-17:30 Luyan Ma (Chinese Academy of Sciences, Beijing, China) 
“Biofilm formation enables free-living nitrogen-fixing rhizobacteria 
to fix nitrogen under aerobic conditions” 
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17:30-17:45  Colleen A. Friel (Michigan State University, East Lansing, USA) 
“Complex interactions in the rhizosphere: interplay between 
rhizobia, mycorrhizae, and the microbiome across Medicago 
genotypes” 

17:45-18:00 Leonardo Curatti (Instituto de Investigaciones en Biodiversidad y 
Biotecnología, CONICET, Mar del Plata, Argentina) 
“Improvement of ammonium release and biofertilization of plants 
and microalgae by metabolic engineering of Azotobacter 
vinelandii” 

18:00-20:00  POSTER SESSION 2 (even numbers) 

20:00-23:30  “Alhambra night visit” (optional activity) 

 

6th September (Wednesday) 

PLENARY SESSION 6: Plant-microbe signaling (Aula Magna, Faculty of 
Sciences) 

Chairs: María J. Soto and José I. Jiménez-Zurdo 

08:30-09:00 Simona Radutoiu (University of Aarhus, Aarhus, Denmark) 
“Lotus japonicus and rhizobia interaction; from simple to complex 
associations” 

09:00-09:30  Attila Kereszt (Hungarian Academy of Sciences, Szeged, Hungary) 
“Symbiotic plant peptides control bacteroid development in IRLC 
legumes” 

09:30-10:00 Shin Okazaki (Tokyo University of Agriculture and Technology, 
Tokyo, Japan) 
“Symbiotic roles of rhizobial type III effectors” 

10:00-10:30  Coffee break 

PLENARY SESSION 7: Plant physiology and crop productivity (Aula Magna, 
Faculty of Sciences) 

Chairs: César Arrese-Igor and José A. Herrera-Cervera 

10:30-11:00  Manuel Becana (EEAD-CSIC, Zaragoza, Spain) 
“Symbiotic and nonsymbiotic hemoglobins: possible functions in 
nitric oxide scavenging and signaling” 
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11:00-11:30 Jean-Jacques Drevon (Eco&Sols, Université de Montpellier, France) 
“For an integrated ecophysiology of legume N2-dependent 
productivity in agro-ecosystems” 

11:30-12:00 Felix D. Dakora (Tshwane University of Technology, Pretoria, 
South Africa) 

 “Black seedcoat pigmentation is a biomarker for enhanced 
nodulation and N2 fixation in field-grown cowpea (Vigna 
unguiculata L. Walp.) and Bambara groundnut (Vigna subterranea 
L. Verdc.)” 

12:00-14:30  Lunch break 

PLENARY SESSION 8: Inoculant production and applications. Novel uses and 
engineering of nitrogen-fixing organisms (Aula Magna, Faculty of Sciences) 

Chairs: Dulce N. Rodríguez-Navarro and Juan Sanjuán 

14:30-15:00 Feng Feng (JIC, Norwich, UK) 
“Recognition of symbiotic microbial molecules in legumes and 
cereals” 

15:00-15:30  Mariangela Hungría (EMBRAPA Soja, Londrina, Paraná, Brazil) 
“Inoculant production, use and research demands: A new view 
considering cropping systems” 

15:30-16:00 Gustavo G. González Anta (Rhizobacter, Argentina) 
“Academic and industrial strategic alliance for microbial and 
technological evolution in the XXI century” 

16:00-16:30  Coffee break 

PARALLEL SESSION 7A: Plant-microbe signaling (Aula Magna, Faculty of 
Sciences) 

Chair: José M. Vinardell 

16:30-17:00 Benjamin Gourion (Université de Toulouse, INRA, CNRS, Castanet-
Tolosan, France) 
“Exploring the causes and consequences of legume tolerance to 
rhizobia” 

17:00-17:15 José M. Palacios (Centro de Biotecnología y Genómica de 
Plantas, UPM-INIA & Universidad Politécnica de Madrid, Madrid, 
Spain) 
“Proteomic analysis of adaptation to host in the Rhizobium 
leguminosarum bv viciae/legume interaction” 
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17:15-17:30 Carmen Quinto (Universidad Nacional Autónoma de México, 
Cuernavaca, México) 
“Annexin has a key role during rhizobial infection and nodulation in 
common bean” 

17:30-17:45 Eliane Meilhoc (Université de Toulouse, INRA, CNRS, Castanet-
Tolosan, France) 
“NO in the Medicago truncatula – Sinorhizobium meliloti 
symbiosis: keep the balance!” 

17:45-18:00 Christian Staehelin (School of Life Sciences, Sun Yat-sen 
University, Guangzhou, China) 
“Plant defense and nodule symbiosis: Small changes with big 
impact” 

PARALLEL SESSION 8: Environmental constraints to nitrogen fixation and 
crops productivity (Lecture Room, School of Engineering, ETSI) 

Chair: José J. Pueyo  

16:30-17:00 Estíbaliz Larraínzar (Universidad Pública de Navarra, Pamplona, 
Spain) 
“Drought stress and the regulation of nodule metabolism in 
legumes” 

17:00-17:15 Joachim Schulze (University of Goettingen, Goettingen, Germany) 
“Is there a new possibility to increase the productivity of 
supernodulating legume mutants?” 

17:15-17:30 Raúl Huertas-Ruz (Noble Research Institute LLC, Ardmore, USA) 
“Characterization of three Medicago truncatula PHO2 genes 
reveals different roles in P utilization and symbiotic nitrogen 
fixation” 

17:30-17:45 Annet Westhoek (University of Oxford, Oxford, UK) 
“Computing plants: how pea plants allocate resources among 
multiple rhizobial strains” 

17:45-18:00 Carmen Pérez-Delgado (Universidad de Sevilla, Sevilla, Spain) 
“Differences in the global transcriptomics of Lotus japonicus 
plants growing under symbiotic and non-symbiotic conditions” 

18:00-20:00  POSTER SESSION 3 (odd numbers) 

20:00-24:00 “Historic city tour” or “University building visit” (optional activities) 

 



 
 
 

 

 
Scientific Program 

 
16 

7th September (Thursday) 

PARALLEL SESSION 7B: Plant-microbe signaling (Aula Magna, Faculty of 
Sciences) 

Chair: Renaud Brouquisse and Xavier Perret 

08:30-08:45 Pablo del Cerro (Universidad de Sevilla, Sevilla, Spain) 
“Rhizobium tropici CIAT 899 NodD2: a transcriptional regulator 
involved in the production of Nod factors under osmotic stress in 
a flavonoid-independent manner” 

08:45-09:00  Antonio Lagares (IBBM, CCT-La Plata CONICET & UNLP, La Plata, 
Argentina) 
“Genome wide screening of Ensifer meliloti genes required for 
rhizosphere colonization. Specificity traits and evolutionary 
relationships” 

09:00-09:15 Daniel Pérez-Mendoza (EEZ-CSIC, Granada, Spain) 
“A non-PilZ c-di-GMP binding domain in glycosyltransferase BgsA 
is required for synthesis of a mixed-linkage β-glucan in 
Sinorhizobium meliloti” 

09:15-09:30 Florian Frugier (Université Paris-Saclay, Gif-sur-Yvette, France) 
“Local and systemic pathways regulating symbiotic nodulation in 
the Medicago truncatula legume” 

09:30-09:45 Elena A. Dolgikh (All-Russia Research Institute for Agricultural 
Microbiology, Saint-Petersburg, Russia) 
“Recognition of structurally similar signal molecules triggering 
symbiotic and defense responses in pea plants” 

09:45-10:00 Jacques Batut (Université de Toulouse, INRA, CNRS, Castanet-
Tolosan, France) 
“A volatile compound mediates autoregulation of infection in the 
Sinorhizobium meliloti-Medicago symbiosis” 

PARALLEL SESSION 9: Inoculant production and applications (Lecture Room, 
School of Engineering, ETSI) 

Chair: Kristina Lindström 

08:30-09:00 Verónica Massena Reis (EMBRAPA Agrobiology, Río de Janeiro, 
Brazil) 
“Inoculants for grasses: on seed versus on plant” 
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09:00-09:15  Juan Jesús Narváez-Reinaldo (Semillas Fitó, Spain)  
“Seeds technologies for nitrogen fixation” 

09:15-09:30  Marcela A. Mendoza-Suárez (University of Oxford, Oxford, UK)  
“High-throughput tool to identify competitive rhizobial  strains” 

09:30-09:45 Imane El Attar (Université Mohammed V & INRA, Rabat, Maroc)  
“Screening of effective native common bean (Phaseolus vulgaris) 
rhizobia and their use in mixed inocula with plant growth 
promoting rhizobacteria under different phosphorus conditions” 

09:45-10:00  Marco A. Nogueira (EMBRAPA Soja, Londrina, Brazil)  
“Increasing the biological nitrogen fixation efficiency in soybean by 
co-inoculation with Azospirillum brasilense” 

10:00-10:30  Coffee break 

PARALLEL SESSION 4B/5B: Regulation and functioning of legume-Rhizobium 
symbiosis (Aula Magna, Faculty of Sciences) 

Chair: Michael Göttfert 

10:30-11:00 Mark R. O’Brian (The State University of New York, Buffalo, USA) 
“Adaption to nutritional iron stress in Bradyrhizobium japonicum” 

11:00-11:15 Socorro Mesa (EEZ-CSIC, Granada, Spain) 
“A C-terminal region of the Bradyrhizobium diazoefficiens 
transcription factor FixK2 plays a key role in protease recognition, 
DNA binding and activity” 

11:15-11:30 Gabriella Pessi (University of Zürich, Zürich, Switzerland) 
“β-rhizobial symbiosis: new insights from transcriptome, 
proteome and metabolome analysis” 

11:30-11:45 Françoise Jardinaud (Université de Toulouse, INRA, CNRS, 
Castanet-Tolosan, France) 
“MtEFD, a Medicago truncatula ERF transcription factor regulating 
symbiotic nodule differentiation in a bacterial strain-specific way” 

11:45-12:00 M. Mercedes Lucas (Instituto de Ciencias Agrarias, CSIC, Madrid, 
Spain) 
“Sodium and potassium transporters in legume nodules: infected 
cell development and response to cadmium” 
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PARALLEL SESSION 10: Novel uses and engineering of nitrogen-fixation 
systems (Lecture Room, School of Engineering, ETSI) 

Chair: Michael F. Hynes 

10:30-11:00  Turlough M. Finan (McMaster University, Hamilton, Canada) 
“Manipulations of Sinorhizobium meliloti towards a minimal 
symbiotic genome” 

11:00-11:15 Karsten Temme (Pivot Bio, Inc, USA) 
“Nitrogen fixation in corn enabled by guided remodeling of crop-
associated microbes” 

11:15-11:30 Ponraj Paramasivan (JIC, Norwich, UK) 
“Engineering rhizopine mediated trans-kingdom signalling in 
rhizosphere for synthetic plant-microbe associations” 

11:30-11:45 Robert Allen (CSIRO Agriculture and Food, Black Mountain, 
Canberra, Australia) 
“Targeting nitrogenase proteins to plant mitochondria” 

11:45-12:00 Jason Terpolilli (Centre for Rhizobium Studies, Murdoch 
University, Murdoch, Australia) 
“Keeping nitrogen fixation optimised by managing the evolution of 
suboptimally efficient rhizobia” 

12:00-16:30  Lunch break 

14:30-16:30  POSTER SESSION 4 (even numbers) 

14:30-16:30  Workshop on Taxonomy of Rhizobia and Agrobacteria 

 

CLOSING CEREMONY (Aula Magna, Faculty of Sciences) 

16:30-17:30  Closing lecture  

   Gary Stacey (University of Missouri, Columbia, USA) 
“Future perspectives of nitrogen fixation” 

17:30-18:00  Closing remarks 

18:00-20:00 Free time 

20:00-24:00 Farewell party at “Palacio de los Córdova” 
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Opening lecture 
 
The International Congresses and Nitrogen-Fixation Research: 
Retrospect and Prospects 
 
William E. Newton  
 
Department of Biochemsitry, Virginia Polytechnic Institute & State University, 
Blacksburg, VA 24061, USA 
 
wenewton@vt.edu 
 

 
This series of Congresses was started in 1974 with a meeting entitled the “International Symposium 
on N2 Fixation: Interdisciplinary Discussions” funded by the Charles F. Kettering Foundation and the 
US National Science Foundation. The vision for the first meeting was to provide a mechanism through 
which proponents of all aspects and approaches to this process would work together to understand in 
total how nitrogen fixation worked and how it could be used to better the human condition. That the 
meeting achieved this goal is obvious because it has been held every two years or so since then and 
in every continent (except Antarctica). The under-pinning financial support from the Kettering 
Foundation and the US Tennessee Valley Authority, plus funding from the governments and 
companies of the host countries, continued through the late 1980’s. But like life itself, these 
Congresses and the component research, development and application efforts have all cycled through 
what US financial advisors would call “bull” and “bear” markets. Through the heydays of the 1980’s 
and early 1990’s – the “bull market” period, research-active groups and individuals were found on all 
continents except Antarctica. In most countries, “nitrogen-fixing” colleagues could be visited during 
overseas trips, when spirited discussions of a wide variety of aspects were the norm. Since then, the 
“bear market” has raised its ugly head, particularly in the basic research arena, with many of the 
funding sources terminated or diverted elsewhere. This trend and the changes in research foci, both of 
which are reflected in the Congresses, will be outlined and some personal reminiscences shared. The 
result has been the loss of many excellent centers of nitrogen-fixation research world-wide and many 
highly talented individuals. But those that remain, together with the more recent and very welcome 
entrants, continue to make giant strides in our understanding of how the multitude of processes 
associated with nitrogen fixation operate. The presentation will close with some thoughts on research 
approaches that could impact the utility of biological nitrogen fixation in world agriculture, in 
environmental conservation and to enhance food availability on a global scale. Long may these efforts 
continue!! 
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Closing lecture 
 
Future perspectives of nitrogen fixation 
 
Gary Stacey 
 
Divisions of Biochemistry and Plant Sciences, University of Missouri, 
Columbia, Missouri, 65211, USA  
 
staceyg@missouri.edu 
 
 

 
The field of nitrogen fixation research has always been exemplified by steady progress, punctuated 
with regularity by sometimes surprising breakthroughs. There is every reason to believe that these 
trends will continue into the future. However, as we all know, nitrogen fixation research and, indeed, all 
research is facing severe challenges worldwide with regard to funding. We are being asked more and 
more to justify our research in practical terms, irrespective of the exciting discoveries that are being 
made. A common refrain from the very start of research on nitrogen fixation is ‘how has it impacted 
farm production?’. The field has provided some answers to this question but, clearly, more needs to be 
done. The ‘faddish’ nature of scientific research has resulted in some areas receiving intense 
attention, while others have to wait their turn until they also become fashionable. This brings to mind 
the question as to what aspects of our research agenda has been overlooked and now should be 
brought front and center. Previously well established models are clearly in need of revision as our 
understanding of the biology becomes more nuanced. Our research, like all research, is often 
impacted the greatest by the advent of new technology and approaches. Could dramatic advances in 
catalysts for industrial nitrogen fixation or synthetic biology approaches challenge the notion that 
intense study of natural biological systems is the only route to increase the on-farm impact of nitrogen 
fixation? If so, will these changes undermine support for nitrogen fixation research or, perhaps, 
enhance it by bringing it more to the eye of the general public? The presentation will provide my own 
personal look into the future, highlighted with data from our lab and, undoubtedly, skewed greatly by 
my own prejudices and experiences. The hope is that it can bring into focus the wonderful results that 
will be presented at the meeting while also providing sufficient controversy to allow for spirited 
conversation as we head to the farewell party! 
 
 

 



 
 
 

 

 
Plenary Session 1: Nitrogen, Environment and Global Change 

 
22 

 
 
 
 
 

PLENARY SESSION 1 
Nitrogen, Environment and Global Change 

 
 

  



 
 
 

 

 
Plenary Session 1: Nitrogen, Environment and Global Change 

 
23 

PS1-01 
 

Producing and destroying a potent greenhouse gas 
 
David Richardson 
 
University of East Anglia, Norwich, UK 
 
d.richardson@uea.ac.uk 
 
 
 

 
Bacterial denitrification is a respiratory process which is a major source and sink of the potent 
greenhouse gas nitrous oxide. The destruction of this greenhouse gas yields the nitrogenase 
substrate nitrogen gas. Many denitrifying bacteria can adjust to life in both aerobic and anaerobic 
environments through differential expression of their respiromes in response to environmental electron 
acceptors such as oxygen, nitrate, nitric oxide and minerals such as copper. Understanding the 
regulation of nitrous oxide production and destruction by denitrifying bacteria requires a deeper 
understanding of how bacteria integrate these different environmental signals into their metabolic 
regulation. The switch from aerobic to anaerobic metabolism is brought about by changes in the levels 
of expression of relatively few genes, but this is sufficient to adjust the configuration of the respirome 
to allow the organism to efficiently respire nitrate without the significant release of intermediates, such 
as nitrous oxide. Additional regulatory effects of copper overlay onto these responses and an 
important impact of nitrous oxide on Vitamin B12 - dependent metabolism is apparent.  
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PS1-02 
 

Nitrogen: too much of a vital resource 
 
Jan Willem Erisman 
 
Louis Bolk Institite, Driebergen, the Netherlands 
 
j.erisman@louisbolk.nl 
 
 
 

 
Human modification of the nitrogen cycle is one of the central global challenges affecting human 
health, ecosystem integrity and biodiversity. The planetary boundary for nitrogen has been breached 
by a factor two, making nitrogen one of the most urgent pressures on the earth system. Excess 
nitrogen originating from chemical fertilizers, animal manure and burning of fossil fuels, are 
increasingly affecting soil, water and air quality. In coastal and marine ecosystems, excess nitrogen 
levels cause eutrophication. An estimated 500 estuaries worldwide have turned into ‘dead zones’. 
Much of the terrestrial biodiversity is created as a result of limitations in nitrogen: organisms have 
adapted to the natural nitrogen poor environments in a wide variety of ways. Excess nitrogen levels 
will change species composition in favour of fewer species that can withstand or thrive in these 
circumstances. 40% of the protected areas in the world have exceeded critical levels of nitrogen 
above which there is a risk of biodiversity loss. However, nitrogen also plays an important role in food 
security. The human creation of chemical nitrogen fertilizer has enabled the production of more food 
and a change to more protein rich diets. It has been estimated that without chemical nitrogen fertilizer, 
only 3 billion people would have enough food given current diets and agricultural practices. That’s less 
than halve of the current global population. This presentation provides an overview of the nitrogen 
challenge and also explores options to decrease the negative impacts of excess nitrogen on 
biodiversity and ecosystems, while at the same time providing food security to a growing world 
population. Potential solutions comprise increasing nitrogen use efficiency in agriculture, reducing 
waste in the food chain, promoting diets with less animal protein in developed countries and a shift 
from fossil fuels to renewable energy sources such as solar and wind energy.  
 
(1) Erisman, J.W.; J.N. Galloway; N.B. Dice; M.A. Sutton; A. Bleeker; B. Grizzetti; A.M. Leach & W. de 

Vries. 2015. Nitrogen: too much of a vital resource. Science Brief. WWF Netherlands, Zeist, The 
Netherlands. 
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PS1-03 
 

Anthropogenic impact on the ocean 
 
Maren Voss 
 
Leibniz Institute for Baltic Sea Research 
 
 
 
 
 

 
Nitrogen limits the productivity of the ocean and is an essential element for all life forms. The input of 
nitrogen from human activities has started to perturb the natural cycling of the elements through the 
introduction of large quantities of fixed nitrogen which today equal the natural nitrogen fixation. Today 
we observe coastal eutrophication with enhanced phytoplankton blooms and increasing areas that 
suffer from coastal hypoxia (1). However, the details of the nitrogen processing of shelf regions is not 
yet well understood and only at selected sites of shelves and coastal regions have the losses of fixed 
nitrogen through microbial processes such as denitrification been quantified. It seems, however, that 
European shelves are currently roughly removing the fixed nitrogen load from land (2). Only one 
model has now addressed the nutrient transport off the shelves and presented overall removal rates 
on a global scale (3) but many open questions remain and will be discussed in the lecture. 

The other important anthropogenic nitrogen source to the ocean is from atmospheric deposition 
which has roughly doubled over the past 100 years with the increase in industrial activity (4). Model 
approaches have been able to quantify the input and identify the regions where the deposition takes 
place. The regions mostly receiving these nutrients are usually located offshore and naturally 
experience oligotrophic conditions. In only few cases open seas show direct effect of the deposition 
but this may change in the coming decades with ongoing development especially in Asian countries. 

Finally the lecture will touch upon some indirect anthropogenic impacts on ocean nutrient 
biochemistry through the ocean acidification effects on nitrogen fixing organisms. The rising CO2 
concentrations seem to generally enhance the nitrogen fixation activity although different groups have 
varying mechanisms to alleviate the pressure of a falling pH value. A summary of the current findings 
will be presented. Finally all aspects of anthropogenic pressures on the ocean will be summarized.  
 
(1) Duce, R.A., Roche, J.L., Altieri, K., Arrigo, K., Baker, A., Capone, D., Cornell, S., Dentener, F., 

Galloway, J., Ganeshram, R., R.Geider, Jickells, T., Kuypers, M., Langlois, R., Liss, P.S., Liu, S.M., 
J.Middelburg, Moore, C.M., Nickovic, S., Oschlies, A., Pedersen, T., Prospero, J., Seitzinger, S., 
Sorensen, L.L., Uematsu, M., Ulloa, O., Voss, M., Ward, B., Zamora, L., 2008. Impacts of 
Atmospheric Anthropogenic Nitrogen on the Open Ocean. Science 320 893 - 897, DOI: 
810.1126/science.1150369. 

(2) Voss, M., Bange, H.W., Dippner, J.W., Middelburg, J.J., Montoya, J.P., Ward, B., 2013. The marine 
nitrogen cycle: recent discoveries, uncertainties and the potential relevance of climate change. 
Phil. Trans. R. Soc. B. 368 1621 20130121. 

(3) Sharples, J., Middelburg, J.J., Fennel, K., Jickells, T.D., 2017. What proportion of riverine nutrients 
reaches the open ocean? Global Biogeochemical Cycles 31,39–58. 

(4) Kim, I.-N., Lee, K., Gruber, N., Karl, D.M., Bullister, J.L., Yang, S., Kim, T.-W., 2014. Increasing 
anthropogenic nitrogen in the North Pacific Ocean. Science 346, 1102-1106. 
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PS2-01 
 

Experimental evolution of mutualism in the legume-rhizobium 
symbiosis 
 
Delphine Capela1, Benoit Daubech1, Philippe Remigi2, Marta Marchetti1, 
Eduardo Rocha3, Chaitanya Ghokale4, Stéphane Cruveiller5, Catherine 
Masson-Boivin1 
 
1LIPM, Université de Toulouse, INRA, CNRS, Castanet-Tolosan, France 
2New Zealand Institute for Advanced Study, Massey University, Auckland, 
0745, New Zealand 

 
3 Microbial Evolutionary Genomics, CNRS, UMR3525, 25-28 rue Dr Roux, 75015 Paris, France 
4 Research Group for Theoretical Eco-evolutionary Dynamics, Department of Evolutionary Theory,  
5 Max Planck Institute for Evolutionary Biology, August Thienemann Str. 2 24306, Plön, Germany 
6 CNRS-UMR8030 and CEA/DRF/IG/GEN LABGeM, 91057 Evry Cedex, France 

 
catherine.masson@toulouse.inra.fr 
 
During evolution, symbiosis modules carrying genes essential for the symbiotic process have spread 
to many different taxa so that extant rhizobia are distributed in hundreds of species in 14 genera of α- 
and β-proteobacteria. Acquisition of symbiotic genes may not be sufficient to create an effective 
symbiont and may lead to bacteria exhibiting various levels of symbiotic capacities that can be further 
optimized and maintained under legume selection pressure. 

To get insights into the molecular and evolutionary mechanisms that have facilitated the spread 
of symbiotic genes, we experimentally replayed the evolution of rhizobia. Following introduction of the 
symbiotic plasmid of Cupriavidus taiwanensis, the Mimosa symbiont, into the pathogenic Ralstonia 
solanacearum we challenged transconjugants to become Mimosa symbionts through serial ex planta-
in planta passages, recapitulating the shifts between free-living and symbiotic lives that have shaped 
the natural evolution of rhizobia. Evolution of symbiotic properties, i. e. nodulation, invasion of nodule 
cells and intracellular persistence, was observed in most lineages and relied on rewiring of regulatory 
circuitries leading to inactivation of some virulence functions and recruitment of local functions (1, 2). 

In parallel to get insights into the selective forces and ecological factors that have driven the 
spread of the N2-fixation mutualistic trait, we analyzed the dynamics of N2-fixing and non-fixing C. 
taiwanensis populations along the symbiotic process with Mimosa pudica. We found that N2-fixing 
symbionts progressively outcompete non-fixers within root nodules. The parameters of the spatio-
temporal expansion of fixers along the symbiotic process were used to model the eco-evolutionary 
dynamics of mutualistic and non-mutualistic subpopulations during serial nodulation cycles. Our 
mathematical model predicts that rare fixers will invade a population dominated by non-fixing bacteria 
above a threshold of a combination of ecological conditions. 
 
(1) Marchetti et al. 2016. Mol. Ecol. 26:1818-1831. 
(2) Capela et al. 2017. Mol. Biol. Evol. In press. 
 
Fundings: ANR-12-ADAP-0014-01 and ANR-16-CE20-0011-01 
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PS2-02 
 

N2-fixing symbioses in the marine environment: On key players 
and how to find them 
 
Wiebke Mohr 
 
Max Planck Institute for Marine Microbiology, Bremen, Germany 
 
 
 
 

 
In the open ocean, biological dinitrogen (N2) fixation is the largest source of new N and thus exerts 
critical control on the export of organic matter and the sequestration of atmospheric carbon dioxide 
(CO2). Although much N2 fixation research has focused on large, filamentous N2-fixing 
microorganisms (diazotrophs) in the past (namely Trichodesmium sp.), more recent molecular and 
size-fractionation studies suggested that smaller, unicellular organisms could be important contributors 
to oceanic N2 fixation (1). 

One of the most abundant unicellular diazotrophs in the ocean is UCYN-A, a small 
cyanobacterium that lives in symbiosis with a unicellular picoeukaryotic alga with which it exchanges 
carbon and nitrogen compounds (2). Combining single-cell uptake rate measurements (i.e. nanoSIMS) 
with molecular analyses, we recently showed for the first time that this petite symbiosis contributes ~ 
20% to the total N2 fixation activity, and is thus as important as Trichodesmium in the tropical North 
Atlantic, a region responsible for a quarter of oceanic N2 fixation (3). Based on the analysis of 
publically available databases, we determined that UCYN-A is widely distributed in the ocean, much 
broader than the tropical and subtropical ocean in which N2 fixation is typically found. We thus 
hypothesize that UCYN-A is not only important in the tropical ocean but is also a key player in the 
global oceanic N cycle (3). 

Despite the quantitative importance of this small N2-fixing symbiosis and other photoautotrophs, 
a large fraction of the total N2 fixation rates cannot be explained by known organisms. The current 
database of the nifH gene (encoding the nitrogenase reductase) indicates that there are many more 
diazotrophs in the ocean, which likely have a heterotrophic lifestyle. However, the degree of 
heterotrophy among diazotrophs in the ocean and their interactions with the microbial foodweb are 
currently unknown. Single-cell techniques coupled to molecular studies (namely genome and 
metagenome analyses) and isolation/culturing attempts will help reveal the significance of N2-fixing 
symbioses in the marine environment. 
 
(1) Zehr et al. (2001) Nature 412, 635-638 
(2) Thompson et al. (2012) Science 337, 1546-1550 
(3) Martínez-Pérez et al. (2016) Nature Microbiology 1, 16163. 
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PS2-03 
 
Nitrogen fixation in insects 
 
Arturo Vera Ponce de León, Ernesto Ormeño-Orrillo, Shamayim Tabita 
Ramírez-Puebla, Mónica Rosenblueth, Julio Martínez-Romero, Esperanza 
Martínez-Romero 
 
Centro de Ciencias Genómicas, UNAM Cuernavaca, México 
 
emartine@ccg.unam.mx 
 

 
The evolutionary history of insects is closely tied to that of plants because many insects are 
herbivorous. Insects harbor obligate endosymbionts that provide them with essential amino acids or 
vitamins lacking in their plant diet. Further, to compensate nitrogen deficiencies plant-based diets, 
insects may recycle or fix N with associated diazotrophic bacteria. Diazotrophs have been studied in 
termites, ants and beetles that feed on wood. In termites and beetles, nitrogen fixation by spirochaetes 
and enterobacteria occurs in guts. From ants, rhizobia and K. variicola were reported. K variicola is a 
plant endophyte or human pathogen as well (1). In our laboratory, we studied two scale cochineals 
that have commercial and cultural interest in Mexico (2). In one of them, the carmine cochineal 
(Dactylopis coccus), we found a betaproteobacterium, not far related to Azoarcus. We named it 
Dactylopibacterium carminicum. It is localized in the cochineal ovaries and hemolymph. Nitrogen 
fixation was detected in those tissues and accordingly nif genes from D. carminicum were found to be 
expressed therein. The bacterial symbiont also contains genes for essential amino acid biosynthesis. 
The carmine cochineal feeds exclusively on cactus that originated around 3 million years ago. Cactus 
sap is composed of water, carbohydrates and fiber but it is poor in proteins and lipids. We suppose 
that D. carminicum alleviates the cochineal nitrogen deficiencies by fixing nitrogen. The D. carminicum 
genome is around 3.6 Mb. The bacterium seems to be a recently acquired symbiont, as it has not had 
enough time inside its host to attain a reduced genome as other insect endosymbionts do. 
Additionally, D. carminicum may be a substitute of obligate endosymbionts such as flavobacteria that 
are common in this insect group (3). 
 
(1) Rosenblueth M., et al., Syst Appl Microbiol 2004, 27:27-35. 
(2) Rosas-Pérez T., et al., Genome Biol Evol. 2014, 6:714-726. 
(3) Rosenblueth M., et al., J Evol Biol. 2012, 25: 2357-2368. 
 
Acknowledgments to CONACyT and PAPIIT. 
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PS3-01 
 

Advances in engineering eukaryotic nitrogenase 
 
Gema López-Torrejón, Stefan Burén, Eric M. Young1, Elizabeth A. Sweeny1, 
Emilio Jiménez-Vicente2, Carlos Echavarri-Erasun, Xi Jiang, Dennis R. 
Dean2, Chris A. Voigt1, Luis M. Rubio 
 
Centro de Biotecnología y Genómica de Plantas, Universidad Politécnica de 
Madrid (UPM) - Instituto Nacional de Investigación y Tecnología Agraria y 
Alimentaria (INIA), Campus Montegancedo UPM, 28223-Pozuelo de 
Alarcón, Madrid, Spain 

 
1Synthetic Biology Center, Department of Biological Engineering, Massachusetts Institute of 
Technology, Cambridge, MA 02139, USA  
2Department of Biochemistry, Virginia Polytechic Institute, Blacksburg, VA 24061  
 
lm.rubio@upm.es 
 
The generation of cereal plants able to express nitrogenase, and thus of utilizing atmospheric 
nitrogen, has the potential of changing agriculture systems worldwide. Nitrogenases are two-
component enzymes consisting of a dinitrogenase and a dinitrogenase reductase, which in the case of 
the most abundant and catalytically efficient molybdenum nitrogenase are called MoFe protein and Fe 
protein, respectively. The immediate obstacles to engineer nitrogenase expression in plants and other 
eukaryotic organisms are its sensitivity towards O2 and its biochemical complexity, since it requires a 
large number of genetic parts to function optimally. Nitrogenase genetic engineering can be 
accomplished out by putting together four distinct genetic modules: the Fe protein module, the MoFe 
protein module, the FeMo-cofactor biosynthetic module, and the electron transport module. Here we 
use yeast as model organism and a combination of synthetic biology and biochemical 
complementation assays to explore the functionality of these modules in eukaryotic organisms.  
 
(1) Curatti L and Rubio LM (2014) Plant Sci. 225:130-137 
(2) López-Torrejón et al. (2016) Nat. Commun. 7:11426 
(3) Burén et al. (2017) ACS Synth. Biol. doi: 10.1021/acssynbio.6b00371 
 
This work is supported by the Bill & Melinda Gates Foundation grant OPP1143172.  
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PS3-02 
 

Insights into the nitrogenase mechanism 
 
Lance Seefeldt1, Dennis Dean2, Brian Hoffman3 
 

1Department of Chemistry and Biochemistry, Utah State University, Logan, 
Utah, USA 
2Department of Biochemistry, Virginia Tech University, Blacksburg, Virginia, 
USA 
3Department of Chemistry, Northwestern University, Evanston, Illinois, USA  
 

       lance.seefeldt@usu.edu 
 
The enzyme nitrogenase catalyzes dinitrogen (N2) reduction with an ideal stoichiometry shown below: 
 

N2 + 8 e- + 8 H+ + 16 ATP  2 NH3 + H2 + 16 ADP + 16 Pi 
 
We have been investigating the Mo-nitrogenase to define two aspects of its mechanism: 
understanding how N2 binds and get reduced and defining how ATP hydrolysis is coupled to electron 
delivery. Recently, we have gained insights into both of these mechanistic topics. We have discovered 
that nitrogenase stores electrons and protons accumulated on its active site FeMo-cofactor as metal 
hydrides. Two of these hydrides are proposed to combine to make H2 in a step that is required to allow 
N2 binding and activation. These findings provide a mechanistic explanation for the early observation 
of H2 evolution linked to nitrogen fixation by nitrogenase. In parallel to these studies, we have made 
progress in framing the catalytic cycle of electron transfer and ATP hydrolysis in the nitrogenase 
mechanism. Key recent findings are that ATP hydrolysis follows electron transfer, thereby defining 
how ATP contributes to the nitrogenase mechanism. It has also been found that the two halves of 
nitrogenase cooperate during catalysis, suggesting a novel mechanism for communication within 
nitrogenase. Finally, we have discovered a way to drive nitrogenase using light by connecting the 
nitrogenase MoFe protein to a light absorbing nanorod. This MoFe protein-nanorod complex 
eliminates the need for any ATP, with all of the energy for nitrogen fixation coming from light. Progress 
in each of these areas will be presented.  
 
(1) Hoffman, B. M., Lukoyanov, D., Yang, Z.-Y., Dean, D. R., and Seefeldt, L. C. (2014) Mechanism of 

nitrogen fixation by nitrogenase: the next stage. Chem. Rev. 114, 4041–4062. 
(2) Duval, S., Danyal, K., Shaw, S., Lytle, A. K., Dean, D. R., Hoffman, B. M., Antony, E., and Seefeldt, 

L. C. (2013) Electron transfer precedes ATP hydrolysis during nitrogenase catalysis. Proc. Natl. 
Acad. Sci. U.S.A 110, 16414–16419. 

(3) Danyal, K., Shaw, S., Page, T. R., Duval, S., Horitani, M., Marts, A. R., Lukoyanov, D., Dean, D. 
R., Raugei, S., Hoffman, B. M., Seefeldt, L. C., and Antony, E. (2016) Negative cooperativity in the 
nitrogenase Fe protein electron delivery cycle. Proc. Natl. Acad. Sci. U.S.A. 113, E5783–E5791. 

(4) Yang, Z.-Y., Ledbetter, R., Shaw, S., Pence, N., Tokmina-Lukaszewska, M., Eilers, B., Guo, Q., 
Pokhrel, N., Cash, V. L., Dean, D. R., Antony, E., Bothner, B., Peters, J. W., and Seefeldt, L. C. 
(2016) Evidence that the Pi release event is the rate-limiting step in the nitrogenase catalytic cycle. 
Biochemistry 55, 3625–3635. 

(5) Brown, K. A., Harris, D. F., Wilker, M. B., Rasmussen, A., Khadka, N., Hamby, H., Keable, S., 
Dukovic, G., Peters, J. W., Seefeldt, L. C., and King, P. W. (2016) Light-driven dinitrogen reduction 
catalyzed by a CdS:nitrogenase MoFe protein biohybrid. Science 352, 448–450. 

 
This work was funded by the US Department of Energy, Basic Energy Sciences. 
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PS3-03 
 
Nitrogen fixation in Paenibacillus polymyxa WLY78 
 
Sanfeng Chen, Xiaomeng Liu, Haowen Shi, Xinxin Li, Liying Wang, Jianbo Xie  
 
State Key Laboratory for Agrobiotechnology and College of Biological Science, China Agricultural 
University, Beijing, P. R. China  
 
chensf@cau.edu.cn 
 
Paenibacillus polymyxa WLY78 is a diazotrophic, Gram-positive and endospore-formed bacterium. 
This bacterium has potential use as biofertilizer in agriculture and horticulture，since it is also capable 
of producing antimicrobial substances, solubilizing phosphate and promoting plant growth (1, 2). 

P. polymyxa WLY78 possesses a minimal and compact nif gene cluster consisting of 9 genes 
(nifB nifH nifD nifK nifE nifN nifX hesA nifV). The 9 nif genes are organized as an operon and possess 
a σ70-dependent promoter located in front of nifB gene. When transferred to Escherichia coli, the 
Paenibacllus nif cluster enables synthesis of catalytically active nitrogenase (1, 3).  

The hesA gene contained within the Paenibacllus nif gene cluster is also found within nif gene 
clusters among diazotrophic cyanobacteria and Frankia. The predicted product HesA is a member of 
the ThiF-MoeB-HesA family containing an N-terminal nucleotide binding domain and a C-terminal 
MoeZ/MoeB-like domain. hesA mutation of P. polymyxa leads to nearly complete loss of nitrogenase 
activity. The effect of the mutation can be suppressed by the addition of high levels of molybdate or 
cystine. The nitrogenase activity of the hesA mutant could not be restored by Klebsiella oxytoca nifQ 
or Escherichia coli moeB. The HesA overexpressed and purified from E. coli carries iron atom.  

Although the Paenibacillus nif gene cluster composed of 9 genes (nif B H D K E N X hesA and 
nifV) enables E. coli to fix nitrogen, the nitrogenase activity in the recombinant E. coli 78-7 is only 10% 
of that observed in wild-type Paenibacillus. We demonstrate that Paenibacillus suf operon (for Fe-S 
cluster assembly) and the potential electron transport genes pfoAB, fldA and fer can increase 
nitrogenase activity. Also, Klebsiella oxytoca nifSU (Fe-S cluster assembly) and nifFJ (electron 
transport specific for nitrogenase) can increase nitrogenase activity. Especially, the combined 
assembly of the potential Paenibacillus electron transporter genes (pfoABfldA) with K. oxytoca nifSU 
recovers 50% of wild-type (Paenibacillus) activity. However, K. oxytoca nifWZM and nifQ can not 
increase activity (4). 
   
(1) Wang et al. (2013) Plos Genet. 9(10):e1003865. 
(2) Xie et al. (2016) Sci. Rep. 6:21329-21339. 
(3) Xie et al. (2014) Plos Genet. 10(3):e1004231. 
(4) Li et al. (2016) Microb. Cell Fact. 15:43-53. 
 
This work was funded by the National Nature Science Foundation of China (Grant No. 31470189). 
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Second messenger signaling network governing sinorhizobial 
lifestyle switching 
 
Anke Becker 
 
LOEWE Center for Synthetic Microbiology, Philipps-Universität Marburg, 
Marburg, Germany 
 
 
 

 
Second messengers are small molecules that are synthesized by the cell in response to a particular 
signal and perceived by cognate effectors which regulate downstream processes. Bacteria use 
nucleotide second messengers, such as guanosine tetra- or pentaphosphate (p)ppGpp) and cyclic 
mono- or dinucleotides, which have pivotal roles in integration of environmental signals to rapidly 
coordinate cellular pathways and adapt to environmental changes. Sinorhizobium meliloti possesses a 
multitude of proteins involved in synthesis, degradation or perception of cyclic nucleotide second 
messengers. The S. meliloti genome encodes more than 60 proteins putatively involved in synthesis, 
degradation or binding of c-di-GMP, cAMP or cGMP. The current knowledge on multiplicity and 
functional diverification of proteins involved in nucleotide second messenger signaling and the roles of 
these second messengers in environmental adaptation of S. meliloti in the free-living state and in 
symbiosis will be discussed. Recent findings indicate that in S. meliloti, c-di-GMP and cAMP/cGMP 
signaling networks, while controlling diverse cellular processes, also show overlaps. c-di-GMP-
dependent regulation controls multiple cellular functions related to the switch from a planktonic to a 
sedentary lifestyle, including motility and biosynthesis of extracellular polysaccharides (EPS), and 
contributes to regulation of cell growth and division (1, 2). The c-di-GMP signaling network was found 
to be tightly interwoven with previousy described regulation of motility and EPS biosynthesis, and 
quorum sensing. cAMP/cGMP signaling overlaps with c-di-GMP signaling in that it contributes to the 
opposing regulation of motility and EPS production, but it was also shown to regulate infection events 
in establishment of symbiosis (3, 4). Overall, nucleotide second messengers play an important role in 
environmental adaptation, establishment of symbiosis, and long-term survival of S. meliloti. 
 
(1) Schäper et al. (2016) J Bacteriol 198:521-535. 
(2) Schäper et al. (2017) Proc Natl Acad Sci U S A: in press. 
(3) Krol et al. (2016) Microbiology SGM 162:1840-1856. 
(4) Tian et al. (2012) Proc Natl Acad Sci U S A 109:6751-6756 
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Characterization of the transcriptional activator CnfR for the nif 
genes in nitrogen-fixing cyanobacteria 
 
Yuichi Fujita, Kazuki Hashimoto, Hisanori Yamakawa, Kei Wada1, Ryoma 
Tsujimoto 
 
Graduate School of Bioagricultural Sciences, Nagoya University, Nagoya, 
Japan 
1Department of Medical Sciences, University of Miyazaki, Miyazaki, Japan 
 

      fujita@agr.nagoya-u.ac.jp 
 
CnfR is the transcriptional activator essential for expression of nitrogen fixation (nif) genes in the 
cyanobacterium Leptolyngbya boryana (1). CnfR consisting of 534 amino acid residues has domains 
for carrying iron-sulfur clusters and for DNA-binding in N-terminal and C-terminal parts, respectively. 
We constructed a heterologous reporter system in the cyanobacterium Synechocystis sp. PCC 6803 
to examine whether CnfR activation operates in non-nitrogen fixing cells. The reporter system 
indicated that CnfR activates the transcription from the nifB and nifP promoters in response to micro-
oxic and nitrogen deficient conditions, which are the same as the induction of nif genes in the original 
host L. boryana. Through analysis of the upstream sequences of nifB and nifP we found that a 
conserved cis-element is located 76 bp upstream of the transcriptional start sites of nifB and nifP. In 
addition, this cis-element is conserved in almost all nitrogen fixing cyanobacteria including 
heterocystous cyanobacteria (2, 3). The cis-element spanning 120–130 bp can be divided into nine 
motifs I–IX, and motifs III, IV, VI, VII, VIII and IX are essential for the transcriptional activation in the 
reporter system. This suggested that CnfR recognizes these motifs (3). The cnfR gene from L. 
boryana was overexpressed as a C-terminal His-tag fusion protein (CnfR-His) in E. coli and CnfR-His 
was purified by sequential affinity and gel filtration chromatography. Purified CnfR-His showed brown 
color, and changes in the absorption spectra upon exposure to the air and upon addition of dithionite 
were very similar to those of ferredoxin carrying [4Fe-4S] clusters. We examined whether CnfR-His 
binds to the cis-element in gel mobility shift assay with biotin-labeled DNA fragments. We will present 
results of gel shift assays and discuss binding characteristics of CnfR from the context of regulatory 
role of CnfR for the nif genes.  
 
(1) Tsujimoto et al. (2014) Proc. Natl. Acad. Sci. USA 111:6762–6767. 
(2) Pratte and Thiel (2016) Mol. Microbiol. 100:1096–1109. 
(3) Tsujimoto et al. (2016) Mol. Microbiol. 101:411–424. 
 
This work was funded by the Japan Society for the Promotion of Science (Grants-in-Aid for Scientific 
Research 15H04387) and the Japan Science and Technology Agency (Advanced Low Carbon 
Technology Research and Development Program and Precursory Research for Embryonic Science 
and Technology). 
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Common bean microRNAs: unraveling novel players for the 
control of rhizobia nitrogen fixing symbiosis 
 
Gina Hernández, Damien Formey, José Ángel Martín-Rodríguez, José L. 
Reyes1, Luis Cárdenas1, Lourdes Girard, Bárbara Nova-Franco, Luis P. 
Íñiguez, Alfonso Leija 
 
Centro de Ciencias Genómicas – Universidad Nacional Autónoma de México 
(UNAM) 
1Instituto de Biotecnología – UNAM, Cuernavaca, Mexico  

 
  gina@ccg.unam.mx 

 
MicroRNAs (miRNAs,  22 nt long), play pivotal roles as central regulators of gene expression in 
plants. The aim of our work is to identify the whole set of miRNAs from common bean (Phaseolus 
vulgaris) and to functionally characterize new regulators for the rhizobia symbiosis (RS). Based in 
sRNA and degradome RNA-seq data we have performed two genome-wide analyses (GWA) of the 
common bean sRNAome. The first GWA included libraries from mature nodules and other plant while 
the second was done in root hairs –a single-cell model- induced with pure Rhizobium etli nodulation 
factors –a unique signal molecule- that enabled increasing the sensitivity to identify to detect cell-
specific miRNAs with low expression. We identified precursors and mature miRNAs and their target 
genes; these include more than 100 novel miRNAs. We constructed weighted correlation networks of 
miRNAs that describe the pairwise relationship among miRNAs that differentiate the nodule library 
from other libraries based on their expression pattern. The identified networks included miRNAs 
known to play crucial roles in the RS as well as novel miRNAs suggested to act jointly in the regulation 
of the symbiosis. In one of the networks we find miR172 that targets the APETALA2-1 (AP2) 
transcription factor; we have demonstrated the key role of this node in the common bean RS. 
Increased expression of miR172c improves rhizobial infection, nodulation, SNF and expression of 
autoregulation of nodulation genes that result in decreased sensitivity to nitrate inhibition of nodulation. 
Proposed targets for AP2-1 are nodule senescence genes that have to be silenced through miR172c 
in mature nodules. Current projects from include the functional analysis of novel miRNAs or novel 
miRNA isoforms, included in the identified networks, such as a novel isoform of the miR319 family and 
miRNov270 that showed differential expression in bean nodules. The expression of their proposed 
targets: the TCP transcription factor and a LRR-kinase, respectively, showed a negative correlation 
with the miRNA expression. The current analysis of the symbiotic phenotype of composite bean plants 
overexpressing or silencing each of these candidates, would allow deciphering their roles in the RS. 
 
(1) Nova-Franco et al. (2015) Plant Physiol. 168: 273-291. 
(2) Formey et al. (2015) BMC Genom. 16:423 
(3) Íñiguez et al. (2015) Plant Signal Behav 10(10), e1062957 
(4) Formey at al. (2016) Int. J. Mol. Sci. 17:887 
 
This work was funded by DGAPA – UNAM grants IN202213 and IN200816. 
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Multiple stages in rhizobial competition for nodule occupancy 
 
Philip Poole1, Rachel Wheatley1, LiLi1, Vinoy Ramachandran1, Isabel Webb1 

 
1Department of Plant Sciences, University of Oxford, Oxford, UK 
 
Colonization by bacteria of the zone surrounding plant roots (rhizosphere) is crucial to plant 
productivity, with plants secreting 10-30% of total photosynthate to engineer the rhizosphere to their 
advantage. Microarray and metabolic analysis combined with InSeq analysis of growth in the 
rhizosphere, colonization of roots, bacteroid formation and regrowth from nodules has been used to 
dissect the stages in development and N2-fixation by Rhizobium leguminosarum. During infection of 
legumes the metabolic repertoire of rhizobia is dramatically restricted with a dramatic reduction in 
metabolic diversity in mature bacteroids. While InSeq analysis has identified virtually all the known nif 
and fix genes needed by rhizobia inoculated as pure cultures, it has revealed a much larger set of 
genes is essential for competitiveness to form bacteroids.  
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N-Fixation by endophytes of Populus 
 
Sharon L. Doty1, Pierre M. Joubert1, Matthew Joseph1, Andrew W. Sher2, 
Andrea Firrincieli3, Adam Deutschbauer4, Jayashree Ray4, Galya Orr5, 
William Chrisler5, John Cliff5, Zareen Khan1, Soo-Hyung Kim1 
 
1University of Washington, Seattle, Washington, USA 
2University of San Diego, California, USA 
3University of Tuscia, Viterbo, Italy 
4Lawrence Berkeley National Lab, Berkeley, California, USA 

     5Pacific Northwest National Lab, Richland, Washington, USA 
 

   sldoty@uw.edu 
 
With the relatively long life cycles of trees, symbiosis with microorganisms may allow plants to more 
rapidly overcome environmental challenges by selecting for the most beneficial microbiota over time. 
Endophytes, the bacteria and fungi that live within plants in an intimate association, can provide 
numerous benefits to the host plant including increasing nutrient acquisition, producing 
phytohormones, reducing abiotic stresses, protecting against pathogens, and degrading pollutants. 
Poplar (Populus spp.) trees are an early successional pioneer plant species able to colonize nutrient-
limited, cobble-dominated riparian zones. Our lab demonstrated using the 15N2 incorporation assay 
and the acetylene reduction assay that N2 is fixed at high levels in wild poplar by endophytes (1). 
Variation in N2 fixation rates between cuttings of the same plant alluded to the intriguing possibility that 
there may be microbial social requirements that limit effective N2 fixation to particular groupings within 
the plant that have achieved a threshold density or a specific community member composition. The 
biological functions of the mixed species microcolonies within plants and aggregates in vitro are under 
investigation.  

The endophytes of wild poplar have an exceptionally broad host range including hybrid poplar 
(2), peppers, tomatoes, and other crop species (3) including the evolutionarily distant monocots, rice 
(4) and maize (5), and the gymnosperms (6), Douglas-fir and western red cedar, increasing plant 
growth and health, especially under nutrient limitation or drought stress (7). Through genomic analysis, 
transposon mutagenesis, fluorescent in situ hybridization, and NanoSIMS, we seek to more fully 
understand the plant-microbe interactions involved in endophytic symbiosis with the ultimate goal of 
optimizing this technology towards increasing yields with reduced nutrient and water inputs. 
 
(1) Doty, S.L., et al. 2016. PLOS ONE 11(5):e0155979.  
(2) Knoth, J., et al. 2014. New Phytologist 201(2):599-609. 
(3) Khan, Z., et al. 2012. Agronomy doi: 10.5402/2012/890280 
(4) Kandel, S., et al. 2015. Crop Science 55:1765-1772. 
(5) Knoth, J., et al. 2013. GCB Bioenergy 5:408-418. 
(6) Khan, Z., et al. 2015. Forests 6:3582-3593. 
(7) Khan, Z., et al. 2016. Current Plant Biology 6:38-47. 
 
This research was funded by the USDA-AFRI grant # 2011-68005-30407, USDA NIFA grant 2012-
68002-19824 and the Byron and Alice Lockwood Endowed Professorship.  
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Abiotic constraints on symbiotic nitrogen fixation in legumes 
 
Michael Udvardi, Raul Huertas-Ruz 
 
Noble Research Institute LLC, Ardmore, Oklahoma, USA. 
 
mudvardi@noble.org  
 
Plant growth and agricultural productivity are often constrained by environmental factors, both biotic 
and abiotic in nature. Abiotic constraints on plant growth include too little or too much water, soil 
salinity, sub-optimal concentrations of essential nutrients in the soil, and sub-optimal temperatures, 
day-length, light intensity, etc. Legumes are a crucial component of sustainable agricultural systems, 
primarily because of their ability form nitrogen-fixing symbioses with rhizobia, which inject 
approximately 50 million tons of N into agricultural systems each year. Like plant growth, symbiotic 
nitrogen fixation (SNF) in legumes is constrained by environmental factors. In this talk, I will review 
some of the major abiotic constraints on legume growth and consider the extent to which abiotic stress 
factors impact SNF directly or indirectly via their impacts on the rest of the plant. I will discuss 
experimental approaches to better understand the nexus between environmental stress, plant growth 
and SNF, and end by considering breeding strategies to optimize SNF and growth of legumes under 
challenging environmental conditions. 
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Lotus japonicus and rhizobia interaction; from simple to 
complex associations 
 
E. Murakami1, K. Tao1, J. Cheng1, R. Zgadzaj2, R. Garido-Oter2, K. Gysel1, 
L.H. Madsen1, P. Schulze-Lefert2, J. Stougaard1, S. Radutoiu1 

 
1Department of Molecular Biology and Genetics, Centre for Carbohydrate 
Recognition and Signalling, Aarhus University, Denmark 
2Max Planck Institute for Plant Breeding, Cologne, Germany 
 

   radutoiu@mbg.au.dk 
 
Legume-rhizobia interactions are controlled by protein-carbohydrate recognition events that take place 
at the epidermal-soil interface. Legumes use LysM proteins to recognize carbohydrates produced by 
pathogens or symbionts. This suggests that an ancient recognition process has been used in legumes 
for evolution of elaborated mechanisms for various carbohydrate perceptions.  

In Lotus japonicus two LysM receptor kinases, NFR1 and NFR5, initiate root nodule symbiosis 
after perception of Nod-factors secreted by M. loti, while EPR3 scrutinizes rhizobial 
exopolysaccharides cotrolling the elongation of infection threads. Lotus encodes several additional 
LysM receptors, and we have used reverse genetics coupled with gene expression and in planta 
functional studies to study their involvement in root nodule symbiosis. Our studies identified a novel 
component involved in Nod factor signaling that contributes to the symbiotic interaction between Lotus 
and its nitrogen-fixing symbiont.  

To understand how the capacity of Lotus to recognize Nod factors and exopolysaccahrides 
influences its ability to associate with other soil bacteria, we performed a comparative analyses of 
microbiota associated with soil-grown wild-type and symbiotic mutant plants. Community profiling of 
16S rRNA gene amplicons identified a previously unsuspected role of the nodulation pathway in the 
establishment of distinctive bacterial assemblages in root and rhizosphere. These findings imply a role 
of the legume host in selecting a broad taxonomic range of root-associated bacteria that, in addition to 
nitrogen-fixing rhizobia, may have an impact on plant growth and ecological performance. 
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Symbiotic plant peptides control bacteroid development in IRLC 
legumes 
 
Jesús Montiel1, Allan Downie2, Attila Farkas1, Peter Bihari3, Balazs Balint3, 
Etelka Kovacs1, Peter Mergaert4, Eva Kondorosi1, Attila Kereszt1 

 
1Biological Research Centre of the Hungarian Academy of Sciences, 
Szeged, Hungary 
2John Innes Centre, Norwich, United Kingdom 
3Seqomics Biotechnology Ltd., Morahalom, Hungary 

     4Institute for Integrative Biology of the Cell, Gif-sur-Yvette, France 
 

 kereszta@gmail.com 
 
In the Inverted Repeat-Lacking Clade (IRLC) of legumes, rhizobia encounter a so-called terminal 
differentiation during which their genome is multiplied via endoreduplication cycles, their size 
increases, they loss their reproductive capacity, and the bacteroids end up with different morphologies 
that can be swollen, elongated, spherical, and elongated–branched, depending on the host plant.. This 
terminal differentiation is imposed on the bacteria via the activity of nodule-specific cysteine-rich 
(NCR) plant peptides that are delivered to the developing bacteroids as well as resemble and in part 
are antimicrobial peptides (AMPs). 

To investigate the evolution of bacteroid differentiation and the NCR peptides we investigated 
the morphology and cell division capacity of bacteroids in a number of legumes representing different 
subclades of IRLC, then identified the predicted NCR proteins from these legumes housing distinct 
bacteroid morphotypes. Via the analysis of their expression and predicted sequences, we were able to 
establish correlations between the composition of the NCR family and the morphotypes of bacteroids. 
Phylogenetic analysis revealed that NCRs have a single origin, however, their evolution has followed 
different routes in individual lineages, and enrichment and diversification of cationic peptides has 
resulted in the ability to impose major morphological changes on the endosymbionts. The wide range 
of effects provoked by NCRs such as cell enlargement, membrane alterations and permeabilization, 
as well as biofilm and vesicle formation is dependent on the amino acid composition and charge of the 
peptides. 
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Symbiotic roles of rhizobial type III effectors 
 
Shin Okazaki 
 
Graduate School of Agriculture, Tokyo University of Agriculture and 
Technology, Tokyo 183-8509, Japan 
 
sokazaki@cc.tuat.ac.jp 
 
 

 
Rhizobia induce the formation of nitrogen-fixing nodules on the roots of legumes. Nodules are formed 
when the roots initiate a molecular dialogue with compatible rhizobia in the soil. Key components for 
the establishment of symbiosis are rhizobium-derived lipochitooligosaccharides (Nod factors, NFs) 
and their leguminous receptors (NFRs) that initiate nodule development and bacterial entry. 
Previously, we demonstrated that symbiosis in the soybean rhizobium Bradyrhizobium elkanii is 
promoted by the type III secretion system (T3SS), which delivers virulence factors via pathogenic 
bacteria (1). Intriguingly, B. elkanii but not with its T3SS mutant was able to form nitrogen-fixing 
nodules on soybean nfr mutant, suggesting that T3SS activates host nodulation signaling by 
bypassing NF recognition. On some soybeans carrying Rj4 allele, however, T3SS of B. elkanii caused 
restriction of nodulation. We observed that B. elkanii T3SS triggered SA-mediated effector-triggered 
immunity-like response in the roots of Rj4-soybean, which consequently blocked symbiotic interactions 
(2). We recently identified a B. elkanii T3 effector which affects symbiosis positively and negatively 
dependent on host genotypes. Recent progress in the effector function will be presented. 
 
(1) Okazaki et al. (2013) Proc. Natl. Acad. Sci. USA. 110:17131-17136. 
(2) Yasuda et al. (2016) Plant Cell Physiol. 57:1791-1800.  
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Symbiotic and nonsymbiotic hemoglobins: possible functions in 
nitric oxide scavenging and signaling 
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Diaz-Mendoza1, Isabel Diaz1, Manuel A. Matamoros, Irene Villar, Carmen 
Pérez-Rontomé  
 
Estación Experimental de Aula Dei, Consejo Superior de Investigaciones 
Científicas (CSIC), Zaragoza, Spain. 
1Centro de Biotecnología y Genómica de Plantas, Universidad Politécnica 
de Madrid, Campus de Montegancedo, Madrid, Spain. 

 
      becana@eead.csic.es 
 
The first hemoglobin (Hb) of plants was discovered in soybean nodules and termed leghemoglobin 
(Lb). The finding was subsequently extended to nodules of other legumes and actinorhizal plants. The 
function of symbiotic Hbs is well known; however, studies with Arabidopsis, cereals, and legumes 
have shown that most plant tissues express up to three classes of Hbs with less clear functions. Two 
of them are designated as nonsymbiotic (nsHbs), whereas a third class has homology with prokaryotic 
Hbs rather than with plant Hbs. Class 1 nsHbs show an extremely high O2 affiity and are induced by 
hypoxia and nitric oxide (NO). Class 2 nsHbs have moderate O2 affinity, are induced by cold and 
cytokinins, may transport O2 and/or modulate NO levels, and are the evolutionary precursors of Lbs. 
Class 3 or 'truncated' Hbs have low O2 affinity and unknown function. We have used Arabidopsis and 
Lotus japonicus as model plants to study the localization and function of all three classes of Hbs. In 
nodules, Hbs are located to the cortex, infected zone, and vascular bundles; in roots, Hbs are present 
in the root tip and vascular bundles; and in the leaves, Hbs occur in the epidermal, mesophyll, and 
vascular cells. The oxygenated forms of nsHbs and Lbs show NO dioxygenase activity in vitro, 
converting NO into nitrate. Detailed examination by confocal microscopy of lines overexpressing and 
silenced/knocked-out for AtGlb1 and AtGlb2 in Arabidopsis leaf cells revealed that both Hbs scavenge 
NO in vivo. Also, we found that nsHbs are nitrosylated in cysteine residues in vivo. Therefore, nsHbs 
may play important roles in NO scavenging and signaling. Our results with Arabidopsis and L. 
japonicus mutants also showed that Hbs modulate abscisic acid signaling. We conclude that nsHbs 
may affect the signaling pathways of phytohormones preferentially, but not exclusively, by regulating 
NO levels.  
 
This work was funded by grant AGL2014-53717-R from MINECO. 
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In agroecosystems, N2 fixation by legumes is generally limited by environmental constraints. Therefore, 
an integrated approach is proposed with an initial agroecological survey to identify the local factors 
that may limit the legume N2-dependent productivity in a cropping area (1). This may result in 
management practises to be proposed on the basis of available technologies and knowledge. 
However, questions for research are generally suggested by these field observations (2). Therefore 
the link with a platform of nodulated-legume environmental physiology is proposed to search for 
mechanisms of specific adaptation of the rhizobial symbiosis to constraints. It will be illustrated with 
results of nodule imaging and the selection of tolerant legume genotypes. These genotypes will be 
shown to be participatory tools for assessing and modeling with agroecosystem stakeholders, the 
legume interactions with soil factors and beneficial microbes, by field-comparison with contrastingly 
sensitive genotypes. This integrated approach is concluded to link legume physiology with functional 
ecology for an innovative engineering of legume-rhizobia contributions to crop productivity and other 
ecosystemic services. 
 
(1) Drevon et al. (2011) Procedia. Environ. Sci. 9: 40-46. 
(2) Lazali et al. (2016) Europ. J. Soil Biol. 73, 100-107. 
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Black seedcoat pigmentation is a biomarker for enhanced nodulation and N2 fixation 
in field-grown cowpea (Vigna unguiculata L. Walp.) and Bambara groundnut (Vigna 
subterranea L. Verdc.)  
 
Felix D. Dakora1, Doris K. Puozaa2  
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The seedcoat of legumes serve to protect the embryo and determine seed dormancy and germination, 
in addition to producing molecules (e.g. flavonoids, proteins, peptides, amino acids, alkaloids and 
terpenoids) that play an important role in plant development, including defence against insect 
pests and pathogens and induction of nodulation genes during symbiotic establishment. Therefore, 
variation in seedcoat colour may be responsible for the differences in N2 fixation observed under 
field conditions among legume genotypes. However, the link between seedcoat colour and symbiotic 
performance of legumes has not been established under field conditions. The aim of this 
study was to assess growth, grain yield, N2 fixation and water-use efficiency in field plants of 
cowpea (Vigna unguiculata L. Walp.) and Bambara groundnut (Vigna subterranea L. Verdc.) with black 
and cream seedcoats planted at 5-6 locations. In cowpea, the results revealed increased nodule 
number per plant and significantly greater nodule fresh weight at all test sites in the genotype with 
black seedcoat relative to cream. Analysis of xylem sap collected from field plants also showed 
significantly higher ureide concentration in the cowpea genotype with black seedcoat when compared 
to cream seedcoat. Data from 15N natural abundance studies confirmed the symbiotic superiority of 
the black-seeded cowpea genotype. Shoot δ15N values were consistently lower in the cowpea 
genotype with black seedcoat at all study sites, except Kpalisogu. As a result, percent N derived from 
symbiosis by cowpea with black seedcoat was also significantly higher at all locations, except 
Kpalisogu. Nitrogen fixation and N contribution was also significantly greater in the cowpea genotype 
with black seedcoat at four field sites and similar at two sites for both black and cream seedcoat. The 
net result was increased soil N uptake by the genotype with cream when compared to black seedcoat. 
The results for two Bambara groundnut landraces with black and cream seedcoat planted at the same 
study sites were similar to those of cowpea. Nodule number, nodule fresh weight, shoot biomass, 
shoot N content and amount of N-fixed were consistently greater in the Bambara groundnut with black 
seedcoat than the cream coat. These findings suggest that seedcoat pigmentation can be a useful 
biomarker for selecting cowpea and Bambara groundnut genotypes for superior symbiotic 
performance in breeding programs. 
 
(1) Hungria M and DA Phillips (1993) Mol Plant-Microbe Interact 6: 418–422. 
(2) Ndakidemi PA and FD Dakora (2003) Funct Plant Biol 30: 729–745. 
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Many beneficial associations promote the acquisition of limiting nutrients from the environment, 
including the interaction between most species of plants and arbuscular mycorrhizal fungi, and more 
limited associations, such as that between legumes and nitrogen-fixing rhizobial bacteria. These 
interactions are promoted following recognition of diffusible signals, lipochitooligosaccharide (LCO)-
based molecules. Mycorrhizal fungi produce LCOs, as well as chitooligosaccharides (CO). It has been 
reported that short chain COs, CO4 and CO5, function as signals to activate the symbiosis signaling 
pathway in plants. The long chain COs have previously been regarded as defense elicitors to trigger 
plant immunity against potential pathogens. Here we report that, in addition to induction of plant 
defenses, long chain chitin oligosaccharides, especially chitin octamers (CO8), also function as 
symbiotic elicitors. We identified the receptors required for CO activated symbiosis signalling in 
Medicago truncatula. Plants mutated in these receptors show reduced mycorrhizal colonisation and 
when combined with mutations in the LCO receptor necessary for rhizobial associations, we observe 
very significant reductions in mycorrhizal colonisation. Our work implies that LCO and CO recognition 
act in conjunction to establish the mycorrhizal symbiosis and consistent with this we found that CO8 
and LCOs can both activate calcium oscillations and mycorrhizal-associated gene expression in 
cereals. We conclude that CO8 is a dual immunity and symbiosis elicitor and that LCO activation of 
symbiosis signalling is not limited to legumes. The fact that cereals can perceive rhizobial-produced 
LCOs has important implications for efforts in transferring the nitrogen fixing rhizobial symbiosis to 
cereals. 
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PS8-02 
 

Inoculant production, use and research demands: a new view 
considering cropping systems 
 
Mariangela Hungria, Marco A. Nogueira  

 
Embrapa Soja, Caixa Postal 231, CEP 86001-970, Londrina PR, Brazil 
 
mariangela.hungria@embrapa.br 
 
 

 
The success of South America (SA) in producing and using microbial inoculants rely on the need for 
replacement of highly-costly imported N-fertilizers, and the achievements obtained by both industries 
and research have been leaded by the expansion of the soybean crop. At the industry, progresses on 
fermentation allowed the change from few thousand doses produced in non-sterile substrates and with 
low cell concentration to more than 70 million annual doses of high-quality products void of 
contaminants and with up to 1010 cells/g or mL. Noteworthy, several results obtained in Brazil and 
Argentine confirm that annual reinoculation guarantees mean increases in soybean grain yield of 6-
8%, highly profitable. Unfortunately, although there are impacting results of inoculation of elite strains 
inoculated in over one-hundred legumes, including grains, pastures, green manures, trees, they 
amount to less than 5% of the commercialized units in SA. Inoculants with Azospirillum strains for 
cereals started to be commercialized in Argentina in early 1980s, and in Brazil in late 2000s; in the 
past decade, good marketing about these plant-growth promoting bacteria (PGPB) resulted in an 
increasing use by farmers. Azospirillum has also opened the perspectives for other PGPB, such as 
Pseudomonas and Bacillus, as well as the combination of microorganisms, e.g. an impressive 
adoption by farmers of soybean co-inoculation with Bradyrhizobium and Azospirillum. Intriguing are 
the field results of increased grain yields obtained by foliar application of PGPB, but that deserve 
scientific investigation. Most important, strengths the concept of “inoculation for cropping systems”, 
based on an annual planning of microbial use in all crops. A good example is the crop-livestock 
integration system, in which Bradyrhizobium and Azospirillum are used in combination for soybean, or 
Azospirillum alone for maize and brachiaria. There is an increasing demand for investigating PGPB in 
several plant species, as well as studies to identify methods of inoculation for each microorganism. In 
addition, there is also need of research on some critical points that may limit the efficacy of traditional 
inoculants, with an emphasis on the compatibility of soybean bradyrhizobia with agrochemicals, and 
the impacts that pre-inoculated seeds may have on BNF.  
 
Funding: Embrapa (02.13.08.001.00.00), INCT-Plant-Growth Promoting Microorganisms for 
Agricultural Sustainability and Environmental Responsibility (465133/2014-2)  
 
 
 
  



 
 
 

 

 
Plenary Session 8: Inoculant Production and Applications. 
Novel Uses and Engineering of Nitrogen-Fixing Organisms 

53 

PS8-03 
 

Academic and industrial strategic alliance for microbial and 
technological evolution in the XXI century 
 
Gustavo G Gonzalez Anta 
 
UNNOBA (Universidad del Noroeste de la Provincia de Buenos Aires) - 
Rizobacter 
 
gganta@rizobacter.com.ar 
 

 
Evolution of microbiology technologies in general, and biological nitrogen fixation technologies in 
particular, would have been impossible without the relationship between Academy and Industry. 

The strategic Interaction between research and industrialization has given rise to major 
transformations including a) joint performance of scientific and technological protocols leading to 
development of new productive processes at industrial scale; b) increased knowledge on 
biotechnological Improvements to allow effective management crop’s growth under extensive 
conditions; and c) deeper insights into the biochemical and molecular dialog and mechanisms 
producing better interactions between plants and microorganisms. 

In this way, it has been possible 1) the wide use of microbial Inoculants for legume crops; 2) the 
increased utilization of plant growth promoter bacteria; and 3) the sustainable employ of fungal 
biocontrollers. 

However, although the complementation of basic and applied knowledge has yielded its fruits, 
the most important challenges are yet to come. This XXI century should provide biological solutions for 
a new Agriculture more conscious about environment management and agro-eco-systems health and 
productivity. Research Centers and Scientific teams are to search for microbiological tools to mitigate 
abiotic stresses and develop microbial consortia, including complementation and synergies that could 
prevent diseases and insect attacks. They are also carrying out, not only a research about microbiome 
or rhizosphere endophytes of plants that contribute to higher productivity of biomass and yield, but 
also the creation of new genetically modified microbes that would enhance essential biological 
functions, such as biological nitrogen fixation in grasses through mutual associations of GMOs. 

Certainly, the future will give us a greater and more productive interaction between the 
Academy and the Industry. This will generate major and better biotechnologies to produce extra food, 
preserving and improving the environment in which crops and microbes could express their greatest 
agricultural production systems contribution. Science and technology would be transformed due to the 
integration of greenhouse, laboratories, growth chambers, field experiments under controlled 
conditions and micro and macro leveled plots together with industrial scale and new formulations. New 
questions arise from new challenges to feed back the process. 
 
(1) Arora Naveen and Mishra Jitendra, 2016. Prospecting the roles of metabolites and additives in 

future bioformulations for sustainable agriculture. In: Applied Soil Ecology. 
(2) Dr. Pan-Chi Liou, et al., 2007. Business potential for agricultural biotechnology products. Published 

by the Asian Productivity Organization, Tokyo, Japan. 
(3) Harman G. E., 2000. Myths and Dogmas of Biocontrol: changes in perception derived from 

research on Trichoderma harzianum T-22. Cornell University and BioWorks, Inc., Geneva, NY. 
(4) Benjamin Leon Bodirsky, et al., 2014. Reactive nitrogen requirements to feed the world in 2050 

and potential to mitigate nitrogen pollution. In: Nature Communications.  
(5) Valverde Claudio, et al., 2016. Major cereal crops benefit from biological nitrogen fixation when 

inoculated with the nitrogen-fixing bacterium Pseudomonas protegens Pf-5 X940. In: 
Environmental Microbiology.  
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PAS1-O01 
 
Ecology of N2O reducing bacteria and archaea – the main N2O sink in the biosphere 
 
Sara Hallin 
 
Department of Forest Mycology and Plant Pathology, Swedish University of Agricultural Sciences, 
Uppsala, Sweden 
 
Sara.Hallin@slu.se 
 
Inorganic nitrogen compounds are transformed through reduction-oxidation reactions mediated by 
microbial communities in the nitrogen cycle. Their activity regulates the retention or loss of nitrogen 
from ecosystems, and determines in which form nitrogen is lost. Nitrous oxide (N2O) is produced in 
several nitrogen turnover processes. Terrestrial ecosystems account for the majority of planetary N2O 
emissions, while aquatic ecosystems contribute one third. Multiple sources of N2O exist, but there is 
only one known sink of N2O in the biosphere – the microbial reduction of N2O to N2, catalyzed by the 
N2O reductase (NosZ). This enzyme has traditionally been assigned to bacteria and archaea 
performing complete denitrification. Denitrification is a facultative anaerobic respiratory pathway in 
which NO3

-/NO2
- is reduced to N2O/N2. About 50 % of denitrifier genomes terminate with N2O. 

However, non-denitrifying bacteria and archaea, can also reduce N2O, and they have the potential to 
be true N2O sinks without contributing to N2O production. 

The phylogeny of NosZ has two major clades, with clade II dominated by non-denitrifying taxa. 
We have demonstrated that the abundance and diversity of clade II explains the soil N2O sink 
capacity. In arable soils, N fertilization modified the clade II community composition and decreased the 
phylogenetic diversity, which was negatively correlated with the N2O:N2 emission ratio. Experimentally, 
we further demonstrated a direct causal link between the denitrifier community composition in terms of 
variation of its modularity and N2O:N2 emission ratios. Based on comparative genomics, we show that 
different set-ups of the denitrifier pathway is not random across taxa, which supports niche 
differentiation. Analysis of environmental sequences and metagenomes revealed differences in both 
relative abundance and distributional patterns of denitrifiers with phylogenetically different types of 
NO2

- or N2O reductases. When considering the co-occurrence patterns of NO2
-reductases and N2O 

reductases in genomes, the importance of community structure for regulating N2O emissions is further 
underpinned. In addition, co-existing denitrifier communities differing in type of NO2

- or N2O reductases 
were not under the same community assembly rules. Niche-driven or stochastic processes dominated, 
but in resource rich environments (rhizosphere) or in saline environments, competition played an 
important role for community assembly. 
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PAS1-O02 
 
Naturally occurring Acacia spirorbis in New Caledonia: a top-notch nitrogen-fixing 
species through extremely contrasted soils. 
 
Bryan Vincent1,3, Philippe Jourand1, Farid Juillot2, Marc Ducousso3, Antoine Galiana3 
 
1IRD, UMR040 LSTM, NC-98848 Noumea Cedex, New Caledonia 
2IRD, UMR206 IMPMC, NC-98848 Noumea Cedex, New Caledonia 
3CIRAD, UMR082 LSTM, F-34398 Cedex 5, Montpellier, France 
 
bryan.vincent@ird.fr 
 
Acacia spirorbis subsp. spirorbis Labill. is an endemic legume tree found on highly contrasted soil 
types in New Caledonia. So far, very few investigations have been performed on the rhizobial 
symbiosis of this species and especially on its nitrogen-fixing potential. Hence, the objective of this 
study was to assess the nitrogen (N) fixation of A. spirorbis under contrasting edaphic conditions 
accross its natural range of distribution. 

The soil properties and the natural 15N abundance (δ15N) were characterized on nine study 
sites. Leaves of A. spirorbis and of several non-N2-fixing ligneous plant species used as references 
were collected in each site. The N content and the 15N abundance in leaves were measured with a CN 
analyzer in tandem with a continuous-flow isotope ratio mass spectrometer, in order to assess the 
percentage of N derived from the atmosphere (%Ndfa). 

As revealed by PCA and Anova analyses, significant differences in nutrients, metals, and 
siliceous contents found between the sites allowed to split them into three main categories, namely 
calcareous, metalliferous and siliceous soils, respectively. The N contents of A. spirorbis differed from 
site to site (P<0.01) but not between soil types (P=0.4) and were not correlated to soil geochemical 
properties. The mean δ15N of A. spirorbis averaged 0.29‰ while its %Ndfa ranged from 70 to 100% in 
almost all the sites and in every soil category. On the opposite, the non-N2-fixing references species 
showed a δ15N ranging from - 4.83 to + 7.05 ‰. Moreover, N contents measured in references 
species were positively correlated with pH, C, N, P or Ca contents (significant at P<0.05) and differed 
significantly between sites, soils and species. 

This study revealed that i) A. spirorbis has a very high nitrogen-fixing potential, regardless of the 
edaphic conditions and ii) its %Ndfa is the highest one reported so far within the genius Acacia. This 
physiological charateristic might explain the outstanding ability of this tree legume to naturally grow on 
contrasted soils. 
 
Funding: French National Agency for Research (ANR) financial support through the BIOADAPT 
Program 2012 [grant number ANR-12-ADAP-0017 ADASPIR]. 
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PAS1-O03 
 
The assimilatory nitrate reductase is required for denitrification in the Rhizobium etli-
common bean symbiosis. 
 
Alba Hidalgo-García, Germán Tortosa, María J. Torres, Eulogio J. Bedmar, Lourdes Girard1, María J. 
Delgado. 
 
Estación Experimental del Zaidín, Consejo Superior de Investigaciones Científicas (CSIC), Granada, 
Spain 
1Functional Genomics of Prokaryotes Program, Centro de Ciencias Genómicas, Universidad Nacional 
Autónoma de México, Cuernavaca, Morelos, México. 
 
alba.hidalgo@eez.csic.es 
 
About 80% of the powerful greenhouse gas nitrous oxide (N2O) global emissions are emitted from 
agricultural soils (1). This contribution has been amplified through the increased application of 
synthetic nitrogen-based fertilizers into the soils after the invention of the Haber-Bosch process. In this 
context, biological nitrogen fixation by legume-rhizobia symbiosis is an economical and 
environmentally friendly agricultural practice to increase soil fertility and crop yield without adding N 
fertilizers. However, legume nodules also produce N2O as well as nitric oxide (NO), the cytotoxic and 
well-studied ozone depleting gas, through rhizobial denitrification. Denitrification reactions are 
catalysed by the periplasmic (Nap) or membrane-bound (Nar) nitrate reductases, nitrite reductases 
(NirK/cd1Nir), nitric oxide reductases (cNor, qNor or CuANor) and nitrous oxide reductase (Nos) 
encoded by nap/nar, nirK/nirS, nor and nos genes, respectively. Rhizobium etli CFN42, the 
microsymbiont of common bean, is unable to respire nitrate and to perform a complete denitrification 
pathway since it only has the nirK and nor genes lacking those encoding Nap, Nar or Nos enzymes. In 
this work, we have demonstrated that R. etli is able to grow with nitrate as the sole N source under 
aerobic and micro-oxic conditions through the assimilatory pathway, due to the action of the 
assimilatory nitrate reductase enzyme, encoded by the narB gene. Furthermore, our results suggest 
that under low oxygen conditions, nitrite produced by NarB is probably exported outside the cell and 
converted by NirK into NO, which in turn will be used by cNor to produce N2O. In fact, by using gas 
chromatography, N2O production was observed in the headspace of wild-type cultures when they 
were grown under low oxygen conditions and with nitrate as the sole N source, while narB, nirK, and 
norC mutants were unable to produce it. As observed in free living cells, nodules of Phaseolus 
vulgaris cv. Negro Jamapa plants inoculated with R. etli CFN42 and grown in the presence of low 
nitrate concentrations produced N2O while nirK nodules were defective in N2O emission. We propose 
that common bean nodules are able to produce N2O from nitrate probably through the action of the R. 
etli assimilatory nitrate reductase and the NirK and cNor denitrification enzymes. 
 
(1) Smith et al. (2008) Phil. Trans. R. Soc. B. 363:789-813 
 
This work was supported by ERDF co-financed grants AGL2013-45087-R from MINECO and PE2012-
AGR1968 from Junta de Andalucía. Continuous support from Junta de Andalucía to group BIO275 is 
also acknowledged. 
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PAS1-O04 
 
FixK2 is the transcriptional activator of Bradyrhizobium diazoefficiens nosRZDYFLX 
genes in response to low oxygen 
 
María J. Torres, Emilio Bueno, Andrea Jiménez-Leiva, Juan J. Cabrera, Eulogio J. Bedmar, Socorro 
Mesa, María J. Delgado 
 
Department of Soil Microbiology and Symbiotic Systems, Estación Experimental del Zaidín, CSIC, 
Granada, Spain 

 
mariajesus.torres@eez.csic.es 
 
The powerful greenhouse gas nitrous oxide (N2O) has a strong potential to drive climate change. Soils 
are the major source of N2O and microbial nitrification and denitrification the main processes involved. 
Legume crops enhance N2O release by providing N-rich residues, thereby stimulating denitrification, 
both from free-living and symbiotic denitrifying rhizobia within the plant root nodules. The soybean 
endosymbiont Bradyrhizobium diazoefficiens is considered a model for the study of rhizobial 
denitrification, which depends on the napEDABC, nirK, norCBQD and nosRZDYFLX genes (1). In this 
bacterium, the role of the regulatory cascade FixLJ-FixK2-NnrR in the expression of napEDABC, nirK, 
and norCBQD genes involved in N2O synthesis has been unravelled (2). However, much remains to 
be discovered regarding the regulation of the respiratory N2O reductase, the key enzyme to control 
N2O emissions. In this work, we demonstrated that nosRZDYFLX genes are co-transcribed from a 
major promoter located upstream of the nosR gene. Two transcriptional start sites were determined 
within the nos 5’ region by using the Rapid Amplification of cDNA Ends. β-galactosidase activity from a 
nosR-lacZ fusion, nosR transcription, NosZ levels as well as N2O reductase activity analyses showed 
that expression of nosRZDYFLX genes depends mainly on low oxygen concentration. Involvement of 
FixK2 on nosRZDYFLX transcription were demonstrated in this work and further confirmed by in vitro 
transcription assays, where purified FixK2 protein directly interacted and activated transcription from 
the nosRZDYFLX promoter in collaboration with B. diazoefficiens RNA polymerase.  
 
(1) Bedmar E.J. et al., 2005. Biochem Soc Trans 33: 141-144. 
(2) Bueno E. et al., 2017. Nitric Oxide. 10.1016/j.niox.2017.02.002 
 
This work was supported by Fondo Europeo de Desarrollo Regional (FEDER)-co-financed grants 
(AGL2013-45087-R and AGL2015-63651-P) from the Ministerio de Economía y Competitividad 
(Spain). Grant P12-AGR-1968 and support from the Junta de Andalucía to Group BIO-275 are also 
acknowledged.  
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Redundant roles of Bradyrhizobium oligotrophicum Cu-type and cd1-type nitrite 
reductase genes under denitrifying conditions 
 
Cristina Sánchez, Kiwamu Minamisawa 
 
Graduate School of Life Sciences, Tohoku University 
 
cristina.sago@gmail.com 
 
Denitrifiers can be divided into two functional groups based on whether they possess the copper 
binding nitrite reductase (NirK) or the cytochrome cd1 variant (NirS). The two Nir enzymes are non-
homologous and were thought to be mutually exclusive in the genomes of denitrifying organisms (1). 
Bradyrhizobium oligotrophicum S58 is a nitrogen (N2)-fixing oligotrophic bacterium isolated from paddy 
field soil that carries a set of genes for complete denitrification of nitrate (NO3

−) to N2. S58 is one of the 
recently identified organisms carrying both nirK and nirS genes (1, 2). Here, we characterized the 
function of nirK and nirS in denitrification of free-living S58 cells.  

In the presence of NO3
−, NirK and NirS enzymes did not appeared to have any role on growth 

under aerobic conditions, but they were both functional under microaerobic (~2% oxygen) and 
anaerobic (~0% oxygen) conditions. Nitrate-dependent growth and Nir activity levels of nirK- and nirS- 
mutants under microaerobiosis and anaerobiosis, were similar to that in the wild-type S58. However, 
the nirK-S- double mutant showed a defect in NO3

−-dependent microaerobic and anaerobic growth that 
was concomitant to low or undetectable levels of Nir activity and nitrite (NO2

−) accumulation in the 
medium by the end of the growth period. Such effects were more drastic under anaerobiosis than 
under microaerobiosis. Nitrite has been shown to be a toxic compound for bacteria and its 
accumulation in the growth medium was likely affecting the growth of the nirKS mutant. Taken 
together, these data show that NirK and NirS are functionally redundant in S58 under microaerobic 
and anaerobic denitrifying free-living conditions. 
 
(1) Graf et al. 2014. PLOS One. 9: e114118. 
(2) Okubo et al. 2008. Applied and Environmental Microbiology. 79: 2542-2551. 
 
This work was supported by a Grant-in-Aid for Scientific Research (A) 26252065 from the Ministry of 
Education, Culture, Sports, Science and Technology of Japan, and by a grant from Science and 
Technology Research Promotion Program for Agriculture, Forestry, Fisheries and Food Industry. 
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PAS1-P01 
 

Effects of nitrate on symbiosis Bradyrhizobium japonicum-soybean: reductase nitrate 
role in nitrogen fixation 

 
Carla V. Bruno1, Alicia M. Thuar1, Stella M. Castro2 

 
Universidad Nacional de Río Cuarto. Córdoba. Argentina.  
1Facultad de Agronomía y Veterinaria.  
2Facultad de Ciencias Exactas, Físico Químicas y Naturales.  

 
cbruno@ayv.unrc.edu.ar 

 
The biogeochemical nitrogen (N) cycle includes two key processes by which microorganisms 
contribute to maintain soil fertility, biological nitrogen fixation (BNF) and denitrification. In the 
Bradyrhizobium japonicum-soybean symbiotic association, BNF is a highly recommendable 
environmental approach to keep sustainable agriculture, although it is limited by different 
environmental conditions, including high soil nitrate concentrations. A strategy to reduce the effect of 
nitrate on BNF might be to select denitrifying bradirhizobia strains with a high bacteroidal nitrate 
reductase (NR) activity in soybean symbiosis. Studies performed in this doctoral thesis focused on 
BNF optimization in soybean and emphasized in production improvement and soil resource 
maintenance. Denitrifying strains of Bradyrhizobium japonicum (USDA110, Per 3.64, Per 3.61 and Per 
1.12) were used as inoculants for soybean in absence and presence of 5 mM nitrate in greenhouse 
trials. Results showed that plant growth was not affected by nitrate presence, however, a reduction in 
nodulation was observed without alterations in BNF and nitrogen compounds (nitrate, ureides and 
amino acids). Per 3.61 strain presented higher bacteroidal nitrate reductase specific activity and it was 
selected together with USDA110 reference strain for field trials. In the crop season (2014-2015) 
soybean yield inoculated with Per 3.61 strain was higher than the treatments (inoculated with 
USDA110 strain and fertilized with urea) showing the highest BNF contribution in relative nitrogen 
balance. In the crop season (2015-2016), soybean yied inoculated with the Per 3.61 strain remained 
high even when the soybean was inoculated and fertilized with urea showing a significant contribution 
of BNF in nitrogen relative balance in both treatments (inoculated/inoculated and fertilized). In 
conclusion, denitrifying strain of Bradyrhizobium japonicum Per 3.61, characterized by high nitrate 
reductase activity, represents a promising contribution for its used as inoculant for soybean, improving 
BNF and crop yield in soils with high nitrate content. 

 
Keywords: soybean, Bradyrhizobium japonicum, nitrate, nitrate reductase.  
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Bradyrhizobium japonicum and B. diazoefficiens differ in anaerobic nitrate reduction  
 
Arthur Fernandes Siqueira1, Kiwamu Minamisawa1, Cristina Sánchez1 
 

1Graduate School of Life Sciences, Tohoku University, 2-2-1 Katahira, Aoba-ku, Sendai 980-8577, 
Japan 
 
fsiqueira.arthur@gmail.com 
 
Bradyrhizobium diazoefficiens can reduce nitrate sequentially into nitrogen (NO3

-→NO2
-→NO→N2O 

→N2). However, this process in Bradyrhizobium japonicum is incomplete (NO3
-→NO2

-→NO→N2O) 
due to the absence of nos gene cluster, responsible for last step of denitrification.  

Primary tests in B. diazoefficiens and B. japonicum (26 strains in total) showed that B. 
diazoefficiens had a significantly higher growth than that of B. japonicum strains in anaerobiosis with 
nitrate, indicating a possible difference in denitrification performance.  

Physiological, enzymatic and gene expression assays conducted in 2 strains of B. japonicum 
and 3 strains of B. diazoefficiens indicated that the absence of nos genes is not responsible for low 
performance in denitrification observed in B. japonicum. Further, nitrate consumption and periplasmic 
nitrate reductase (NapA) activity in B. japonicum strains were lower rather than B. diazoefficiens under 
anaerobic nitrate-respiring condition, indicating that the low activity of NapA may be the cause of lower 
performance of B. japonicum. Also, in a way to compensate this low activity, in B. japonicum, nirK and 
norB (encoding nitrite reductase and nitric oxide reductase, respectively) had higher relative 
expression than napA. This gives keys for understand the occurrence of these species in the soil.  
 
This work was supported by a Grant-in-Aid for Scientific Research (A) 26252065 from the Ministry of 
Education, Culture, Sports, Science and Technology of Japan, and by a grant from the Science and 
Technology Research Promotion Program for Agriculture, Forestry, Fisheries and Food Industry. 
A.F.S. was supported by fellowships from National Council for Scientific and Technological 
Development-Brazil and Japan Society for the Promotion of Science. 
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Comprehensive definition of the direct regulon of the Bradyrhizobium diazoefficiens 
transcription factor FixK2 

 
Andrea Jiménez-Leiva, María. J. Torres, Andrea Lindemann1, Hans-Martin Fischer1, Eulogio J. 
Bedmar, María J. Delgado, Socorro Mesa 

 
Department of Soil Microbiology and Symbiotic Systems, Estación Experimental del Zaidín, CSIC. 
Granada, Spain.  
1 Institute of Microbiology, ETH-Zurich, Zürich, Switzerland.  

 
andrea.jimenez@eez.csic.es 

 
Bradyrhizobium diazoefficiens, the soybean endosymbiont, is able to carry out nitrogen fixation and 
denitrification under oxygen-limiting conditions (microoxia). In this bacterium, a complex regulatory 
network comprised by two linked coordinated cascades (FixLJ-FixK2-NnrR and RegSR-NifA; 1) 
controls the expression of genes required for microoxic, symbiotic, and denitrifying lifestyle. The FixK2 
protein is a member of the CRP/FNR transcription factors family and it recognizes an imperfect 
palindromic sequence of 14 base pairs (FixK2 box) associated to the promoters that it activates (2). 

To identify new genes directly controlled by FixK2 involved in the denitrification process, the 
promoter region of the nosRZDFYLX genes (encoding a nitrous oxide reductase), bll3466 and bl2109 
(both encode two CRP/FNR-type transcription factors) and cycA (encoding a soluble cytochrome 
involved in denitrification) were individually cloned into plasmid pRJ9519 (3), which contains a 
transcriptional terminator. The intergenic region of nnrR-nnrS divergent genes, coding for the NnrR 
denitrification regulator and NnrS, a protein involved in nitrosative stress, respectively (4), shares a 
single FixK2 box that was cloned into pRJ8870, a plasmid with two transcriptional terminators on both 
sides of the insert (5). It is worth mentioning that, except for cycA, the expression of these genes is 
downregulated in a fixK2 strain grown microoxically ((5), see abstract PAS1-O04 by Torres et al.). 
Whereas the promoters of nosRZDFYLX, bll2109 and cycA were efficiently transcribed by FixK2 in 
collaboration with the B. diazoefficiens RNA polymerase, no FixK2-dependent transcript from the 
bll3466 promoter was detected. Transcription from the nnrR-nnrS spanning region yielded two 
products, representing each of the mRNAs. Thus, we identified five new promoters directly regulated 
by FixK2: i.e. nosRZDFYLX, bll2109, cycA, nnrR and nnrS. 

 
(1) Fernández et al. (2016) Biological Nitrogen Fixation and Beneficial Plant-Microbe Interactions. 

Springer International Publishing Switzerland. doi: 10.1007/978-3-319-32528-6_6. 
(2) Bonnet et al. (2013) J. Biol. Chem. 288:14238-14246. 
(3) Beck et al. (1997) J. Bacteriol. 179:364-369. 
(4) Blanquet et al. (2015) Mol. Plant-Microbe Interact. 28:1353-1363. 
(5) Mesa et al. (2008) J. Bacteriol. 190:6568-6579. 

 
This work was supported by grants AGR1968 (Junta de Andalucía), AGL2015-63651P and AGL2013-
45087-R (MINECO). Support from the Junta de Andalucía to group BIO-275 is also acknowledged.  
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Nitrous oxide (N2O) is a powerful greenhouse gas which is released to the atmosphere from 
agricultural soils due to the excessive use of inorganic fertilizers. Legume crops enhance N2O 
emissions mainly by symbiotic denitrification performed by rhizobia within the nodules (1). 
Denitrification is the dissimilatory reduction of nitrate (NO3

-) or nitrite (NO2
-) to N2 via the gaseous 

intermediates nitric oxide (NO) and nitrous oxide (N2O). The soybean symbiont Bradyrhizobium 
diazoefficiens is considered the model organism in the study of rhizobial denitrification. In this 
bacterium, denitrification depends on the napEDABC, nirK, norCBQD, and nosRZDFYLX genes that 
encode the periplasmic (Nap) nitrate reductases, Cu-containing nitrite reductases (NirK), c-type nitric 
oxide reductase and nitrous oxide reductase (Nos) (2).  

In B. diazoefficiens, perception and transduction of the “low oxygen signal” necessary for the 
expression of denitrification genes are mediated by two interlinked oxygen responsive regulatory 
cascades: FixLJ-FixK2-NnrR and RegSR-NifA. A moderate decrease in the oxygen concentration in 
the gas phase (≤ 5%) activates expression of FixLJ-FixK2-NnrR cascade, while the induction of the 
RegSR-NifA cascade requires lower oxygen concentration (≤ 0.5%). Recent evidences demonstrate 
that RegR is involved in the induction of norCBQD expression in response to anoxia and nitrate (3). 
However, the involvement of RegR in the expression of nosRZDFYLX, the genes encoding the key 
enzyme that mitigates N2O emissions, is at the moment unknown. In this study, wild type and regR 
mutant strains harbouring norC-lacZ or nosR-lacZ transcriptional fusions were cultured in a rich 
medium under microoxic conditions either in the presence or the absence of nitrate. Confirming 
previous findings, our results showed that RegR dependent nor genes activation requires low oxygen 
conditions and the presence of nitrate. However, RegR is involved in the activation of nos genes under 
microoxic conditions regardless of the presence or the absence of nitrate.  

 
(1) Torres et al. (2016) Advances in Microbial Physiology, 68: 353-432 
(2) Bedmar et al. (2005) Biochem Soc Trans 33: 141-144. 
(3) Torres et al. (2014) PLOS One, 9 (6), e99011.  

 
This work was supported by Fondo Europeo de Desarrollo Regional (FEDER)-co-financed grants 
(AGL2013-45087-R and AGL2015-63651-P) from Ministerio de Economía y Competitividad (Spain), 
and by grant AGR1968 (Junta de Andalucía). Support from the Junta de Andalucía to group BIO-275 
is also acknowledged.  
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Intermediates produced during denitrification have a high impact on climate change (nitrous oxide, 
N2O) and human health (nitrate, NO3

-; nitrite NO2
-, nitric oxide, NO). N2O account for up to 9% of the 

global greenhouse gas emissions (1) because it has a ~300-fold greater global warming potential than 
carbon dioxide. Also, N2O is responsible for the destruction of the stratospheric ozone layer (2). NO is 
a potent cytotoxin, which also has been related with depression and schizophrenia in humans (3). 
NO3

- and NO2
- are important pollutants of hydrological resources and their accumulation in food is 

associated with methemoglobinemia in humans (4). Although a wide overview of the denitrification 
pathway and its regulation is available, a holistic analysis of the denitrification process is still needed.  

Second-generation proteomic enables the identification of hundreds of proteins, providing a 
global view of the biological processes. A quantitative proteomic analysis of Paracoccus denitrificans 
PD1222 grown under denitrifying conditions by liquid chromatography-mass spectrometry/mass-
spectrometry (LC-MS/MS) has been carried out. Under denitrifying conditions, 1370 proteins were 
identified, from these a representative number are encoded by gene clusters related with 
denitrification, such as narRKGHJI, nosRZDYLX, norDQBCF and nirISD. In addition, the response of 
the PD1222 strain to changes in several growth parameters such as oxygen availability, pH, carbon 
source and the presence of additional nitrogen sources like ammonium, and carbon/nitrogen (C/N) 
ratio was analyzed. As supporting data, gas kinetics, enzyme activities and mRNA levels of specific 
genes were determined. 

 
(1) Schereiber et al. (2008). Front. Microbiol. 3:372. 
(2) Saggar et al. (2013). STOTEN 465:173-95. 
(3) Pitsikas (2016). Curr. Med. Chem. 23:2692-2705. 
(4) Habermeyer (2015). Mol. Nutr. Food Res. 59:106-28. 

 
This work was funded by grants BIO2015-64311-R, (MINECO, Spain and FEDER, UE) and CVI-7560 
(Junta de Andalucía, Spain). 
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flooding 

 
Ana Salas, Alba Hidalgo, Germán Tortosa, Eulogio J. Bedmar, David J. Richardson1, Andrew J. 
Gates1, María J. Delgado 
 
Estación Experimental del Zaidín, Consejo Superior de Investigaciones Científicas (CSIC), Granada, 
Spain 
1 School of Biological Sciences, University of East Anglia, Norwich, U.K. 
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Bradyrhizobium diazoefficiens USDA 110, the symbiont of soybeans, is also able to denitrify and to 
grow under free-living conditions with nitrate or nitrite as the sole nitrogen source. It has been 
demonstrated that nitric oxide (NO) and nitrous oxide (N2O) production in soybean nodules is induced 
by nitrate and flooding, being denitrification of bacteroids the main process involved (1, 2). NO 
produced in soybean nodules through denitrification in response to nitrate and flooding decreases 
nitrogenase activity as well as the expression of nifH (1). It has been recently reported that, in addition 
to denitrification, B. diazoefficiens free-living cells possess an integrated system for nitrate assimilation 
and NO detoxification encoded by the narK-bjgb-flp-nasC operon where the assimilatory nitrate 
reductase, NasC, produces NO and the haemoglobin, Bjgb, detoxifies NO (3). However, the role of 
these proteins in nodules from soybean plants treated with nitrate and subjected to flooding remains 
unclear. In this work, we have demonstrated by using qRT-PCR that expression of narK is induced in 
nodules in response to flooding. We also found that flooding decreased nitrogenase activity in bjgb 
and nasC nodules about 30% and 39%, respectively, compared with no flooding conditions, however 
this inhibition was higher (about 55%) in WT nodules. In addition, inhibition of nifH expression by 
flooding was lower in bjgb and nasC nodules (9 and 8-fold, respectively, compared with no flooding 
conditions) than in WT nodules where a decrease of nifH expression of about 22-fold was provoked by 
flooding. These results suggest that inoculation of soybean plants with B. diazoefficiens nasC or bjgb 
mutants partially prevents the negative effect of flooding on nitrogenase activity and nifH expression.  

It might be possible that either NO or ammonium formed from nitrate assimilation is involved in 
the inhibition of nitrogenase activity and NO accumulated in bjgb bacteroids induces expression of nor 
genes encoding the nitric oxide reductase, preventing the negative effect of NO produced through 
denitrification on nitrogenase activity.  

 
(1) Sánchez et al. (2010) Mol Plant-Microbe Interact 23: 702-711. 
(2) Tortosa et al. (2015) Symbiosis 67: 125-133. 
(3) Cabrera et al. (2016) Biochem J. 473: 297-309. 

 
This work was funded by ERDF co-financed grants AGL2013-45087-R from MINECO and PE2012-
AGR1968 from Junta de Andalucía, and the International Exchanges 2014/R1 Royal Society 
Programme (Ref: IE140222). 
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nodules  
 
Germán Tortosa, Alba Hidalgo, Ana Salas, Eulogio J. Bedmar, María J. Delgado 
 
Estación Experimental del Zaidín (EEZ), Agencia Estatal Consejo Superior de Investigaciones 
Científicas (CSIC), Granada, Spain 
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N2O is one of the main greenhouse gases (GHG) involved in global warming and climate change. 
Agricultural soils are responsible for about 80% of global emissions of N2O due to two main microbial 
processes: nitrification and denitrification, which can convert mineral nitrogen fertilizers into N2O and 
N2 (1). Thus, GHG mitigation strategies should pursue agricultural practices which, in turn, could lead 
to a reduction in application of mineral fertilizers, without compromising yield productivity. Biological 
nitrogen fixation by rhizobia-legume symbiosis is an effective approach to achieve this goal by 
increasing nitrogen availability in agricultural soils. However, leguminous crops also emit N2O by 
providing nitrogen compounds to soil, that can be nitrified or denitrified by soil microorganisms like 
some rhizobia living under free-living conditions or under symbiosis with legumes. Environmental 
factors like waterlogging, pH or nutrient and metal bioavailability can also affect N2O emissions from 
soils (2). However, data concerning the influence of these environmental cues on emissions from 
leguminous crops is limited. Using soybean plants (Glycine max L.) inoculated with its natural 
symbiont Bradyrhizobium diazoefficiens, which is able to denitrify (3), we have demonstrated that 
nitrate is essential for N2O emissions and its concentration enhances linearly the N2O fluxes (4). Also, 
when soybean roots are subjected to flooding, nodule N2O emissions increase, being B. diazoefficiens 
denitrification the main process involved and the bacteroidal nitrous oxide reductase (N2OR) the key 
enzyme to reduce N2O emissions (4). In addition to nitrate and flooding, copper availability is another 
environmental factor involved in nodular N2O fluxes by increasing the activity of the copper-dependent 
N2OR. According to our results, 20 µM copper is the optimal concentration that increases physiological 
plant development and remarkably reduces N2O emissions. 
 
(1) Smith et al. (2008) Phil. Trans. R. Soc. B. 363:789-813 
(2) Butterbach-Bahl et al. (2013) Philos Trans R Soc Lond B Biol Sci. DOI: 10.1098/rstb.2013.0122  
(3) Bedmar et al. (2005) Biochem. Soc. Trans. 33: 141-144. 
(4) Tortosa et al. (2015) Symb 67: 125-133 
 
This work was funded by European Regional Development Fund (ERDF)-cofinanced grant AGL2013-
45087-R and P12-AGR-1968 from Consejería de Innovación, Ciencia y Empresa of Junta de 
Andalucía (Spain). Support of Junta de Andalucía to Research Group BIO-275 is also acknowledged. 
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Biogeography of legume nodulation by Beta-rhizobia 
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Beta-rhizobia consist of two genera: Burkholderia and Cupriavidus. Nodulating Burkholderia come 
exclusively from the non-pathogenic Plant Beneficial and Environmental (“PBE”) cluster of this large 
and complex genus, now also called Paraburkholderia, and although potential pathogens (e.g. B. 
cepacia-like organisms) have been isolated from nodules none have yet been shown to be symbiotic. 
The nodulating paraburkholderias can be divided into two groups: South American strains with 
plasmid-borne sym-genes that nodulate Mimosa and other members of the mimosoids (1), and South 
African strains with chromosome-borne sym-genes that nodulate diverse papilionoid species native to 
the Fynbos/Cape Core Subregion (2). Both groups prefer acidic soils and higher altitudes, and have 
probably originated as symbionts early in the evolution of legumes (3). Their two centres of diversity 
are interesting, as it suggests that they had a common ancestor, and the ancestors of the two groups 
most likely diverged after the separation of South America from Africa. This is supported by the two 
locations having no currently described nodulating Paraburkholderia species in common, except for P. 
tuberum, which nodulates mimosoids in South America and papilionoids in South Africa. In addition, 
apart from the notable exception of P. phymatum STM815T, the two groups of paraburkholderias 
cannot nodulate each other’s hosts (1, 2). Cupriavidus (formerly Ralstonia) taiwanensis was originally 
described as a symbiont of invasive Mimosa species in Taiwan, and has since been shown to have 
originated in the neotropics, most likely acquiring its (plasmid-borne) symbiosis-related genes from its 
relative, Paraburkholderia (1). As its name suggests, Cupriavidus can be tolerant to heavy metals, 
such as copper, zinc and lead ((4) and references therein). Although generally less competitive than 
Burkholderia, Cupriavidus can dominate as a Mimosa symbiont in environments with less acidic soils 
and/or which contain high (natural) levels of heavy metals. For example, new Cupriavidus 
species/strains are the sole symbionts isolated from native Mimosa species from mining areas in 
Uruguay (4). 
 
(1) Gyaneshwar et al. (2011) Mol. Plant-Microbe Interact. 24: 1276-1288. 
(2) Lemaire et al. (2016) Appl. Environ. Microbiol. 82: 5099-5115. 
(3) Sprent et al. (2017) New Phytol. 215: 40-56  
(4) Platero et al. (2016) Appl. Environ. Microbiol. 82: 3150-3164. 
  
This work was financed by a CNPq/CAPES Science Without Frontiers award and NERC. 
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Beside their facultative mutualism with legumes, a major characteristic of rhizobia is their diversity. 
Even between strains a wide variety is observed both on phenotypic and genotypic level, however 
studies linking the two are lacking in Sinorhizobium meliloti. Current studies usually have restricted 
genotyping, only containing phylogenetic trees based on 16S rRNA or housekeeping genes, making it 
impossible to identify genes causal for their phenotypic diversity.  

In order to gain further insight into the diversity on strain level a thorough examination of S. 
meliloti strains, both at phenotypic and genotypic level, was done. Phenotypic assays that focus on 
survival and growth under stress conditions were preformed to observe characteristic traits of 78 
strains collected from different regions. The genotype of a subset of strains, containing interesting 
phenotypes, was further characterized through whole genome sequencing. Illumina sequencing with in 
total 4,02 108 reads resulted in an a deep sequence coverage (on average 150X) of 39 strains. 
Phylogenetic trees based on a large set of genes were constructed to characterize the genomic 
diversity at strain level. Furthermore a pangenomics approach was used to identify the accessory 
genome, which is frequently associated with adaptation to the local environment. Linking the gene 
content with the phenotype could further elucidate how rhizobia deal with abiotic stress.  
   
This work was funded by Flanders Innovation & Entrepreneurship (project number 150711). 
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What is the first step of symbiotic rhizobia speciation? “Wild” relatives of legumes existing in the so-
called centers of origin (1) can help us to answer this question. One of such plants is “beautiful pea” or 
Vavilovia formosa, originating from Caucasus, which belongs to Middle East center. And nowadays it 
is believed, according to comparative morphology, classical genetics and molecular phylogeny, to be 
the closest relative to the extinct common ancestor of tribe Fabeae (2). Thus, vavilovia and its 
microsymbionts might reveal important evolutionary stages of rhizobia-legume symbiosis. Host-
specificity in rhizobial genomes is determined by symbiotic genes, which most commonly are located 
on a separate replicon and do not affect the affiliation to the species. As Vavilovia belongs to Fabeae 
tribe all its nitrogen-fixing symbionts are expected to belong to Rhizobium leguminosarum bv. viciae 
species. In this report we analyzed nucleotide diversity of chromosomal (16S rDNA, ITS, GSII) and 
symbiotic (nodA, nodC, nodD, nifH) genes of rhizobia isolated from nodules of three distantly located 
populations of vavilovia (North Ossetia, Armenia, Dagestan) and compared them with genes of pea 
and clover symbionts. We demonstrated that the divergence of nucleotide sequences of vavilovia, pea 
and clover symbionts increases rapidly in the shift from chromosomal towards symbiotic markers. 
Then, despite vavilovia and pea microsymbionts belonging to the same species Rhizobium 
leguminosarum bv. viciae, vavilovia microsymbionts constitute a discrete group inside this species. No 
clusters relevant to geographic populations were detected inside this group. Tube-test experiment 
showed that some strains isolated from vavilovia has host-specificity towards vavilovia, and some not, 
forming nod+/fix+ nodules on vavilovia, pea and viciae. All vavilovia isolates carry nodX gene, which 
may indicate that they belong to the ancestral lines of rhizobia within this species. It is possible that in 
the course of further evolution this gene is lost with subsequent narrowing of host specificity. So, we 
detected that divergence of nucleotide sequences of symbiotic genes comes before strict host 
specificity. These results suggest that we observe early stages of sympatric evolution, where 
speciation is forced by the only factor of the host-plant and is not influenced by geographical isolation. 
 
(1) N.I. Vavilov. (1951) Cron. Bot. 13, 1-336  
(2) A. Mikić et al. (2013) Bot. J. Linn. Soc. 172: 524–531. 
 
This work is supported by RSF grant 14-26-00094. 
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Legume root nodules have been found to be inhabited by a wide range of different bacteria with a 
diversity that exceedes original expectations (1). It is also known that some of these microorganisms 
have plant growth promoting properties, or antifungal activity (2-4). These microbial traits can be used 
to enhance crop production or for disease control when inoculated in agricultural fields. The model 
plant Medicago truncatula naturally occurs in Southern California, and can be used to screen the 
endophytes found in the nodules. The study of the metagenome of the root nodule is a novel approach 
to understand the interactions between microorganisms living inside the nodule and their host, their 
role in the plant and their possible activity as plant growth promoters. 

Cultivation-dependent results. These studies indicate a high microbial diversity inside the 
nodules. We detected several diferent species belonging to a wide range of genera of three different 
phyla. Their similarity with already described type strains suggests that several are new strains 
belonging to the species or in some cases they could be new species. However, more studies need to 
be pursued before describing a new species. Experiments in planta show that some of these strains 
have PGPR capabilities. 

Cultivation-independent methods. The diversity inside the nodules and the abundance of 
different bacteria in the nodule has been studied in two samplings carried out in June and August of a 
dry year in California. The plasticity of the microbiome is clear, as it changes dramatically from the 
samples in June from those taken in August. The most abundant bacteria in both cases is Ensifer 
medicae, the classical nodule-forming and nitrogen-fixing symbiont of M. truncatula, but the 
colonization of the nodule by this bacterium is much higher in August, probably due to a more mature 
nodule in which the nitrogen-fixing areas of the nodule are more expanded. The bacterial diversity in 
the August nodules is lower. We are repeating the experiment to determine whether the same pattern 
in observed in a wet year. 
 
(1) Martínez-Hidalgo and Hirsch. 2017. Phytobiomes (Accepted) 
(2) Martínez-Hidalgo, P. el al. 2014. Sci rep, 4. 
(3) Martínez-Hidalgo, P., el al. 2015. Front microbiol. 6. 
(4) Maymon, et al. 2015. Front plant. sci. 6  
 
PMH is a postdoctoral fellow from JCyL-FEDER (Ref. SA058U16). This research was also supported 
in part by NSF IOS-1201735 and a Shanbrom Family Foundation grant to AMH. 
 
 
 
 
 
  



 
 
 

 

 
Parallel Session 2: Evolution, Diversity and Ecology of Nitrogen-Fixing Organisms 

 
73 

PAS2-O05 
 
Population genomics of Rhizobium leguminosarum 
 
J. Peter W. Young, Bryden Fields, Sara Moeskjær1, M. Izabel Cavassim Alves1, Asger Bachmann1, 
Ville Friman, Mikkel H. Schierup1, Stig Uggerhøj Andersen1 

 

University of York, York, UK 
1Aarhus University, Aarhus, Denmark 
 
peter.young@york.ac.uk 
 
Rhizobia, like many soil bacteria, have relatively large, complex and varied genomes. Comparative 
genomics provides insights into the organisation and evolution of these genomes. We sequenced 199 
strains of Rhizobium leguminosarum symbiovar trifolii from breeding trial sites in Denmark, France and 
the UK, and from Danish organic farms. Standard assembly and annotation by SPADES and 
PROKKA were augmented by custom scaffolding and annotation scripts. Sequence variation in core 
genes shared by all isolates revealed that the isolates were divided into the same five very distinct 
biological species (genospecies) reported previously in a single UK population (1). Their relative 
abundance varied among sites. Each of these genospecies had hundreds of additional genes that 
were absent from some or all of the other genospecies; we surmise that these determine species-
specific characteristics. More than twenty distinct plasmid replication groups were identified. All strains 
had the two large chromids (2), but the complement of smaller plasmids varied and the symbiosis 
genes were located on a variety of replicons. Many of the symbiosis plasmids were genospecies-
specific, but there were also promiscuous symbiosis plasmids that had spread across multiple 
genospecies. After accounting for population structure, there was residual linkage disequilibrium (LD) 
between symbiosis genes, but also between symbiosis genes and some other genes not previously 
implicated in symbiosis.  Other clusters of genes also showed LD independently, and might represent 
other functional modules. This study shows that bacterial genomes are fluid in part but highly 
organised, and provides insights into the adaptation of rhizobia to their hosts and to other challenges 
in their environment. 
 
(1) Kumar et al. (2015) Open Biol. 5: 140133. 
(2) Harrison et al. (2010) Trends Microbiol. 18: 141-148. 
 
This work is funded by Innovation Fund Denmark, through grant 4105-00007A awarded to Stig 
Uggerhøj Andersen. 
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A Polyphasic characterization of 30 bacteria isolated from root nodules of Medicago arborea (Medic 
tree) plants growing in 3 arid soils of the arid northeast region of Morocco was performed. The 
phenotypic, symbiotic, and cultural characteristics analyzed allowed the description of a broad 
physiological diversity among the isolates. The phenogram obtained showed 3 main clusters at a 
similarity coefficient of 78%. The results obtained suggest that the phenotype of these rhizobia might 
have evolved for adaptation to the local conditions. 

The genetic characterization, which consisted in a rep PCR using ERIC (Enterobacterial 
Repetitive Intergenic Consensus) primers, showed a great diversity and 3 groups and 8 clusters were 
delimited at a similarity level of 80%. However, the 16S rDNA sequences showed a perfect identity of 
all the isolates with Sinorhizobium meliloti published sequences. 
The results showed a relationship between rep-PCR fingerprinting and phenotypic techniques, which 
are complementary in diversity investigation and allowed revelation of relationships between M. 
arborea close-related bacterial isolates originated from different geographic location in the northeast 
area of Morocco. 
 
Keywords: Medicago arborea, rhizobium, 16S rDNA, bacterial diversity, ERIC-PCR 
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The type strain of a prospective B. shewense sp. nov., ERR11T, was obtained from nodules of legume 
tree Erythrina brucei in Ethiopia (1). The type strain B. yuanmingense CCBAU 10071T was isolated 
from the nodules of Lespedeza cuneata in Beijing, China (2). The genomes of CCBAU 10071T and 
ERR11T were sequenced by DOE-JGI and deposited at the DOE-JGI genome portal 
(http://www.jgi.doe.gov/). The CCBAU 10071T genome is arranged in 108 scaffolds and consists of 
8,201,522 bp length and 7,776 protein-coding and 85 RNA genes. The genome of ERR11T is 
9,163,226 bp in length and has 102 scaffolds, containing 8,548 protein-coding and 86 RNA genes. 
Both genomes contain symbiotic genes, which are homologous to the genes found in the complete 
genome sequence of B. diazoefficiens USDA110T. The nodulation genes nolYA-nodD2D1YABCSUIJ-
nolO-nodZ are organized in a similar way to that of USDA110T. The genomes harbor hypABFCDE 
genes that code the expression of hydrogenase, an enzyme that helps rhizobia to uptake hydrogen 
released by the N2-fixation process, and denitrifying genes napEDABC and norCBQD for nitrate and 
nitric oxide reduction, respectively. The genome of ERR11T contains additional nosRZDFYLX genes 
encoding nitrous oxide reductase. Based on multilocus sequence analysis of housekeeping genes, the 
novel species containing eight strains formed a unique group close to the B. ottawaense branch. 
Genome Average Nucleotide Identity (gANI) calculated between the genome sequences of ERR11T 
and close references revealed that strains belonging to B. ottawaense, USDA4 and Bradyrhizobium 
sp.CCBAU15615, with 95 % gANI were the closest strains to the strain ERR11T. This gANI value is 
lower than the cut-off value of gANI (>=96.5) between strains in the same species (3), confirming that 
ERR11T belongs to a novel species.  
 
 (1) Aserse et al. (2012) Mol Phylogenet Evol 65:595–609. 
 (2) Yao et al. (2002) Int J Syst Evol Microbiol 52, 2219–2230. 
 (3) Varghese et al. (2015) Nucleic Acids Res. doi:10.1093/nar/gkv657 
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Specificity in legume-rhizobia symbioses 
 
Mitchell Andrews, Morag E. Andrews 
 
Faculty of Agriculture and Life Sciences, Lincoln University, POBox 84, Lincoln 7647, New Zealand 
 
mitchell.andrews@lincoln.ac.nz 
 
Most species in the Leguminosae (legume family) can fix atmospheric nitrogen (N2) via symbiotic 
bacteria (rhizobia) in root nodules. Here, the literature on legume-rhizobia symbioses in field soils was 
reviewed, and genotypically characterised rhizobia related to the taxonomy of the legumes from which 
they were isolated. The Leguminosae was divided into three sub-families, the Caesalpiniodeae, 
Mimosoideae and Papilionoideae. Bradyrhizobium spp. were the exclusive rhizobial symbionts of 
species in the Caesalpinioideae but data are limited. Generally, a range of rhizobia genera nodulated 
legume species across the two Mimosoideae tribes Ingeae and Mimoseae but Mimosa spp. show 
specificity towards Burkholderia in central and southern Brazil, Rhizobium/ Ensifer in central Mexico 
and Cupriavidus in southern Uruguay. These specific symbioses are likely to be, at least in part, 
related to the relative occurrence of the potential symbionts in soils of the different regions. Generally, 
Papilionoideae species were promiscuous in relation to rhizobial symbionts, but specificity for rhizobial 
genus appears to hold at the tribe level for the Fabeae (Rhizobium), the genus level for Cytisus 
(Bradyrhizobium), Lupinus (Bradyrhizobium) and NZ native Sophora spp. (Mesorhizobium) and the 
species level for Cicer arietinum (Mesorhizobium), Listia bainesii (Methylobacterium) and Listia 
angolensis (Microvirga). Specificity for rhizobial species/ symbiovar appears to hold for Galega 
officinalis (Neorhizobium galegeae sv. officinalis), Galega orientalis (Neorhizobium galegeae sv. 
orientalis), Hedysarum coronarium (Rhizobium sullae), Medicago laciniata (Ensifer meliloti sv. 
medicaginis), Medicago rigiduloides (Ensifer meliloti sv. rigiduloides) and Trifolium ambiguum 
(Rhizobium leguminosarum sv. trifolii). Lateral gene transfer of specific symbiosis genes within 
rhizobial genera is an important mechanism allowing legumes to form symbioses with rhizobia 
adapted to particular soils. Strain specific legume rhizobia symbioses can develop in particular 
habitats. 
 
(1) Andrews and Andrews. (2017) Int. J. Mol. Sci. 18: 705. 
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Bradyrhizobium sp endosymbiote bacteria nodulate several species of spontaneous 
leguminous plants of Genisteae tribe from northeastern of Algeria  
 
Farida Boulila, Yasmina Bourebaba, Hadjira Ahnia, David Durán1, José M. Palacios1, Juan Imperial1,2, 
Tomás Ruiz-Argüeso1, Luis Rey1 
 
Laboratoire d’Ecologie Microbienne, Faculté des Sciences de la Nature et de la Vie, Université de 
Bejaia, 06000 Bejaia, Algeria 
1Departamento de Biotecnología y Biología Vegetal (ETS de Ingenieros Agrónomos), and Centro de 
Biotecnología y Genómica de Plantas (CBGP), Universidad Politécnica de Madrid, 28040 Madrid, 
Spain. 
2CSIC, Spain 
 
abadifarida@yahoo.fr  
 
218 bacterial isolates obtained from different legume species belonging to the Gensisteae tribe 
(Lupinus micruntus, Retama sphaerocarpa, Retama raetam and Cytisus vilosus) from different 
sampling sites in Algeria were studied. Cultivated on YMA medium these strains show a slow growth. 

The phylogenetic analysis based on 16S rDNA and the household genes of the representatives 
of these strains indicates that they belong to the genus Bradyrhizobium. A variety of Bradyrhizobium 
sp. (1, 2, 3) is present in this collection with the presence of strains that can lead to new species. 
 
(1) Boulila Farida et al., (2009). Syst. Appl. Microbiol. 32:245–255.  
(2) Ahnia, et al (2014). Antonie van Leeuwenhoek, J.Microbiol. ISSN 0003-6072, Volume 105 [6] 

1121–1129.  
(3) Bourebaba and al., (2016). Syst. Appl. Microbiol. 39 266–274. 

 
This study was supported by the AECID project A1/038234/11. Bourebaba acknowledges support of 
the National Exceptional. Program (PNE), a fellowship from the Ministry of Higher Education and 
Scientific research of Algeria at CBGP, Madrid. 
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Agrobacterium strains nodulate Phaseolus vulgaris in Spain 
 
Antonio Castellano-Hinojosa1,2, David Correa-Galeote1, Martha-Helena Ramírez-Bahena3,4, Jesús 
González-López2, Eulogio J. Bedmar1, Álvaro Peix3,4 
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18080-Granada, Spain 
2Department of Microbiology, Faculty of Pharmacy, University of Granada. Campus Cartuja, 18071-
Granada, Spain. 
3Instituto de Recursos Naturales y Agrobiología, IRNASA-CSIC, Salamanca, Spain 
4Unidad Asociada Grupo de Interacción planta-microorganismo (Universidad de Salamanca-IRNASA-
CSIC). Salamanca. Spain 
 
ach@ugr.es 
 
Agrobacterium strains are often found in legume nodules (1), but commonly as endophytes, and thus 
its ability to nodulate and establish effective N2-fixing symbiosis is controversial. Common bean 
(Phaseolus vulgaris) is native to Mesoamerica and the Andean region of Southamerica and was 
brought in Europe after the XV century. It has a wide host range and can be nodulated by a number of 
rhizobial species and symbiovars all over the world (1, 2, 3). 

In this work we isolated two strains from nodules of P. vulgaris growing in Southeast Spain, 
coded MOPV5 and MOPV6, whose 16S rRNA gene showed 99.6% similarity with A. deltaense 
YIC4121T, 99.5% with A. radiobacter ATCC 19358T and 99.2% with A. pusense NCIMB 14639T. 
Multilocus sequence analysis (MLSA) based on concatenated partial sequences of the recA and atpD 
genes showed ≤ 96% similarity with the housekeeping genes of the A. deltaense, A. radiobacter and 
A. pusense type strains, suggesting that these two strains could represent a new Agrobacterium 
species. The sequence of telA gene, involved in the linearity and hairpin-ended chromid of genus 
Agrobacterium (2), confirmed affiliation of strains MOPV5 and MOPV6. Both strains were confirmed to 
nodulate P. vulgaris after re-infectivity tests and the acetylene-dependent ethylene production assay 
confirmed capability for N2 fixation. Partial sequence of the nodC gene showed >99% similarity with 
those of symbiovar phaseoli present in Phaseolus vulgaris-nodulating Rhizobium strains, and 
therefore the symbiovar phaseoli is defined for the first time in genus Agrobacterium. 
 
(1) Peix et al. (2015) Crit. Rev. Plant. Sci. 34:1-3. 
(2) Ramírez-Bahena et al. (2004) Mol. Phylogenet. Evol. 73:202-207. 
(3) Shamselding et al. (2017) Symbiosis. 71:91-109. 
 
This study was supported by ERDF-cofinanced grant PE2012-AGR1968 from Consejería de Empleo, 
Empresa y Comercio (Junta de Andalucía, Spain). The stay of ACH in IRNASA-CSIC (Salamanca, 
Spain) was granted by Programa de Estancias Breves of University of Granada. Financial support of 
Junta de Andalucía to Groups BIO-275 and RNM-270 is also acknowledged. ACH is recipient of grant 
FPU14/01633 awarded by MECD. 
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Genome features of rhizobial microsymbionts of Vavilovia formosa confirm its 
“ancestral” status 
 
Elizaveta R. Chirak, Anastasiia K. Kimeklis, Evgeny E. Andronov, Nikolay A. Provorov 
 
ARRIAM, St.Petersburg, Russia 
 
chirak.elizaveta@gmail.com 
 
Vavilovia formosa is relict and endemic legume which is considered as a putative closest living relative 
of the last common ancestor of Fabeae tribe. Vavilovia’s root nodules harbor the wide range of 
microsymbionts including Bosea, Tardiphaga and Rhizobium strains. Whole genomes of 6 of these 
strains were sequenced in this work. 

Rhizobium strains are closely related to Rhizobium leguminosarum bv. viciae and probably are 
the true nitrogen-fixing symbionts of Vavilovia, because only in these genomes we detected the whole 
set of sym-genes (nodTONMLEDABCIJX, nifBAHDKEN and fixXCBAWNOQPGHIS genes). 

Despite the close relationships to R. leguminosarum bv. viciae, Vavilovia’s strains demonstrate 
a number of specific features: 
1. Phylogenetic analysis of sym-genes showed, that Vavilovia’s symbionts form the distinct clade 

from other rhizobia belonging bv. viciae; 
2. In comparison with other bv. viciae strains Vavilovia’s symbionts have more “spaciously” arranged 

Sym-region; 
3. One of these strains has sym-genes divided into two replicons: one with nif/fix -genes and second 

with nod-genes; 
4. All Rhizobium strains from Vavilovia have broad host range marker gene nodX, which is usually 

found in genomes of symbionts of Afghan lines of peas. 
To some extent all described genome features may be considered as “relict”, i.e. they mark the 

earlier stages of R. leguminosarum bv. viciae symbiotic genome evolution: assembly of symbiotic 
genes on one replicon with consequent compaction of the Sym-region and host specificity narrowing 
accompanied by loss of nodX gene. All these facts support ancestral status of the host plant Vavilovia 
formosa. 

 
(1) Safronova VI et al., 2014. Antonie Van Leeuwenhoek. Vol. 105 P. 389–399. 
(2) Chirak ER et al., 2016. Microbiology. Vol. 85. P. 708–716 
(3) Provorov NA and Andronov EE, 2016. Microbiology. Vol. 85. P. 131–139. 
 
This work is supported by RSF grant 14-26-00094. 
 
 
  



 
 
 

 

 
Parallel Session 2: Evolution, Diversity and Ecology of Nitrogen-Fixing Organisms 

 
81 

PAS2-P07 
 
Morphological, biological and genomic characterization of novel bacteriophages 
infecting Ensifer meliloti 
  
M. Teresa Cubo, Cynthia Alías-Villegas, Eduardo Balsanelli1, Leonardo M. Cruz1, Rodrigo A. 
Cardoso1, Emanuel de Souza1, M. del Rosario Espuny 
 
Departamento de Microbiología, Facultad de Biología, Universidad de Sevilla. Avda. Reina Mercedes 
6, 41012-Sevilla. Spain. 
1Department of Biochemistry and Molecular Biology, Universidade Federal do Paraná, C. Postal 
19046, 81531-980, Curitiva, PR, Brasil. 
 
cubo@us.es 
 
Bacteriophages are the most abundant organisms in the biosphere. Nowadays the interest in phage 
biology begin again due to a growing awareness of the number of phages in all bacterial dominated 
environments, and indeed in the genomes of bacteria following whole genome sequencing. The 
presence of rhizobiophages in soils suggests that through selection or elimination of certain types of 
rhizobia, the rhizobiophages possibly influence on the evolution of bacterial populations. 

The knowledge of Ensifer meliloti bacteriophages is still limited. This study describes the 
isolation of eight new phages specific for E. meliloti from the rhizosphere-soil of Medicago marina in 
two areas from the Southwest of Spain that are very polluted areas, with high concentration of heavy 
metals. The 30 E. meliloti strains used for this work were previously isolated from M. marina nodules 
of those two areas (1). Morphological and biological characterization of the new phages were studied 
through transmission electronic microscope (TEM), host range determination, and in few cases more 
studies were carried on as phage adsorption, one-step growth curve and burst size, growth curves of 
the host in the presence and absence of phages and genomic sequences. It was found different 
morphologies and behavior on the features tested on them. 
 
(1) Alías-Villegas et al. (2015) Syst. Appl. Microbiol. 38:506-514. 
 
This work was funded by Proyectos de Excelencia de la Junta de Andalucía (P10-AGR-5821) and 
VPPI-US. We are grateful to A. Fernández Estefane and M. Carballo Álvarez from Microscopy and 
Biology services respectively (CITIUS Universidad de Sevilla) for excellent technical assistance. 
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Astragalus gombiformis is nodulated by Mesorhizobium camelthorni in Eastern 
Morocco  
 
Mustapha Missbah El Idrissi, Kamal Guerrouj, Hanaa Abdelmoumen, Eulogio J. Bedmar1  
 

LMBM, Faculty of Sciences, Mohammed V University, Rabat, Morocco 
1Department of Soil Microbiology and Symbiotic Systems, Estación Experimental del Zaidín, CSIC. 
18080-Granada, Spain 
 

Astragalus gombiformis is a desert symbiotic nitrogen-fixing legume of great nutritional value as fodder 
for camels and goats. However, there are no data published on the rhizobial bacteria that nodulate this 
wild legume in northern Africa. Thirty-four rhizobial bacteria were isolated from root nodules of A. 
gombifomis grown in sandy soils of the South- Eastern of Morocco. Twenty-five isolates were able to 
renodulate their original host and possessed a nodC gene copy. The phenotypic and genotypic 
character- izations carried out illustrated the diversity of the isolates. Phenotypic analysis showed that 
isolates used a great number of carbohydrates as sole carbon source. However, although they were 
isolated from arid sandy soils, the isolates do not tolerate drought stress applied in vitro. The 
phenotypic diversity corresponded mainly to the diversity in the use of some carbohydrates.  

The genetic analysis as assessed by repetitive extragenic palindromic (REP)-polymerase chain 
reac- tion (PCR) showed that the isolates clustered into 3 groups at a similarity coefficient of 81 %. 
The nearly-complete 16S rRNA gene sequence from a representative strain of each PCR-group 
showed they were closely related to members of the genus Mesorhizobium of the family 
Phyllobactericeae within the Alphaproteobacteria. Sequencing of the housekeeping genes atpD, glnII 
and recA, and their concatenated phylogenetic analysis, showed they are closely related to 
Mesorhizobium camelthorni. Sequencing of the symbiotic nodC gene from each strain revealed they 
had 83.53 % identity with the nodC sequence of the type strain M. camelthorni CCNWXJ 40-4T. 
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Symbiotic dimensions of Trifolium biodiversity 

 
Maren L. Friesen1,3,4, Colleen Friel1, Aaron Garoutte1, Emily McLachlan1, Sharon Y. Strauss2, Andrew 
Siefert2  
 
1Department of Plant Biology, Michigan State University 
2Department of Evolution and Ecology, University of California, Davis 
3Department of Plant Pathology, Washington State University 
4Department of Crop and Soil Science, Washington State University 
 
Understanding the biodiversity of natural legume communities is has both basic and applied 
importance. Natural diversity in legumes and their associated microbes can be leveraged directly by 
breeders, and understanding the principles that structure this diversity is important for the 
sustainability and productivity of legumes in agronomic communities. Diverse North American 
Trifolium-Rhizobium communities are an exemplar system in which the roles of positive and negative 
feedbacks in coexistence can be dissected at molecular, functional, and taxonomic levels. This work 
integrates observational field surveys documenting long-term co-occurrence of closely related native 
Trifolium species with a series of manipulative field and greenhouse experiments aimed at exploring 
the drivers of coexistence. We find that negative frequency dependence in plant-plant competition can 
be influenced by the identity of rhizobial partners in a greenhouse experiment, and relate these 
patterns to multi-year data-sets. We also describe interaction networks using single strain inoculations 
and patterns of symbiont genomic diversity. The overarching goal of this work is to bridge organismal 
and community scales to predict coexistence and inform variation in biological nitrogen fixation. 
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The Evolutionary Moulding in plant-microbial symbiosis: coevolution of signal 
transduction system components 
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4M. V. Lomonosov Moscow State University, Moscow, Russia. 
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Russia. 
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Coordinated evolution of partners in nitrogen-fixing rhizobium-legume symbiosis was traced in 
nucleotide polymorphism of symbiotic genes encoding two components of the plant-bacteria signalling 
system: receptor NFR5 gene from the plant side and nodA gene involved in the NOD factor synthesis 
from the rhizobium side. 

We collected three wild growing legume species (30 samples per species) together with 
rhizosphere soil from one large fallow: the common vetch Vicia sativa, the meadow vetchling Lathyrus 
pratensis and the alsike clover Trifolium hybridum specifically forming symbiotic nodules with two 
Rhizobium leguminosarum biovars (viciae and trifolii). NFR5 gene libraries from plant pool and nodA 
gene libraries from nodule and soil pools were sequenced by Sanger technology and High-throughput 
pyrosequencing, respectively. Analysis of the data revealed the Evolutionary moulding effect, which 
was demonstrated by the next tree observations: (1) significantly increased diversity in nodule nodA 
gene popsets (set of sequences from populations) compared to corresponding soil popsets, (2) the 
relation between diversity of NFR5 gene in plant populations and nodA gene in nodule rhizobium 
populations was monotonic, (3) gene tree structures of plant popset was more similar to the 
corresponding nodule popset than to the soil popset. In addition to the Red Queen and the Red King 
hypothesis describing the evolution of host-parasitic and symbiotic systems mostly by ratios of 
evolutionary rates, the Evolutionary Moulding hypothesis appeals to incoordination of genetic 
diversities of symbiotic partners. To be specific, under Evolutionary Moulding, the slowly evolving 
partner (host) performs the role of “rigid matrix”, and the faster evolving partner (microsymbiont) 
provides a “flexible genetic material” shaped by the “rigid matrix”. The possible molecular mechanism 
of the Evolutionary Moulding was demonstrated by molecular modelling of plant receptor system. 
 
This work is supported by RSF grant 14-26-00094. 
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Analysis of rhizobial endosymbionts of Vicia, Lathyrus and Trifolium species used to 
maintain mountain firewalls in Sierra Nevada National Park (South Spain) 
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Molina1, Nicolás Toro, Encarna Velázquez1, Manuel Fernández-López2. 
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ana.vicente@eez.csic.es 
 
Forest fires cause the annual loss of many natural formations, which is an especially serious problem 
when they affect endemisms or threatened plants in natural parks as in the case of Sierra Nevada 
National Park (Southeast Spain). Therefore, one of the main goals of park management is fire 
prevention by creating firewalls areas. These can be maintained by livestock grazing, for which is 
required the enrichment of pastures growing in these areas with attractive plants for grazing sheep 
and goats (1, 2), for instance, with legumes establishing symbiosis with rhizobia. In this study, we 
analyzed the phylogenetic diversity and symbiovars of the rhizobia isolated from the nodules of six 
legume species from the genera Vicia, Lathyrus, and Trifolium naturally growing in a firewall zone in 
Lanjarón (Granada, Spain). The results revealed a high genetic diversity of the isolated strains 
according to rrs, recA, atpD and glnII sequences, showing 3, 16, 14 and 13 different types of these 
genes, respectively. Although all the studied isolates belonged to the R. leguminosarum phylogenetic 
group, none of them could be classified into any described species of this genus. The strains 
nodulating Vicia and Lathyrus belonged to symbiovar (sv.) viciae, and those isolated from Trifolium 
nodules, to sv. trifolii, however, high phylogenetic diversity was also found in both symbiovars (16 and 
14 nodC types, respectively). Some of our strains were related to strains isolated in other locations in 
Spain, other countries and even in other continents; nonetheless, here we reported the existence of 
several strains forming recA, atpD, glnII and nodC clusters and lineages which have only been found 
to date in Granada. 
 
(1) Pardini et al. (2007) Pers. Agrofor. Syst. 70:17-24. 
(2) Ruiz-Mirazo and Robles (2012) Agrofor. Syst. 86:477-491. 

This work was supported by ERDF (European Regional Development Funds) grant OAPN 748/2012 
from the Organismo Autónomo Parques Nacionales (Spanish Ministry of Environment) and 
20134R069-RECUPERA2020 grant from the Spanish Ministry of Economy and Competitiveness. 
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The caesalpinioid tree Erythrophleum ivorense nodulates with Rhizobium in African 
and Brazilian soils 
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Cameroon, in Central Africa, has a diverse climate and vegetation, and is particularly rich in legumes, 
with about 716 species in 165 genera and 23 tribes. A systematic survey of the nodulation status of 
leguminous trees and herbs was conducted in mainly forested areas, concentrating on sub-family 
Caesalpinoideae (s.l.), whereby 106 species in five genera were examined for nodules under field 
conditions. Two genera and a number of species from other genera were examined for the first time. 
No nodules were found on members of tribes Cercideae or Detarieae, but three species of 
Erythrophleum in tribe Caesalpinieae and four of Chamaecrista from tribe Cassieae were found to be 
nodulated, especially at Bafia in central Cameroon, at the transition between savannah and lowland 
forest. Nodulation of Erythrophleum ivorense was examined under nursery and greenhouse 
conditions. It took 3-6 months after inoculation for effective (N-fixing) symbiotic nodules to form on 
seedlings; these were spherical when young, but as they matured they became typically indeterminate 
and branched. Although Erythrophleum, including E. ivorense, is normally found to be nodulated by 
bradyrhizobia (1, 2), a rhizobial strain was isolated from the nodules (DUS855) and it was identified via 
its 16S rRNA, recA, nifH and nodA gene sequences as being related to R. tropici. DUS855 was 
capable of nodulating siratro, common bean and E. ivorense. Interestingly, E. ivorense grown in native 
Brazilian soils was also nodulated by Rhizobium strains, which contrasts with related Brazilian 
caesalpinioid legumes which are nodulated by bradyrhizobia ((3) and references therein). Effective E. 
ivorense nodules formed by Rhizobium and bradyrhizobia strains were very similar in structure when 
examined under the light and transmission electron microscopes, and in all cases examined the 
bacteroids were enclosed in “fixation threads”. The latter comprised a cell wall that was 
immunoreactive with a monoclonal antibody (JIM5) that recognises a pectin epitope. These data are 
discussed in terms of the evolution of nodulation in “basal” legumes within the newly circumscribed 
Caesalpinioideae sub-family (4). 
 
(1) Diabate et al. (2005) New Phytol. 166: 231–239. 
(2) Yao et al. (2014) Appl. Environ. Microbiol. 80: 6184–6194. 
(3) Fonseca et al. (2012) PLoS One 7: e49520. 
(4) Sprent et al. (2017) New Phytol. 215: 40-56. 
 
This work was partly financed by a CNPq/CAPES Science Without Frontiers award and by the 
Scottish Government. 
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Has Micromonospora an influence on the development and the structure of Medicago 
root nodules? 
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martinezhp@usal.es 
 
In addition to rhizobia, legume root nodules are inhabited by a large number of bacteria of different 
genera and belonging to three different Phyla (1). We now know that many of these bacteria have 
plant growth promoting properties, or antifungal activity (2-4). But until now we thought that these 
microorganisms did not have the capacity to induce or modify the nodulation process. In this study we 
analyzed the influence of Micromonospora on alfalfa nodulation. 
The first conclusion of this study is that Micromonospora can induce nodules in alfalfa roots and 
interestingly, these nodules show a shape similar to that of the nodules induced by Frankia. 

The nodules induced in alfalfa roots when Micromonospora is inoculated alone are few in 
number, they appear in one third of the inoculated plants and are large, coraloid and their cells are full 
of starch granules and no structure is observed that remembers to those of the typical legume roots 
nodules induced by Rhizobia. Micromonospora could not be detected within these nodules using any 
of the microscopy techniques available: LM, TEM and SEM. 

Co-inoculation of Micromonospora with Ensifer meliloti. In plants coinoculated with the two 
microorganisms coraloid nodules appear together with typical nodules, the later being more abundant. 
Microscopic observation showed no differences in nodular structure between the two types of nodules. 
The infected cells of nodules from co-inoculation treatments contain the typical symbiosomes and also 
clearly different elongated structures were observed. These structures are only observed in the co-
inoculation treatments with E. meliloti and Micromonospora under axenic conditions in mesocosmos 
experiments. In addition, this type of new structure is repeated in the observations made with optical 
microscopy as well as TEM and SEM, therefore we suspect that these new structures were due to the 
presence of Micromonospora in the nodule. Immunolocalization with the antimicromonospora antibody 
in nodule sections showed the presence of fluorescence-positive elongated micelar forms, isolated 
bacteria and putative spores. It can be concluded that these new structures appear due to the 
presence of Micromonospora inside the nodules of Medicago roots. 
 
(1) Martínez-Hidalgo and Hirsch. 2017. Phytobiomes (Accepted) 
(2) Martínez-Hidalgo, P. et al. 2014. Sci rep, 4. 
(3) Martínez-Hidalgo, P., et al. 2015. Front microbiol. 6. 
(4) Maymon, et al. 2015. Front plant. sci. 6  
 
PMH is a postdoctoral fellow from JCyL-FEDER (Ref. SA058U16). and grant to MFP AGL2013-40758-
R (Ministerio de Economía y Competitividad) 
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Predominant but previously-overlooked diazotrophs in wetland rice soils, unveiled by 
metatranscriptomics 
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Japanese farmers’ oral tradition says, “Wheat is harvested from fertilizer, rice is harvested from soil 
fertility”. This means crop growth in upland field largely depends on fertilization, while rice growth in 
wetland (paddy) fields largely depends on soil nitrogen fertility. In fact, good rice growths in non-N 
fertilized plots were observed in long-term field experiments carried out all over Japan. Microbial 
nitrogen fixation greatly contributes to the sustainable nitrogen fertility of wetland rice soils. As the 
major nitrogen fixers (diazotrophs) in wetland rice soils, phototrophic Cyanobacteria and rhizospheric 
Alpha-, Beta-, and Gammaproteobacteria have long been considered since early 1900s. Here, we 
report predominant but previously-overlooked other diazotrophs found in wetland rice soils. To 
investigate the diversity of diazotrophs in wetland rice soils, we performed a shotgun RNA sequencing 
analysis (metatranscriptomics) of RNA extracted from the soils. The sequences of nitrogen fixation 
gene (nif) transcripts were retrieved and taxonomically annotated to identify active diazotrophs in the 
soils. As a result, nif transcripts were frequently detected in the metatranscriptome, and most of them 
were, surprisingly, derived from Deltaproteobacteria, particularly the genera Anaeromyxobacter and 
Geobacter, known as iron reducing bacteria in wetland rice soils. Their nif genes have rarely been 
detected in the previous PCR-based studies, despite the frequent detection of the rRNA of these 
microbes in wetland rice soils (1). This might be because of the failure in PCR amplification of their nif 
genes with high GC content. In addition, our in silico analysis of soil metagenomic data in the public 
database revealed the ubiquitous presence in various soils of nif genes derived from 
Anaeromyxobacter and Geobacter. These previously-overlooked diazotrophs could be important 
drivers of nitrogen fixation not only in wetland rice soils but also other soil environments. Our study 
provides novel insights into the ecological function of Anaeromyxobacter and Geobacter, previously 
considered as iron reducing bacteria, in wetland rice soils and other soil environments (2). 
 
(1) Itoh et al. (2013) Microbes Environ. 28:370-380. 
(2) Masuda et al. (2017) Microbes Environ. In press. 
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Phylogenetic characterization of diazotrophic symbiotic bacteria isolated from 
Mimosa spp. plants growing in ultramafic soils   
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Rovenia Miranda de Andrade1, Helson Mario Martins do Vale2, Manuel Megías5, Fábio Bueno dos 
Reis Junior1  
 
1Embrapa Cerrados 
2Universidade de Brasília 
3Embrapa Agrobiologia 
4Universidade Federal do Paraná 
5Departamento de Microbiología, Facultad de Biología, Universidad de Sevilla. 
 
esaumegias@gmail.com 

It has been reported that Mimosa plants, native to Brazilian Cerrado ecosystem, establish symbiotic 
relationship with diazotrophic bacteria belonging to β-proteobacteria class. These bacteria belong 
mainly to genus Burkholderia and probably play a prominent role in N cycling in this ecosystem. There 
are evidences suggesting that environmental characteristics could determine the distribution of 
Burkholderia species. Therefore, it makes sense to believe that in such an environment as that of 
ultramafic soils, the biological nitrogen fixation can be carried out by not yet known microsymbionts. 
The objective of this work was to phylogenetically characterize diazotrophic bacteria isolated from 
nodules of Mimosa spp. plants in the ultramafic massif of Barro Alto (GO). To achieve this objective, 
phylogenetical analysis based on 16S RNA gene was conducted on nearly 60 isolates. Together with 
this an MLSA analysis using the housekeeping genes recA and gyrB was done on selected strains. 
Trees based on nitrogen fixation related genes (nifH and nodC) were also done to determine the 
possible origin of nitrogen fixation machinery in this selected strains. According to the obtained results 
from 16S RNA gene sequences analysis, the majority of the isolates belong to specie B. tuberum. Five 
of these isolates were selected to confirm these results by an MLSA study and the possible 
evolutionary origin of nitrogen fixation and nodulation genes. It’s expected that the results from present 
work help to better understand the symbiotic relationship between diazotrophic bacteria and legumes 
plants from soils with high metal concentration.  
 
Partially financed by Embrapa (02.13.08.001.00.00; 03.14.00.026.00.00; 03.14.00.094.00.00), INCT-
(MCTI/CNPq/CAPES/FAPS) (MPCPAgro 465133/2014-2), INCT-FBN, Mineradora Anglo American do 
Brasil. 
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Identification and characterization of rhizobia isolated from nodules of Mimosa spp. 
which efficiently nodulate Phaseolus vulgaris 
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In Brazil, plants from the genus Mimosa play an important role in N cycling in natural ecosystems. 
Several studies have indicated that Burkholderia spp. are the preferred microsymbionts of these plants 
in these environments (1, 2). However, a recent study showed that, under specific soil conditions, 
Rhizobium spp. could also be found in nodules of these plants in Brazil (3). In the present work, two 
bacterial strains, isolated from nodules of M. radula (R36) and M. acutistipula (R60), growing in natural 
environments, but with chemical characteristics similar to those described by Barauna et al. (2016) (3), 
were characterized and identified. The soil originated from Posse-GO, derived from limestone with 
high fertility and high pH from a site where deciduous seasonal forest predominates. Evaluations of 
phosphate solubilisation, production of AIA, production of melanin and nodulation capacity in different 
leguminous hosts were performed. To identify these strains, a phylogenetic study was conducted 
using the BOX-PCR and 16S rDNA gene sequencing techniques. The strains R36 and R60 showed 
the ability to solubilize phosphate and produce AIA and melanin, especially R60, which proved to be a 
major producer of this latter compound. Both strains were capable of forming nodules in M. pudica and 
Phaseolus vulgaris. The strain R60 was more efficient than the control Rhizobium tropici (CIAT899) in 
P. vulgaris. These strains formed inefficient nodules in Lotus burtii and didn’t nodulate soybean. In 
studies of biological activity in P. vulgaris, R60 was highly effective, doubling the number of nodular 
primordia presented by the CIAT899 strain, recommended for common bean inoculants in Brazil. Both 
strains had identical BOX-PCR profiles, while 16S rDNA sequencing showed that they were grouped 
within the Rhizobium genus, closest to R. rhizogenes and R. altiplani, a new species associated with 
M. pudica (3). Our results showed that these two strains of Rhizobium sp., especially R60, nodulate 
and efficiently fix nitrogen in P. vulgaris and present interesting biological activities, which together 
could be important for the possible application of these bacteria as inoculants for common bean 
plants. 
 
(1) Bontemps et al. (2010) Mol Ecol 19: 44–52. 
(2) Reis Junior et al. (2010) New Phytol 186: 934–946. 
(3) Barauna et al. (2016) Int J Syst Evol Microbiol 66: 1-7. 
 
Partially financed by Embrapa (02.13.08.001.00.00), INCT-(MCTI/CNPq/CAPES/FAPS) (MPCPAgro 
465133/2014-2), Ciência sem Fronteiras-CNPq (400205/2012-2) and MINECO AGL2016-77163-R. 
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Diversity and characterization of culturable endophytic bacteria from native 
leguminous plants grown in Mediterranean soils 
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Rosário Felix, Solange Oliveira†, Clarisse Brígido.  
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1Department of Biology, University of Waterloo, Waterloo, ON, Canada 
 
esthermenendez@uevora.pt 
 
Plants tissues harbor a high diversity of associated microbe communities that have an important 
influence on a wide range of plant health and development features. Bacterial endophytes are 
considered a subset of the plant microbiota, which may benefit plants by means of different plant 
growth-promoting mechanisms (1). The main goals of this work were to assess the diversity of 
endophytic bacterial strains existing within the root tissues of different native leguminous plant species 
grown in two Mediterranean soils with different issues (salinity and Mn toxicity), and to evaluate their 
ability to promote plant growth through different plant growth promotion traits. Moreover, the mode of 
entry of some endophytic bacteria was investigated. For that purpose, healthy roots of 12 different 
species of native legume belonging to the genera Trifolium, Ornithopus, Scorpiurus, Medicago, 
Lupinus and Vicia were collected. A total of 126 isolates were obtained and identified according to 
partial 16S rDNA gene sequencing. These isolates belong to 3 different phyla: Proteobacteria, 
Firmicutes and Actinobacteria. Most of the isolates were able to synthesize indoleacetic acid and 
nearly half of them exhibited cellulase activity. These isolates were also able to fix nitrogen, to 
solubilize inorganic phosphate and produce siderophores at different levels. Only a few of those 
endophytes exhibited 1-aminocyclopropane-1-carboxylate deaminase activity and antifungal activity 
against the pathogenic agent Fusarium oxysporum f. sp. ciceri. Based on identification and the 
presence of several in vitro plant growth promotion traits, a subset of 15 isolates was selected for 
further investigations. Our results showed that most of these isolates have the ability to increase the 
growth of canola roots under controlled gnotobiotic conditions and tolerance to high concentrations of 
NaCl, Mn and Al. In addition, some isolates were GFP/RFP-tagged to monitorize their entry to legume 
roots, confirming that these isolates are true endophytes. Moreover, several associations between 
specific plant growth-promoting traits, the soil features and the host legume species were found, 
suggesting that diverse endophytic bacteria are associated with specific hosts most likely due to their 
complementary mechanisms. Finally, we identified and revealed several endophytic bacteria with 
potential as plant growth promoting bacteria for agricultural purposes. 
  
(1) Hardoim et al. (2015) Microbiol. Mol. Biol. Rev. 79:293-320. 
 
This work was funded by FEDER - Fundo Europeu de Desenvolvimento Regional funds through the 
COMPETE 2020 - Operacional Programme for Competitiveness and Internationalisation (POCI), and 
by Portuguese funds through FCT - Fundação para a Ciência e a Tecnologia in the framework of the 
project POCI-01-0145-FEDER-016810 (PTDC/AGR-PRO/2978/2014) and the Strategic Project 
UID/AGR/00115/2013. Clarisse Brígido acknowledges a FCT fellowship (SFRH/BPD/94751/2013). 
B.R. Glick was supported by the Natural Science and Engineering Research Council of Canada. 
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Identification of endophytic bacteria from wheat roots and analysis of their plant 
growth promotion potential 
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Bacterial endophytes from wheat roots have been so far little studied despite the importance of this 
cereal for human feeding and the interest of its bacterial endophytes as potential biofertilizers (1, 2). In 
this study we isolated, characterized and identified a collection of bacterial endophytes inhabiting 
wheat roots by using MALDI-TOF MS and complete 16S rRNA gene sequencing. Up to 70% of 
isolates were directly identified by MALDI-TOF MS, showing that this technique is a reliable tool for 
identification of bacterial plant endophytes, whose potential will increase within a short time as the 
number of bacterial species will become available and be added to databases (3). The results showed 
the high diversity of wheat isolates with most of strains belonging to phyla Proteobacteria, Firmicutes 
and Actinobacteria. Several of these strains have in vitro mechanisms involved in plant growth 
promotion, such as ACC desaminase production, indole acetic acid biosynthesis, siderophores 
production, nitrogen fixation and phosphate solubilization. Selected strains belonging to the genera 
Paenibacillus and Bacillus were able to promote the plant growth of wheat in experiments carried out 
using sterile vermiculite as support. These results showed that endophytic strains isolated from wheat 
roots are good candidates for being used in biofertilization schemes. 
 
(1) Stets et al. (2013) J Biotechnol. 165:167–174. 
(2) Majeed et al. (2016) Front. Microbiol.6:198. 
(3) Singhal et al. (2015) Front. Microbiol.6:791. 
 
This work was funded by the MINECO project grant AGL2013-48098. 
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Common bean (Phaseolus vulgaris L.) is very valuable grain legume in human diet and its 
consumption can contribute to health improvement. Common bean production in Croatia is limited to 
small-scale farmers and generally neglected despite favourable environmental conditions. It is 
assumed that indigenous rhizobial strains with hidden potential for efficient nitrogen fixation are 
present in Croatian soils. The main aim of the present study was to determine genetic diversity and 
symbiotic efficiency of indigenous common bean rhizobia isolated from different field sites in the 
Northwestern Croatia. Identification of isolates was initially performed by MALDI-TOF MS. RAPD 
fingerprinting was used to assess rhizobial genetic diversity and to select representative strains for 
phylogenetic analysis, which included those of rrs, recA, atpD and nodC genes.  

The results obtained with MALDI-TOF MS methodology show that the strains from this study 
matched with different species from the Rhizobium leguminosarum phylogenetic group with score 
values higher than 2.0. The analysis of the core genes rrs, recA and atpD showed that most of strains 
isolated from common bean nodules in Croatia belong to the species R. leguminosarum and R. 
hidalgonense, a species recently described in America (1). Two strains were identified as R. pisi and 
several strains formed lineages phylogenetically divergent from all species currenlty encompassed in 
the Rhizobium leguminosarum phylogenetic group.  

The results of the nodC gene analysis showed that all indigenous common bean rhizobia from 
Croatian soils belong to symbiovar phaseoli. This is the first report about the existence of this symbiovar 
within the species R. pisi, which already contains strains from symbiovars viciae and trifolii (2). 

Symbiotic efficiency of selected indigenous strains and their compatibility with two common 
bean cultivars were tested in greenhouse experiment. Most efficient strains were those belonging to 
R.leguminosarum species. Further investigation is needed in order to select the most suitable strains 
for application as biofertilizer for sustainable common bean production in Croatia. 
 
(1) Yan et al. (2017) Arch Microbiol. 199(1):97-104.  
(2) Marek-Kozaczuk et al. (2013) Syst Appl Microbiol. 36(4):252-258. 
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Common bean (Phaseolus vulgaris L.) is the most important legume for human consumption in 
Central and South America, in Africa and in some Asian countries. The genetic centers of 
origin/domestication of common bean are in the Mesoamerican (main center) and in the Andean 
regions. Studies about the co-evolution of host legumes and their symbiotic partners are very 
important and may help to getting a better understanding on the symbiosis, as well as in the selection 
of strains and legumes with higher potential of N2 fixation. In both the Mesoamerican and the Andean 
regions the predominant microsymbiont of common bean is Rhizobium etli. We performed polyphasic 
studies with common bean rhizobial strains isolated from nodules of plants grown in Mexico and 
Ecuador. Emphasis has been given to the analyses by MLSA (Multilocus Sequencing Analysis) and by 
genome comparisons. Besides R. etli, isolates were grouped with other species, including R. 
radiobacter (previously Agrobacterium radiobacter) and R. miluonense. We described the species R. 
ecuadorense, including strains from Ecuador and we are proposing the new species Rhizobium 
esperanzae, with strains from Mexico. We also studying the strains grouped in the R. radiobacter 
clade, including genome sequencing, phenotypic and genetic characterization, in addition to detailed 
studies about nodulation and nitrogen fixation genes and symbiotic performance. Other studies carried 
out by our group with isolates of soybeans in Mozambique, Brazil and Paraguay and with common 
bean in several regions of Brazil have also identified strains that were clustered in the R. radiobacter 
clade, demonstrating that bacteria belonging to this group are promiscuous and broadly distributed. 
Altogether, these studies can help us to get a better understanding about the co-evolution of common 
bean and rhizobia, and in the case of the bacteria belonging to the R. radiobacter may help us to get 
insights about the evolution from pathogenic to the symbiotic plant-bacterium interactions.  
 
Funding: Embrapa (02.13.08.001.00.00), INCT-Plant-Growth Promoting Microorganisms for 
Agricultural Sustainability and Environmental Responsability (465133/2014-2)  
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Rhizobia persist as endophytes in Uruguayan waterlogged rice fields 
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Uruguayan rice production systems where rice rotates with perennial pastures of grasses and 
legumes are recognized by high yields and sustainability. Recently, soybeans have been included in 
such rotations. Rhizobia can exhibit plant growth promoting (PGP) activities and were reported as 
endophytes in non-legumes. This study aimed to characterize 20 rhizobial strains, used in legumes 
commercial inoculants, by PGP activities and the ability to promote initial growth on two rice varieties 
(El Paso 144 and Kambara 4) under controlled conditions. Also, the persistence of rhizobial strains as 
rice root endophytes when this cereal grows waterlogged in rotation with legumes was investigated. 
Surface-sterilized rice roots sampled from a long-term experiment with contrasting crop sequences 
were used to inoculate six legumes for most probable numbers (MPN) of endophytic rhizobia. The 
diversity of nodule occupants was assessed by BOX-PCR. Indolacetic acid production ranged from 5-
150 ug.mL-1. Swimming motility was found in 52% of strains, while 25% of strains formed biofilm in 
microtiter plates. Uniquely strain U1205 was able to degrade cellulose. In contrast, 100% of slow-
growing rhizobia were able to degrade pectin. Significant increases in initial growth of El Paso 144 rice 
variety were associated to rhizobial inoculation. Field-collected rice roots were found to contain 
rhizobia as endophytes. The MPN of soybean-nodulating rhizobia was low, and only detectable in crop 
rotations that included soybeans. Lotus-nodulating rhizobia were found in all crop rotations, but in 
higher numbers when perennial pastures rotate with rice. BOX-PCR fingerprinting showed high 
diversity among Lotus-nodulating isolates, whereas all soybean-nodulating isolates matched with the 
strains recommended for soybeans. This high and diverse population of endophytic rhizobia seems 
able to colonize rice roots, with the ecologic benefit of being protected from competition against other 
soil–rhizosphere microorganisms under field conditions. These rizobia-rice endophytic associations 
need a better understanding to unveil and exploit their role on sustainable rice production. 
 
This work was funded by CSIC, UdelaR. 
 
 
  



 
 
 

 

 
Parallel Session 2: Evolution, Diversity and Ecology of Nitrogen-Fixing Organisms 

 
96 

PAS2-P22 
 
Isolation and phylogenetic characterization of non-symbiotic Ensifer (Sinorhizobium) 
directly isolated from soil 
 
Amalia Soenens1, Juan Imperial1,2 
 
1Centro de Biotecnología y Genómica de Plantas (UPM-INIA), Pozuelo de Alarcón, 28223 Madrid 
(Spain).  
2Consejo Superior de Investigaciones Científicas (CSIC), Madrid (Spain).  
 
a.s.martinezdemurguia@gmail.com 
 
Members of the genus Ensifer (Sinorhizobium) establish important endosymbioses with legumes such 
as Glycine max, Medicago sativa (alfalfa) or the model plant Medicago truncatula (1). In this 
symbiosis, as in all rhizobial symbioses, legumes are able to feed from the nitrogen fixed by the 
bacteria, which makes them independent from any external fixed nitrogen supply. Their symbiotic 
capability relies on nod, nif and fix genes (50-100 genes). These genes are grouped in symbiotic 
islands within the symbiotic plasmids (pSyms) (2). 

Symbiotic islands can be lost or transferred in the soil/rhizosphere environment (3). For the 
isolation of symbiotic rhizobia (those containing the symbiotic genes) “plant traps” have traditionally 
been used. However, non-symbiotic populations have seldom been studied due to the absence of a 
methodology for their isolation. To this end, we developed a strategy, the Ensifer sp. direct isolation 
method, consisting of a combination of semi-selective media already described, with the use of a 
chromosomal genus marker developed in our laboratory (4). We describe the characterisation of 
Ensifer sp. populations isolated from two different soils using our strategy. Non-symbiotic populations 
were generally much larger and more diverse than the symbiotic populations. Two representative 
isolates from the same soil, one symbiotic and one non-symbiotic, that appeared to be very closely 
related (16SrRNA, recA and glnII phylogenies) were genome sequenced to high quality draft. The 
genomes of MMN_5 (a nodule isolate from Medicago sativa) and M_4_45 (a soil non-symbiotic 
isolate) showed very similar GC% content, 62.18 and 62.36, respectively. The genome size of the 
non-symbiotic isolate M_4_45 is slightly smaller (6.34 Mb) than that of the nodule isolate (6.63 Mb), 
consistent with the absence of symbiotic genes. Very high Average Nucleotide Identities (ANI) 
between strains indicate a high similarity between the aligned portions of the genome sequences. 
Genome sequence alignment revealed highly syntenic chromosomes, in contrast to pSym plasmids.  
 
(1) Sugawara, M et al. (2013) Genome Biol. 14, R17-R17.  
(2) Lagares, A et al (2014) Microbiol Spectr. 2(5):PLAS-0005-2013. 
(3) Finan, T. M (2002) J Bacteriol. 184(11): 2855–2856. 
(4) Wu, D. Y et al. (2013) Plos one. 8(10): e77033. 
 
We gratefully acknowledge Drs. Francisco Perea, Francisco Temprano, and Dulce Rodríguez (IFAPA 
Las Torres-Tomejil) for their help and support for soil sampling. Supported by CSB2009-00006 and 
CBGL2011-26932, MINECO, Spain. 
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Since their discovery at the end of XIX century, rhizobia (root-nodule bacteria) have been almost 
exclusively studied with culture-dependent approaches. In the case of the genus Bradyrhizobium, the 
combined efforts of many authors have resulted in the delineation of over 40 species, apart from more 
than one hundred unnamed groups that have been detected in the housekeeping gene trees. 
Although generally effective, it has been assumed that “classical” methods reveal only a small portion, 
out of the total diversity within rhizobium communities. These limitations seem to be mainly due to the 
preference shown by rhizobia to legume species inhabiting the areas they originate from or due to 
their unequal symbiotic affinity to legume species used as traps. Taking into account these inherent 
limitations, the amplification of nifD was performed on DNA templates isolated from soil samples, 
collected earlier in lowland locations in the Rio Grande do Sul, in south-eastern Brazil. These nifD 
sequences were compared to nifD dataset derived from Bradyrhizobium strains isolated from root 
nodules collected directly in the sampling areas or from the nodules of several legume species used 
as rhizobium traps. Selected Bradyrhizobium strains were further characterized by MLSA sequencing 
of five housekeeping and nodA symbiotic gene markers.  

Both applied approaches revealed the significant level of diversity which characterizes the 
diazotrophic Bradyrhizobium communities in south-eastern Brazil. However, the majority of nifD 
sequences obtained in culture-independent trials grouped separately with respect to nifD haplotypes 
obtained in previous studies or formed a cluster comprising also photosynthetic Bradyrhizobium 
strains. The largest “symbiotic” nifD cluster encompassed type strains of Bradyrhizobium embrapense 
(SEMIA6208T), Bradyrhizobium tropiciagri (SEMIA6148T), Bradyrhizobium viridifuturi (SEMIA690T), 
which suggested that this nifD group may belong to the most common among symbiotic bradyrhizobia 
in Brazil. Furthermore, the large number of nifD sequences grouped within Clade I – the predominant 
cluster across Australia (1). The relative ubiquity of Clade I haplotypes may reflect the widespread 
occurrence of invasive Australian Acacia species in south-eastern Brazil.  
 
(1) Stępkowski et al. (2012) Mol Phylogenet Evol. 63:265-277. 
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Rhizobium laguerreae is the main symbiont of cultivated lentil in Morocco: Genetic 
diversity, population structure, PGP activities and symbiotic efficiency 
 
Kaoutar Taha1, Imane El Attar1, Samia Dekkiche3, Jamal Aurag1, El Bekkay Berraho1, Gilles Béna2. 
 
1Laboratory of Microbiology and Molecular Biology (LMBM), Faculty of Science, University 
Mohammed V-Rabat, Morocco. 
2Interactions Plant Microorganismes Environnement Laboratory (IPME) – IRD Montpellier, France. 
3Microbial Ecology Laboratory, University Mentouri, Ain Elbye, Constantine, Algeria. 
 
kaoutaha@gmail.com 
 
Cultivated lentil (Lens culinaris Medik.) holds an important place in agricultural systems in many 
countries. Its origin is the Near East, Mediterranean basin was among the first areas where the spread 
of this legume crop began. In Morocco, production of this crop occupies the third place at the national 
rank of food legume production after pea and chickpea. Despite the high importance of this legume, 
no study on genetic diversity of its native rhizobia has ever been reported. In this work, our 
investigation targets lentil-nodulating rhizobia collected from the four main producing regions of 
Morocco.  

Based on genetic diversity, population structure, and phylogenetic position of 268 isolates, our 
analyses of three housekeeping genes recA/glnII/atpD (32 different haplotypes) and nodulation gene 
nodC (36 haplotypes) demonstrated for the first time that Rhizobium laguerreae is by far the main 
symbiont of the cultivated lentil in Morocco. In addition, Rhizobium leguminosarum bv. viciae was only 
recovered from two sampling sites (Casablanca-Settat and Rabat-Kenitra). Furthermore, analyses of 
glnII gene revealed the presence of a second paralog gene in 30% of the Rhizobium laguerreae 
population, including 12 different haplotypes, and forming a cluster related to Rhizobium 
leguminosarum nodulating lentil, as well as other legumes from different continents. Based on 
population structure in all the collection, three lineages were obtained and distributed differently in the 
four biogeographic zones.  

Thereafter, 29 different R. laguerreae isolates were characterized for their pH, NaCl and 
temperature tolerance, Plant Growth Promotion traits (IAA, phosphate solubilizing) and for their 
symbiotic nitrogen fixation efficiency. The overall results allowed the identification of three groups and 
showed that there is no significant correlation between these parameters and the genetic diversity. 
Among the 29 inoculated strains, 13 resulted in an increase in plant dry matter equivalent to 50% of 
that given by the nitrogen enriched-control, while the 3 isolates that gave more than 76% were 
selected for further trials under drought stress. 
 
Keywords: Genetic diversity, population structure, Rhizobium laguerreae, Rhizobium leguminosarum 
bv. viciae, efficiency. 
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Patterns of diversity and host range of bacteriophage communities associated with 
bean-nodulating bacteria 
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Etcheverry1, Víctor González 
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Chamilpa, Cuernavaca, Morelos CP 62210. Apdo. Postal 565-A. México.  
1Facultad de Ciencias Naturales, Universidad Nacional de Salta, Calle Buenos Aires 177, 4400 Salta, 
Argentina. 
 
jannick@ccg.unam.mx 
 
Bacterial viruses or bacteriophages are the most abundant and most diverse biological entities on 
earth and play a key role in shaping bacterial communities and in facilitating horizontal gene transfer 
among bacterial hosts. However, the diversity and ecology of bacteriophages remains largely 
unexplored. This is especially true for bacteriophages associated with soil bacteria, such as rhizobia.  

Although the biogeography of bacteriophages is believed to be strongly linked to the 
biogeography of their hosts, Zhang & Buckling (1) showed that, across heterogeneous environments, 
migration among bacterium and bacteriophage communities was limited as a result of coevolutionary 
divergence (i.e. ‘isolation by adaptation’). Similar processes have been suggested for the rhizobium-
legume interaction (2). Furthermore, bacteriophages are generally better at infecting local hosts than 
allopatric hosts as a result of their faster rate of evolution in comparison to their host.  

Our aim is to elucidate whether the diversity and host ranges of rhizobiophages associated with 
common bean-nodulating rhizobia are locally structured. We sampled rhizobia and associated 
rhizobiophages from three common bean (Phaseolus vulgaris) fields in Mexico. The diversity of 
rhizobia and rhizobiophages is being determined by Sanger sequencing and whole genome 
sequencing, respectively.  

The community of rhizobiophages is widely variable showing individuals with small genomes 
(±6 kb), medium size genomes (±60 kb) and large genomes (±100 kb). Rhizobiophages with small 
genomes (Microviridae) are particularly abundant in one of the three fields examined, indicating that 
communities of rhizobia and rhizobiophages are distinct among bean populations from the three local 
fields. Indeed, host range assessments indicate that despite Rhizobium being rare in a field dominated 
by Sinorhizobium, multiple rhizobiophages able to infect both Sinorhizobium and Rhizobium were 
detected. However, these broad host range rhizobiophages were absent in other bean fields, where 
Rhizobium was dominant. Our results indicate that even in short geographical distances, rhizobia and 
phage communities are genetically differentiated and locally coadapted. 
 
(1) Zhang & Buckling (2016) Ecol. Lett. 19:1479–1485. 
(2) Van Cauwenberghe et al. (2016) Oikos 125:1755–1761. 
 
This work is funded by PAPIIT-UNAM IN209817 to VG. 
 
 
 
 



 
 
 

 

 
Parallel Session 3: Chemistry, Biochemistry and Biotechnology of Nitrogenase 

 
100 

 
 
 
 
 

PARALLEL SESSION 3 
Chemistry, Biochemistry and  

Biotechnology of Nitrogenase 
 

Oral Presentations 
 

  



 
 
 

 

 
Parallel Session 3: Chemistry, Biochemistry and Biotechnology of Nitrogenase 

 
101 

PAS3-O01 
 
Systematic analysis of nitrogen fixation cluster transfer to plant-associated bacteria 
 
Min-Hyung Ryu, Jing Zhang, Christopher A. Voigt 
 
Synthetic Biology Center, Department of Biological Engineering, Massachusetts Institute of 
Technology, Cambridge, MA 02139, USA 
 
minhryu@gmail.com 
 
Legumes establish the symbiotic relationship with rhizobia to obtain fixed nitrogen in exchange for 
organic acids. This symbiosis is highly selective, meaning that only subset of legumes can benefit 
from particular rhizobia via elaborate molecular dialogues for nodulation. However, cereal crops 
cannot acquire nitrogen using nodulation. A few groups of nitrogen fixing bacteria have been isolated 
from crops, but their contribution to plant nitrogen economy is considered to be low and host range-
restricted. Here, we first created a large part library for precision multigene cluster control in the model 
plant-associated bacteria. Based upon the well-established genetic system, we have mined nitrogen 
fixation (nif) pathways from representative diazotrophs (10 nif clusters, 394 genes) and systematically 
transferred them and measured nitrogenase activity in E. coli and plant-associated bacteria. Further, 
we are able to control nitrogenase activity either by engineering the synthetic nif clusters or the native 
regulatory systems of the nif pathways. Ribosome profiling reveals that the optimal stoichiometry of nif 
cluster expression is approached using fully characterized and modular system across disparate 
hosts.  
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Balancing electron flow and energy metabolism during diazotrophic growth through 
electron bifurcation by the Fix energy conserving electron transferring flavoproteins 
 
John W. Peters 
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Flavin based electron bifurcation is a fairly recently realized biochemical phenomenon that is being 
billed by some as a new fundamental mechanism of energy conservation. Electron bifurcation is 
mainly associated with aspects of anaerobic metabolism, where maximizing energy conservation is of 
paramount importance for survival. Electron bifurcation has also been implicated in managing electron 
flow for diazotrophic growth of a number of organisms. Diazotrophic growth or growth under nitrogen-
fixing conditions is very energy demanding and requires large amounts of ATP and low potential 
reducing equivalents. Anoxygenic phototrophic bacteria grow well diazotrophically, but unlike plants 
and cyanobacteria, they do not generate low potential electrons during photophophorylation. Instead, 
some phototrophs including the purple nonsulfur bacterium Rhodopseudomonas palustris, use the 
FixABCX complex to couple the NADH-dependent exergonic reduction of quinone to quinol with the 
endergonic reduction of ferredoxin through electron bifurcation. Reduced ferredoxin is then the 
electron donor to nitrogenase. FixABCX has been shown Harwood group at University of Washington 
to be essential for diazotrophic growth in R. palustris. Coupling endergonic and exergonic reactions in 
this manner is a very interesting biochemical process and we are really just beginning to understand 
the mechanism of this process. Recent results on the mechanism of electron bifurcation will be 
discussed. 
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Modular electron-transport chains from eukaryotic organelles function to support 
nitrogenase activity  
 
Jianguo Yang1, Xiaqing Xie1, Mingxuan Yang1, Ray Dixon2, Yi-Ping Wang1 
 

1State Key Laboratory of Protein and Plant Gene Research, College of Life Sciences, Peking 
University, Beijing 100871, China 
2Department of Molecular Microbiology, John Innes Centre, Norwich NR4 7UH, United Kingdom 
 
A large number of genes are necessary for the biosynthesis and activity of the enzyme nitrogenase to 
carry out the process of biological nitrogen fixation (BNF), which requires large amounts of ATP and 
reducing power. The multiplicity of the genes involved, the oxygen sensitivity of nitrogenase, plus the 
demand for energy and reducing power, are thought to be major obstacles to engineering BNF into 
cereal crops (1). Genes required for nitrogen fixation can be considered as three functional modules 
encoding electron-transport components (ETCs), proteins required for metal cluster biosynthesis, and 
the “core” nitrogenase apoenzyme, respectively. Among these modules, the ETC is important for the 
supply of reducing power. In this work, we have used Escherichia coli as a chassis to study the 
compatibility between molybdenum and the iron-only nitrogenases with ETC modules from target plant 
organelles, including chloroplasts, root plastids, and mitochondria (2). We have replaced an ETC 
module present in diazotrophic bacteria with genes encoding ferredoxin–NADPH oxidoreductases 
(FNRs) and their cognate ferredoxin counterparts from plant organelles. We observe that the FNR–
ferredoxin module from chloroplasts and root plastids can support the activities of both types of 
nitrogenase. In contrast, an analogous ETC module from mitochondria could not function in electron 
transfer to nitrogenase. However, this incompatibility could be overcome with hybrid modules 
comprising mitochondrial NADPH-dependent adrenodoxin oxidoreductase and the Anabaena 
ferredoxins FdxH or FdxB. We pinpoint endogenous ETCs from plant organelles as power supplies to 
support nitrogenase for future engineering of diazotrophy in cereal crops. Our latest progress on 
further manipulation of nitrogenase systems for facilitating transfer to plant organelles will be 
discussed.  
 
(1) Vicente, E.J. and Dean, D.R. (2017) Keeping the nitrogen-fixation dream alive. Proc Natl Acad Sci 

U S A. 114 (12): 3009-3011, doi:10.1073/pnas.1701560114 
(2) Yang, J., Xie, X. Yang, M. Dixon, R. and Wang, Y.P. (2017) Modular electron-transport chains from 

eukaryotic organelles function to support nitrogenase activity. Proc Natl Acad Sci U S A. 114 (12): 
E2460-E2465, doi:10.1073/pnas.1620058114 
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Azotobacter vinelandii cytochrome b’: a novel flavocytochrome involved in the oxygen 
protection of the iron-only nitrogenase 
 
Febin Varghese, Andrea Fantuzzi, Burak V. Kabasakal, Jörg Schumacher, James W. Murray* 
 

Department of Life Sciences, Sir Ernst Chain Building, Imperial College London, London, SW7 2AZ, 
UK. 
 
f.varghese@imperial.ac.uk ; *j.w.murray@imperial.ac.uk 
 
Nitrogen fixation Azotobacter vinelandii is paradoxical: nitrogenase, is oxygen sensitive, but the 
organism is an obligate aerobe and can fix nitrogen in super-atmospheric levels of oxygen. 
Nitrogenase protection from oxygen is usually grouped into two classes, “conformational” protection 
mediated by the FeSII protein, and respiratory protection, based on rapid consumption of oxygen in 
the cell. A novel b-type cytochrome (b’) co-purified with the iron-only nitrogenase and is hypothesised 
to be involved in oxygen protection of the iron-only nitrogenase. The cytochrome has a reduction 
potential of -400mV. We have expressed and purified the cytochrome b’, and solved the crystal 
structure to atomic resolution (1 Å). The protein is homodimeric, with one heme per monomer. To our 
surprise, the protein has an additional FAD cofactor adjacent to each heme. The UV-visible absorption 
spectra for dithionite-reduced cytochrome b’ in anaerobic conditions showed that the haem is fully 
reduced at lower concentrations of reductant compared with the FAD, suggesting that electron transfer 
occurs from a suitable donor to the FAD before subsequently being transferred to the heme. Coupled 
enzyme assays with ferredoxin and a Ferredoxin-NADP+ Reductase (1) suggest that the b’ 
cytochrome is an oxygen reductase that quickly reduces oxygen to water with the transfer of four 
elections. Our study provides the first insight into the structure, catalytic activity and biological 
functions of cytochrome b’ in the oxygen protection of the iron-only nitrogenase in A. vinelandii. 
 
(1) Zannetti et al. (1980) Methods. Enyzmol. 69[22]:250-255 
  
This work was funded by the BBSRC/NSF under the “Nitrogen Ideas Lab: Oxygen-Tolerant 
Nitrogenase” grant (BB/L011468/1, NSF 1331218). 
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Investigation of nitrogenase cofactors by Spatially Resolved Anomalous Dispersion 
refinement (SpReAD) 
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Biological nitrogen fixation relies on a few microorganisms producing nitrogenase, the only enzyme 
that catalyzes the reduction of dinitrogen (N2) in ammonium (NH4

+). Nitrogenase is constituted of two 
components: the reductase, which contains a [4Fe:4S] cluster, and the catalytic moiety, which 
encloses two cofactors: a [8Fe:7S] P-cluster, and a [heterometal:8Fe:7S:C:homocitrate] cofactor. To 
date, only molybdenum-nitrogenase (Mo-nitrogenase), containing a [Mo:8Fe:7S:C:homocitrate] 
cofactor termed FeMo-co, has been structurally characterized, although FeV-co of the vanadium-
nitrogenase could be spectroscopically described. The reactivity of these cofactors, their electronic 
structure, and even the precise binding site of the substrates remain subjects of discussion. Therefore, 
methods to describe the redox characteristics of these clusters constitute a necessary tool to further 
understand the mechanism of nitrogenase.    

We present here advances in the development of Spatially Resolved Anomalous Dispersion 
refinement (SpReAD). This method relies on the X-ray absorption properties of heavy atoms, and 
allows notably the assignment of iron oxidation states. Developed using the [2Fe:2S] cluster of the 
ferredoxin Fd4 of Aquifex aeolicus (1), SpReAD analysis could shed light on the electron distribution in 
the complex FeMo-co of the Mo-nitrogenase of Azotobacter vinelandii in the resting state (2). Using 
the PN-cluster as an internal reference for nitrogenase, the oxidation states of the iron atoms of FeMo-
co could be attributed, revealing that the irons (Fe1/3/7) are more reduced than the other four 
(Fe2/4/5/6). 

In order to improve the precision in the SpReAD methodology, we have undertaken a 
comparative study of the redox properties of the clusters of various ferredoxins that have been 
previously structurally characterized. The FdxA ferredoxin of Pyrococcus furiosus, due to the particular 
properties of its [4Fe:4S] cluster, which can be readily oxidized in a [3Fe:4S] cluster but also 
reconstituted as a [heterometal:3Fe:3S] cluster (3), is a particularly interesting model. SpReAD 
analysis could also be performed on the [4Fe:4S] cluster of the reductase moiety of Mo-nitrogenase, 
and will be applied to characterize the cofactors of V-nitrogenase.        
 
(1) O. Einsle et al. 2007, J Am Chem Soc, 129, 2210-2211. 
(2) T. Spatzal et al. 2016, Nat Commun, 7, 10902. 
(3) K. K. P. Srivastava et al. 1993, Inorg Chem, 32, 927-936 
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Expression of the nitrogenase iron-molybdenum cofactor maturase NifB in 
mitochondria of Saccharomyces cerevisiae 
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28223, Pozuelo de Alarcón, Madrid, Spain 
 
stefan.buren@upm.es 
 
Expression of the prokaryotic nitrogenase protein in a eukaryotic host, in order to develop N2 fixing 
cereal crops, could revolutionize agricultural systems worldwide. For this to succeed, a deeper 
understanding of the processes involved in the formation of an active nitrogenase protein is required, 
and importantly how this can be accomplished in an eukaryotic and aerobic plant cell background1,2. 
One of the main hurdles to overcome is achieving NifB activity for the generation of NifB-cofactor 
(NifB-co). The NifB product NifB-co is an eight-iron precursor, acting as an intermediate cluster in the 
synthesis of the iron-molybdenum cofactor (FeMo-co) of the molybdenum-iron nitrogenase. Because 
of its oxygen sensitivity and instability, NifB activity and NifB-co maturation is believed to be one of the 
most difficult pieces to solve in the puzzle of generating an active plant nitrogenase. Targeting of 
nitrogenase components to the mitochondria has potential advantages because of the organelle’s high 
O2 consumption, and the presence of bacterial-type iron-sulfur cluster biosynthetic machinery3,4. In this 
work, NifB proteins were expressed and targeted to the mitochondria of Saccharomyces cerevisiae. 
Yeast expressed NifB was purified and biochemically assayed. 
 
(1) Curatti and Rubio (2014) Plant Sci. 225, 130–137. 
(2) Jimenez-Vicente and Dean (2017) Proc. Natl. Acad. Sci. 201701560. 
(3) Burén et al. (2017) ACS Synth. Biol. acssynbio.6b00371. 
(4) Lopez-Torrejon et al. (2016) Nat. Commun. 7, 11426. 
 
Funding for this research was provided by the Bill & Melinda Gates Foundation Grant and 
OPP1143172. 
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Diversity and functional analyses of NifB-cofactor maturase (NifB) for its 
implementation in eukaryotic systems 
 
Carlos Echavarri-Erasun, Emilio Jiménez-Vicente, Stefan Burén, Jose María Buesa, Luis M. Rubio 
 
carlos.echavarri@upm.es 
 
The generation of cereal plants able to express nitrogenase, and thus of utilizing atmospheric 
nitrogen, has the potential of changing agriculture systems worldwide (1, 2). One of the main hurdles 
to engineering nitrogenase in a non-nitrogen fixing host is achieving NifB activity. NifB catalyzes a low-
potential SAM-radical dependent reaction and is extremely unstable and sensitive to oxygen (3). The 
product of NifB activity is called NifB-co, a complex iron-sulfur cluster that serves as obligate 
intermediate in the biosynthesis of the active-site cofactors of all known nitrogenases (4). Here we 
study the diversity and phylogeny of naturally occurring NifB proteins, their protein architecture and the 
role of its distinct domains in order to understand what defines a catalytically active NifB protein. 
Special emphasis is given to NifB proteins from the thermophiles Chlorobium tepidum and 
Methanocaldococcus infernus, showing in silico characterization of their nitrogen fixation (nif) gene 
clusters, phylogenies and protein architectures, as well as functional studies using in vivo and in vitro 
complementation of an Azotobacter vinelandii (ΔnifB) mutant. Furthermore, analysis of a Klebsiella 
oxytoca strain carrying a truncated NifB variant is provided, defining essential and non-essential NifB 
motifs in nitrogen fixing mesophiles. Finally, strategies to select among different NifB variants for 
implementation in eukaryotic systems are discussed. 
 
(1) Curatti and Rubio (2014) Plant Sci. 225, 130–137. 
(2) Jimenez-Vicente and Dean (2017) Proc. Natl. Acad. Sci. 201701560. 
(3) Wilcoxen et al (2016) JACS 138, 7468-7471. 
(4) Guo et al (2016) Angew Chem Int Ed Engl 55, 12764-12767. 
 
Funding for this research was provided by the Bill & Melinda Gates Foundation OPP1143172 
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Structural basis of nitrogenase conformational protection from oxygen in Azotobacter 
vinelandii 
 
Febin Varghese, Burak V. Kabasakal, James W. Murray 
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Nitrogenase is irreversibly inhibited by oxygen. Despite this, Azotobacter vinelandii is an obligate 
aerobe, and can grow diazotrophically in super-atmospheric oxygen concentrations. The nitrogenase 
is protected via two broad mechanisms. Firstly, “respiratory” protection, where oxygen is rapidly 
consumed. Secondly, “conformational” protection, in which the nitrogenese is in an inactive but 
oxygen resistant state. The conformational protection is mediated by the FeSII or Shethna II protein, 
which forms a ternary complex with the MoFe and Fe proteins. The FeSII protein has a [2Fe:2S] 
cluster, and a ferredoxin fold. A structure of FeSII was recently published recently (1). We have 
independently solved a higher resolution structure at 1.6 Å, and examined FeSII in solution by circular 
dichroism and SAXS. We are also investigating FeSII homologues from other diazotrophs.  
  
(1) Schlesier et al. (2016) JACS. 138:239-47 
 
This work was funded by the BBSRC/NSF under the “Nitrogen Ideas Lab: Oxygen-Tolerant 
Nitrogenase” grant (BB/L011468/1, NSF 1331218). 
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Adaptation of the GoldenBraid modular cloning system and creation of a toolkit for 
the expression of mitochondrial proteins in yeast 
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Synthetic biology methods and tools need to be developed to facilitate rapid and efficient engineering 
of yeast that accommodates the necessities of specific biotechnology projects.  

We have adapted a modular cloning system, the GoldenBraid2.0 (1), for the integration of 
transcriptional units in two different sites of the yeast chromosome characterized by a high expression 
level (2). We have also generated a toolkit comprising various promoters, terminators and selection 
markers that facilitate the generation of multigenic constructs and allow the reconstruction of 
biosynthetic pathways within Saccharomyces cerevisiae.  

To facilitate the specific expression of recombinant proteins within the mitochondrial matrix, the 
toolkit includes an array of mitochondrial targeting signals that we have tested at different growth 
conditions. The manipulation of the mitochondrial proteome has interesting potential applications. One 
of these advantages reside in the fact that metalation occurs after protein import into the organelle, 
which contains pools of iron, zinc, copper, and manganese ions that can be utilized in recombinant 
metalloprotein metalation reactions. Another advantage is that mitochondria are suitable organelles to 
host oxygen sensitive proteins since their high respiration rate creates a low oxygen environment 
within the matrix (3). 

As a proof of concept, we present the integration and expression of fourteen nitrogen fixation 
(nif) genes, some of which are known to require different metalloclusters to accumulate and to be 
highly sensitive to the presence of oxygen.  
  
(1) Sarrion-Perdigones et al. (2013) Plant Physiol. 162(3):1618-31. 
(2) Flagfeldt et al. (2009) Yeast 26(10):545-51. 
(3) Pierrel et al. (2007) Biometals 20(3-4):675-82. 
 
This work was supported by Ramón y Cajal Grant from the Ministerio de Economía y Competitividad 
de España RYC-2012-10367 and Bill & Melinda Gates Foundation Grants OPP1042444 and 
OPP1143172. 
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The role of the general stress response in the Bradyrhizobium diazoefficiens - legume 
symbiosis 
 
Hans-Martin Fischer, Barbara Müller, Anja Michel, Silvan Strebel, Janine Wülser, Jean-Malo 
Couzigou, Raphael Ledermann 
 
ETH Zurich, Institute of Microbiology, Zurich, Switzerland 
 
fischeha@ethz.ch 
 
Regulation of the general stress response (GSR) in the nitrogen-fixing soybean symbiont 
Bradyrhizobium diazoefficiens is based on a partner-switching mechanism involving the extracellular 
function (ECF) σ factor σEcfG, its anti-σ factor NepR, and the anti-σ factor antagonist PhyR (1). We 
have shown that a functional GSR not only is required for stress tolerance in free-living conditions, but 
also for a balanced symbiotic interaction with host legumes (2). Nodule formation induced by a 
B. diazoefficiens mutant lacking σEcfG is delayed and numerous nodules are aberrant, indicating that 
σEcfG is needed for normal nodule organogenesis. Our recent cellular analyses revealed that GSR-
deficient mutants are strongly impaired in infection thread (IT) formation leading to aborted, empty or 
only partially colonized nodules with some of them reprogrammed to lateral roots. Though delayed, 
plants infected with σEcfG-deficient mutant bacteria eventually reach normal levels of nitrogenase 
activity, indicating that the endosymbiotic life style of bacteroids and nitrogen fixation per se do not 
require a functional GSR. These findings are further corroborated by our observation that σEcfG is 
active in B. diazoefficiens cells forming microcolonies in curled root hairs (infection pockets) and in 
invading cells inside of ITs but not in mature, nitrogen-fixing bacteroids. To identify the σEcfG-
dependent gene(s) responsible for the symbiotic phenotype, we investigated the σEcfG regulon in 
further detail. Notably, we found that mutants lacking the trehalose biosynthesis genes otsA and/or 
otsB (encoding the trehalose-6-phosphate pathway) phenocopy the σEcfG knockout. In addition, we 
found that spatio-temporal control of trehalose biosynthesis is crucial for IT formation and effective 
symbiosis (see abstract PAS4-P11 by R. Ledermann et al.). These findings point to a crucial role of 
the disaccharide in early infection, the role of which is currently further investigated and will be 
discussed.  
 
(1) Francez-Charlot et al. (2015) Trends Microbiol. 23:164-171. 
(2) Gourion et al. (2009) Mol. Microbiol. 73:291-305. 
 
This work was funded by grants of the Swiss National Science Foundation (31003A_153446/1 and 
31003A_173255) and grants from ETH Zurich. 
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Bacteroid differentiation depends on the master regulator of bacterial cell cycle in 
Sinorhizobium meliloti 
 
Francesco Pini1, Shuanghong Xue1, Elisa Giuntini1, Benoit Alunni2, Florian Lamouche2, Maryline 
Foglino1, Peter Mergaert2, Emanuele G. Biondi1 

 
1Aix-Marseille Univ, CNRS UMR 7283 LCB, 13009 Marseille, France 
2Institute for Integrative Biology of the Cell, UMR9198 CNRS-CEA-Université Paris-Sud, Université 
Paris-Saclay 
 
ebiondi@imm.cnrs.fr 
 
During the nitrogen fixing symbiosis in Medicago species, the alphaproteobacterium Sinorhizobium 
meliloti undergoes an elaborate cellular differentiation within host root cells. This differentiation results 
in massive amplification of the genome, cell branching and elongation, and loss of reproductive 
capacity (1). In the closely related alphaproteobacterium Caulobacter crescentus, cellular 
differentiation is tightly linked to the cell cycle via the activity of the master regulator CtrA, and recent 
research in S. meliloti suggested that CtrA might also be key to cellular differentiation during 
symbiosis. We recently showed that depletion of CtrA in free living cells causes cell elongation, 
branching and genome amplification, similar to features observed in nitrogen-fixing bacteroids (2, 3). 

We present here that the cell cycle regulated proteolytic degradation of CtrA is essential in S. 
meliloti and all mutants of the CtrA degradosome are impaired in the differentiation process. As CtrA 
must be absent in mature bacteroids allowing a proper nitrogen fixation we hypothesized that CtrA 
proteolysis may play a crucial role in bacteroid development and possibly triggered by NCR plant 
peptides. Finally we discovered that strains expressing lower levels of active CtrA are able to increase 
the size of alfalfa with respect to wild type-infected plants. 

Our findings provide valuable insight into bacteroid differentiation and how highly conserved 
genetic networks can evolve in the establishment of an extremely complex symbiotic interaction. 
 
(1) Mergaert P et al., (2006) Proc. Natl. Acad. Sci. U. S. A. 103: 5230–5235 
(2) Pini F et al., (2015) PLoS Genet. 11: e1005232 
(3) Pini F et al., (2013) Mol. Microbiol. 90: 54–71 
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PAS4-O03 
 
Characterization of the first rhizobial small RNA regulator involved in symbiosis 
 
José I. Jiménez-Zurdo, Marta Robledo, Natalia I. García-Tomsig, Alexandra Peregrina, Anke Becker1 
 
Estación Experimental del Zaidín, Consejo Superior de Investigaciones Científicas (CSIC), Granada, 
Spain 
1LOEWE Center for Synthetic Microbiology and Faculty of Biology, Philipps Universität, Marburg, 
Germany 
 
jijz@eez.csic.es 
 
Small non-coding RNAs (sRNAs) are ubiquitous components of regulatory networks underlying 
adaptation of bacteria to environmental changes. In this work, we have genetically approached the 
function of a yet uncharacterized trans-sRNA called NfeR1 (Nodule Formation Efficiency RNA), which 
was previously identified in the alfalfa symbiont Sinorhizobium meliloti (1-3). Northern blot probing and 
transcription tracking with fluorescent promoter-reporter fusions uncovered high nfeR1 expression in 
response to high external salt concentrations and at all steps of the symbiotic interaction. The strength 
and differential regulation of nfeR1 transcription are conferred by a conserved motif identifiable in the 
promoter regions of nfeR1 α-proteobacterial homologs. Lack of NfeR1 compromised osmoadaptation 
of free-living bacteria, whilst altering expression of salt-responsive genes related to stress adaptation, 
ectoine catabolism and membrane processes. Nodulation assays revealed that the NfeR1 mutant was 
impaired in competitiveness, infectivity, nodule development and symbiotic efficiency on alfalfa roots. 
Computer predictions and a genetic reporter assay unveiled a redundant role of three identical NfeR1 
anti Shine-Dalgarno motifs for targeting and translation inhibition of multiple mRNAs encoding ABC 
transport proteins. Our data provide genetic evidence of the yet undemonstrated hyperosmotic 
conditions of the endosymbiotic compartments. We propose that NfeR1-mediated gene regulation in 
response to this signal could contribute to coordinate nutrient uptake with the metabolic reprograming 
demanded by the symbiotic transitions. 
 
(1) del Val et al. (2007) Mol. Microbiol. 66:1080-1091. 
(2) del Val et al. (2012) RNA Biol. 9:119-129. 
(3) Robledo M., Peregrina, A. et al. (2017) Environ. Microbiol. DOI 10.1111/1462-2920.13757. 
 
This work was funded by ERDF-cofinanced grants AGL2009-07925 and BFU2013-48282-C2-2-P from 
MINECO. 
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PAS4-O04 
 
Regulatory cross-talk by the phosphotransferase systems in R. leguminosarum  
 
Carmen Sánchez-Cañizares1, Francesco Pini1, Jürgen Prell2, Philip Poole1 

 

1Department of Plant Sciences, University of Oxford. South Parks Road, OX1 3RB Oxford (United 
Kingdom) 
2Soil Ecology, RWTH, Aachen (Germany).  
 
carmen.sanchez-canizares@plants.ox.ac.uk 
 
The phosphoenolpyruvate:carbohydrate-phosphotransferase system (PTS) is the key signal 
transduction pathway involved in the regulation of carbon metabolism in Gram-negative and Gram-
positive bacteria (1). In many Gram-negative bacteria, including the rhizobia, this carbohydrate-PTS 
system has undergone an evolutionary loss of most of its components, with only ManX remaining. In 
most bacteria PTSNtr represents an alternative PTS system encoded by the genes ptsP, npr and ptsN, 
which preserves the phosphotransfer components. The lack of the permeases associated with sugar 
translocation suggests an exclusively regulatory role for both ManX and PtsN (2), with phosphorylation 
of these two proteins extremely important to control different biological process in the cell. The 
intermediate protein, Npr, which receives phosphate via PtsP, modulates this phosphorylation. The 
activation of this phosphorylation cascade seems to be nitrogen-regulated through the GAF-sensing 
domain present on PtsP, which acquires the phosphate from phosphoenolpyruvate.  

In this work we show the regulation of these two PTS systems mediated by nitrogen availability, 
showing the effect on ABC transport systems and the TCA cycle, both regulated by PtsN (3) and 
ManX, respectively. The overall aim of this project is to understand how N-fixing bacteria thrive in 
different nutritional niches adapting their metabolism. This fine-tuned coordination of intracellular 
signals seems to be exerted by the PTS system, coupling biochemical and morphological factors in 
the cell and allowing the establishment and maintenance of an effective N-fixing symbiosis. 
 
(1) Pfluger-Grau K and Gorke B (2010) Trends Microbiol. 18:205-214. 
(2) Doucette CD, et al. (2011) Nature Chemical Biology 7, 894–901. 
(3) Prell J, et al. (2012) Mol. Microbiol. 84:117-129. 
 
This work was supported by the BBSRC grant BB/N003608/1. 
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PAS4-O05 
 
Coordinated assembly and transfer of Mesorhizobium tripartite symbiosis islands 
 
Timothy L. Haskett1, Jason J. Terpolilli1, Graham W. O’Hara1, Callum Verdonk2, Vinoy K. 
Ramachandran3, Philip S. Poole3, Josh P. Ramsay2 
 
1Centre for Rhizobium Studies, Murdoch University, Perth, WA 6150, Australia 
2School of Biomedical Sciences and Curtin Health Innovation Research Institute, Curtin University, 
Perth, WA 6102, Australia 
3Department of Plant Sciences, University of Oxford, South Parks Road, Oxford, OX1 3RB, U.K. 
 
T.Haskett@murdoch.edu.au 

Symbiosis islands are a group of integrative and conjugative (ICE) mobile genetic elements, 
widespread in Mesorhizobium spp., that confer on their host the ability to form nitrogen-fixing 
symbioses with legumes. Horizontal transfer of symbiosis ICEs converts non-symbiotic mesorhizobia 
into legume symbionts in a single evolutionary step. We recently discovered a new group of ‘tripartite’ 
symbiosis ICEs that exist as three separated chromosomal regions capable of recombining in the 
bacterial chromosome to assemble into a contiguous circular element prior to horizontal transfer (1). 
Recombination of these tripartite ICEs is sequentially catalyzed by three site-specific recombinases, 
IntS, IntG and IntM. Although the three recombination reactions can proceed in any order to resolve 
the ICE into its circular form, some pathway intermediates produce non-viable chromosomal 
configurations, suggesting that assembly of these elements is coordinated. In the present work, we 
reveal, that assembly and transfer of tripartite symbiosis ICEs are activated by quorum sensing (QS). 
Overexpression of two QS genes, traR and traI1, stimulates assembly of the three tripartite ICE 
regions, leading to conjugative transfer of the circular element. Using RNA-sequencing of QS-active 
cells, reporter assays and qPCR assays to detect ICE recombination in transfer-attenuated mutants, 
we have demonstrated that the recombination directionality factor RdfS, previously shown to activate 
single-part ICE excision, also coordinates tripartite ICE assembly by stimulating IntG, IntM, and IntS-
mediated recombination. Here, we present our current model detailing the molecular events which 
coordinate assembly and transfer of these complex tripartite mobile genetic elements. 
 
(1) Haskett et al. 2016, PNAS, 113(43), 12268-12273 
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A C-terminal region of the Bradyrhizobium diazoefficiens transcription factor FixK2 
plays a key role in protease recognition, DNA binding and activity 
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Noemí Fernández, Hauke Hennecke1, Eulogio J. Bedmar, Socorro Mesa 
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1Institute of Microbiology, ETH-Zürich, Zürich, Switzerland 
2Proteomics and Biochemistry Unit, Andalusian Centre for Developmental Biology, CSIC-Pablo de 
Olavide University, Seville, Spain  
 
socorro.mesa@eez.csic.es  
 
FixK2 is a key regulator that controls numerous genes required for anoxic, microoxic and 
endosymbiotic nitrogen-fixing lifestyles of Bradyrhizobium diazoefficiens, including the fixNOQP 
operon that codes for the ccb3-type terminal oxidase essential for bacterial respiration within the 
microoxic environment of the nodules (1). FixK2 is a CRP/FNR-like transcription factor, proteins that 
control gene expression in response to an extensive variety of intracellular and environmental signals 
(2). In particular, FixK2 activates its targets by binding via a C-terminal motif (L195E196XXXR200) to a 
conserved DNA sequence present at regulated promoters (FixK2 box, (3)). FixK2 is postranslationally 
controlled by oxidation, and by proteolysis, both by general degradation by the ClpAP1 chaperone-
protease system, and by specific cleavage of its last twelve amino acids (between V220 and L221) 
(reviewed in (4)). Indeed, the C-terminus of FixK2 constitutes the main recognition site for ClpA (4). 

Here, we performed a functional analysis of the C-terminal part of FixK2. Firstly, we constructed 
a battery of plasmids expressing protein variants with C-terminal modifications: (i) truncated 
derivatives; (ii) proteins with mutations at the cleavage site; (iii) chimerical proteins with a predicted 
similar or different secondary structure. While any kind of modification at the C-terminus protected the 
proteins from cleavage, mutations in the cleavage site yielded variants that were cleaved even faster 
that the wild-type protein. We next tested the different proteins with regard to their DNA binding 
capacity (using surface plasmon resonance), and in vitro and in vivo activities (indirectly determined 
by monitoring transcription of the fixNOQP promoter in an in vitro transcription activation assay or by 
measuring expression of a fixNOQP’-‘lacZ fusion, respectively). Among all proteins, only the 
chimerical variant which preserves residues R222, N223 and R224, was able to interact partially with 
the FixK2 box at the fixNOQP promoter which yielded in its transcription activation, although less 
efficient than the wild-type protein. These residues seem to be relevant for positioning the C-terminal 
part correctly, as they interact with other amino acids within the DNA-binding domain (3). Therefore, 
the C-terminal FixK2 sequence seems to be important not only in the posttranslational control by 
proteolysis, but also for its DNA binding capacity and activity. 
 
(1) Mesa et al. (2008) J. Bacteriol. 190:6568-6579. 
(2) Körner et al. (2003) FEMS Microbiol. Rev. 27, 559-92. 
(3) Bonnet et al. (2013) J. Biol. Chem. 288:14238-14246. 
(4) Fernández et al. (2016) Biological Nitrogen Fixation and Beneficial Plant-Microbe Interactions. 

Springer International Publishing Switzerland. doi: 10.1007/978-3-319-32528-6_6. 
 
This work was supported by FEDER-cofinanced grants AGL2011-23383 and AGL2015-63651P 
(MINECO, Spain). Support from the Junta de Andalucía to group BIO-275 is also acknowledged.  
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β-rhizobial symbiosis: new insights from transcriptome, proteome and metabolome 
analysis  
 
M. Lardi, Y. Liu, N. Zamboni1, C. H. Ahrens2, G. Pessi 
 
Institute of Plant Biology, Department of Microbiology, UZH Zurich, Switzerland 
1Institute of Molecular Systems Biology, Department of Biology, ETH Zurich, Switzerland 
2Agroscope and Swiss Institute of Bioinformatics (SIB), Wädenswil, Switzerland 
 
gabriella.pessi@uzh.ch  
 
Various β-proteobacteria of the genera Cupriavidus and Burkholderia have recently been shown to be 
able to establish a nitrogen-fixing symbiosis with legumes. At present, very little is known about the 
molecular determinants underlying the successful symbiosis between legumes and the so called β-
rhizobia.  

In this study, we use a multi-layered functional genomics analysis on root nodules and free-
living rhizobia by state-of-the-art comparative genomics, RNA-Seq, shotgun proteomics, and 
metabolomics to get first insight into β-rhizobial symbiosis.  

A first genome-wide expression analysis on Burkholderia phymatum – Phaseolus vulgaris root 
nodules confirmed that genes and proteins coding for known important symbiotic functions such as 
nitrogen fixation and hydrogenase were significantly up-regulated during symbiosis. In addition, genes 
coding for flagella and type VI secretion system showed decreased expression in nodules suggesting 
that these functions are not needed for life inside the plant. Currently, we are investigating several 
genes and proteins highly expressed and up-regulated in P. vulgaris root nodules for their potential 
role in symbiosis. Preliminary studies showed that beside the key transcriptional regulator NifA, 
another 54 activator is playing an important role inside P. vulgaris root nodules. 
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PAS4-P01 
 
First analysis of the Sinorhizobium fredii HH103 SyrM protein  
  
Sebastián Acosta-Jurado, Pilar Navarro-Gómez, Lidia Cuesta-Berrio1, Miguel A. Rodríguez-Carvajal1, 
José E. Ruiz-Sainz, José M. Vinardell  
  
Departamento de Microbiología, Facultad de Biología, Universidad de Sevilla, Avda. Reina Mercedes 
6, C.P. 41012, Sevilla, Spain.  
1Departamento de Química Orgánica, Facultad de Química, Universidad de Sevilla, Sevilla, Spain  
  
sacosta@us.es 
  
Sinorhizobium fredii HH103 is a broad host-range and fast-growing bacterium that nodulates 
determinate and indeterminate legumes (1). Sequencing of the S. fredii HH103 genome and RNA-seq 
analysis have let us to know some regulators inducible by flavonoids. SyrM is a LysR transcriptional 
activator whose expression is increased with genistein and regulates gene expression by binding to 
DNA sequences called SyrM boxes. The set of genes regulated by SyrM includes nodD2, which 
regulates the expression of genes involved in Nod factor production, as it occurs in S. fredii NGR234 
(2). In S. meliloti, in addition to nod genes expression, SyrM also activates syrA, a regulator involved 
in succinoglycan (EPSI) production.  

In this work we analyzed the effect of S. fredii HH103 syrM inactivation on surface 
polysaccharide production and symbiotic performance with Glycine max (soybean) and two species of 
Lotus, L. burttii and L. japonicus, in which S. fredii HH103 induces nitrogen-fixing nodules and 
ineffective nodules, respectively. We constructed a syrM deleted mutant of as well as the 
complemented version by introduction of a wild-type copy of syrM gene in cis. The exopolysaccharide 
(EPS) production was analyzed by growing the different strains on YMA plates supplemented or not 
with genistein. The appearance of ΔsyrM on YMA plates was more mucoid than the wild type and the 
complemented version of the mutant. The syrM mutant also exhibited a decrease in EPS production 
upon treatment with genistein, but this reduction was smaller than that of the wild-type strain (3). This 
increase was confirmed by quantification of glucose equivalents in the supernatant by the anthrone-
H2SO4 method. In the presence of flavonoids (but not in their absence), the biofilm formation capacity 
of the syrM mutant was significantly higher than that of the wild type. The symbiotic phenotype of the 
HH103 syrM mutant was dependent on the host legume. With soybean, this mutant showed a 
reduction in the number of nodules and shoot dry weight, whereas exhibited enhanced symbiotic 
performance with Lotus. Moreover, the ΔsyrM mutant was able to nodulate L. japonicus Gifu plants in 
contrast to the wild type that only formed innefective nodules.  
  
(1) Margaret et al. (2011). J. Biotechnol. 155:11-19.  
(2) Kobayashi et al. (2004). Mol. Microbiol. 51:335-47.  
(3) Acosta-Jurado et al. (2016). PLoS One. 11:e0160499  
  
This work was supported by projects by projects BIO2011-30229-C01 and BIO201678409R of the 
Ministerio de Ciencia e Innovación of the Spanish government, and by the V and VI Plan Propio of the 
University of Seville (VPPI-US).  
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Sinorhizobium meliloti SVQ747 nolG mutants improve first steps of the symbiotic 
interaction with Medicago sativa  
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Francisco Temprano2, María J. Soto3, M. Rosario Espuny1 
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6, C.P. 41012, Sevilla, Spain.  
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3Departamento de Microbiología del Suelo y Sistemas Simbióticos, Estación Experimental del Zaidín, 
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calias@us.es  
  
The nolG gene of Sinorhizobium meliloti belongs to the operon nodM-nolFG-nodN whose expression 
is activated in response to luteolin (1). NodM provides glucosamine to synthesize the oligosacaridic 
backbone of de Nod factors (1). NodN function is still unknown, although its aminoacidic sequence 
shows a conserved domain in bacterial proteins with specific enoyl-CoA hydratase activity. In silico 
analysis of nolFG suggests that these genes codify a MDR (Multidrug Resistance) pump of RND 
(Resistance, Nodulation and cell Division) type, where NolG is the inner membrane transporter and 
NolF is the MFP (Membrane Fusion Protein) which connects the transporter with the third component 
of the system, a protein located in the outer membrane (OMF). The symbiotic function of the pump 
codified by nolFG is not clear, moreover the substrates transported are also unknown. The Tn5 
insertion in any of these genes in S. meliloti AK631 provoked a nodulation delay and a nodule number 
reduction in Medicago sativa (alfalfa) (1). However, the nolG deletion did not show any symbiotic 
phenotype (2).  

We have made two nolG mutants in S. meliloti SVQ747 (by insertion of lacZ-GmR cassette, and 
by deletion) and both showed an improvement of the first steps of the symbiotic process in alfalfa. 
Both mutants were better alfalfa-root colonizers and showed a higher competitiveness ability respect 
to the wild type strain. Finally, the nodulation kinetic exhibited a greater number of nodules formed by 
the two mutants in comparison with the wild type, 10 and 17 days after inoculation. Nevertheless, 
these enhancements at the first steps of the symbiotic process did not resulted in increases of the 
symbiotic efficiencies at the end of the process, since the shoot dry weight, the nodule dry weight and 
the number of nodules of plants inoculated with the mutants and with the wild type strain were not 
different. Curiously, the symbiotic phenotype of the insertion mutant was more drastic than that 
showed by the deletion mutant.  
  
(1) Baev et al. (1991). Mol Gen Genet 228: 113-124.  
(2) Eda et al. (2011). Appl Environ Microbiol 77: 2855-2862.  
  
This work was funded by Proyectos de Excelencia de la Junta de Andalucía (P10-AGR-5821) and by 
the V Plan Propio of the University of Seville (VPPI-US).  
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Dissection of Bradyrhizobium diazoefficiens FixK2 protein-DNA interaction 
 
Juan J. Cabrera, Sara Casado, Laura Tomás-Gallardo1, Andrea Jiménez-Leiva, María. J. Torres, 
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juan.cabrera@eez.csic.es 
 
In the facultative soybean endosymbiont Bradyrhizobium diazoefficiens, the FixK2 protein plays a key 
role in a complex regulatory network which controls a large number of genes required for anoxic, 
microoxic, and symbiotic growth (1). FixK2 is a CRP/FNR-type transcription factor, proteins that as 
dimers interact with a conserved DNA sequence located at the promoter region of regulated genes via 
a C-terminal helix-turn-helix (HTH) motif (2). Particularly, residues L195, E196, and R200 within the 
HTH of FixK2 interact respectively with positions 1, 12, 3 and 11 of the specific DNA recognition site 
(FixK2 box; TTG[A/C]-N6-[T/G]CAA) (3).  

To map the crucial determinants of FixK2-DNA interaction, we performed a functional 
mutagenesis at protein and DNA levels. We first constructed three FixK2 derivatives where L195, 
E196, and R200 were individually exchanged to alanine. Secondly, we introduced specific nucleotide 
exchanges within the genuine FixK2 box at the fixNOQP promoter which is a direct target of FixK2. As 
negative control, we used the FixK2 box present at the promoter of the norCBQD genes, which are not 
directly activated by FixK2 (4). Next, we analyzed real-time protein-DNA interaction by using surface 
plasmon resonance (SPR) and we indirectly determined FixK2 activity in vitro and in vivo, by 
monitoring transcription activation in vitro of the fixNOQP promoter or by measuring -galactosidase 
activity of a fixNOQP’-‘lacZ fusion, respectively. While the R200A FixK2 protein was severely impaired 
in DNA interaction and activity, both L195A and E196A FixK2 derivatives behaved similarly as the wild-
type protein. In SPR experiments, purified FixK2 bound effectively to its genuine box (KD = 4.4 x 10-9 
M, Ka = 4.9 x 106 M-1 s-1, Kd = 2.1 x 10-3 s-1), while altering nucleotides 1-to-5 and 10-to-14 completely 
abolished any interaction. Transversion of T at position 11 (to A) reduced FixK2 binding affinity (KD = 
7.7 x 10-8 M). However, the introduction of a second mutation at position 10 (A versus T), yielding in a 
worse palindromic sequence, did not reduce FixK2 affinity further to that observed for the norCBQD 
promoter (no binding). We are currently analyzing how these mutations within the FixK2 box affect 
expression of the fixNOQP’-‘lacZ fusion in vivo. 

 
(1) Mesa et al. (2008) J. Bacteriol. 190:6568-6579. 
(2) Körner et al. (2003) FEMS Microbiol. Rev. 27, 559-92. 
(3) Bonnet et al. (2013) J. Biol. Chem. 288:14238-14246. 
(4) Bueno et al. (2017) Nitric oxide. doi: 10.1016/j.niox.2017.02.002. 
 
This work was funded by grant AGR1968 (Junta de Andalucía) and FEDER-cofinanced grants 
AGL2015-63651P and AGL2013-45087-R (MINECO). Support from the Junta de Andalucía to group 
BIO-275 is also acknowledged. 
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Two plasmids from the bean-nodulating Sinorhizobium fredii strain GR64 regulate 
each other's conjugation genes 
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Rhizobial strains have the ability to form nitrogen fixing nodules in symbiosis with plant roots. There is 
evidence (mostly bioinformatics), suggesting that conjugative transfer has influenced the diversity of 
rhizobial strains.  

Sinorhizobium fredii GR64 was isolated from bean nodules in Granada, Spain. It contains three 
plasmids in addition to the chromosome: pSfr64a (183 Kb), the symbiotic plasmid (pSym) pSfr64b 
(460 Kb), and megaplasmid pSfr64c (>1000 Kb). Analysis of the regulation of conjugative transfer of 
plasmid pSfr64a showed that it is transmissible at high frequency, regulated by quorum-sensing (QS) 
involving elements encoded in plasmid pSfr64a (TraRa, TraIa) (1) and in the pSym (TraIb, TraRb). 
Also, a mutation in a gene encoding a hypothetical protein, located next to traH showed a decrease in 
transfer. 

Although the genomic sequence of GR64 showed that the pSym contains a complete set of tra 
genes (2), transfer of the pSym was found to depend on the presence of pSfr64a. To determine what 
causes this, we analyzed mutants in the regulatory genes of both plasmids, and determined their 
expression in the wild type and mutant backgrounds, by transcriptional fusions with reporter genes 
and by qRT-PCR. 

The results indicated that the TraIa and TraRa encoded in pSfr64a are required for expression 
of the transfer genes encoded in this plasmid, although the traIa mutant was still able to transfer the 
plasmid, indicating that the pSym encoded TraIb is able to substitute TraIa. Mutations in traIb, traRb 
and traRa impaired transfer of both plasmids, and the three genes are required to allow expression of 
the genes from pSfr64b. Additionally, expression of traIa requires the pSym encoded TraRb-TraIb.  

Overall, the results indicate that a complex regulatory circuit is formed between both plasmids: 
the expression of the homoserine lactone synthatese encoding traI gene from each plasmid, requires 
the TraR transcriptional regulator encoded in the other plasmid. Additionally, the expression of the tra 
genes from each plasmid,is also regulated by the TraI-TraR complex encoded in the same plasmid.  
 
(1) Cervantes et al., 2011. BMC Microbiol. 11:149 
(2) Torres-Tejerizo et al. 2012. J. Bacteriol. 194:6978. 
 
This work was partially supported by PAPIIT grant IN203515 from DGAPA, UNAM.  
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PAS4-P05 
 
Investigating the role of the fix genes and their regulation in Rhizobium 
leguminosarum  
 
Nick Crang, Isabel Webb, Philip Poole 

 
Department of Plant Science, University of Oxford, Oxford, UK  
 
The fixABCX operon is known to be essential for nitrogen fixation in Rhizobium leguminosarum and 
homology studies suggest them to have a role in electron transport. Previous work has suggested 
there may be a physical linkage between the FixAB electron transport complex and the nitrogenase, 
oxoglutarate dehydrogenase and pyruvate dehydrogenase complexes. The structure and composition 
of this purported supramolecular complex will be investigated initially by reciprocal tagging and co-
immunoprecipitation experiments.  

A combination of N- and C- terminal tags will be applied to protein components of the individual 
complexes to enable their purification in either E. coli or R. leguminosarum. The purified proteins will 
then be mixed individually and co- immunoprecipitation assays will determine which elements of the 
complex are directly interacting with each other. This information will inform efforts to determine the 
overall structure of the supramolecular complex. Pull down assays using these tagged proteins will 
also be attempted in a groEL knockout mutant background as it has been suggested that this 
chaperonin may act as a molecular scaffold to enable the assembly of the supramolecular complex.  

RNASeq data for R. leguminosarum and Azorhizobium caulinodans will be generated in 
nitrogen-fixing and non- nitrogen-fixing conditions. Comparison of this dataset will enable the 
identification of oxygen-responsive elements.  
 
This work was supported by a BBSRC DTP studentship based at the University of Oxford  
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PAS4-P06 
 
Quorum sensing and interspecific communication: study of Bradyrhizobium-
Azospirillum interaction via acylhomoserine lactones in the promotion of soybean 
growth 
  
Dafila Santos Lima Fagotti1,2, Julia Laura Fernandes Abrantes1,2, Paula Cerezini1,3, Josiane Fukami1,3, 
Pablo del Cerro4, Francisco Javier Ollero4, Manuel Megías4, Mariangela Hungria1,2  
 
1Embrapa Soja, C.P. 231, 86001-970, Londrina, Paraná, Brazil.  
2Conselho Nacional de Desenvolvimento Científico e Tecnológico, SHIS QI I Conjunto B, Blocos 
A,B,C e D, Lago Sul, 71605-001, Brasília, Distrito Federal, Brazil 
3Coordenação de Aperfeiçoamento de Pessoal de Nível Superior, SBN, Quadra 2, Bloco L, Lote 06, 
Edifício Capes, 70040-020, Brasília, Distrito Federal, Brazil 
4Universidad de Sevilla, Departamento de Microbiología, Facultad de Biología, C.P. 41012 Sevilla, 
Spain. 
 
dafila.fagotti@gmail.com 
 
Quorum sensing (QS) mechanisms are important in intra- and interspecific communication. We 
investigated QS mechanisms in Bradyrhizobium japonicum strain CPAC 15 and Azospirillum 
brasilense strains Ab-V5 and Ab-V6, used in commercial co-inoculants for soybean in Brazil. A 
transconjugant of CPAC 15 that degrades HSL was obtained and several parameters were evaluated 
in vitro and in vivo in single or double inoculation with Azospirillum. CPAC 15 and the transconjugant 
CPAC 15-QS differed in growth but not in biofilm formation or symbiotic performance; several 
differences were observed when in co-culture with A. brasilense. luxI and luxR are expressed in CPAC 
15 and three HLS molecules were identified. Homologous of luxR but not of luxI compose the 
genomes of Ab-V5 and Ab-V6 and differ in their expressions in co-culture with B. japonicum. Soybean 
symbiotic performance was improved especially by co-inoculation with Ab-V6, that contrarily to Ab-V5 
seemed no to be affected by the HSLs of CPAC 15. A. brasilense Ab-V5 but not Ab-V6 responds to 
the QS signals of B. japonicum CPAC 15. We confirmed inter and intraspecies QS communication 
between B. japonicum and A. brasilense and, for Azospirillum, at the strain level. 
 
This work was funded by National Counsel of Technological and Scientific Development (CNPq - 
Brazil) 
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PAS4-P07 
 
Linking genomic variation to transcriptomic variation within Rhizobium 
leguminosarum 
 
Bryden M. Fields1, Sara Moeskjær2, M. Izabel Cavassim Alves2, Emma K. Smith1, Asger Bachmann2, 
Ville-Petri Friman1, Mikkel H. Schierup2, J. Peter W. Young1, Stig Uggerhøj Andersen2 
 
1University of York, York, UK.  
2Aarhus University, Aarhus, Denmark. 
 
bmf502@york.ac.uk 
 
Rhizobium leguminosarum biovar trifolii (Rlt) forms a symbiotic relationship of agronomic importance 
with white clover (Trifolium repens). The symbiosis enables increased plant growth by fixing 
atmospheric nitrogen, providing an alternative, sustainable fertilization method over exogenous 
commercially-available nitrogen fertilizer. On organic farms and areas with reduced biologically 
available nitrogen the symbiosis is vital to crop productivity.  

Rlt strain isolates display wide genomic variation, especially with regards to accessory genome 
content. Our genomic analyses show Rlt strains can be categorized into five genospecies, based on 
their core genomes. It is unclear whether this genomic variation influences transcriptomic variation. 
Furthermore, the extent to which differential gene expression profiles correlate to variation in symbiotic 
capabilities is unknown. To date, no studies have compared transcriptomes of different Rlt genotypes, 
or transcriptomes of the same strain over a large geographical range. We aim to investigate this by 
undertaking whole-genome transcriptome analysis of 100 genome-sequenced Rlt isolates obtained 
from clover nodules across Europe by the NCHAIN project.  

We demonstrate large reproducible variations in yield are obtained when the same clover 
genotype is inoculated with different Rlt strain isolates. Similarly, different clover genotypes display 
varied responses to inoculation of the same Rlt strain. Therefore, symbiotic efficiencies are potentially 
affected by Rlt strain and clover genotype specificity. We suggest clover yield can be increased by 
carefully complementing specific Rlt genotypes to clover genotypes. Ongoing transcriptomics work will 
focus on linking genotypic variation and symbiotic efficiency at the gene expression level, to elucidate 
the symbiosis at a more mechanistic level. 
 
This work is funded by Innovation Fund Denmark, through grant 4105-00007A awarded to Stig 
Uggerhøj Andersen 
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PAS4-P08 
 
Regulation of conjugation of Rhizobium leguminosarum plasmid pRleVF39b 
 
N. Dulmini Wathugala, Kasuni M. Hemananda, Hao Ding, Michael F. Hynes 
 
Department of Biological Sciences, University of Calgary 
 
hynes@ucalgary.ca 
 
Rhizobium leguminosarum strain VF39 contains six large plasmids, two of which are self-transmissible 
(1, 2). Plasmid pRleVF39b was shown to have a set of conjugation genes distinct from others in the 
rhizobia, designated as a type IVa rhizobial conjugation system (3); type IVa systems are widespread 
in on both pSyms and non-Sym plasmids. Genes encoding a MPF system, a relaxase (TraA), and a 
negative transcriptional regulator (TrbR) of the xenobiotic response element (Xre) family were 
identified in the pRleVF39b tra region (3). Many genes of unknown function are located between the 
MPF system genes and the traA gene. The role of each gene was investigated by constructing 
unmarked deletions. Mutations in six genes (orf23, orf24, orf26, orf27, orf28 and orf29) exhibited a 
substantially reduced transfer frequency (100-10,000 fold) from Rhizobium to Agrobacterium 
recipients. The proteins encoded show similarity to micrococcal nuclease homologs (orf23, orf24), a 
ParA-like protein (orf26), hypothetical proteins (orf27, orf28) and a histidinol phosphatase homolog 
(orf29). gusA fusions were constructed to identify the regulation of putative operons in the tra region, 
and were assayed in wt, trbR, trbE, and orf29 mutant backgrounds. The expression of the trbR 
promoter was similar in all backgrounds, whereas the orf24 and orf25 promoters showed a 400 fold 
increase in expression in VF39 cured of pRleVF39b and the trbR mutant background. Thus, the orf24 
and orf25 operons, in addition to the traA gene and trbN (MPF) operon reported previously (3), form 
part of the TrbR regulon. Expression of orf24 and orf25 promoter fusions was substantially lower in an 
orf29 mutant. trbN operon expression was also examined by qRT-PCR using primers for two different 
genes. This confirmed the role of TrbR as a repressor of conjugation genes, and supported a role of 
the orf29 gene product in activation of transfer gene expression. 
 
(1) Hynes et al. (1988) Arch. Microbiol. 150:326-332. 
(2) Ding and Hynes (2009) Can. J. Microbiol. 55:917-927. 
(3) Ding et al. (2013) J. Bacteriol. 195:328-339. 
 
This work was supported by an NSERC Canada Discovery Grant to MFH. 
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PAS4-P09 
 
Expanding the cyanobacterial nitrogen regulatory network: new partners in crime 
 
Jose I. Labella, Javier Espinosa, Raquel Cantos, Asunción Contreras 
 
Departamento de Fisiología, Genética y Microbiología, Universidad de Alicante, Alicante, Spain 
 
Ls.joseignacio@ua.es 
 
Cyanobacteria are autotrophic microorganisms that perform oxygenic photosynthesis. They share with 
chloroplasts the regulatory interaction between the nitrogen signal transduction protein PII and N-
acetyl-glutamate kinase (NAGK), catalyzing the committed step of the cyclic arginine synthesis 
pathway. Binding of non-phosphorylated PII to NAGK strongly enhances its catalytic activity, and this 
interaction is inhibited by 2-oxoglutarate. PII also binds PipX, a small protein conserved in 
cyanobacteria, which is the coactivator of the global nitrogen regulator NtcA, a CRP-like transcription 
factor. Detailed functional and structural information is available for the interactions between NAGK-
PII, PipX-PII and PipX-NtcA in the model cyanobacterium Synechococcus elongatus PCC7942. 
Formation of PipX-NtcA and PipX-PII complexes is stimulated and inhibited, respectively, by 2-
oxoglutarate, providing a mechanistic link between PII signaling and NtcA-regulated gene expression. 
Transcriptome analyses carried out with mutant strains are consistent with a global regulatory role for 
PipX. 

To search for additional regulators of the nitrogen regulatory network of cyanobacteria and 
investigate their particular roles, we have followed the principle of “guilty by association”. In particular, 
we have asked i) are there Synechococcus elongatus PCC7942 proteins that physically interact with 
PipX and/or PII-PipX complexes?, ii) are there functional interactions between PipX and PipY, which is 
a protein of unknown function encoded downstream pipX?, and iii) do members of the nitrogen 
interaction network co-localize within cells under relevant metabolic or environmental conditions?. The 
results of these approaches so far include the identification of the cyanobacterial-exclusive 
transcriptional regulator PlmA (a member of the GntR superfamily) as a binding partner of PII-PipX 
complexes, the discovery of a common role on metabolic regulation for PipX and PipY (a conserved 
pyridoxal-binding protein) and the demonstration of colocalization for PII and PipX. Results from the 
different experimental approaches, with an emphasis on dynamic patterns of protein localization, will 
be discussed.  
 
Funded by BFU2015-66360-P from MINECO-FEDER 
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PAS4-P10 
 
Competition experiments for legume infection identify Burkholderia phymatum as a 
highly competitive β-Rhizobia 
 
Martina Lardi, Samanta Bolzan de Campos, Gabriela Purtschert, Leo Eberl, Gabriella Pessi 
 
Department Plant and Microbial Biology, UZH Zurich, Switzerland 
 
martina.lardi@uzh.ch  
 
The Rhizobium-legume symbiosis is of major ecological and economic importance and accounts for a 
substantial percentage of the total nitrogen fixed annually on earth. In addition to the well-investigated 
and phylogenetically diverse α-rhizobia, various β-proteobacteria of the genera Cupriavidus and 
Burkholderia are also able to establish nitrogen-fixing symbiosis with legumes (the so called β-
rhizobia). At present, very little is known about the competitiveness of these β-rhizobia to nodulate 
legume plants.  

In this study, we investigated the competitiveness of Burkholderia type strains (B. diazotrophica, 
B. mimosarum, B. phymatum, B. sabiae, B. symbiotica and B. tuberum) to nodulate different legumes 
such as bean (Phaseolus vulgaris), cowpea (Vigna unguiculata), mimosa (Mimosa pudica) and siratro 
(Macroptilium atropurpureum) under controlled and constant growth conditions. The appraisal of 
nodule occupancy on the fours legume host plants revealed that B. phymatum was the most 
successful strain in the three papilionoid legumes (bean, cowpea and siratro), while B. mimosarum 
outcompeted the other strains in mimosa. In addition, analysis of motility and exopolysaccharide 
production, which are known for their relevance in nodulation competitiveness, combined with in vitro 
competition assays among β-rhizobial strains suggested that B. phymatum has the potential to be a 
very competitive and successful legume symbiont. 
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PAS4-P11 
 
Novel expression tools reveal crucial spatio-temporal control of trehalose 
biosynthesis in the Bradyrhizobium diazoefficiens - soybean symbiosis 
 
Raphael Ledermann, Silvan Strebel, Jean-Malo Couzigou, Hans-Martin Fischer 
 
ETH Zurich, Institute of Microbiology, Zurich, Switzerland 
 
raphaell@ethz.ch 
 
Functional analysis of the formation rhizobial symbioses with legumes is greatly facilitated by tools for 
genetic manipulation. For example, tunable promoters are crucial for analysis of essential genes or 
expressing genes resulting in toxic effects. Unfortunately, widely applied inducible systems such as 
those based on lactose- or arabinose-inducible promoters show low responsiveness and/or high 
background in B. diazoefficiens. We customized the cumate-inducible system, developed previously 
for sphingomonads (1), and the Tn10-derived (anhydro)tetracycline-inducible system for B. 
diazoefficiens. We designed codon-optimized repressor genes, combined derivatives of minimal B. 
diazoefficiens promoters with operator sequences, added endogenous rho-independent terminator 
sequences to minimize transcriptional read-through effects, and placed the assembled construct on an 
integrative vector which recombines into a symbiotically silent locus in the B. diazoefficiens 
chromosome. The resulting stable, single copy expression cassettes show extremely low background 
activity and rapid, up to 1000-fold induction. For the cumate-inducible system, different promoter 
variants were designed for strong, intermediate, or weak expression. Another derivative was 
generated to enable downregulation of gene expression in bacteroids at the onset of nitrogen fixation. 

The later system was used to disentangle the crucial role of controlled trehalose biosynthesis 
during the symbiotic B. diazoefficiens-soybean interaction. Trehalose biosynthesis via the trehalose-6-
phosphate pathway is under control of the σEcfG-dependent General Stress Response (GSR), which is 
active in bacteria present in root hair-entrapped microcolonies and in infection threads, but not in 
nitrogen-fixing bacteroids (see abstract PAS4-O01 by H.M. Fischer et al.; (2)). Trehalose biosynthesis 
mutants of B. diazoefficiens are impaired in infection thread formation resulting in aborted and 
aberrantly colonized nodules with low nitrogen fixation activity. Constitutive expression of trehalose 
biosynthesis genes rescued the mutants with respect to infection thread formation and nodule 
formation, but led to drastically reduced nitrogenase activity. By contrast, complementation with 
trehalose biosynthesis genes expressed by the novel expression cassette that is repressed in 
bacteroids rescued both nodulation and nitrogen fixation. Thus, spatio-temporal control of trehalose 
biosynthesis is crucial to establish a functional nitrogen fixing root nodule. 
 
(1) Kaczmarczyk et al. (2013) Appl. Environ. Microbiol. 79:6795-6802. 
(2) Gourion et al. (2009) Mol. Microbiol. 73:291-305. 
 
This work was funded by grants of the Swiss National Science Foundation (31003A_153446/1 and 
31003A_173255) and grants from ETH Zurich. 
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PAS4-P12 
 
DGDG transporting and synthesis for effective nodule organogenesis and nitrogen 
fixation: further evidence and insights 
 
Qingsong Li, Qianqian Yang, Lihong Wang, Ling Chen, Zaiyong Si, Xiaobo Zeng, Dasong Chen, Fuli 
Xie, Youguo Li 
 
State Key Laboratory of Agricultural Microbiology, College of Life Sciences and Technology, Huazhong 
Agricultural University, Wuhan 430070, People’s Republic of China 
 
youguoli@mail.hzau.edu.cn 

In a previous work, a lipid transfer protein (LTP) gene AsE246 in Astragalus sinicus was identified in 
symbiotic nodules. It contributes to transport host plant-synthesized lipids to symbiosome membranes. 
This finding suggests an essential role of digalactosyldiacylglycerol (DGDG), a type of nonphosphorus 
lipid, would play in infection threads formation and nodule organogenesis. In our recent studies, further 
evidence has been obtained to support this hypothesis. On the one hand, with regarding the lipid 
transporting, a functional partner protein interacting with LTP AsE246 was firstly identified by yeast 
two-hybrid assay and designated AsDJL1. It belongs to DnaJ-like family. A series of experiments 
confirmed their interactions both in vitro and in vivo. The key interaction domain of AsDJL1 was zinc 
finger at the C terminus. AsDJL1 RNAi significantly decreased the formation of ITs, NPs and nodule 
numbers, plant fresh biomasses and nodule nitrogenase activity, compared with the controls. AsDJL1 
significantly affected the DGDG content in the early infected roots and transgenic nodules. On the 
other hand, MtDGD1, a major synthase gene of DGDG in Medicago truncatula was identified and 
functionally characterize under symbiosis. It showed that MtDGD1 was co-localized with the infected 
cells in nodules, particularly in the infection zones of nodules, and also subcellular located in 
symbiosome membranes. MtDGD1 expression was up-regulated and DGDG was accumulated in 
roots and nodules under phosphate starvation, implying DGDG would contribute to symbiotic nitrogen 
fixation by conserving phosphate for other essential cellular processes in symbiosis. Therefore, 
MtDGD1 contributes to nodulation and symbiotic nitrogen fixation by affecting the synthesis and 
content of DGDG in roots and nodules under symbiosis. Taken together, our results provide some new 
insights into deeper understanding of essential role of symbiosis specific DGDG for effective nodule 
organogenesis and nitrogen fixation. 
 
(1) Lei et al. (2014) Plant Physiol 164 (2): 1045-1058. 
(2) Yang et al. (2017) Symbiotic function characterization of a digalactosyldiacylglycerol (DGDG) 

synthase gene MtDGD1 in Medicago truncatula (submitted). 
(3) Chen et al. (2017) Identification and symbiotic function characterization of AsDJL1 interacting with 

lipid transfer protein AsE246 in Astragalus sinicus (submitted). 
 
This work was funded by the NNSFC (31371549 and 31670243), the National Key Research and 
Development Program of China (2016YFD0100702), and the Fundamental Research Funds for the 
Central Universities (2016PY025). 
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The sensor protein NtrY is involved in several processes in Bradyrhizobium 
diazoefficiens USDA 110 
 
V. A. Hegel, M.F. López, F. Lamelza, S. L. López-García 
 
Instituto de Biotecnología y Biología Molecular (IBBM), CONICET La Plata - Facultad de Ciencias 
Exactas, UNLP - La Plata – Buenos Aires – Argentina. 
 
pitylg@biol.unlp.edu.ar 
 
Bradyrhizobium diazoefficiens is a soil bacterium able to establish nitrogen-fixing symbiosis with 
soybean plants. In free-living this rhizobium utilizes different nitrogen sources like aminoacids, nitrate 
and ammonium. Our group focuses on the analysis of possible regulators involved in nitrogen 
assimilation in B.diazoefficiens, since it is known that in nitrogen-starved cultures several stages of the 
symbiotic process are stimulated (1). One of these regulators is NtrBC, a two-component system 
(TCS) that senses the intracellular variations of C/N ratio and controls the expression of some genes 
implicated in ammonium assimilation. Another TCS is NtrYX, located immediately downstream of the 
nifR3-ntrB-ntrC operon. This system was reported in other α-proteobacteria in which it has a 
regulatory role in diverse processes such as, nitrogen metabolism (2), symbiotic nodulation (3), 
motility (3) and acting as a redox sensor in response to low-oxygen conditions (4). Particularly, in this 
work we show the characterization of the NtrYX system of B. diazoefficiens USDA 110. 

 To achieve our objective we generated a non-polar mutant of the sensor protein NtrY of the 
system (named LP4489), without affecting the ntrX gene expresion. Initially we observed that its 
growth under aerobic conditions with ammonium or nitrate as the sole nitrogen source is not 
significantly different compared to wild-type strain. In addition, we analysed other phenotypes like 
exopolysaccharide production, motility, biofilm formation and symbiotic nitrogen fixation, finding that all 
of them were affected by the ntrY mutation. 

 In conclusion, the results obtained in our studies suggest that ntrY is a pleiotropic gene in this 
rhizobium, as it is involved in all the other processes mentioned above, but it is not required to 
assimilate ammonium or nitrate in aerobic cultures. Regarding the regulatory protein NtrX we have not 
accomplished to generate the mutant yet, presumably because it is lethal, as it occurs in other 
bacteria. 
 
(1) López García et al. 2001. J. Bacteriol. 183:7241-7252. 
(2) Pawlowski et al. 1991. Mol. Gen. Genet. 231:124-138. 
(3) Wang et al. 2013. Appl. Environ. Microbiol. 79:7150-7159. 
(4) Carrica et al. 2012. Mol. Microbiol. 85:39–50. 
 
This work was supported by the Agencia Nacional de Promoción de la Investigación Científica y 
Tecnológica (ANPCyT) project PICT 2013-2864, Consejo Nacional de Investigaciones Científicas y 
Técnicas—CONICET and Secyt-UNLP, Argentina. 
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PAS4-P14 
 
Study of new genes of Sinorhizobium fredii HH103 which are symbiotically regulated: 
flgJ is involved in the genistein-induced surface motility exhibited by this strain 
 
P Navarro-Gómez, Cynthia Alías-Villegas, Irene Jiménez-Guerrero, Sebastián Acosta-Jurado, 
Francisco Pérez-Montaño, Francisco J. Ollero, Francisco J. López-Baena, Jose E. Ruiz-Sainz, María 
J. Soto1, Jose M. Vinardell 
 

Departamento de Microbiología, Facultad de Biología, Universidad de Sevilla, Avda. Reina Mercedes 
6, C.P. 41012, Sevilla, Spain. 
1Departamento de Microbiología del Suelo y Sistemas Simbióticos, Estación Experimental del Zaidín, 
CSIC, Granada, Spain 
 
pnavarro2@us.es 

Sinorhizobium fredii HH103 is a rhizobial species exhibiting an extremely broad host-range that 
includes legumes forming determinate (such as soybean) and indeterminate nodules (1, 2). By 
combining RNAseq and qPCR analyses, we have determined the set of HH103 genes whose 
expression is affected upon treatment with flavonoids (3). Three groups of genes differentially 
expressed upon treatment with genistein were identified: i) genes controlled by nod boxes, ii) genes 
regulated by tts boxes, and iii) genes not preceded by a nod box or a tts box, revealing a complex 
regulatory network. Interestingly, we have found differentially expressed genes not previously studied 
in rhizobia, and many of them appear not to be related to Nod factors or to the symbiotic type 3 
secretion system (T3SS). 

In this work we describe the characterization of a chromosomal genetic region comprised of 
three genes (SfHH103_00346 to SfHH103_00348) whose transcription is induced by flavonoids, 
NodD1 and TtsI (the positive regulator of the T3SS) and repressed by both NodD2 and NolR. This 
pattern of expression strongly suggests a symbiotic role for these genes. The wild-type HH103 strain 
exhibits surface motility when inducing flavonoids are present. SFHH103_00346 codes for the flagellar 
protein FlgJ, whereas the products of 00347 and 00348 are hypothetical proteins. Mutants in each of 
these genes are negatively affected in genistein-induced surface motility, indicating that they are 
related to this bacterial trait. In addition, the flgJ mutant is also affected in the production of two 
surface polysaccharides: exopolysaccharide (EPS) and lipopolysaccharide (LPS). The symbiotic 
ability of these mutants with different HH103 host legumes is currently being analysed.  
 
(1) Margaret et al. (2011). J. Biotechnol. 155:11-19. 
(2) Vinardell et al. (2015). Mol. Plant-Microbe Interact. 28:811-824. 
(3) Pérez-Montaño et al. (2016). Sci. Rep. 6:31592 
 
This work was supported by projects P11-CVI-7500 and P11-CVI-7050 of the Junta de Andalucía, by 
projects BIO2011-30229-C01 and BIO201678409R of the Ministerio de Ciencia e Innovación of the 
Spanish government, and by the V and VI Plan Propio of the University of Seville (VPPI-US). 
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New insights into the oxidation-mediated posttranslational control of the 
Bradyrhizobium diazoefficiens FixK2 regulatory protein  
 
Sergio Parejo, Juan J. Cabrera, Andrea Jiménez-Leiva, María J. Torres, Laura Tomás-Gallardo1, 
María J. Delgado, Eulogio J. Bedmar, Socorro Mesa 
 
Department of Soil Microbiology and Symbiotic Systems, Estación Experimental del Zaidín, CSIC, 
Granada, Spain 
1Proteomics and Biochemistry Unit, Andalusian Centre for Developmental Biology, CSIC-Pablo de 
Olavide University, Seville, Spain  
 
sergio.parejo@eez.csic.es  
 
The FixK2 protein is a CRP/FNR-type transcription factor which plays a key role in a complex 
regulatory network that controls essential genes for the microoxic, anoxic and symbiotic lifestyles of 
the soybean endosymbiont Bradyrhizobium diazoefficiens (1). Among the regulated genes is the 
fixNOQP operon that encodes a high affinity terminal oxidase necessary for bacterial respiration within 
the microoxic environment of the plant root nodules. FixK2, as other CRP/FNR proteins, interacts via a 
C-terminal helix-turn-helix motif with an imperfect palindromic DNA sequence associated with the 
promoter region of regulated genes (FixK2 box). Expression of the fixK2 gene is induced by the two-
component FixLJ system in response to microoxia and negatively self-regulated by an unknown 
mechanism. FixK2 is also regulated postranslationally by proteolysis, and by oxidation of its single 
cysteine residue (C183) (reviewed in (2)). Oxidation of C183 results in FixK2 inactivation, because of 
the proximity of this residue to the DNA binding domain of the protein (3). 

To simulate permanent oxidation in FixK2, we constructed a protein variant in which C183 was 
exchanged to aspartic acid. Next, we analysed: (i) its DNA binding capacity by using surface plasmon 
resonance; (ii) its activity both in vivo and in vitro, by determining -galactosidase activity from FixK2-
dependent promoter-lacZ fusions and by using an in vitro transcription (IVT) activation assay, 
respectively; (iii) its symbiotic performance with soybeans. Expression of a fixNOQP’-‘lacZ fusion in a 
ΔfixK2 strain complemented with a plasmid expressing C183D FixK2 was basal and comparable to that 
observed in the ΔfixK2 strain, both grown under microoxic conditions. This correlates with the weak 
interaction of purified C183D FixK2 protein with the FixK2 box present at the fixNOQP promoter. 
However, the C183D FixK2 variant showed about 50% transcription activation of the fixNOQP operon 
in IVT assays. Likewise, acetylene reduction activity and nitrogen content of soybean plants inoculated 
with a markerless strain coding for C183D FixK2 determined at 32 days post-inoculation were similar 
to that found in plants inoculated with the wild type. Since these results are controversial, we cannot 
conclude, at the moment, whether the C183D exchange in FixK2 mimics or not its inactivation by 
oxidation. 

 
(1) Mesa et al. (2008) J. Bacteriol. 190:6568-6579. 
(2) Fernández et al. (2016) Biological Nitrogen Fixation and Beneficial Plant-Microbe Interactions. 

Springer International Publishing Switzerland. doi: 10.1007/978-3-319-32528-6_6. 
(3) Bonnet et al. (2013) J. Biol. Chem. 288:14238-14246. 
 
This work was supported by a FEDER-cofinanced grant AGL2015-63651P (MINECO, Spain). Support 
from the Junta de Andalucía to group BIO-275 is also acknowledged.  
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Genomic analysis of Bradyrhizobium elkanii nod operon and insights of its regulation 
 
Luciane Maria Pereira Passaglia 
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Porto Alegre, RS, Brazil. 
 
luciane.passaglia@ufrgs.br 
 
A successful symbiosis between rhizobia and their legume host plants requires the products of 
bacterial nod gene expression, which are responsible for the synthesis of nodulation signal molecules, 
known as Nod Factors (NFs) (1). In B. diazoefficiens USDA 110 a wide nodulation gene set is present 
to carry out NFs assembly and modification, in such a way that its nodYABCSUIJnolMNO operon 
transcription depends upon specific activators, which are responsive to flavonoid molecules released 
in the rhizosphere by host plants (2). B. japonicum and B. elkanii species are the primary source for 
soybean [Glycine max (L.) Merr.] inoculant industry, although they clearly differ in their physiology and 
consequently may show distinct patterns in nodulation (3). Comparison of B. elkanii draft genomes 
with the close relative B. diazoefficiens USDA 110 revealed a conserved operon structure and 
organization of nodKABCSUIJnolOnodZ genes in strains CCBAU 05737, CCBAU 43297, USDA 94, 
USDA 3254, and USDA 3259, with substitution of nodY for nodK and the lack of nolMN genes. This 
organization was not found in the genome of strain SEMIA 587, where these respective genes are 
scattered in the chromosome and organized as nodKABCS, a second split block containing nodI, 
nodJ, nolO, and nodZ, and then nodU. Similar to nolMN, nolZ could not be identified in the genomes 
of any B. elkanii strain, as well as nolY in the genomes of strains USDA 94, USDA 3254, and USDA 
3259. nodD1 and nodD2 regulatory genes are present in all six B. elkanii genomes analyzed, following 
a similar organization in which they are positioned close to each other and close to the nod operon, 
although in opposite orientation. nodVW that code for the two-component regulatory elements was 
common to all six B. elkanii genomes, even though its relative location related to nod operon varies 
according to each genome. nolA gene shows a conserved location within B. elkanii genomes, close to 
nodD2, with exception of SEMIA 587. These subtle differences can result in distinct NFs outcomes 
between species or even within the same species and thus may help to explain distinct nodulation 
patterns. 
 
(1) Tóth K and Stacey G (2015) Front. Plant. Sci. 6:401. 
(2) Loh and Stacey (2003) Appl. Env. Microb. 69:10-17. 
(3) Vasilas and Furhmann (1993) Agron. J. 85:302-305. 
 
This work was funded by Conselho Nacional de Desenvolvimento Científico e Tecnológico 
(CNPq/Brazil) and the Instituto Nacional de Ciência e Tecnologia (INCT) da Fixação Biológica de 
Nitrogênio (Brazil). 
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A Rhizobium leguminosarum bv. viciae 3841 mutant in an orphan two-component 
response regulator (RL1846) exhibits a growth advantage in exponential phase in 
minimal media and achieves higher cell density in stationary phase in tryptone-yeast 
extract media 
 
Benjamin J. Perry1, Mir S. Akter1, Dinah D. Tambalo1, Christopher K. Yost1 

 
1Department of Biology, University of Regina, Regina, Saskatchewan, Canada. 
 
Benjamin.perry@uregina.ca 

The gene RL1846 encodes a putative two-component response regulator. RL1846 is not neighbored 
by a sensor-histidine kinase encoding gene, and therefore may represent an orphan response 
regulator without a cognate histidine kinase. Protein alignments of response regulators across rhizobia 
genera suggest RL1846 is conserved within a small range of rhizobia. Transposon insertion 
sequencing studies identified RL1846 as conferring a growth-advantage phenotype on tryptone-yeast 
(TY) extract agar media, and minimal medium agar with mannitol as a carbon source (1, 2). A knock-
out mutant of RL1846 in Rhizobium leguminosarum bv. viciae was capable of achieving an average 
increase in OD600 of 10.6% during stationary phase when grown in TY broth, compared with the 
wildtype. When grown in minimal medium with pyruvate as the sole carbon source, the mutant 
demonstrated a rapid diauxic shift in early exponential phase that was not observed in the wildtype. 
After 36 hours of growth, the mutant had achieved an OD600 that was on average 32.7% higher than 
the wildtype. Growth of the mutant in minimal media peaked 16.5 hours in advance of the wildtype; 
however, after only achieving 86.8% of the wildtype maximal OD600 value. Comparison of wildtype 
RNASeq data from growth on TY and minimal media with mannitol indicated that RL1846 expression 
did not significantly change between growth conditions with posterior mean estimated transcripts per 
million values of 22.3 and 27.3, respectively. These preliminary data suggest that RL1846 may 
function as a regulator of cell-cycle or metabolism in Rhizobium leguminosarum bv. viciae 3841, and 
that mutation of RL1846 leads to an advantage in growth when nutrients are not limited or during early 
exponential growth on a single carbon source. 
 
(1) Perry et al. (2014) BMC Microbiol. 14: 298 
(2) Perry et al. (2016) Front. Microbiol. 7: 1873 
 
This work was funded through a Discovery Grant from the Natural Sciences and Engineering 
Research Council of Canada. 
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Response regulators of the OmpR/PhoB family participate in stress response and 
motility regulation of Rhizobium etli 
 
Susana Rodriguez1, David Correa-Galeote1, Chouhra Talbi2, David Zamorano-Sánchez3, Lourdes 
Girard1 

 
1Programa de Dinámica Genómica, Centro de Ciencias Genómicas, Universidad Nacional Autónoma 
de México (UNAM), Cuernavaca, México. 
2Laboratoire de Microbiologie et Biologie Moléculaire. Faculté des Sciences. Université Mohammed V, 
Rabat, Maroc. 
3Department of Microbiology and Environment Toxicology, University of California, Santa Cruz, USA. 
 
susanaro@ccg.unam.mx 
 
The two-component systems (TCS) are one of the most prevalent signals schemes in bacteria for 
coordinating responses to environmental changes. The prototypical TCS consist of a receptor histidine 
kinase (HK) and a response regulator (RR) who elicits a response when it is phosphorylated by the 
HK. The OmpR/PhoB subfamily is the largest subfamily of RRs and includes well characterized 
transcriptional regulators such as E. coli OmpR and PhoB (important for osmoregulation and 
phosphate assimilation respectively), Enterococcus faecium VanR (which controls resistance to the 
antibiotic vancomycin), and Agrobacterium tumefaciens VirG (involved in the establishment of crown 
gall tumors in plant). In R. etli CFN42 a soil dwelling bacteria that can form a symbiosis with the 
common bean Phaseolus vulgaris, 17 of the 68 putative response regulators belong to the 
OmpR/PhoB subfamily. Despite its importance for survival under harsh conditions in multiple 
organisms, OmpR/PhoB-like regulators remain poorly characterized in R. etli. The main objective of 
this work is to understand how these regulators are implicated in the response of R. etli to different 
environmental stimuli. The expression of these genes and their putatives HKs were tested by RT-PCR 
experiments using total RNA from the wild-type strain under aerobic and microaerobic conditions. As 
expected, the expression of these genes is constitutive. Biofilm formation and motility are key traits 
that allow bacteria to persist or escape from unfavorable environments. Here we compared the growth 
of a set of deleted derivatives under osmotic stress (NaCl, and high sucrose), metal stress (Cu), and 
acid stress (low pH) with the parental wild-type strain, as well as their ability to form biofilms or migrate 
in soft agar. We observed differences in the capacity to grow under saline or pH conditions. We also 
found that the absence of FxkR, the transcriptional regulator that controls the fixKf gene expression, 
and the RHE_PC00057 gene affected motility in opposite ways. In contrast, we did not observed any 
significant difference in biofilm formation capacity of the mutant derivatives tested. Our results 
unveiled the importance of known and unknown regulators of R. etli in the response to several 
environmental stressors and the regulation of motility.  
 
Acknowledgments: We thank to M.P.E. Salas, M. Rodríguez, A. Reyes-González and M. Ramírez for 
technical assistance. To Y. Mora for greenhouse facilities.  
 
This work was partially supported by PAPIIT-DGAPA (grant IN206017). 
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NOOT regulates nodule development through repressing endodermis and pericycle 
divisions during nodule primordium formation 
 
Defeng Shen, Ting Ting Xiao, Olga Kulikova, Ton Bisseling 
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Droevendaalsesteeg 1, Wageningen 6708 PB, The Netherlands.  
 
defeng.shen@wur.nl 
 
Legumes can establish a nitrogen fixing symbiosis with rhizobium bacteria. These rhizobia are hosted 
in a new organ, the root nodule. Although the legume nodule has a tissue organization that is different 
from the lateral root, it has been postulated that legume nodule formation evolved from the lateral root 
developmental programme. In Medicago, the formation of both lateral organs starts with the mitotic 
activation of the pericycle, followed by endodermis divisions (1, 2). The major part of the Medicago 
lateral root primordium is derived from these 2 cell layers (1). In contrast, the mitotic activity in the cells 
derived from pericycle and endodermis ceases at an early stage of nodule primordium formation (2). 
However, the molecular basis of this process remains elusive. In this study, a noot mutant, in which a 
root can emerge from the nodule, was used (3). We conducted a detailed histological study on noot 
nodule development, and made use of a series of molecular makers to dissect the developmental 
process of noot nodules. We found that noot nodule development is affected at an early primordium 
stage. Similar to lateral root, more cell divisions occur in endodermis and pericycle during noot nodule 
primordium formation. The nodule meristem of noot is derived from C4, instead of C3. noot nodule 
vascular bundle is derived from a root-like meristem that originates from pericycle and endodermis. 
Also, the auxin response pattern is altered in noot nodule primordia. An auxin response maximum 
occurs at the base of noot nodule primordia, whereas in wt primodia this occurs at the apex. This 
alteration might be caused by the shift of MtPIN polarity. Based on in situ hybridization studies, NOOT 
is expressed at the tissues which are affected in noot nodule, suggesting NOOT functions in a cell 
autonomously manner in nodule development.  
 
(1) Herrbach, V. et al. (2014) J. Plant Physiol. 171, 301–10. 
(2) Xiao, T. T. et al. (2014) Development 141, 3517–3528. 
(3) Couzigou, J.-M. et al. (2012) Plant Cell 24, 4498–510. 
 
Defeng Shen is funded by China Scholarship Council (CSC). 
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Influence of virA extra copies in Mesorhizobium-Cicer arietinum symbiosis 
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Although the function of secretion systems is well studied, little is known about their influence in the 
symbiosis process. In rhizobia, secretion systems are involved in the modulation of the plant defense 
responses to infection. The expression of type IV secretion systems (T4SS) is induced by the positive 
regulator VirA that binds to a vir-box in the promoter region of T4SS genes (vir genes). The virA gene 
has an upstream nod-box, indicating that this gene may be induced by NodD (1). In Mesorhizobium 
loti R7A, T4SS is encoded in the symbiosis island and mutation of vir genes in this strain delayed 
nodulation on Lotus corniculatus (2). Therefore, the aim of this study is to evaluate the effects of extra 
virA copies in a chickpea Mesorhizobium strain. The Mesorhizobium sp. PMI6 was transformed with 
pRKvirA (pRK415 harboring virA gene from M. mediterraneum UPMCa36T). Under hydroponic 
conditions, plants inoculated with the PMI6pRKvirA strain showed the first nodules 4 days before 
those inoculated with the empty vector strain (PMI6pRK415). Furthermore, PMI6pRKvirA started to 
show a significantly higher nodule number at 28 days after inoculation. Despite the fact that both 
strains were Fix+, the interior of the nodules of PMI6pRKvirA showed a more intense red coloration 
than the ones from PMI6pRK415, which presented senescence zones and a lower number of 
bacteroid-occupied cells, as revealed by histological sections. The symbiotic performance was 
evaluated in a pot trial, which showed that the shoot dry weight and the symbiotic effectiveness of 
plants inoculated with PMI6pRKvirA were 30 % and 64 % higher than those inoculated with 
PMI6pRK415, respectively. In order to investigate if this higher symbiotic effectiveness was related to 
differences in the infection process, inoculated chickpea seedlings were further analyzed. Seedlings 
inoculated with PMI6pRKvirA showed a higher number of infection threads than those inoculated with 
PMI6pRK415. In addition, plants inoculated with PMI6pRKvirA showed a higher number of secondary 
roots and an increase of root hairs. The present study suggests that VirA might influence the 
symbiosis process and represents a starting point to evaluate the role of T4SS in the Mesorhizobium-
Cicer symbiosis. 
 
(1) Sugawara et al. (2013) Genome Biol. 14: R17. 
(2) Hubber et al. (2004) Mol Microbiol. 54: 561-574. 
 
This work was financed by FEDER - Fundo Europeu de Desenvolvimento Regional funds through the 
COMPETE 2020 - Operacional Programme for Competitiveness and Internationalisation (POCI), and 
by Portuguese funds through Fundação para a Ciência e a Tecnologia (FCT) in the framework of the 
Strategic Project UID/AGR/00115/2013 and project POCI-01-0145-FEDER-016810 (PTDC/AGR-
PRO/2978/2014). J. R. da-Silva acknowledges a PhD fellowship (1254-13- 8) from CAPES 
(Coordenação de Aperfeiçoamento de Pessoal de Nível Superior). A. Alexandre acknowledges 
postdoctoral fellowship from FCT (SFRH/BPD/73243/2010).  
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The regulatory role of ManX in the central metabolism of R. leguminosarum 
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Rhizobia are -proteobacterial soil microbes that exhibit both free-living and symbiotic lifestyles. 
During symbiosis, they invade the roots of legume plants and become specialized nitrogen-fixing cells 
(bacteroids). The switch between these two lifestyles requires changes in energy storage, surface 
polysaccharide composition, motility and central metabolism (1).  

One of the critical pathways involved in accomplishing these wide-ranging changes is the PTSNtr 
(phosphoenolpyruvate phosphotransferase) system. PTSNtr is a phosphorylation cascade, starting 
from phosphoenolpyruvate and proceeding through several intermediates to the Npr protein. In 
concert with the HprK kinase, Npr controls the switch between phosphorylating one of the two final 
acceptors of PTSNtr, ManX or PtsN (2) These proteins are involved in the regulation of sugar and 
nitrogen metabolism, respectively. In addition, the ManX protein plays a key role in the regulation of 
central metabolism in rhizobium (3).  

Our work focused on the regulation of metabolism through the sugar-PTS system, with the aim 
of unravelling the role of ManX in regulating the central metabolism of rhizobia. We investigate the 
transcriptional regulation of ManX and employ several phenotype assays on mutants to characterise 
the regulatory role of the sugar branch of the sugar-PTS system. 
 
(1) Prell, J. et al. ( 2012) Mol. Microbiol. 84:117–129. 
(2) Pflüger-Grau, K. and Görke, B. (2010) Trends in Microbiol. 18:205–214. 
(3) Walshaw, D. et al. (1997) Microbiology 143:2209–2221. 
 
Paul Rutten is supported by a Biotechnology and Biological Sciences Research Council (BBSRC) 
studentship. 
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Bradyrhizobium sp. strain DOA9 displays the two NifA regulatory proteins that 
functional redundancy in symbiosis with Aeschynomene americana but not in free-
living life 
 
Jenjira Wongdee1, Neung Teaumroong1, Eric Giraud2, Panlada Tittabutr1 
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IRD, Montpellier, France 
 
The two nifA regulatory genes are located one on a chromosome (nifAc) and another one on the 
megaplasmid (nifAp) of Bradyrhizobium sp. strain DOA9, which is quite unique in bradyrhizobial 
group. The deduced amino acid sequences of NifAc and NifAp showed only 53% similarity. 
Interestingly, NifAp lack of N-terminal part when compared to NifAc. Thus, these two NifA regulators 
may have the functional segregation during initiation process of nitrogenase activity in DOA9. Here, 
we constructed DOA9 strains carrying single and double nifA mutations. In symbiosis with A. 
americana, both nifA genes were expressed even nifAp was slightly expressed higher than nifAc as 
shown by nifA-gusA fusion. However, both nifA genes could replace each other for the nitrogen 
fixation ability. In free-living cell grown in BNM broth under low O2 condition, the result indicated that 
only the NifAc contribute to ARA activity, although the low expression level of both NifA measured 
from ß-glucuronidase activity. The transformation of plasmid carrying nifAc into ∆nifAc mutant could 
complement the nitrogen fixing activity as similar to wild type under free-living condition. However, 
complementation of ∆nifAc by the introduction of three different fragments of nifAp and two chimeric 
nifA hybrid, which would expect to particularly recover its ability of nitrogen fixation, had not 
accomplished. Definitely, nifA double mutation (pVO155ΩnifAc::∆nifAp) produced no activity of 
nitrogenase under both free-living and symbiotic conditions which drastically affected plant growth. 
This research suggested that the two NifA regulators are function under symbiosis state, while only 
NifAc is required under free-living condition. Since both nifAc and nifAp were expressed during free-
living state, the question remains why NifAp were function under symbiosis not under free-living 
condition. 
  
Key words: nifA, Bradyrhizobium sp., nitrogenase activity, symbiosis and free-living. 
 
  



 
 
 

 

 
Parallel Session 4: Regulation in Nitrogen Fixation Systems 

 
142 

PAS4-P23 
 
SyrM2 binds to a syr-box consensus sequence and controls the expression of genes 
important for nodulation in Sinorhizobium fredii strain NGR234 
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The process of nodule formation, induced by rhizobia in leguminous plants, involves a regulatory 
pathway controlling genes responsible for the expression of several signaling molecules, such as Nod 
factors, surface polysaccharides and protein secretion systems. In Sinorhizobium fredii strain 
NGR234, this cascade has been described and is dependent on the transcriptional regulator NodD1 
but is also modulated by the additional regulators NodD2, SyrM2 and TtsI. Other regulators are likely 
to be involved, but have not being described yet. We have followed expression of the genes encoding 
regulators important for this pathway and show that, in addition to previous results, SyrM2 and NodD2 
form a positive regulatory loop. Previous studies have shown that SyrM2 controls the expression of 
nodD2 and at least one more target, by binding to a potential binding site present in their promoter 
region. Here we confirm that SyrM2 binds to the proposed binding site and that its homologue, SyrM1, 
does not bind to this sequence. We also produced mutant strains in these genes and observed that 
mutation in syrM2 is detrimental to nodulation of Tephrosia vogelii and Macroptilium atropurpureum. 
On the other hand, in Phaseolus vulgaris, nodulation is more efficient when syrM2 is removed. These 
results reveal that SyrM2 is a major regulator of the symbiotic process in S. fredii strain NGR234. 
 
This work was funded by INCT (CNPq-MCT), CAPES and Fundação Araucária 
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Stress and symbiotic polysaccharide regulation in Sinorhizobium meliloti 
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S. meliloti genes for symbiosis include nod genes, encoding receptors for plant signals and enzymes 
for Nod factor synthesis, and exo/eps genes, encoding regulators and enzymes that carry out 
functions related to extracellular polysaccharide (EPS) synthesis. EPS play a role in symbiosis 
because they are required for invasion (2) and in M.loti / Lotus the EPS interact via a structurally 
sensitive plant receptor (3). The ExoR/ExoS/ChvI (RSI) circuit regulates EPS and also controls diverse 
other functions related to motility and chemotaxis (2, 4). To study cell envelope stress, we used two 
methods to disrupt envelope function: (a) treatment with detergent DOC and (b) disruption of outer 
membrane function by depletion of protein BamA. We observed distinct responses in the two cases. 
One line of evidence shows that the EPS are upregulated in response to certain kinds of outer 
membrane disruption, and we are exploring whether the membrane disruption is sensed via the RSI 
circuit. The other type of membrane stress was narrow, only a few dozen genes. We believe this may 
involve a specific regulatory circuit that partly overlaps with the gene set controlled by RpoH1/RpoH2 
(1). In another approach, we carried out a screen to find novel mutations that confer mucoid colony 
phenotype. This screen revealed two previously unknown regulatory paths for changing expression of 
exo genes, and also yielded mutants that allow uncoupling of the usually observed parallel changes 
whereby exo gene expression increases up while motility gene expression decreases. Mutants found 
in this mucoid-phenotype screen likewise pointed to a connection with the RpoH alternative sigma 
factors.  
 
(1) Barnett MJ, et al. 2012. J. Bacteriol. 194:4983-4994 
(2) Cheng HP and Walker GC. 1998. J. Bacteriol. 180:5183-5191 
(3) Kawaharada Y et al. 2015. Nature 523:308-312 
(4) Wells DH et al. 2007. Mol. Microbiol. 64:647-664 
 
This work was funded by N.I.H. grant R01GM093628 to S.R.L.  
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Adaption to nutritional iron stress in Bradyrhizobium japonicum 
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Iron is an essential nutrient for Bradyrhizobium japonicum as a free-living organism and in symbiosis 
with soybean. Under iron limitation, bacteria scavenge ferric (Fe3+) iron bound to siderophores or other 
chelates from the environment to fulfill their nutritional requirement. In gram-negative bacteria, the 
siderophore uptake system prototype consists of an outer membrane transporter, a periplasmic 
binding protein, and a cytoplasmic membrane transporter, each specific for a single ferric siderophore 
or siderophore family. Here, we show that spontaneous single gain-of-function missense mutations in 
outer membrane transporter genes of Bradyrhizobium japonicum were sufficient to confer on cells the 
ability to use synthetic or natural iron siderophores, suggesting that selectivity is limited primarily to the 
outer membrane and can be readily modified. Iron limitation resulted in over a five-fold increase in the 
mutation frequency within cells. Moreover, growth on natural or synthetic chelators required the 
cytoplasmic membrane ferrous (Fe2+) iron transporter FeoAB, suggesting that iron is both dissociated 
from the chelate and reduced to the ferrous form within the periplasm prior to cytoplasmic entry. The 
data suggest rapid adaptation to environmental iron by facile mutation of selective outer membrane 
transporter genes and by non-selective uptake components that do not require mutation to 
accommodate new iron sources.  

The feoAB operon was originally identified as a loss-of-function suppressor allele of a mutant 
unable to export or store iron. The feoA or feoB deletion strains elicited small, ineffective nodules on 
soybean roots, containing few bacteria and lacking nitrogen fixation activity. A feoA(E40K) mutant 
contained partial iron uptake activity in culture that supported normal growth and established an 
effective symbiosis. The feoA(E40K) strain had partial iron uptake activity in situ within nodules and in 
isolated cells, indicating that FeoAB is the iron transporter in symbiosis. We conclude that FeoAB 
supports iron acquisition under limited conditions of soil and in the iron rich environment of a symbiotic 
nodule.  
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Nitrate reductases and hemoglobins contribution to nitric oxide (NO) balance in the 
Medicago truncatula – Sinorhizobium meliloti symbiosis 
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The symbiosis between legumes and bacteria of rhizobium type leads to the formation of nitrogen-
fixing root nodules. In the symbiotic model Medicago truncatula/Sinorhizobium meliloti, nitric oxide 
(NO) is produced throughout the whole symbiotic process, from early interactions between the plant 
and the bacteria to senescence of the nitrogen-fixing nodules. Toxic, signaling or metabolic effects of 
NO depend on its concentration at the site of action. Therefore, NO steady-state concentration inside 
the cells should be tightly controlled to limit toxic effects and allow the signaling and metabolic 
functions to occur. In plants, several sources of NO have been described including nitrate reductase 
(NR), mitochondrial electron transfer chain (ETC) and NOS-like activity. In contrast, hemoglobins 
(Hbs) are known to act as NO storage or scavenger. Based on their sequence homology and affinity 
for oxygen, three classes of Hbs have been essentially described in plants: non-symbiotic 
hemoglobins (ns-Hbs, Class 1), leghemoglobins (Lbs, Class 2) and truncated hemoglobins (tr-Hbs, 
Class 3). The three types of Hbs are expressed in legumes. 

To precisely assess the level of NO during the whole symbiotic process, and the respective role 
of the different NRs and Hbs in its balance, we analysed the production of NO, the expression of 3 
NR, and 6 Hb genes, and the global NR activity during short term (0 to 9 days post-inoculation) and 
long term (0 to 9 week post-inoculation) symbiosis experiments. 

Four peaks of NO production, which levels depend on nitrate concentration in culture medium, 
were observed 10 hours, 4 days, 3-4 weeks and 6 weeks post-inoculation. NO production was 
differently correlated with NR, ns-Hb and tr-Hb gene expression at the different stages of nodule 
formation and functioning. The use of various NO source inhibitors showed that NO production mainly 
depends on NR activity during early interaction steps as well as in mature and senescent nodules. 

The different roles of NO in cell signaling and/or metabolism, and its regulation by NRs and 
Hbs, in young, nitrogen-fixing and senescent nodules are discussed.  
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PAS5-O04 
 
Medicago truncatula copper transporter 1 (MtCOPT1) delivers copper for symbiotic 
nitrogen fixation  
 
Marta Senovilla, Rosario Castro-Rodríguez, Isidro Abreu, Viviana Escudero, Igor Kryvoruchko1, 
Michael K. Udvardi1, Juan Imperial2, Manuel González-Guerrero1 

 

Centro de Biotecnología y Genómica de Plantas (UPM-INIA). Madrid Spain. 
1Plant Biology Division, The Samuel Roberts Noble Foundation, Ardmore. USA. 
2Consejo Superior de Investigaciones Científicas. Madrid. Spain. 
 
manuel.gonzalez@upm.es 
 
Copper is an essential nutrient for symbiotic nitrogen fixation. This element is delivered by the host 
plant to the nodule, where membrane copper transporter would introduce it into the cell to synthesize 
cupro-proteins. COPT family members are likely candidates to mediate copper uptake by rhizobia-
infected cells. Medicago truncatula genome encodes eight COPT transporters. MtCOPT1 
(Medtr4g019870) is the only nodule-specific COPT gene. Promoter:gus fusions and protein 
immunolocalization studies indicate that MtCOPT1 is located in the plasma membrane of cells in the 
differentiation, interzone and early fixation zones of the nodule. Loss of MtCOPT1 function results in a 
copper-mitigated reduction of biomass production when the plant obtains its nitrogen exclusively from 
symbiotic nitrogen fixation. Mutation of MtCOPT1 results in diminished nitrogenase activity in nodules, 
likely an indirect effect from the loss of a copper-dependent function, such as cytochrome oxidase 
activity in copt1-1 bacteroids. These data are consistent with a model in which MtCOPT1 transports 
copper from the apoplast into nodule cells to provide copper for essential metabolic processes 
associated with symbiotic nitrogen fixation. 
 
This work was funded by ERC Starting Grant Grant (ERC-2013-StG-335284) and MINECO Grant 
(AGL-2012-32974). RC-R receipts a FPI fellowship from MINECO (BES-2013-062674).  
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PAS5-O05 
 
A proteomic atlas of the legume Medicago truncatula and its nitrogen- fixing 
endosymbiont Sinorhizobium meliloti 
 
Harald Marx1, Catherine E. Minogue1, Dhileepkumar Jayaraman2, Alicia L. Richards1, Nicholas W. 
Kwiecien1, Alireza F. Sihapirani3, Shanmugam Rajasekar2, Junko Maeda2, Kevin Garcia2, Angel R. Del 
Valle-Echevarria2, Jeremy D. Volkening4, Michael S. Westphall1, Sushmita Roy5,6, Michael R. 
Sussman4, Joshua J. Coon1,7, Jean-Michel Ané2 
 
1Department of Chemistry, University of Wisconsin-Madison, Madison, WI 53706, USA 
2Departments of Bacteriology and Agronomy, University of Wisconsin-Madison, Madison, WI 53706, USA 
3Department of Computer Sciences, University of Wisconsin-Madison, Madison, WI 53706, USA 
4Department of Biochemistry, University of Wisconsin-Madison, Madison, WI 53706, USA 
5Department of Biostatistics and Medical Informatics, University of Wisconsin-Madison, Madison, 
WI 53706, USA 
6Wisconsin Institute for Discovery, University of Wisconsin-Madison, Madison, WI 53706, USA 
7Department of Biomolecular Chemistry, University of Wisconsin-Madison, Madison, WI 53706, USA 
 
Legumes play a significant role in the productivity and sustainability of agricultural systems due to their 
ability to establish a nitrogen-fixing symbiosis with soil rhizobia. This association culminates in the 
development of root nodules where rhizobia are housed and can fix nitrogen. We performed a large-
scale, quantitative proteomic, phospho-proteomic, and acetyl-proteomic study to document global 
expression in 6 major tissues (stem, leaf, flower, buds, roots, and root nodules) of Medicago 
truncatula. Nodule tissues were harvested at 10, 14, and 28 days post inoculation, permitting the 
assessment of the dynamic protein and post-translational modification (PTM) expression changes that 
accompany the progress in nodule development. This time-course data not only encompassed the 
proteins within M. truncatula nodules, but also the proteins within the infectious rhizobia, for which we 
identified and quantified > 3,000 proteins, 140 phosphorylation sites, and 60 acetylation events. In 
total this study detected > 23,000 proteins, >26,000 sites of phosphorylation, and > 600 sites of 
acetylation within the two species. Our analysis also provides insights into the nitrogen-fixing 
symbiosis regulatory mechanisms. For instance, we identified a calmodulin-binding protein as a key 
regulator in the host and assign putative roles and targets to host factors (like NCR peptides) that 
control gene expression in the symbiont. Collectively, these data comprise the most holistic proteomic 
analysis of M. truncatula to date, a unique resource for the study of legume biology and symbiotic 
nitrogen fixation. Progress towards the characterization of protein kinases and phosphorylation sites 
identified through quantitative phospho-proteomics will be presented. 
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PAS5-O06 
 
Modelling the effect of horizontal transfer of sym genes, strain competition and nodule 
co-occupation on nitrogen fixing and non-fixing rhizobia coexistence in Rhizobium-
legume symbiosis 
 
Diana E. Marco1,2, Gabriel Moyano1,2, Damián Knopoff1,3, Germán Torres1,4, Cristina Turner1,3, Eulogio 
J. Bedmar5 
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3Facultad de Matemáticas, Astronomía y Física, Universidad Nacional de Córdoba, Argentina  
4Facultad de Ciencias Exactas y Naturales y Agrimensura, Universidad Nacional del Nordeste, 
Argentina 
5 Estación Experimental del Zaidín, Consejo Superior de Investigaciones Científicas (CSIC), Granada, 
Spain 
 
dmarco@agro.unc.edu.ar 
 
In the Rhizobium-legume mutualism, partner benefits are clear: plant receives nitrogen from 
Rhizobium fixing bacteroids inside the nodules that in turn receive carbon compounds from the plant. 
However, strains of nodulating rhizobia that do not fix (or fix low) nitrogen are common in the soil, 
competing for nodulation and even coexisting in the same plant (1), causing low crop yields (2). Here, 
we extend a previously developed mathematical model to explain fixing and non-fixing rhizobia 
coexistence (3) to include other factors conferring more realistic conditions, like horizontal transfer of 
symbiotic (sym) genes, turning non-nodulating strains into nodulating rhizobia,and competition 
between fixing and non-fixing strains for nodulation and nodule co-occupation.The model consists of a 
system of population equations representing the plant population, the populations of saprophytic 
bacteria living in the soil (fixing and non-fixing rhizobia, and rhizobia without sym genes), and 
bacteroids inside nodules. Parameter values were taken from ad-hoc experiments using two strains of 
B. japonicum, a highly efficient nitrogen fixing wild-type strain, and two non-fixing, nifH mutant 
derivatives with equal nodulation abilities but lacking nitrogenase activity (3, 4). We explored a range 
of competition coefficient values, changing competitive advantage from fixing to non-fixing strains. 
Model results showed that plant populations are able to maintain a stable equilibrium by getting fixing 
rhizobia needed to provide a minimum N2 amount, despite of the presence of non-fixing rhizobia in the 
soil and inside single- and co-occupied nodules. Horizontal transfer of the sym genes exerts a 
quantitative effect on fixing and non-fixing rhizobia densities in the soil. Competition for nodulation 
changes the proportion of single- and co-occupied nodules and fixing and non-fixing rhizobia densities 
in the soil. Our modelling results are important to theoretical understanding of the Rhizobium-legume 
symbiotic persistence in the presence of rhizobial strains benefiting but not contributing to the 
mutualistic relationship. Also, our results are highly relevant to improve agricultural inoculation 
practices, providing the needed practical knowledge to design more competitive and efficient 
inoculants.  
 
(1) Singleton, P. and Tavares, J. (1986) Applied Environ. Microbiol. 51:1013-1018. 
(2) Amarger, N. (1981) Soil Biol. Biochem. 13: 475-480. 
(3) Marco, D. et al. (2009) J. Theor.Biol. 259: 423-433. 
(4) Marco, D. et al. (2015) J. Sci. Res. Rep. 6: 99-108 
 
This work was partially supported by grants from CONICET (PIP 11420090100102, PIP 
11220110100050), SECYT-UNC (2015-2016) and ANPCyT (PICT-2015-1066). 
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MtEFD, a Medicago truncatula ERF transcription factor regulating symbiotic nodule 
differentiation in a bacterial strain-specific way 
 
MF Jardinaud1,2, S Moreau1, B Gourion1, P Gamas1 

 
1LIPM, Université de Toulouse, INRA, CNRS, Castanet-Tolosan, France 
2INPT-Université de Toulouse, ENSAT, Castanet-Tolosan, France 
 
Rhizobium-legume endosymbiosis involves the formation of a specific organ, the root nodule. The 
nodule provides bacteria with the adequate environment for atmospheric nitrogen fixation. Nodule 
development necessitates coordinated differentiation of plant and bacterial cells. Very few 
transcriptional regulators involved in this step have been characterized. Among those, MtEFD, a 
Medicago truncatula ERF transcription factor, has been shown to be important for the differentiation of 
the nitrogen-fixing zone (1). When inoculated with the reference strain S. meliloti 2011, the efd-1 KO 
mutant forms non differentiated fix- nodules. We showed that the efd-1 mutatation impacts on the level 
of plant cell endoreduplication in nodules, and specifically affects the 16C to 32C transition. It also 
affects the bacterial endoreduplication. While this phenotype was conserved with S. meliloti 1021, as 
well as AK58, and AK83 strains, the efd-1 mutant was surprisingly able to fix nitrogen when interacting 
with BO221CC, BL22SC S. meliloti strains or MD4 and WSM419 S. medicae strains. In these cases, 
bacteria were endoreduplicated but the 16C to 32C transition in plant cells was remarkably still 
affected. Other fix- mutants (2, 3) were tested in the very same conditions and none presented the 
same characteristic as the efd-1 mutant. 

To our knowledge, the efd-1 mutant presents a unique strain-dependant phenotype. It illustrates 
that endoreduplication of plant cells is regulated byMtEFD while EFD impact on bacterial cell 
endoreduplication is strain dependent. For the first time, we show that the transition 16C to 32C in 
plant cells is not strictly necessary for nitrogen fixation. In addition to its role in nodule cell 
differentiation, our data indicate that the EFD gene contributes to the width of the bacteria range with 
which M. truncatula can form efficient symbiosis. 

Those results open interesting perspectives for the understanding of MtEFD function in nodule 
differentiation. Moreover, the strain dependence of efd-1 phenotype will be highly valuable for the 
exploration of bacterial components involved in symbiosis efficiency.  
 
(1) Vernie T, Moreau S, de Billy F, Plet J, Combier JP, Rogers C, Oldroyd G, Frugier F, Niebel A, 

Gamas P. 2008. EFD Is an ERF transcription factor involved in the control of nodule number and 
differentiation in Medicago truncatula. Plant Cell 20(10): 2696-2713. 

(2) Maunoury N, Redondo‐Nieto M, Bourcy M, Van de Velde W, Alunni B, Laporte P, Durand P, Agier 
N, Marisa L, Vaubert D, Delacroix H, Duc G, Ratet P, Aggerbeck L, Kondorosi E, Mergaert P.2010. 
Differentiation of symbiotic cells and endosymbionts in Medicago truncatula nodulation are coupled 
to two transcriptome‐switches. PLoS One 5(3): e9519. 

(3) Wang D, Griffitts J, Starker C, Fedorova E, Limpens E, Ivanov S, Bisseling T, Long S. 2010. A 
nodule specific protein secretory pathway required for nitrogen‐fixing symbiosis. Science 
327(5969):1126‐1129. 
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PAS5-O08 
 
Sodium and potassium transporters in legume nodules: infected cell development and 
response to cadmium 
 
Elena E. Fedorova1, Victoria Lara-Dampier, Teodoro Coba de la Peña2, Olga Kulikova1, Beatriz Pallol, 
José J. Pueyo, M. Mercedes Lucas  
 
Instituto de Ciencias Agrarias, Consejo Superior de Investigaciones Científicas (CSIC), Madrid, Spain 
1Laboratory of Molecular Biology, Wageningen University, The Netherlands 
2Centro de Estudios Avanzados en Zonas Áridas (CEAZA), La Serena, Chile 
 
mlucas@ica.csic.es 
 
Ionic homeostasis and ion transporters are involved in plant development and responses to abiotic 
stress such as salinity and heavy metals (1, 2). In legume nodules, mature infected cells display 
higher volume than non-infected cells. The infected cell development is accompanied by drastic 
changes in the volumes and the osmotic status of the endomembrane compartments (3). The growth 
of plant cell membranes is achieved by the fusion with the membrane vesicles; however the cell 
expansion is driven by the turgor pressure, which depends on the uptake and distribution of ions (4). 
Therefore, in infected cells the vesicle traffic must be coordinated with the change in the ion transport. 
Cadmium (Cd) affects transport across membranes and produces plant ionome disturbances (2) and 
induces premature senescence of symbiosomes (Sb). We have analyzed the ionic 
compartmentalization of Medicago truncatula nodules by LTSEM and X-ray microanalysis. The 
distribution of K+ and Na+ found suggest defects in the inward transport or a putative leakage of K in 
symbiosomes when they become mature/old. To elucidate the putative transport pathways involved in 
these changes we studied the inwardly rectifying potassium transporter AKT1, sodium/hydrogen 
exchanger SOS1, Na+/H+ exchanger outward channel SKOR, and the Na+/H+ antiporter NHX1. The 
expression/localization was analyzed using constructs of promoter::GUS and GFP::ORF under native 
promoters (SOS1, AKT1) and custom-made specific antibody (NHX1, SKOR). The expression and the 
localization of SOS1 and AKT1 were detected in meristem, vascular bundles and proximal cell layer of 
fixation zone. The plasma membrane (PM) signal of SOS1 and AKT1 was detected in the meristem 
and infection zone, but not in mature infected cells, where it was present as dots in the cytoplasm. 
However, the channel SKOR was found on the PM and Sb membrane along Na+/H+ antiporter NHX1. 
Cd treatment produced up-regulation of AKT1, SOS1 and SKOR (qPCR analysis) and increases of 
Na+ content in young Sb and in vacuoles of infected cells. Considering the inverted position of Sb 
membrane, the observed relocation of the transporters towards Sb can cause the depletion of K+ and 
the accumulation of Na+ which may lead to the senescence (natural, Cd-induced) of symbiosomes. 
 
(1) Bassil and Blumwald (2014) Curr. Opin. Plant Biol, 22:1–6 
(2) Singh et al. (2016) Front. Plant Sci. 6:1143  
(3) Gavrin et al. (2014) Plant Cell 26: 3809-3822. 
(4) Grefen et al. (2011) Curr. Opin. Plant Biol. 14:332–339 
 
This work was funded by grants AGL2013-40758-R from MINECO and the Spanish Education 
Ministery (sabbatical contract to EEF). 
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Zinc entrance to rhizobia-infected nodule cells is mediated by Medicago truncatula 
Zinc-Iron Permease6 
 
I. Abreu, A. Saez, R. Castro-Rodríguez, V. Escudero, B. Rodríguez-Haas, M. Senovilla, C. Larue1, D. 
Grolimund2, M. Tejada-Jiménez, J. Imperial, M. González-Guerrero  
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Symbiotic nitrogen fixation (SNF) between legumes and rhizobia lead to the development of new 
organs, the root nodules. Although nodules represent less than 5% of the plant biomass, it contains up 
to 60% of the iron and 30% of the zinc content. This implies an important trafficking of metals to 
nitrogen fixing organs, although it currently remains unknown how they are delivered (1). It has been 
proposed that zinc should be transported through vascular bundles to the aposplast of the apical zone 
of the nodule, where a zinc transporter located at the plasma membrane of infected cells would 
mediate the acquisition of zinc (1), as previously described for iron through MtNRAMP1 (2, 3). 

MtZIP6 was previously described as a Zn transporter. Using qPCR and a GUS transcriptional 
reporter line we found that MtZIP6 is highly expressed in nodules, spatially restricted to the zone 
where bacteria differentiates into bacteroid, and at a minor extent also in roots. MtZIP6 is located in 
the plasma membrane of rhizobia-infected cells, as determined by fusing to MtZIP6 a C-terminus 
3xHA tag. To determine the role of MtZIP6 we transformed M. truncatula plants with a MtZIP6 RNAi 
construction resulting in an average 80% reduction of MtZIP6 expression. mtzip6 RNAi plants showed 
no significant differences under non-symbiotic conditions. In contrast, mtzip6 RNAi plants inoculated 
with S. meliloti 2011 showed a significant reduction in nitrogenase activity, accompanied by a 
decrease in plant growth. To further characterize the phenotype of MtZIP6 in planta we analyzed both 
content and distribution of transition metals in control and silenced plants using Zinpyr1 Zn probe and 
Synchrotron-X Ray Fluorescence. Zinc was accumulated at the apical zone of the nodule and reduced 
in nitrogen-fixing cells in mtzip6 RNAi plants, suggesting that MtZIP6 participates in Zn homeostasis. 

Our results support a model in which MtZIP6 would be mediating the acquisition of Zn by 
rhizobia-infected cells. Its absence would lead to an accumulation of Zn in the apoplast of the apical 
regions of the nodule, and an impairment of nitrogen fixation due to the lack of a still-unknown 
essential zinc-metalloprotein. 
 
(1) González-Guerrero et al. (2016) Front. Plant. Sci. 7: 1088.  
(2) Rodríguez-Haas et al. (2013) Metallomics.  
(3) Tejada-Jiménez et al. (2014) Plant Phys.168:258-272.  
 
This work was funded by ERC Starting Grant Grant (ERC-2013-StG-335284) and MINECO Grant 
(AGL-2012-32974). RC-R receipt a FPI fellowship from MINECO (BES-2013-062674).  
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Transcriptomic footprints of symbiotic and non-symbiotic nitrogen nutritions in leaves 
of Lotus japonicus 
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Facultad de Ciencias Biológicas, Pontificia Universidad Católica de Chile, 833101, Santiago, Chile 
2Instituto de Bioquímica y Microbiología, Facultad de Ciencias, Universidad Austral de Chile, campus 
Isla Teja s/n, Valdivia 5090000, Chile 
 
mbetti@us.es 
 
Nitrogen availability as well as the presence of N fixing bacteria in the soil produce early transcriptomic 
responses in roots of legumes. However, there are also long-range signals related with N availability 
that go on both ways, from root to shoot and vice versa, that may result in transcriptional changes both 
in roots or in shoots of the plants. The great majority of the transcriptomic studies that have been 
carried out to elucidate the response to N availability were analysed exclusively in roots. In this work, 
different N regimes (purely symbiotic conditions with Mesorhizobium loti or external provision of either 
NO3

-, NH4
+ or NH4NO3 under non-symbiotic conditions) were applied to plants of the model legume 

Lotus japonicus. A comparative transcriptomic analysis was carried out in leaves of plants grown 
under the four different nitrogen regimes. First of all, the genes that showed significantly different 
levels of expression among treatments were identified by performing a one-way ANOVA analysis 
together with a Tukey test. In order to identify groups of genes with similar transcriptional response to 
the different N regimes, a global clustering analysis of the whole dataset was also carried out (1). 
Several genes related to the biosynthesis of flavonoids and isoflavonoids, as well as others encoding 
for transcription factors were more expressed in leaves of nodulated plants compared to the other N 
conditions. In the leaves of plants growing with NH4

+ as the sole nitrogen source different genes 
involved in the response to abiotic and biotic stress were more expressed, probably indicating a toxic 
effect of ammonium nutrition in these plants. Under mixed nutrition (NH4NO3) changes were observed 
especially in the expression of genes involved in nitrogen metabolism and central carbon metabolism, 
while the transcriptome response to NO3

- was very similar to the response to NH4
+ with some 

exceptions such as the lack of increase in the levels of stress-responsive genes. The results will be 
further discussed with a special interest in the genes that are modulated in the leaves of plants that 
are actively fixing nitrogen.  
  
(1) Pérez-Delgado et al. (2016) J. Exp. Bot. 67, 3095-3108. 
 
This work was funded by project AGL2014-54413-R from FEDER-MINECO (Spain) as well as projects 
P10-CVI-6368 and BIO-163 from Consejería de Economía, Innovación y Ciencia, Junta de Andalucía 
(Spain). 
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MtYSL8, a metal-nicotianamine transporter involved in the symbiotic nitrogen fixation 
in Medicago truncatula nodules  
 
Rosario Castro-Rodríguez, Isidro Abreu, Juan Imperial1, Manuel González-Guerrero 
 
Centro de Biotecnología y Genómica de Plantas, Universidad Politécnica de Madrid, CBGP-INIA. 
Pozuelo de Alarcón, 28223 Madrid (Spain).  
1
 Consejo Superior de Investigaciones Científicas. Madrid. Spain.  

 
rosario.castro@upm.es  
 
Metals are essential micronutrients for symbiotic nitrogen fixation as cofactors of key enzymes 
involved in this process, such as nitrogenase, leghemoglobin, and cytochrome oxidases (1). Previous 
results in Medicago truncatula showed that these metals are provided to the nitrogen-fixing bacteroids 
by the host legume. They are loaded in the roots vascular cylinder, where they are redirected to the 
nodule. Once there, metals are released to the apoplast of infection zone of the nodule (2) and they 
are introduced into the infected cells. Therefore, there must be several metal transporters mediating 
the transport from the vascular bundle. Members of yellow stripe-like (YSL) family of metal 
transporters are importants players in the long-distance transport of metals between source and sink 
organs in plants. For this reason, many of them are often associated to the vasculature (3). We 
hipotetize that one YSL family member could be responsible for delivering metals from the vasculature 
to the nodule apoplast.  

Transcription profiles of the 9 YSL family members in M. truncatula, showed that one ot them, 
MtYSL8, has the highest expression in nodule. This transporter could be a good candidate to transport 
metal through the vessels in nodules. Supporting this, we have found that MtYSL8 was localized 
around the nodule vascular bundles, and in the root vascular cylinder. MtYSL8 inmunolocalization 
experiments showed that it is localized in the plasma membrane of non-infected cells surrounding 
vessels of the nodule. In roots, it is localized in the stele, in close proximity to the xylem. Under 
symbiotic conditions, ysl8-1 mutant plants show growth defects and a 50% reduction of the 
nitrogenase activity respect to control plants. Under non-symbiotic conditions (plants watered with a 
nutritive solution containing ammonium nitrate), ysl8-1 mutants exhibited normal, wild type-like growth. 
All these results point to a role of MtYSL8 in metal delivery for nitrogen fixation in M. truncatula 
nodules. 

 
(1) González-Guerrero et al. (2014) Front Plant Sci 5: 45  
(2) Rodriguez-Haas et al. (2013) Metallomics 5: 1247-1253  
(3) Conte and Walker. (2012) Curr Top Membr 69: 295-322 
 
This work was supported by ERC Starting Grant (ERC-2013-StG-335284) and MINECO Grant (AGL-
2015-65866-P) to M.G-G. and R.C-R was supported by FPI Fellowship from MINECO (BES-2013-
062674). 
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Medicago truncatula Ferroportin2 (MtFPN2) is a nodule- specific iron exporter 
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viviana.escudero@upm.es 
 
Legumes are able to use atmospheric nitrogen and convert it to ammonia through a partnership with 
endosymbiotic rhizobia. This symbiotic nitrogen fixation (SNF) occurs in root nodules formed with 
rhizobia. SNF requires different transition metals, notably iron, as essential cofactors of multiple 
proteins involved in this process (leghemoglobin, nitrogenase…). Previous studies in our laboratory 
showed that iron is driven from vascular bundles to the aploplast of the infection zone of the nodule (1).  

Transcriptomic studies in Medicago truncatula nodules showed that MtFPN2 is specific to the 
nodule. Within this organ, promoter::gus fusions and immunolocalization showed that it was located in 
the nodule vasculature and in some intracellular compartment in rhizobia-infected cells. Yeast 
complementation assays in several metal transporter mutants, indicated that MtFPN2 was able to 
transport iron and manganese out of the cytosol, either into an organelle or across the plasma 
membrane. Phenotypical characterization of two Tnt1-insertion mutant alleles (fpn2-1 and fpn2-2) 
revealed that MtFPN2 was important for SNF, as both lines presented a significantly lower nitrogenase 
activity than wild-type plants.  
 
(1) Rodríguez-Haas et al. (2013) Metallomics 5, 1247-1253. 
 
This work was supported by ERC Starting Grant (ERC-2013-StG-335284) and MINECO Grant (AGL-
2015-65866) to M.G-G. 
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Functional analysis of the ClpAP1S1 proteolytic system of Bradyrhizobium 
diazoefficiens in symbiosis  
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M. Mercedes Lucas3, Eulogio J. Bedmar1, Socorro Mesa1 
 
1Department of Soil Microbiology and Symbiotic Systems, Estación Experimental del Zaidín, CSIC, 
Granada, Spain  
2Department of Biochemistry and Molecular and Cellular Biology of Plants, Estación Experimental del 
Zaidín, CSIC, Granada, Spain 
3Department of Soil, Plant and Environmental Quality, Instituto de Ciencias Agrarias, CSIC, Madrid, 
Spain 
 
noemi.fdez.fde@gmail.com 
 
During rhizobia-legume symbiosis establishment, bacteria must adapt their physiology from the free-
living state to the low-oxygen (microoxic) environment of the nodules. This implies an exhaustive 
control by regulatory mechanisms at different stages of the symbiotic interaction. The Clp proteins are 
energy-dependent chaperone-proteases, highly conserved and widely distributed across kingdoms 
that play a crucial role in controlled proteolysis and general degradation of unfolded and misfolded 
proteins (reviewed in 1 and 2). They consist of two distinct parts: a hexameric chaperone ring 
belonging to the AAA+ ATPase family and a protease cylinder. Further, adaptor proteins modulate 
their proteolytic activity. Although the function of Clp chaperone-proteases in bacterial stress response 
has been extensively covered, few studies describing the involvement of this kind of proteins in the 
rhizobial-plant symbiotic interaction are known (3, 4).  

Using the Bradyrhizobium diazoefficiens-soybean (Glycine max) tandem as a model, we have 
characterized the ClpAP1S1 proteolytic system in symbiosis. This chaperone-protease is involved in 
the degradation in vitro of the FixK2 transcription factor, a key regulator that controls genes required 
for the microoxic lifestyle of B. diazoefficiens, both in free-living and symbiotic states (reviewed in (5)). 
In particular, we constructed mutants in genes coding for the ClpA chaperone and for its specific ClpS 
adaptor protein. Standard soybean plant infection experiments (108 colony forming units CFU per 
plant) carried out until 28 days post-inoculation showed that ClpA- and ClpS-deficient strains behaved 
similar as the wild type with regard to nitrogen fixation estimated as specific acetylene reduction 
activity, number and dry weight of nodules and nodule structure analyzed by light microscopy. 
However, when soybean plants were inoculated with mixtures at different ratios of each mutant and 
the wild type containing a total of 102 CFU, both ClpA- and ClpS-mutants were affected in nodule 
occupancy, even when the mutants were present in 9-fold excess over the wild type in the inoculum. 
Further, less number of nodules with reduced dried weight was observed in plants infected with 102 
CFU of the ClpA-deficient strain. These results point that both ClpA- and ClpS-mutants are affected at 
some stage of nodule colonization when competing with the wild type. 
 
(1) Schmidt et al. (2009) Res. Microbiol. 160:629–636. 
(2) Kirstein et al. (2009) Nat. Rev. Microbiol. 7:589-599. 
(3) Brígido et al. (2012) Mol. Plant-Microbe Interact.25:1594-1604. 
(4) Paço et al. (2016) PLoS One 11:e0148221. 
(5) Fernández et al. (2016) Biological Nitrogen Fixation and Beneficial Plant-Microbe Interactions. 

Springer International Publishing Switzerland. doi: 10.1007/978-3-319-32528-6_6. 
 
This work was funded by FEDER-co-financed grants AGL2011-23383 and AGL2015-63651P, 
(MINECO, Spain). NF was granted by the FPI Program (MINECO, Spain; grant BES-2011-049587) 
and by FEMS to attend to this Conference. Support from the Junta de Andalucía to group BIO-275 is 
also acknowledged.  
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Nitric oxide scavenging activity of LjGlb1-1 is involved in nodulation and nodule 
senescence in the Lotus japonicus–Mesorhizobium loti symbiosis 
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Hemoglobins (Hbs) are ubiquitous in plants. They are classified into three classes based on 
phylogenetic analyses and biochemical properties. Class 1 Hbs are expressed in most plant tissues 
and interact with nitric oxide (NO). Because NO is an inhibitor of nitrogenase (1) and is produced at 
several steps of the legume-rhizobia symbiosis (2), the NO scavenging activity of class 1 Hbs could be 
involved in symbiotic nitrogen fixation. We established three mutant lines of a class 1 Hb gene 
(LjGlb1-1) of Lotus japonicus. Two lines (A102V and E127K) have single amino acid substitutions and 
a third line (96642) has a retrotransposon (LORE1) insertion. The NO levels in the roots of the mutant 
lines were higher than those of wild-type Gifu. The mutant lines showed inhibition of infection thread 
elongation, decreased number of nodules, and lowered nitrogenase activity. These results indicate 
that LjGlb1-1 regulates NO levels and is required during rhizobial infection. NO is also produced 
during nodule senescence. We established overexpression lines of LjGlb1-1. These lines had 
enhanced nitrogenase activity and reduced levels of NO in the roots. Nodule senescence was 
assessed by the color of nodules, nitrogenase activity, microscopic observation, expression of 
senescence related genes, and NO production in nodules. The nodules of the LjGlb1-1 
overexpressing lines showed a delay of senescence compared with the nodules of the wild-type 
plants. These results suggest that the control of NO level by LjGlb1-1 are also involved in nodule 
senescence.  
 
(1) Trinchant and Rigaud (1997) Appl. Environ. Microbiol. 44: 1385-1388. 
(2) Hichri et al. (2015) J. Exp. Bot. 66: 2877-2887. 
 
This work was supported by Open Partnership Joint Projects of JSPS Bilateral Joint Research 
Projects (Japan), byDanish National Research Foundation grant DNRF79 (Denmark), and by Ministry 
of Economy and Competitiveness grant AGL2014-53717-R (Spain). 
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MtMOT1.3, a plasma membrane molybdenum transporter required for nitrogenase 
activity in Medicago truncatula root nodules  
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Nitrogenase, a key enzyme in Symbiotic Nitrogen Fixation (SNF), requires the presence of 
molybdenum in its active center, as part of the Iron-Molybdenum-cofactor. The host plant has to 
deliver this metal to the bacteroids, inside the root nodules, in order to synthesize the cofactor. In 
legumes, transporters mediating molybdenum transport have not been identified so far. In model 
legume Medicago truncatula we have identified a nodule-specific member of molybdate transporter 
family MOT1(1), MtMOT1.3. Heterologous expression in Saccharomyces cerevisae reveals that 
MtMOT1.3 transports molybdate into the cytosol. Imnunolocalization studies show that MtMOT1.3 is 
expressed in the plasma membrane of nodule cells. A MtMOT1.3 knockout mutant exhibited reduced 
nitrogenase activity and impaired growth, compared to the wild type under symbiotic conditions. The 
mutant phenotype was restored by reintroducing a functional copy of MtMOT1.3 or increasing 
molybdate concentrations in the nutritive solution. No differences in phenotype were observed 
between WT and mot1.3-1 plants when adding an assimilable nitrogen source. These results indicate 
the important role of MtMOT1.3 in molybdenum homeostasis in M. truncatula nodules.  
 
(1) Tejada-Jimenez et al. (2007) Proc Natl Acad Sci U S A. 104:20126-20130  
 
This work was supported by ERC Starting Grant (ERC-2013-StG-335284). 
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Understanding the uptake of copper in rhizobia  
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Copper (Cu) is an essential cofactor of enzymes catalyzing redox reactions in crucial biological 
processes. In Gram-negative bacteria the uptake of Cu is an unexplored component of a finely 
regulated trafficking network. The characterization of a mutant of Rhizobium etli CFN42, a facultative 
symbiotic diazotroph of common bean plants, with enhanced CuCl2 tolerance led us to the 
identification of ropAe gene coding for a putative outer membrane β-barrel channel. RT-qPCR 
analyses indicated that ropAe maintains a basal transcription level, even under copper overload, 
facilitating the entrance of copper to the cell. Under copper limitation, the RopAe mutant showed a 
decreased growth compared with wild type strain. Through transcription experiments we observed wild 
type strain increases the transcription of ropAe gene, allowing the bacterium to survive when copper is 
scarce. The disruption of ropAe did not increase the resistance to other divalent metals suggesting 
that RopAe is not their main entrance.  

Preliminary competition experiments for nodule occupancy when both strains were co-
inoculated 1:1 on bean roots growing under high-copper conditions the wild type strain was 
outcompeted by ropAe mutant strain. A maximum likelihood phylogenetic analysis revealed that RopA 
proteins are highly conserved in the Rhizobiales order but poorly conserved in other alpha 
proteobacteria and unrelated to the best-studied outer membrane β-barrel channel of other bacteria. 
 
This work was funded by UNAMDGAPA-PAPIIT Grant number IN209815. 
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Novel evidence for distinct roles of glutathione and homoglutathione during pea 
(Pisum sativum) nodule development 
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The thiol tripeptides, glutathione (GSH) and homoglutathione (hGSH) play a key role during the 
symbiotic nodule development. However, the specific function of these homologues remains unclear. 
Wild-type pea line SGE and ineffective mutants in the genes sym33 (ortholog of MtIPD3 and 
LjCYCLOPS (1), characterized with ‘locked’ infection threads without bacterial release) and sym40 
(ortholog of MtEFD (2), characterized with hypertrophied infection droplets and abnormal 
morphological differentiation of bacteroids) were used to reveal the spatial localization of GSH. In all 
analyzed genotypes, the most intensive labeling was observed in juvenile bacteroids and peribacteroid 
space, indicating that GSH is required for bacterial release and bacteroid differentiation. We also 
examined the expression of GSH1 (γ-glutamylcysteine synthetase), GSHS (glutathione synthetase) 
and HGSHS (homoglutathione synthetase) in uninoculated roots and 3-week-old pea nodules. 
HGSHS expression was significantly higher relative to GSHS expression for uninoculated roots in all 
genotypes. The similar increase of HGSHS expression was observed in mutant sym33 nodules 
without bacterial release, whereas in wild-type and mutant sym40 nodules GSHS expression was 
higher than HGSHS. This shift of the GSHS and HGSHS gene expression patterns in roots and 
nodules suggests that the ratio of GSH:hGSH may regulate pea nodule development and particularly 
bacterial release. Preliminary data indicates that GSH treatment of inoculated roots promote the 
formation of infection droplets in nodules of mutants in the gene sym33 lacking bacterial release.  
 
(1) Ovchinnikova et al. 2011, MPMI 24(11):1333–1344 
(2) Nemankin 2011, Dissertation SPBU 
 
This work was funded by Russian Science Foundation (16-16-10035) 
 
 
 
 
 
 
 
 

  



 
 
 

 

 
Parallel Session 5: Functioning of Legume-Rhizobium Symbiosis 

 
162 

PAS5-P10 
 
A comparative physiological analysis of two honeybush species 
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The genus Cyclopia is commercially farmed for the production of a sweet herbal tea known as 
Honeybush. Yet no information regarding the agronomical and physiological aspects of the genus is 
available. Until now, the majority of honeybush cultivars have been selected under non-limiting 
nitrogen conditions. However, in order to cultivate these plants, their nutrient requirements in a 
nutrient-poor ecosystem should be taken into account. The objective of the study was to determine to 
what extent nitrogen assimilation between two honeybush species would differ. The two species 
assessed were Cyclopia maculata (Vleitee) and C. subternata (Bergtee). Plants of both species were 
grown in one field under the same nutrient regimes and the nitrogen assimilating enzyme activities in 
leaves, roots, nodules and rhizosphere compartments were assayed. No significant differences were 
found in N concentration of root and leaf samples between the two species, however the activities of 
key N assimilating enzyme were found to significantly differ between Berg- and Vleitee. Both species 
appeared to follow a similar pathway of acquiring mineral N from the soil via the roots instead of their 
nodules with the highest assimilating enzyme activity being nitrate reductase (NR). For both species 
glutamine synthetase (GS) had a lower enzyme activity in both soil and plant compartments whereas 
glutamate dehydrogenase (GDH) had a significantly higher activity in various plant organs. This 
suggests that Ammonium (NH4) might not the main nitrogen source in the soil and that plant organs 
may recycle N differently between species. 
  



 
 
 

 

 
Parallel Session 5: Functioning of Legume-Rhizobium Symbiosis 

 
163 

PAS5-P11 
 
MtMTP2 is a zinc transporter required for symbiotic nitrogen fixation in Medicago 
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Zinc (Zn) is a key element in the structure and catalytic activitiy of a large amount of proteins (1), 
including many involved in Symbiotic Nitrogen Fixation (SNF) (2). Although much is known about Zn 
transport and delivery in plants, few studies have focused on how this is achieved in legume nodules. 
There are three mayor protein families involved in the Zn transport in plants: ZIP, P1b-2ATPases and 
CDF transporters (3). Characterization of the Zn Medicago truncatula transcriptome showed high 
expression level of CDF transporter MtMTP2 in nodules. Yeast complementation tests showed that 
MtMTP2 exports Zn out of the cytosol. To test where MtMTP2 expression is located, ß-glucuronidase 
activity was determined in M. truncatula plants expresing the gus gene under the MtMTP2 promoter. 
GUS signal was detected in the differenciation, interzone and fixation zones. Immunolocation studies 
indicate that MtMTP2 was located in the plasma membrane of non-infected nodule cells and in an 
intracellular compartment in rhizobia-infected cells. Under symbiotic conditions, the mtp2-1 and mtp2-
2 mutants exhibited reduced growth and nitrogenase activity compared to the wild type, but not when 
mineral nitrogen was provided in nutritive solution. These data indicates an important role of MtMTP2 
in the Zn homeostasis in SNF. 
 
(1) Broadley MR. et al. (2007) New Phytol. 173(4):677-702.  
(2) O'Hara GW. (2001) Austr. J. Exp. Agric. 41: 417-433 
(3) González-Guerrero, M. et al (2016) Front. Plant Sci. Jul 29;7:1088. 
 
This work was supported by ERC Starting Grant (ERC-2013-StG-335284) and MINECO Grant (AGL-
2015-65866-P) to M.G-G.  
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Legumes are one of the largest families in plants, that stands out by their ability to develop root 
nodules. In these organs, the rhizobial microsymbionts convert the atmospheric nitrogen into 
ammonia. Nodule formation and functioning is a highly-coordinated process between both partners, 
starting with a chemical crosstalk which allows rhizobial invasion and nodule organogenesis. The 
exchange of chemical signals remains throughout the nodulation process, along with the supply of 
several nutrients from the plant to the bacterial symbiont. Among these nutrients, transition metals are 
included, since they are essential cofactors of enzymes involved in nodule functioning (1). This notion 
is supported by several recent findings in our group, using M. truncatula mutants affected in a wide 
range of genes encoding metal transporters ((2); unpublished data). However, metals are not free in 
the cells because of their potential toxicity but rather associated with organic ligands such as 
nicotianamine (NA). NA can form stable complexes with several metals (manganese, iron, cobalt, zinc, 
nickel and cooper). It has been shown in Arabidopsis thaliana that Zinc-Induced Facilitator 1 (ZIF1) 
mediates NA distribution (3). In the genome of M. truncatula 8 ZIF-like (ZIFL) genes were identified. 
Using the available transcriptome database, we found that MtZIfL1 was the only member of this family 
mainly expressed in the nodule. In addition, the transcript was mostly restricted to the interzone and 
zone III, were bacteroids accomplish nitrogen fixation. These findings prompted us to unravel the 
function of MtZIfL1 transporter in nodulation, different approaches are in progress such as 
characterization of MtZIfL1 mutant, RNAi silencing, and analyses of promoter activity and protein 
localization.  
 
(1) González-Guerrero M. et al. 2016 Front Plant Sci. 7:1088 
(2) Tejada-Jiménez et al. 2015 Plant Physiol. 168(1):258-272 
(3) Sinclair and Krämer Biochim Biophys Acta. 1823(9):1553-1567 
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Attachment and colonization of legume roots by rhizobia is one of the very early and critical steps in 
symbiosis. Legumes tightly regulate attachment and colonization by specific time-dependent signals 
and the ability to perceive and respond to such signals by rhizobia is a requirement for successful 
colonization. 

Rhizobia respond to host-specific signals by activating a specific subset of genes, directed by 
extracytoplasmic function (ECF) sigma factors which are an important component in transmembrane 
signal transduction. Root attachment and colonization requires an orchestrated transcription of genes 
coding for polysaccharides (exo-, lipo-polysaccharides and glucomannan), extracellular proteins 
(rhicadesin and rhizobium adhering proteins), cellulose fibrils and secretion systems (1). Our lab has 
identified a three-gene operon coding for lipoprotein (LppE), ECF sigma factor (EcfE) and anti-sigma 
factor (AsfE) which, together, act as master regulators of the root attachment process to the root 
elongation zone. 

Currently, in planta root colonization assays with rhizobium harbouring a constitutive lux 
bioluminescence cassette are being used to assess the root attachment potential of a range of known 
rhizobium mutants. In-house microarray and INSeq datasets have been used to identify genes likely to 
represent novel root attachment factors, and lux based attachment assays will help characterise 
rhizobium mutants in these genes. 

In addition, we have adapted a recently published confocal imaging system (2) for real-time 
tracking of root microbe interactions and are using this to assist with high resolution spatio-temporal 
mapping of root attachment factor expression.  

The initial stages of root attachment remain poorly understood, but are thought to be enabled by 
a pH dependent glucomannan/rhicadhesin system. Utilising root attachment assays at different pH 
ranges, we hope to better characterise the networks underpinning root attachment in different soil 
conditions. Using a plasmid based barcoding system, we will use plant based assays to identify 
competition effects of mutations on host rhizobial strains in root colonisation. 

Using these approaches, we hope to more fully characterise the bacterial processes 
underpinning root attachment, and produce a detailed spatiotemporal analysis of the regulation of 
factors involved. 
 
(1) Williams et al. (2008) J. Bacteriol. 190:4706-1715. 
(2) Massalha et al. (2017) PNAS doi: 10.1073/pnas.1618584114. 
 
This work was undertaken as part of the Interdisciplinary Biosciences Doctoral Training Partnership 
programme, and funded by a 1379 Society scholarship, New College, University of Oxford.  
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Cicer canariense, a wild chickpea from Canary Islands (La Palma), is a promiscuous legume that is 
nodulated by different species of Mesorhizobium genus; a small group of them were classified as 
Mesorhizobium ciceri (1).  

In this work, we show that these M. ciceri strains, which were poor nitrogen fixers in their 
original host (2), according to the phylogeny of the nodulation genes nodC and nodA and the fixation 
gene nifH are members of symbiovar ciceri, that is the characteristic one of the rhizobia nodulating 
Cicer arietinum. Three of these strains (CCANP48, CCANP79 and CCANP82), along with strains M. 
ciceri UMPCa7 T and M. mediterraneum USDA 3392T, two reference symbionts of commercial 
chickpea, were tested in Cicer arietinum plants growing in hydroaeroponic culture. Furthermore, we 
tested the nitrogen fixation under conditions of phosphorus sufficiency and deficiency. Fresh shoot 
weight (FSW), dry shoot weight (DSW), nodule number (NDN), nodule dry weight (NDW) and nitrogen 
content were measured 8 weeks postinoculation.  

Plants inoculated with strains CCANP82 and CCANP48 produced better results in comparison 
to those nodulated by the two reference strains, giving the highest values of SDW and nitrogen 
content. Strain CCANP79, however, produced the poorest plant growth, indicating that strain specific 
features could be important. The symbiosis of plants grown under phosphorus deficiency was affected 
by decreasing the nodulation. Fluorescence microscope confirmed these previous results showing 
histological differences for CCANP79 and CCANP48 nodules, in morphological changes in the active 
fixation zone and in the number of bacteroids per plant cell. 

These data prove that strains CCANP48 and CCANP82 of M. ciceri symbiovar ciceri are 
suitable and more effectives inoculants for cultivated chickpea than some of the most common used 
inoculants. It is concluded that C. canariense, surprisingly can be a source of effective symbionts for 
chickpea crop. 
 
(1) Armas Capote et al. (2014) Syst. App. Microbiol. 37:140–148. 
(2) Pérez-Yépez et al (2014) Syst. App. Microbiol. 37:553-559. 
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Gregorio Gálvez-Valdivieso, Elena Delgado-García, Manuel Pineda, Pedro Piedras 
 
Departamento de Botánica, Ecología y Fisiología Vegetal, Grupo de Fisiología Molecular y 
Biotecnología de Plantas, Campus de Excelencia Internacional Agroalimentario, CEIA3. Campus de 
Rabanales, Edif. Severo Ochoa, 1ª planta, Universidad de Córdoba, 14071, CÓRDOBA. 
 
bb2pimop@uco.es 
 
Ureides are essential compounds for the efficient use of nitrogen in ureidic legumes such as French 
bean or soybean. Ureides are the main molecules for export of fixed nitrogen from root nodules to the 
aerial parts. The fixed ammonium is incorporated into glutamine which is used in the de novo purine 
biosynthesis in the root nodules. Purines are thereafter metabolized to produce ureides. These 
compounds are also synthesized in other processes with high nitrogen mobilization as germination 
and seedling development (1). Purines used for the synthesis of ureides can be derived either from de 
novo synthesis, such as in nodules, or by nucleotides and nucleosides degradation, probably derived 
from nucleic acids degradation. We have reported nucleic acid degradation (2, 3) and nucleotidase 
activity (4) in French bean seedlings coincident with ureide acumulation (1). 

Nucleotidase, enzyme that catalyse the conversion of nucleotide to nucleoside, is the first 
enzyme in the pathway from purines nucleotides to ureides. The following enzyme is the nucleosidase 
that catalyse the transformation of the nucleoside to purine base and ribose. So far, little is known 
about the nucleosidase gene that code for the enzyme involved in this pathway or about the 
characteristics of the enzyme catalysing this step. We have identified four genes encoding putative 
nucleosidases in French bean (PvNSH1, PvNSH2, PvNSH3 and PvNSH4). Among these genes, only 
PVNSH1 and PvNSH2 are expressed in nodules, although the transcript of PvNSH1 is more abundant 
than PvNSH2. Nucleosidase activity has been determined in crude extracts from French bean nodules 
with several nucleosides as substrates following the appearance of nitrogenous base by HPLC.  
 
(1) Quiles et al. (2009). Physiol. Plant. 135:19-28. 
(2) Lambert et al.(2014) Plant Sci. 224:137-143. 
(3) Lambert et al., (2016). Acta Physiol Plant. 38:1-13. 
(4) Cabello-Diaz et al. (2015). J. Plant Physiol. 185:44-51. 
 
This work was funded by grant AGL2015-69554-P (MINECO) and Plan Andaluz de Investigación, 
Desarrollo e Innovación (BIO-115). E D-G is supported by "Beca Semillero" (Universidad de Córdoba).  
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Sorghum and millet are the most common cereals crops planted by smallholder farmers as monocrops 
or as intercrops with legumes such as cowpea and groundnut. Low soil fertility coupled with harsh 
climatic conditions are responsible for the low crop yields. The aim of this study was to evaluate the 
effect of inoculating millet and sorghum plants with a cocktail of root nodule bacteria isolated from 
cowpea and groundnut respectively. Millet and sorghum were grown on three soils varying in texture 
under sterile conditions in a greenhouse. A positive control using NPK fertiliser (2:3:2) and a negative 
control without any fertiliser nor inoculation were also included. Plants were harvested 45 days after 
planting. Millet plants inoculated with a root nodule bacterial cocktail were significantly taller than those 
that received fertiliser. Inoculating millet with root nodule bacteria significantly increased (2.0x) the 
shoot dry weight, the root dry weight (1.8x) and whole plant weight (1.9x). There were no significant 
differences between the shoot weight of inoculated plants and those that received a dose of NPK 
fertiliser. A significant inoculation x soil type interaction was realised for plant height and number of 
leaves. Millet plants that received a dose of fertiliser on a sandy soil significant grew the longest 
followed by inoculated plants while control plants grew the least. Inoculated plants grown on clay 
exhibited the highest leaf length. With respect to the number of millet leaves, inoculated plants grown 
on all soils had significantly more leaves compared to control plants. On loamy soil, the number of 
leaves equalled that of plants that received fertiliser. With respect to sorghum, inoculation had no 
effect on all measured sorghum plant growth parameters except stem thickness. In conclusion the 
bacterial cocktail applied to millet was more effective compared to that inoculated onto sorghum. 
Possible mechanisms of plant growth promotion for these bacterial strains could include phosphatase 
solubilisation, siderophore production, cellulase and phytohormone synthesis. 
 
This work was funded by SASSCAL Task 316 and the Botswana University of Agriculture and Natural 
Resources 
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PAS5-P17 
 
Reconstruction of pantothenate synthesis pathway in rhizobia: where does β-alanine 
come from?  
 
Mariana L-Sámano, Tomás Villaseñor Toledo, Araceli Dávalos, Alejandro García de los Santos* 
 
Centro de Ciencias Genómicas, UNAM. Av. Universidad s/n Col. Chamilpa 62210, Cuernavaca, Mor. 
Tel. (01) 777 317 5867.  
 
*alex@ccg.unam.mx 
 
Comparative genomic studies have reported numerous cases of missing ORFs in multiple metabolic 
pathways. One example is the Pantothenate (vitamine B5) synthesis pathway. Pantothenate is the 
precursor of coenzyme A (CoA) an essential cofactor of a large number of key metabolic enzymes. 
Pantothenate is synthesized from two precursors: pantoate and beta-alanine. In γ-proteobacteria β-
alanine is produced in a sole step by decarboxylation of L-aspartate. This reaction is catalyzed by the 
aspartate decarboxylase enzyme (ADC) encoded by the panD gene. Mutants in this gene are β-
alanine auxotrophs. 

To know the prevalence of panD homologues in α-proteobacteria genomes we surveyed its 
presence in 30 reference strains members of the Rhizobiales order using E. coli panD as query in 
BlastP and PsiBlast searches. This survey revealed the absence of E. coli panD homologues in 25 of 
30 genomes analyzed. We selected Rhizobium etli CFN42 as model to search for the enzyme(s) 
involved with β-alanine synthesis. Based in KEGG predictions we found that R. etli gene  
RHE_PF00434 encodes a putative β-alanine pyruvate transaminase (EC 2.6.1.18). This enzyme 
catalyzes the transfer of the α-amino group of L-alanine to malonic semialdehyde to produce β-alanine 
and pyruvate in the presence of pyridoxal phosphate as cofactor. The RHE_PF00434 gene 
complemented the growth of an E. coli panD mutant auxotroph of β-alanine. Experiments are in 
progress to determine if disruption of gene RHE_PF00434 in R. etli CFN42 produces a β-alanine 
auxotrophic mutant. This would be the first report in bacteria on the synthesis of β-alanine catalyzed 
by transamination instead of decarboxylation the prevalent reaction in γ-proteobacteria. 
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PAS5-P18 
 
Energizing transport between legumes and rhizobia: the role and potential of H+-
ATPases in Medicago truncatula 
 
Ivone Torres-Jerez1, Raul Huertas-Ruz1, Jiangqi Wen1, Michael Udvardi1 

 

1Noble Research Institute LLC, Ardmore, Oklahoma, USA. 
 
itjerez@noble.org 
 
Nitrogen-fixing rhizobia within plant cells of legume root nodules are surrounded by a specialized plant 
membrane called the symbiosome membrane (SM) that controls exchange of nutrients between the 
symbionts. The SM is energized by a proton-pumping, P-type H+-ATPase that generates both pH and 
electrical gradients, which drive transport of numerous metabolites, including dicarboxylic acids from 
the plant to the rhizobia and ammonium from the rhizobia to the plant (1). Medicago truncatula has 
thirteen P-type H+-ATPase genes but it is unclear which of these are involved in energizing the SM. In 
the arbuscular mycorrhizal symbiosis, the P-type H+-ATPase MtHA1 is expressed specifically in 
arbuscule-containing cells and is required for phosphate transport from the fungus to the plant (2). 
Overexpression of the H+-ATPase, OsHA1 in rice roots increased both phosphate uptake and the 
plasma membrane potential (3).  

In this study, we aim to evaluate the effect of over-expression and down-regulation of P-type H+-
ATPase genes on nutrient exchange and nitrogen fixation in nodules of Medicago truncatula. We have 
identified Tnt1-insertion mutants of MtHA4 and MtHA5, both containing insertions in coding regions. 
Preliminary phenotypic analysis of homozygous ha4 mutants showed a negative impact in plant 
biomass, and a reduction in nodule number and nitrogenase activity. In contrast, transient 
overexpression by hairy-root transformation of MtHA4 and MtHA5 resulted in increased nitrogenase 
activity. Currently, we are attempting to confirm these results via stable overexpression of P-type H+-
ATPase genes in transgenic plants.  
 
(1) Udvardi, M.K. and Day, D. 1989. Plant Physiol. 90: 982-987. 
(2) Krajinski et al., 2002. Plant Biology. 4: 754-76. 
(3) Wang, et al. 2014. Plant Cell. 26: 1818-1830. 
 
This work was supported by the Samuel Roberts Noble Foundation 
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PAS5-P19 
 
Is peptide transport important for the legume: rhizobia symbiosis? 
 
Aleksandr Gavrin1, Patrick C. Loughlin1, Ella M. Brear, Siti Nurfadhlina Mohd Noor1, Chi Chen1, 
Victoria C. Clarke1, Brent N. Kaiser1, David Day2, Doris Rentsch3, Penelope M.C. Smith 

 
La Trobe University, Bundoora, 3086, Vic, Australia. 
1The University of Sydney, Sydney, 2006, NSW, Australia.  
2Flinders University, Adelaide 5001, SA, Australia.  
3University of Bern, CH-3013 Bern, Switzerland 
 
P.Smith3@latrobe.edu.au 
 
The symbiosome membrane is a plant-derived membrane that surrounds rhizobia in nitrogen-fixing 
nodules, separating them from the plant cytoplasm. The membrane controls the transport of 
compounds into and out of the symbiosome and is likely to be a key point of regulation for the 
interaction between legumes and rhizobia in the symbiosis. We recently completed a proteomic 
analysis of the soybean symbiosome membrane (1). Among the proteins we identified were many 
putative transport proteins including members of families encoding transporters for sulphate, calcium, 
and hydrogen ions, as well as aquaporins. A number of proteins were part of the nitrate transporter 1/ 
peptide transporter family (NPF), which includes a range of transporters for nitrogen containing 
compounds including nitrate, peptides, glucosinolates, and plant hormones. We have used yeast 
complementation to show dipeptide transport by one of the NPF members that is expressed 
specifically in infected cells of mature nodules. Another transporter identified on the symbiosome 
membrane has been characterised as an oligopeptide transporter. When we silenced the genes 
encoding these peptide transporters nitrogen fixation was inhibited suggesting an important role for 
peptide transport in determinant nodules. 
 
(1) Clarke V.C., Loughlin P.C., Gavrin A., Chen C., Brear E.M., Day D.A., Smith P.M.C. (2015) 

Proteomic analysis of the soybean symbiosome identifies new symbiotic proteins. Molecular & 
cellular proteomics: MCP 14:1301-22.  
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PAS5-P20 
 
Nucleus movement and cytoskeleton rearrangements during infected cell 
differentiation in symbiotic nodules of Medicago truncatula and Pisum sativum 
 
Viktor E. Tsyganov, Anna B. Kitaeva, Artemii P. Gorshkov, Anna V. Tsyganova 
 
Laboratory of Molecular and Cellular Biology, All-Russia Research Institute for Agricultural 
Microbiology, Podbelsky chaussee 3, 196608, Pushkin 8, Saint-Petersburg, Russia.  
 
tsyganov@arriam.spb.ru 
 
Nuclear movement and positioning may be important aspects of host cell differentiation during the 
development of the symbiotic nodule. Using immunolocalization and laser confocal scanning 
microscopy, the process of nuclear movement was studied in two legumes: Pisum sativum and 
Medicago truncatula. The study focused on rearrangements of the actin and tubulin cytoskeleton and 
accompanying movement of the nucleus. In the meristematic cells of wild-type nodules, the nucleus 
was located in a central position and was surrounded by a dense network of endoplasmatic 
microtubules connecting the nucleus with the cell periphery. At the same time, actin was represented 
by relatively short microfilaments. In the distal part of the infection zone, the infection thread 
penetrates the post-meristematic plant cell and is associated with the nucleus, surrounded by a 
network of actin microfilaments. In juvenile infected cells, the nucleus was re-located to the cell 
periphery. During differentiation of the infected cell, which is associated with an increase of cell 
volume and the number of symbiosomes, the nucleus was observed to move to the cell center, and 
finally the nucleus is abutted to the central vacuole. The process was accompanied by the presence of 
a well-developed network of actin microfilaments associated with the nucleus. Endoplasmic 
microtubules in infected cells were associated with symbiotic compartments, but not with the nucleus. 
Thus, the leading role of actin microfilaments in nuclear movement and positioning in infected cell was 
discovered in both species. Studies of pea and M. truncatula mutants impaired in the development of 
infection threads confirmed the close association between the nucleus and the infection thread. Using 
mutants with different degrees of bacteroid differentiation, it was demonstrated that the process of 
nuclear movement and positioning is independent of the process of bacteroid differentiation. Along 
with the movement of the nucleus in the infection zone, its increase in size was observed in wild-type 
nodules of both species. At the same time, in the mutants in orthologous genes Pssym33 and Mtipd3, 
the nucleus size was changed to a lesser extent, indicating that bacterial release is required for 
nucleus enlargement.  
 
This work was funded by Russian Science Foundation (16-16-10035) 
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PAS5-P21 
 
Plant-microbe interface during development of symbiotic nodule 
 
Anna V. Tsyganova1, Elena V. Seliverstova1, Nicholas J. Brewin2, Igor A. Tikhonovich1, Viktor E. 
Tsyganov1 
 

1All-Russia Research Institute for Agricultural Microbiology, Podbelsky chaussee 3, Pushkin 8, Saint-
Petersburg, 196608, Russia; 
2John Innes Centre, Norwich Research Park, Colney, Norwich NR4 7UH, UK 
 
isaakij@mail.ru 
 
During the legume-Rhizobium symbiosis, rhizobial cells penetrate the post-meristematic cells in the 
developing nodule of the host plant. This process requires the formation of a new plant-microbial 
interface, which includes plant cell walls, intercellular matrix, plasma and symbiosome membranes, 
bacterial surface polysaccharides and proteins. Using immunocytochemical analysis, the change in 
the epitope composition of some components of this interface was studied in nodule sections from wild 
type and mutants of Pisum sativum. We used monoclonal antibodies recognizing two types of pectin in 
cell and infection thread walls, and arabinogalactan protein in plasma and symbiosome membranes. 

In wild-type nodules, highly methylesterified homogalacturonan labeled with JIM7 antibody was 
predominant throughout the thickness of the cell walls of both infected and uninfected cells. Aging of 
nodule tissue was associated with accumulation of homogalacturonan with low level methyl 
esterification, as recognized by JIM5 antibody. This indicates that host cell wall maturation during 
Rhizobium infection is probably accompanied by an increase in cell wall rigidity. In the mutants of 
genes sym40 and sym33, both forms of pectin were observed in the cell walls of infected cells and 
infection threads, confirming the abnormal development of infection structures in the mutants. A 
second type of pectin polysaccharides is rhamnogalacturonan I, recognized by the LM5 antibody. In 
wild-type nodules, rhamnogalacturonan I was observed mainly in the meristem cell walls and infection 
threads, probably, due to its important role in nutrient transport. However, labeling was absent in some 
infection threads in the mutant sym33. 

In wild-type nodules the accumulation of arabinogalactan protein recognized with JIM1 was 
observed in the plasma and symbiosome membranes, as well as in the symbiotic space around the 
bacteroids. The maximum signal was observed four weeks after infection, which may indicate that this 
protein is incorporated into the symbiosome membrane and can serve as a marker for symbiosome 
maturation. This was confirmed by the analysis of mutants characterized by a different degree of 
bacteroid differentiation, when the intensity of labeling was increased in mutants with a higher degree 
of bacteroid differentiation. 
 
The work was supported by a grant from the RNF (16-16-10035). 
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Amino acid synthesis in phosphate deficient roots and nodules: the role of PEPC-
derived organic acids 
 
Gary Stevens1, Jun Ma2, Emma Steenkmap3, Alex Valentine1 

 
1Legume Nutrition Group, Botany and Zoology Department, University of Stellenbosch, Stellenbosch, 
South Africa 
2Proteiomics Research Group, Plant Stress Center, Chinese Academy of Sciences, Shanghai, 
People’s Republic of China 
3Department of Microbiology, University of Pretoria, Preoria, South Africa 
 
alexvalentine@mac.com 
 
The role of PEPC-derived organic acids was investigated in nitrogen (N) metabolism in roots and 
nodules. Legumes from nutrient-poor ecosystems have evolved unique adaptations to phosphate (P) 
deficiency. Virgilia divaricata, is indigenous to the Cape Floristic Region of South Africa and is able to 
metabolise mineral and atmospheric N under severe P limitations. During P deficiency the biomass 
allocation to roots and nodules was altered and the efficiency atmospheric N acquisition was 
increased. Using 13C labeling the metabolism of PEPC-derived C was traced via NMR into organic 
acid and amino acid fractions. This revealed that nodules under P stress, favoured asparagine 
synthesis from PEPC-derived C, whereas roots synthesised more organic acids. The regulation of 
PEPC was further explored by proteiomic analyses. This indicated that nodules had more PEPC 
protein and that this enzyme was more phosphorylated under P stress. Moreover, the PEPC enzyme 
from Virgilia divaricata, was also found to have a unique phosphorylation site, in addition to the well-
known sites of other PEPC enzymes. These findings indicate that native legumes from nutrient-poor 
ecosystems provide new insights to nodule adaptations to P deficiency, which may also be a source of 
unique genetic resources for bio-technological improvements of crops during P limitations. 
 
This work was funded by the NRF and DST-CTHB grants. 
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PAS6-O01 
 
To be or not to be inside: A complex role of bacterial factors for endo- or epiphytic 
colonization 
 
Andreas Beust, Theresa Dinse, Xun Jiang, Marta Marszalkowska, Martin Schäfer, Abhijit Sarkar, 
Barbara Reinhold-Hurek 
 
Department of Microbe-Plant Interactions, University of Bremen, PO. Box 334040, 28334 Bremen, 
Germany 
 
breinhold@uni-bremen.de 
 
The diazotrophic model endophyte of grasses, Azoarcus sp. strain BH72, colonizes roots of its original 
host plant Kallar grass and rice in similar patterns. However, the molecular mechanisms by which 
endophytes interact with their host are not yet well understood. How do bacteria adapt to their 
endophytic lifestyle in comparison to free-living growth, and which proteins do they require for 
endophytic competence (1)?  

Gene expression of azo1653 and azo1684 was responsive O2 concentration. Mutational 
analysis revealed that both encoded proteins, putative attachment factors, have a complex role in 
different steps of colonization. They have a negative impact on rhizosphere competence (surface 
colonization), however contribute to endophytic establishment inside roots (2). Another important 
bacterial factor appears to be the type VI secretion system (T6SS), which is known to be involved in 
other bacteria in the interaction between different bacteria or between bacteria and their eukaryotic 
hosts. The genome of Azoarcus contains two gene clusters encoding for putative T6SSs, termed sci 
and imp. Secretion of the T6SS hallmark protein HCP was shown, and initial experiments pointed 
towards a negative influence on plant colonization (3). Here we unraveled the structural components 
and expression patterns of the T6SSs in more detail. The Sci-system appeared to be constitutively 
active. For the Sci-system, TagF, a homolog to a Pseudomonas aeruginosa inhibitor of T6SS protein 
secretion, led to hypersecretion of Hcp also in Azoarcus strain BH72. However, even then we found 
no evidence of the Imp-system secreting its cognate Hcp protein, although the respective genes were 
strongly expressed under conditions of nitrogen fixation. Surprisingly, strain BH72 carrying a gene 
knockout in this apparently inactive Imp-system showed a strong reduction in endophytic rice root 
colonization, indicating it is important for the interaction with the host. To visualize the secretion 
process, we constructed a VipA-sfGFP fusion for both T6SSs. To further investigate the role of 
Azoarcus T6SS-Imp in interaction with rice roots, alterations in rice transcriptional response towards 
T6SS-imp mutant were analyzed (Agilent Rice 44k microarrays) and will be discussed. 
 
(1) Reinhold-Hurek, B., and T. Hurek 2011. Curr. Opin. Plant Biol. 14: 435-443. 
(2) Sarkar, A., M. Marszalkowska, M. Schäfer, T. Pees, H. Klingenberg, F. Macht and B. Reinhold-

Hurek (2016) Environ. Microbiol. 19: 198-217. 
(3) Shidore, T., T.Dinse, J. Öhrlein, A. Becker, and B. Reinhold-Hurek 2012. Environ Microbiol 

14:2775-2787. 
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Heterodimer formation between Fnr orthologs enables fine-tuning of transcriptional 
regulation in response to oxygen in Herbaspirillum seropedicae 
 
Marcelo Bueno Batista, Emanuel Maltempi de Souza2, Ray Dixon1.  
 

1Department of Molecular Microbiology, John Innes Centre, Norwich, UK 
2Department of Biochemistry and Molecular Biology, Universidade Federal do Parana, Curitiba, Brazil 
 
marcelo.batista@jic.ac.uk 
 
To efficiently adapt to rapidly changing environments, many bacteria adjust the composition of their 
respiratory chain to cope with fluctuating oxygen concentrations. In most cases this involves regulation 
of the expression of terminal oxidases in order to optimize energy generation (1). Previously, we 
observed that the diazotroph H. seropedicae encodes three orthologs of the global transcriptional 
regulator Fnr (named Fnr1, Fnr2 and Fnr3) (2, 3). A mutant lacking all three fnr orthologs was 
compromised with respect to nitrogenase activity and diazotrophic growth, reflecting a major role 
played by Fnr in reconfiguring the electron transport chain under oxygen limiting conditions (3). Here 
we have used a combination of RNA-Seq transcriptional profiling with ChIP-Seq to gain further 
insights into the specific roles of each transcriptional factor. We found that Fnr1 and Fnr3 specifically 
regulate discrete classes of genes (Classes A and B, respectively) but we also identified a third class 
of promoters (Class C) that are bound by both transcription factors. In silico analyses of DNA-binding 
motifs for each class of promoters suggested that Class C are co-regulated by Fnr1 and Fnr3. These 
two Fnr proteins specifically interact in two-hybrid assays, suggesting they may form heterodimers in 
vivo. To further characterise a Class C promoter, we flipped the Fnr DNA-binding motif (to reorient the 
heterodimer) and combined this with analysis of transcriptional activation by Fnr proteins with either 
swapped activation domains or switched recognition helices. Our data indicate that the formation of 
Fnr3-Fnr1 heterodimers in H. seropedicae is required to provide optimal recognition of the DNA-
binding motif and favourable interaction of the Fnr activation regions with RNA polymerase. This 
enables fine-tuning of transcription and presumably, a more efficient adaptation to prevailing oxygen 
levels. 
 
(1) Richardson,D.J. (2000) Microbiology, 146, 551–571. 
(2) Pedrosa et al (2011) PLoS Genet., 7, e1002064. 
(3) Batista et al (2013) Sci. Rep., 3, 2544. 
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Biofilm formation enables free-living nitrogen-fixing rhizobacteria to fix nitrogen under 
aerobic conditions 
 
Di Wang1, Anming Xu1, 2, Claudine Elmerich3

，Luyan Z. Ma1,2 
 

1State Key Laboratory of Microbial Resources, Institute of Microbiology, Chinese Academy of 
Sciences, Beijing 100101, China; 2University of Chinese Academy of Sciences, Beijing 100049, China; 
3Institut Pasteur, Paris 75724 Cedex 15, France 
 
luyanma27@im.ac.cn 
 
The multicellular communities of microorganisms known as biofilms are of high significance in 
agricultural setting, yet it is largely unknown about the biofilm formed by nitrogen-fixing bacteria. Here 
we report the biofilm formation by Pseudomonas stutzeri A1501, a free-living rhizospheric bacterium, 
capable of fixing nitrogen under micro-aerobic and nitrogen-limiting conditions. P. stutzeri A1501 
tended to form biofilm in minimal media, especially under nitrogen depletion condition. Under such 
growth condition, the biofilms formed at the air-liquid interface (termed as pellicles) and the colony 
biofilms on agar plates exhibited nitrogenase activity in air. The two kinds of biofilms both contained 
large ovoid shape ‘cells’ that were multiple living bacteria embedded in a sac of extracellular polymeric 
substances (EPS). We proposed to name such large ‘cells’ as A1501 cyst. Our results suggest that 
the EPS, especially exopolysaccharides enabled the encased bacteria to fix nitrogen while grown 
under aerobic condition. The formation of A1501 cysts was reversible in response to the changes of 
carbon or nitrogen source status. A1501 cyst formation depended on nitrogen-limiting signaling and 
the presence of sufficient carbon sources, yet was independent of an active nitrogenase. The pellicles 
formed by Azospirillum brasilense, another free-living nitrogen-fixing rhizobacterium, that also 
exhibited nitrogenase activity and contained the large EPS-encapsuled A1501 cyst-like ‘cells’. Our 
data imply that free-living nitrogen fixing bacteria could convert the easy-used carbon sources to 
exopolysaccharides in order to enable nitrogen fixation in a natural aerobic environment. 
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PAS6-O04 
 
Complex interactions in the rhizosphere: interplay between rhizobia, mycorrhizae, and 
the microbiome across Medicago genotypes 
 
Colleen A Friel, Michelle E Afkhami1, Maren Friesen 
 
Department of Plant Biology, Michigan State University, East Lansing, USA 
1Department of Biology, University of Miami, Miami, USA 
 
Increasing the sustainability of agriculture is of utmost importance in the face of climate change, 
population increase, and growing food insecurity. Although synthetic fertilizers have fueled a huge 
boom in agricultural productivity, manufacture of these fertilizers requires large inputs of fossil fuels, 
and fertilizer runoffs pose environmental threats. An alternative source of essential mineral nutrients 
comes from the interactions between plants and microbial resource mutualists. Specialized fungi 
called arbuscular mycorrhizal fungi (AMF) supply phosphate (P) and nitrogen (N) from the soil, and 
specialized bacteria rhizobia fix N out of the atmosphere in exchange for photosynthetic carbon. In 
addition to their importance in agriculture, these microbial mutualists can have large effects on natural 
ecosystems, ranging from niche differentiation to promotion of plant species coexistence, to increasing 
invasive capability of plant species. 

To investigate some unanswered questions regarding interactions between microbial 
mutualists, plant genotype, and the larger soil microbial community, we carried out an experiment 
involving 16 genotypes of the model legume Medicago truncatula, representing its full genetic 
diversity. We factorially manipulated the presence of rhizobia, AMF, and a native soil microbiome. We 
used qPCR and qRTPCR to assess population sizes of rhizobia and AMF and to quantify rhizobial N 
fixation, AMF P and N transfer, and plant C transfer to the symbionts. We also used 16S sequencing 
to describe the composition of the rhizosphere microbiome. This data will allow us to answer three 
major questions: 1) How does the presence of a native soil community affect the symbiotic function of 
resource mutualists? 2) How does the presence of commercial-level inocula of resource mutualists 
affect the makeup of the rhizosphere microbiome? And 3) Does the presence of resource mutualists 
mediate the effect of plant genotype on microbiome composition? 
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Improvement of ammonium release and biofertilization of plants and microalgae by 
metabolic engineering of Azotobacter vinelandii 
 
Rafael Ambrosio, Juan Cesar Federico Ortiz-Marquez, Leonardo Curatti 
 
Instituto de Investigaciones en Biodiversidad y Biotecnología, Consejo Nacional de Investigaciones 
Científicas y Técnicas, Mar del Plata, Argentina 
 
lcuratti@inbiotec.conicet.gov.ar 
 
The biological nitrogen fixation carried out by some Bacteria and Archaea is one of the most attractive 
alternatives to synthetic nitrogen fertilizers. However, with the exception of the symbiotic rhizobia-
legumes system, progress towards a more extensive realization of this goal has been slow. In this 
study we manipulated the endogenous regulation of both nitrogen fixation and assimilation in the 
aerobic bacterium Azotobacter vinelandii. Substituting an exogenously inducible promoter for the 
native promoter of glutamine synthetase produced conditional lethal mutant strains unable to grow 
diazotrophically in the absence of the inducer. This mutant phenotype could be reverted in a double 
mutant strain bearing a deletion in the nifL gene that resulted in constitutive expression of nif genes 
and increased production of ammonium. Under GS non-inducing conditions both the single and the 
double mutant strains consistently released very high levels of ammonium (> 20 mM) into the growth 
medium. The double mutant strain grew and excreted high levels of ammonium under a wider range of 
concentrations of the inducer than the single mutant strain. Changing induction levels resulted in cells 
differentially loaded with glutamine synthetase activity, which resulted in different patterns of cells 
proliferation and ammonium release when those cells were transferred into non-inducing medium. 
Thus, mixing bacteria with contrasting induction trajectories produced heterogeneous populations with 
emergent dynamics of cells population and timing and level of ammonium release. Inoculation of the 
engineered bacteria into a microalgal culture in the absence of sources of C and N other than N2 and 
CO2 from the air, resulted in a strong proliferation of microalgae that was suppressed upon addition of 
the inducer. Both single and double mutant strains also promoted growth of cucumber plants in the 
absence of added N-fertilizer, while this property was only marginal in the parental strain. This study 
represents a step forward towards optimization of inoculants for channeling N2 from the air into crops, 
including the more recently developing field of microalgae biotechnology and suggests future potential 
contributions from synthetic heterogeneous populations of bacterial inoculants. 
 
This work was funded by FONCyT, grant PICT2015 3559 to LC. 
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Membrane protein HglK contributes to make fully functional septal junctions in the 
nitrogen-fixing filamentous cyanobacterium Anabaena 
 
S. Arévalo, E. Flores 
 
Instituto de Bioquímica Vegetal y Fotosíntesis, CSIC and Universidad de Sevilla, Américo Vespucio 
49, E-41092 Seville, Spain.  
 
sergio.arevalo@ibvf.csic.es 
 
Cyanobacteria of the order Nostocales grow as filaments of cells that, under nitrogen deprivation, 
contain two cell types: the vegetative cells that fix carbon dioxide through oxygenic photosynthesis 
and the heterocysts that fix atmospheric nitrogen. The two types of cells exchange regulators and 
nutrients through proteinaceous structures known as septal junctions (1). In the model heterocyst-
forming cyanobacterium Anabaena sp. PCC 7120, putative septal junction proteins include SepJ 
(a.k.a. FraG), FraC and FraD, which contribute to make several types of septal junctions. Anabaena 
mutants of the genes encoding those proteins show filament fragmentation phenotypes and impaired 
intercellular transfer of fluorescent markers. A mutant with the three genes inactivated still shows 
appreciable levels of septal junction function (2), suggesting that additional proteins are involved in 
formation of septal junctions. The hglK gene encodes a protein required for deposition of the glycolipid 
layer of the heterocyst envelope and, hence, needed for diazotrophic growth (3). A salient feature of 
the phenotype of an hglK mutant is that the septa between vegetative cells and between heterocysts 
and vegetative cells are wider than in the wild type. HglK is an integral membrane protein with a long 
extra-membrane section that is predicted to reside in the periplasm and to contain a pentapeptide 
repeat domain. Here we addressed a possible role of HglK as a septal junction protein. An Anabaena 
strain producing an HglK-sfGFP fusion showed a preferential localization of HglK at the intercellular 
septa. Anabaena mutants bearing inactivated versions of hglK in wild-type, sepJ and fraC fraD genetic 
backgrounds were unable to grow diazotrophically as expected, but inactivation of hglK did not show 
an associated filament fragmentation phenotype. Intercellular transfer of the fluorescent marker 
calcein (4) was determined in filaments incubated in media containing or lacking combined nitrogen. 
Whereas inactivation of hglK impaired calcein transfer between vegetative cells of filaments incubated 
in the absence of combined nitrogen, in nitrate-grown filaments inactivation of hglK reduced calcein 
transfer only in fraCD genetic backgrounds. These results reflect the possible different protein 
composition of septal junctions in nitrate-grown and diazotrophic filaments and identify HglK as a 
septal junction-related protein. 
 
(1) Flores, E., et al. (2016) Trends Microbiol. 24: 79-82. 
(2) Nürnberg, D.J., et al. (2015) mBio 6(2): e02109-14. 
(3) Black, K., et al. (1995) J. Bacteriol. 177: 6440-6448. 
(4) Mullineaux, C.W., et al. (2008) EMBO J. 27: 1299-1308. 
 
Supported by grant no. BFU2014-56757-P from Plan Nacional de Investigación, Spain, cofinanced by 
the European Regional Development Fund. 
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GlnR transcription factor and glutamine synthetase role in controlling biological 
nitrogen fixation in Paenibacillus riograndensis SBR5T 

 
Gabriela de C. Fernandes, Ksenia Hauf1, Fernando H. Sant’Anna, Karl Forchhammer1, Luciane M. P. 
Passaglia 
 
Departamento de Genética, Instituto de Biociências, Universidade Federal do Rio Grande do Sul, 
Porto Alegre, RS, Brazil. 
1Interfaculty Institute for Microbiology and Infection Medicine, University of Tuebingen, Germany. 
 
Biological nitrogen fixation (BNF) is strictly controlled, mainly at transcriptional level, in response to 
some common regulatory principles, as nitrogen and energy supply, and oxygen levels. The molecular 
mechanisms governing BNF-related genes expression are well characterized in Proteobacterial 
models, but poorly recognized in Gram-positive bacteria. The few examples studied present -10/-35 
primary constitutive promoters, what would require additional negative regulation. Here we 
demonstrate the transcription factor GlnR to recognize operator sequences at BNF-related promoters 
and to be stabilized by interacting with the feedback-inhibited enzyme glutamine synthetase (GS) in 
Paenibacillus riograndensis SBR5T, a Gram-positive diazotroph isolated from wheat rizosphere. 
Sequences encoding proteins of interest, homologous to GlnR and GS, were retrieved from P. 
riograndensis genome (accession number LN831776) as follows: PRIO_3850 (glnR), PRIO_3849 
(glnR-linked GS-encoding glnA1), PRIO_2126 (glnA2), and PRIO_3736 (glnA3). The sequences were 
cloned into pET15b (glnR) and pASK-IBA3 (glnAs), the recombinant proteins were expressed in 
Escherichia coli Lemo21 and purified to further characterization. Putative GlnR-binding sites were 
predicted upstream from BNF-related genes. Oligos harboring these sites were designed for GlnR-
DNA binding assays. Protein-DNA and protein-protein interactions were detected by surface plasmon 
resonance (SPR). GS biosynthetic activity was determined colorimetrically based on inorganic 
phosphate release. Both proteins PRIO_3849 and PRIO_2126 exhibited GS biosynthetic activity, 
while PRIO_3736 did not. Besides that, only PRIO_3849 interacted with GlnR in the presence of 
glutamine and AMP, while PRIO_2126 and PRIO_3736 did not, so the glnR-linked encoded GS was 
chosen to further characterization. Its activity was inhibited by increasing concentrations of glutamine 
and AMP. Regarding GlnR-DNA interaction, GlnR specifically recognized DNA fragments harboring 
the predicted binding sites, but in an unstable interaction. GlnR affinity to DNA was greatly increased 
in the presence of the glutamine feedback-inhibited GS, by reducing its dissociation from DNA. So we 
validate GlnR as the central BNF regulator in P. riograndensis, and present GS as an additional 
regulatory element in transducing the nitrogen status to the transcription machinery. 
 
This work was funded by Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, 
Brazil), the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES, Brazil), and by a 
grant from the Deutsche Forschungsgemeinschaft (DFG, Fo195/9-2). 
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Nitrogen fixation and nitrogen enrichment in montane Britain: a case study with the 
lichen Stereocaulon vesuvianum 

 
Peter D. Crittenden, Barry Thornton1, Rognvald I. Smith2 

 
School of Life Sciences, University of Nottingham, Nottingham NG9 5LN, UK.  
1Environmental and Biochemical Sciences Group, The James Hutton Institute, Craigiebuckler, 
Aberdeen AB15 8QH, UK. 
2Centre for Ecology and Hydrology, Edinburgh Research Station, Bush Estate, Penicuik, Midlothian 
EH26 0QB, UK 

 
pdc@nottingham.ac.uk 

 
The tripartite fruticose lichen Stereocaulon paschale is widespread and locally abundant in montane-
alpine areas of the British Isles. This species forms cephalodia containing the cyanobacterium 
Stigonema sp and cephalodiate thalli have the capacity for moderate levels of nitrogenase activity (1). 
However, in montane-alpine regions of Britain exposed to high atmospheric N deposition cepalodia in 
S. vesuvianum are infrequent or absent and thalli are often coated with a microbial biofilm. 
Nonetheless, S. vesuvianum remains plentiful in N-enriched areas in contrast to some 
cyanobacterium-containing lichens which are considered highly sensitive to N and acid-deposition. 
Accordingly, we have examined the relationship between nitrogen fixation and N-deposition in S. 
vesuvianum by comparing thallus chemistry (including 15N natural abundance), thallus morphology 
and nitrogenase activity among 8 montane sites ranging in modelled wet N deposition (nitrate + 
ammonium) from 2 - 36 kg N ha-1 y-1. The common non-nitrogen fixing foliose lichen Parmelia saxatilis 
has been included in the study as a reference species for which thallus chemistry data have also been 
collected. Both S. vesuvianum and P. saxatilis occur on rock outcrops and boulders and intercept 
atmospheric deposits directly without modification by overhanging plant canopies. Data presented 
suggest that the N supply for S. vesuvianum switches from nitrogen fixation to combined nitrogen as 
atmospheric N load increases.  

 
(1) Crittenden, P.D. (1975). New Phytol. 74: 41-49. 

 
This research is supported by an Emeritus Fellowship awarded to PDC from the Leverhulme Trust. 
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Metagenomic identification of nitrogen-fixing bacteria associated with roots of field-
grown sorghum 
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2 EARTHNOTE Co. Ltd., Ginoza-son, Kunigami-gun, Okinawa, Japan 
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s.hara@m.tohoku.ac.jp 
 
Sorghum (Sorghum bicolor) is cultivated worldwide as a non-leguminous cereal. Although nitrogen 
fixation in Sorghum has been studied from 1970’s, nitrogen-fixing bacteria have not been fully 
identified in field-grown Sorghum because the efforts based on culture-dependent studies. Recently, 
culture-independent studies identified Bradyrhizobium and Methylosinus are potential nitrogen-fixing 
bacteria in sugarcane (1) and rice (2, 3). The aim of this study is to identify functional nitrogen-fixing 
bacteria associated with field-grown Sorghum by culture-independent omic approarches. Four lines of 
sorghum (KM1, KM2, KM4 and KM5) were cultivated in a field (Fukushima, Japan). Nitrogen-fixing 
activities of roots, leaves and stems in the sorghum plants were evaluated by acetylene reduction 
assay (ARA) and/or 15N2 feeding method during growth periods. As a result, the highest nitrogen-fixing 
activities was detected in the roots of two sorghum lines (KM1 and KM2) at approximately100 days 
after transplanting in the field (ARA: 332.5~585.8 nmol C2H4 h-1 plant-1; 15N: 36.5~90.7 µg-N plant-1 

day-1). Thus, the root samples of lines KM1 and KM2 were subjected to metagenome analysis. DNA 
samples were prepared from bacterial cells extracted from the root tissues (4), which were sequenced 
using Illumina MiSeq. Sequence reads of structural genes of nitrogenase (nifH, nifD, and nifK) were 
retrieved from the metagenome sequences based on nif database, which were carefully reanalyzed by 
BLAST. Consequently, most nifHDK genes were assigned to those of Bradyrhizobium species 
including B. oligotrophicum S58, Bradyrhizobium sp. ORS278 and Bradyrhizobium sp. S23321. The 
assignment ratio of nifH, nifD and nifK to Bradyrhiobium species reached to 76%, 82% and 73%, 
respectively. In addition, amplicon sequence of 16S rRNA showed that abundance of Bradyrhizobium 
were higher in the roots of lines KM1/KM2 (2.3~3.5%) than KM4/KM5 (0.2~0.6%). These results 
indicated that Bradyrhizobium members are potential nitrogen-fixing bacteria in field-grown Sorghum 
roots. We would report nif-proteome analysis as well. 
 
(1) Rouws et al., (2014) Env. Microbiol. Rep. 6: 354-363 
(2) Bao et al., (2014) Appl. Environ. Microbiol. 80: 5043-5052. 
(3) Piromyou et al., (2015) Appl. Environ. Microbiol. 81:3049-3061. 
(4) Ikeda et al., (2009) Environ. Microbiol. 
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Single copy integration markers to track bacterial synthetic communities in the 
rhizosphere 
 
Beatriz Jorrín, Andrzej Tkacz, Philip Poole 
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beatriz.jorrin@plants.ox.ac.uk 
 
Plants do not live alone in the nature, they establish interactions with a vast number of 
microorganisms, that together define the holobiont (1). During the last years, “-omic” tools have 
allowed to define the composition of plant microbiomes. Moreover, it has been able to determine the 
core microbiome, as the group of microorganisms that are selected and enriched in plants, and 
therefore could potentially have an effect on them (2). In order to test this potential effect, this core 
microbiome could be isolated from plants (3) and inoculated back, having a potential positive influence 
on them. However, little is known about how these synthetic communities (mix inoculants), could 
interact with the plant and among the microorganism that are present. In order to address this 
question will be necessary to tag these bacteria. The simplest way would be to conjugate them with 
plasmids that harbours fluorescent or chromogenic proteins. However, this is not the best approach, 
for instance the absence of an antibiotic pressure during plant colonisation would favour those 
bacteria that lose the marked plasmid. In 2005 Choi et al developed a broad host cloning-expression 
tool based on mini-Tn7 transposition (4). It integrates permanently in a single copy in the 
chromosome, downstream glmS gene, in the presence of the transposase plasmid pTNS3. We have 
developed a family of these plasmids (pUC18T-miniTn7) marked with different fluorescent (sfGFP, 
YFP, mRuby3, mCherry, eCFP and mTag-BFP) and chromogenic (gusA) proteins. First, we 
assembled the expression cassettes using Golden Gate cloning. All of them were constructed the 
followed way: a very strong constitutive promoter, a standard ribosome binding site, a marker gene 
and a terminator. These constructions were PCR amplified and cloned into the MCS inside the 
transposon element in pUC18T plasmid. We were able to integrate this expression cassettes in 
Rhizobium leguminosarum bv. viciae (Rlv) 3841, Rlv UPM791, Pseudomonas protegens Pf5 and 
Pseudomonas fluorescens SBW25 with high efficiency number of integrated colonies (105 CFU/ml). 
This family of plasmids will allow us to easily study the interaction of different bacteria at the same 
time in planta in order to elucidate the forces governing in the rhizosphere. 
 
(1) Gordon et al (2013). Microbe Magazine 
(2) Souza et al (2016). Sci. Rep. 6:28774 
(3) Armanhi et al (2016). Sci. Rep. 6:29543 
(4) Choi et al (2005). Nat. Meth. 2:443-448  
 
This work was funded by BBSRC (BB/N013387/1) 
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The novel regulatory ncRNA, NfiS, optimizes nitrogen fixation via base pairing with 
nifK mRNA in the root-associating bacterium Pseudomonas stutzeri A1501 
 
Yuhua Zhan, Yongliang Yan, Zhihong Xie1, Qi Cheng, Claudine Elmerich2, Min Lin 
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2Institut Pasteur, Paris 75724 Cedex 15, France 
 
linmin57@vip.163.com 
 
Nitrogen fixation in the Pseudomonas genus was long debated, and the discovery of an island 
carrying a cluster of genes required for nitrogen fixation in P. stutzeri A1501 by our group (1) in 2008 
raised interesting questions on the origin, evolution and regulatory control of the nitrogen fixation 
genes. Indeed, regulatory circuitry controlling nitrogen fixation has been extensively studied and show 
common mechanisms (RpoN and NtrC) involved in most of the nitrogen-fixing members, also present 
in P. stutzeri. To our knowledge, the direct involvement of an ncRNA in nif gene regulation has not 
been reported. In the present work, we report further data on the control of nitrogen fixation mediated 
by the small RNA, NfiS, which is encoded in the core genome of the bacterium. A nfiS-deficient mutant 
displayed reduced nitrogenase activity, as well as increased sensitivity to multiple stresses, such as 
osmotic and oxidative stresses. Secondary structure prediction and complementation studies 
confirmed that a stem-loop structure was essential for NfiS to regulate nifK mRNA synthesis, and 
hence nitrogenase activity. Our data suggest that NfiS, which is involved in stress response in P. 
stutzeri, was recruited in diazotrophic members of this species for optimal nitrogenase activity. In 
particular, we report evidence that NfiS directly pairs with nifK mRNA and ultimately enhances 
nitrogenase activity by increasing the translation efficiency and the half-life of nifK mRNA. Acquisition 
of the nif-island and the recruitment of ncRNA NfiS by nifK mRNA are evolutionary events that appear 
to contribute to fine-tuned regulation of nitrogenase activity in P. stutzeri. To our knowledge, NfiS is 
the first bacterial ncRNA that provides a regulatory link between stress responses and nitrogen fixation; 
this may impact on survival and competitiveness of P. stutzeri in nitrogen-limited environments. This 
study provides a new regulatory pathway mediated by ncRNA for optimal nitrogen fixation, which may 
operate in other diazotrophs.  
 
(1) Yan et al. (2008) PNAS. 105:7564-7569. 
(2) Zhan et al. (2016) PNAS. 113(30):E4348-56. 
 
This work was funded by grants from the National Basic Research Program of China (2015CB755701) 
and National Science Foundation of China (31230004 and 31470205). 
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Diversity of diazotrophic communities in temperate grassland soils and their response 
to elevated nutrient levels 
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Terrestrial ecosystems are experiencing increased nitrogen and phosphorous input, primarily due to 
human activities. Since microorganisms play a critical role in nutrient cycling in these ecosystems, it is 
vital to understand the response of the soil microbial community to these increased inputs. Previous 
investigations have documented shifts in the overall microbial and plant communities due to nutrient 
additions, yet the effect of nutrient inputs on specific functional guilds, such as diazotrophs, is still 
unclear. Therefore, we investigated the response of diazotrophs to elevated levels of nitrogen and 
phosphorus in grasslands located in Africa, Australia, Europe and North America. These soils were 
part of the Nutrient Network Experiment spanning 24 grassland sites, and standardized nutrient 
additions enabled analyses across the sites of all four continents. The shifts in diazotrophic community 
composition due to nutrient additions were assessed using amplicon sequencing targeting the marker 
gene for N2 fixation – the dinitrogenase reductase (nifH). 

Members of the Proteobacteria and Cyanobacteria (nifH Cluster I) were the most abundant taxa 
comprising >66% of the amplicon reads, whereas members of the nifH Cluster II were scarcely 
present. Interestingly, several sites harboured a high abundance of nifH Cluster III (e.g. 
Deltaproteobacteria) and Cluster IV (e.g. Firmicutes), which are not known to be abundant in soils. 
Across these globally distributed sites, the strongest driver of differences in the diazotrophic 
communities was the site location (R2=0.41; P<0.001), independent of nutrient treatment. Taken the 
site variable into account, a shift in the community composition of diazotrophs between controls and 
nitrogen addition could be seen, yet only two sites are showing a significant community change. This 
is in contrast to the results from previous investigations, documenting significant alterations in 
response of bacteria, archaea and fungal communities to nitrogen or phosphorous addition. This 
suggests that the influence of nutrients on the diazotrophic community is not a strong driver of the 
community in these grassland soils. 

Further analyses are on-going to better elucidate the response of diazotrophs to nutrient 
additions and other edaphic factors in these grassland soils. 
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Nitrogen fixing activity coupling to autotrophic sulfate reduction and depending on 
ambient redox potential in thermophilic chemosynthetic microbial mats 
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Nitrogen fixation in thermophilic chemosynthetic microbial mats has been poorly studied. Here, we 
observed nitrogenase activity and explored the nitrogen fixers in the mats developed at 74°C in sulfidic 
and slightly alkaline hot spring water in Nakabusa hot springs, Japan.  

Nitrogenase activity was determined using the acetylene reduction assay. Collected transparent 
mats were incubated in hot spring water in a sealed vial at 66-74°C for 16 hours. Ethylene productions 
were often detected and highly variable. The nitrogenase activity was associated with a certain range 
of methane production from the mats. The methane production was thought to be a redox indicator in 
the mats, and then nitrogenase activity was hypothesized to be correlated to the ambient redox 
potential of the mats. From this idea, we evaluated the nitrogenase activity under different O2 
conditions. Prior to measurements, mats were maintained under argon (Ar) gas or air for 9.5 hours. 
Acetylene reduction was measured at 70 ˚C under anaerobic or micro-aerobic (5% O2) conditions. 
Nitrogenase activity of the mats maintained under Ar gas was higher under micro-aerobic conditions 
while mats maintained under air showed higher nitrogenase activity under anaerobic conditions. 
Taken together, these results indicate that a specific range of ambient redox potential is needed for 
nitrogen fixation in these mats.  

The addition of molybdate, an inhibitor of anaerobic sulfur metabolisms (e.g. sulfate reduction, 
and sulfur disproportionation), inhibited the nitrogenase activity. Dispersion of microbial mats also 
decreased the nitrogenase activity to less than 4.5% compared to intact microbial mats, but the activity 
was re-increased by the addition of H2, sulfate and carbonate. These results suggest that the 
nitrogenase activity in the mats is coupled to the chemosynthetic sulfate reduction. Community 
analysis based on 16S rRNA showed the presence of possible chemoautotrophic sulfate reducing 
bacteria in the phylum of Thermodesulfobacteria. We concluded that a species of 
Thermodesulfobacteria is a candidate of nitrogen fixation in the mats and a certain range of ambient 
redox potential is needed for the nitrogen fixation in the dense microbial mats. 
 
  



 
 
 

 

 
Parallel Session 6: Non-Legume Nitrogen-Fixing Associations 

 
190 

PAS6-P09 
 
Metagenomes from the earliest divergent Frankia cluster: They come in teams 
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Frankia strains are the microsymbionts that induce the formation of nitrogen-fixing nodules on the 
roots of actinorhizal plants. Phylogenetically, Frankia strains can be grouped in four clusters, one of 
which contains non-symbiotic strains. The basal cluster, cluster II, has a particularly wide host range in 
that it nodules plants from four families from two different orders. The analysis of cluster II strains has 
been hampered by the fact that with one exception, they could never be cultured. In this study, twelve 
(meta-)genomes of Frankia cluster II were sequenced based on two previously used and five novel 
inocula from five continents. The results show that cluster II inocula represent group of strains, and 
that strains that are not represented in symbiotic vesicles may still be able to colonize nodules. 
Transposase frequency was compared in the different (meta-)genomes with the result that North 
American strains contain more transposases than Eurasian strains. However, most transposase ORFs 
were truncated. An analysis of the evolution and distribution of the host plants – Coriaria sp., Datisca 
sp. - indicates that bursts of transposition may have coincided with the expansion of the host range. 
 
This work was funded by the Swedish Research Council Vetenskapsrådet (grant VR 2012-17840-
97281-33). The bioinformatics support of the BMBF-funded pro ect “Bielefeld-Gießen Center for 
Microbial Bioinformatics”-BiGi and the BMBF grant FKZ 031A533 within the German Network for 
Bioinformatics Infrastructure (deNBI.de) are gratefully acknowledged. 
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An assemblage of Frankia cluster II strains from California contains the canonical nod 
genes and the sulfotransferase gene nodH 
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Actinobacteria of the genus Frankia can establish root nodule symbioses with a diverse group of 
plants from eight families within three different orders, Fagales (Betulaceae, Casuarinaceae and 
Myricaceae), Rosales (Rhamnaceae, Elaeagnaceae and Rosaceae) and Cucurbitales (Datiscaceae 
and Coriariaceae). Phylogenetically, Frankia strains can be divided into three clusters. Members of 
cluster II nodulate a wide range of host plants: four families from two orders, growing on six 
continents. The first genome sequenced of this cluster, Candidatus Frankia datiscae Dg1 (1, 2), 
originated from Coriaria nepalensis in Pakistan, contained the canonical nod genes nodABC in two 
operons. These genes have been found in no other Frankia cluster. 

We present the first Frankia cluster II genome from North America (California), Dg2. It is a 
metagenome with two very closely related major strains and one minor strain. With ca. 5.92 MB, the 
genomes of the major strains are larger than that of Dg1 (5.32 MB). They also contain the canonical 
nod genes, at one position in the genome, linked to a gene encoding the Nod factor sulphotransferase 
NodH. Phylogenetically, Dg2 NodH proteins are sister to rhizobial NodH proteins. Phylogenetic 
analysis of the core genomes of 16 Frankia strains showed that cluster II represents the earliest 
divergent group of symbiotic and non-symbiotic Frankia. 
 
(1) Persson et al. (2011) J. Bacteriol. 193:7017–7018. 
(2) Persson et al. (2015) PLoS One 10: e0127630. 
 
This project was supported by from the Swedish Research Council Vetenskapsrådet (VR) and from 
Carl Tryggers Stiftelse. 
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Ammonium-dependent posttranslational regulation of nitrogenase activity in Azospirillum brasilense 
requires both dinitrogenase reductase ADP-ribosyl transferase (DraT) and dinitrogenase reductase 
ADP-glycohydrolase (DraG), whose activities are reciprocally controlled by interaction with the PII 
proteins, GlnB and GlnZ. In the present model, binding of GlnB activates DraT activity, whereas 
binding of GlnZ to DraG blocks the access of the ADP-ribosylated Fe-protein to the active site of 
DraG, and the GlnZ-DraG complex is immobilized by the membrane-bound ammonium transporter 
AmtB. However, DraG activity was not affected by GlnZ and AmtB when dansil-arginine-ADP-ribose, 
was the alternative substrate. In this work, we found that there is a large excess of GlnZ and AmtB 
(ratio ~9:1) over DraG and DraT when A. brasilense FP2 cells were grown under nitrogen-fixing 
conditions, as revealed by mRNA relative expression as a proxy to protein concentration ratio. To 
confirm the mechanism of A. brasilense DraG inhibition by GlnZ in vitro, we used Rhodospirillum 
rubrum extracts containing ADP-ribosylated Fe-protein as substrate. Our results showed that GlnZ 
partially inhibited DraG (40% of inhibition) when the GlnZ concentration was 40-fold higher than that of 
DraG. In the presence of increasing concentrations of AmtB, the amount of GlnZ required for DraG 
inhibition decreased 4-fold, reaching a maximum inhibition of 63%. To determine the extent of DraG-
GlnZ interaction, surface plasmon resonance and isothermal titration calorimetry were used. ITC 
analysis showed that the binding of GlnZ to DraG was exothermic and the titration curve could be 
fitted using a one to one binding model, yielding KD of 3.4 μM for GlnZ. The enthalpy change was 
negative and the entropy change positive, meaning that the binding is favored both enthalpically and 
entropically. SPR analysis yielded similar KD value for GlnZ (4.3 μM). Given the rate constants 
obtained by SPR measurements (ka of 2.65 x 103 M-1 s-1 and kd of 1.13 x 10-2 s-1), the DraG activity 
assay may reach equilibrium in less than 5 min. Together, the results support a mechanism of DraG 
inactivation involving steric hindrance in the binding of ADP-ribosylated Fe-protein to DraG by GlnZ, 
and that interaction with AmtB shifts towards the bound state. 
 
(1) Huergo, L.H. et al., 2012. Microbiol., 158, 176–190. 
(2) Rajendran, C. et al. 2011. Proc. Natl. Acad. Sci., 108, 18972–18976. 
 
This work was supported by CNPq, INCT of Biological Nitrogen Fixation/CNPq/MCTIC, Fundação 
Araucária and CAPES. 
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PAS6-P12 
 
Comparison of bacterial endophytes isolated from maize and wheat in different 
Spanish soils 
 
Alvaro Peix1,5, Esther Menéndez2,5, Martha-Helena Ramírez-Bahena2,5, Carmen Tejedor2, Milagros 
León Barrios3, Noemí Valencia Daza3, Juan Pérez-Yépez3, Ana Garrido4, Eustoquio Martínez-
Molina2,5, Encarna Velázquez2,5 
 
1Instituto de Recursos Naturales y Agrobiología, IRNASA-CSIC, c/Cordel de Merinas 40-52, 37008 
Salamanca, Spain 
2Departamento de Microbiología y Genética and CIALE, Universidad de Salamanca, Salamanca, 
Spain. 
3Departamento de Bioquímica, Microbiología, Biología Celular y Genética. Universidad de La Laguna, 
Tenerife, Canary Islands, Spain. 
4Granja Agrícola Experimental, Área de Agricultura y Ganadería, Cabildo de Lanzarote, Canary 
Islands, Spain. 
5Unidad Asociada Grupo de Interacción planta-microorganismo (Universidad de Salamanca-IRNASA-
CSIC). Salamanca. Spain 
 
alvaro.peix@csic.es 
 
Maize is one of the cereals most widely cultivated in Valladolid (Castilla y León) and Lanzarote 
(Canary Islands) with 10000 and 130 ha cultivated respectively with this cereal in 2015. On the 
contrary, wheat is widely cultivated in Valladolid with some 100000 ha, but scarcely cultivated in 
Lanzarote Island. Since edapho-climatic conditions including soil type and composition, latitude, 
elevation, temperature and precipitation, and anthropogenic management, including soil tillage, 
cultivation history and application of fertilizers and pesticides can determine endophytic plant bacterial 
structure (1), in this work we compared the cultivable endophytic bacteria obtained from roots of maize 
and wheat in Valladolid and Lanzarote. The isolation of strains, the 16S rRNA gene sequencing and 
the analysis of the in vitro mechanisms of plant growth promotion (PGP) presented by the strains were 
performed as was previously reported (2). The results of the 16S rRNA gene analysis showed that 
Bacillus was the unique bacterial genus found in the two cereals in both Valladolid and Lanzarote 
plants. In the case of maize, the genera Bacillus, Pseudomonas, Enterobacter and Micrococcus were 
found in both locations and in the case of wheat the common genera were Bacillus, Paenibacillus and 
Microbacterium. The remaining strains belonged to different genera and species from the phyla 
Firmicutes, Proteobacteria, Actinobacteria and Bacteroidetes. It is remarkable that several species 
isolated from maize and wheat roots in the two analysed locations are pathogenic for humans, animals 
or plants, such as Klebsiella pneumoniae, Pseudomonas aeruginosa, Bacillus cereus, Kosakonia 
cowanii or Dietzia maris. Some isolated strains were classified as novel species, such as 
Brevundimonas canariensis within the phylum Proteobacteria (3) and Paenibacillus hispanicus within 
the phylum Firmicutes (4), isolated in Lanzarote and Valladolid, respectively. From the PGP 
mechanisms analysed, most strains produced the phytohormones indole acetic acid and ACC 
desaminase as well as siderophores, but a few strains could solubilize significant amounts of 
phosphate or to grow in N-free media, regardless the host plant and the geographical location where 
they were isolated. 
 
(1) Gaiero JR et al. (2013) Am J Bot 100: 1738-1750. 
(2) Menéndez E et al. (2016) Biological Nitrogen Fixation and Beneficial Plant-Microbe Interaction. 

González-Andrés F, James E (eds). Pp. 45-53. Springer International Publishing, Switzerland. 
(3) Menéndez E et al. (2016) Int J Syst Evol Microbiol 66: 4628-4632. 
(4) Menéndez E et al. (2017) Int J Syst Evol Microbiol 67: 969-973. 
 
This work was suppoted by the Grant AGL2013-48098-P from the MINECO (Spanish Government). 
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PAS6-P13 
 
Insertion Sequencing of Azorhizobium caulinodans ORS571 during the colonization of 
Rice 
 
Joshua D. Roworth, Vinoy K. Ramachandran, Philip S. Poole 
 
Department of Plant Sciences, University of Oxford.  
 
joshua.roworth@plants.ox.ac.uk 
 
The nitrogen fixing diazotrophic bacteria Azorhizobium caulinodans ORS571 is a natural symbiont of 
plants in the genus Sesbania. A. caulinodans has further been shown to colonise the rhizosphere and 
root intracellular root tissues of rice whilst maintaining some limited expression of nitrogenase (1).The 
ability of ORS571 to colonise a variety of land plant species effectively make it an exciting target for 
the development of synthetic N2 fixation. 

Insertion sequencing (INseq) is a method to study gene fitness across whole genomes. This is 
achieved by sequencing large mariner transposon insertion libraries grown across a multitude of 
conditions to assess gene fitness (2). By coupling INseq with a four-state Hidden Markov Model 
(HMM) it is possible to classify genes into four categories for growth: essential, defective, 
advantageous, and neutral (3).  

INseq has been used to study the essentiality of genes during the colonisation of rice roots by 
A. caulinodans ORS571. Focus has been place upon the colonisation of the rhizosphere and 
attachment to roots. It has been possible to identify new genes involved in these processes, and by 
combining this data with transcriptional studies, new genetic networks can be identified that are key to 
the colonisation of land plants. 

With the preliminary analysis, we were able to identify several candidate genes with potential 
roles in attachment and colonization. Further, analysis will enable us to elucidate the function of these 
genes. Combining INSeq with transcriptional (RNAseq) data for the same conditions will help us to 
infer the active metabolic and regulatory networks during root colonization. 

 
(1) Nieuwenhove et al., 2000, Biology and Fertility of Soils. 31(2), pp. 143–149.  

doi: 10.1007/s003740050637. 
(2) Perry, B. J. and Yost, C.K. 2014, BMC microbiology, 14(1), p. 298.  

doi: 10.1186/s12866-014-0298-z. 
(3) DeJesus, M. A. and Ioerger, T.R, 2013, BMC bioinformatics, 14, p. 303. 

doi: 10.1186/1471-2105-14-303. 
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PAS6-P14 
 
NtrC is a major regulator of gene expression under low nitrogen in Herbaspirillum 
seropedicae 
 
Paloma Bonato, Doumit Camilios-Neto, Michelle Z. Tadra-Sfeir, Roseli Wassem, Emanuel M. de 
Souza, Fábio de O. Pedrosa, Leda S. Chubatsu 
 
Department of Biochemistry and Molecular Biology, Universidade Federal do Paraná, Curitiba, PR, 
Brazil.  
 
souzaem@ufpr.br 
 
Herbaspirillum seropedicae SmR1 is an endophytic, nitrogen-fixing -proteobacterium found in 
association with roots and aerial parts of crops of economic importance, including sugar cane, wheat, 
and sorghum. The regulation of genes required for nitrogen fixation in H. seropedicae is well studied. 
Recently, attention has been drawn to the regulation of genes required for nitrate assimilation in this 
organism. The NtrB/NtrC system is the major regulator of nitrogen metabolism-related genes in many 
bacteria and known to respond to fixed nitrogen levels. It has been shown previously that an ntrC 
mutant of H. seropedicae did not grow on nitrate as the only nitrogen source. To determine the NtrC 
regulon in the presence or absence of nitrate or ammonium, we analyzed the RNA-seq profiles of H. 
seropedicae wild type and the ntrC mutant grown under ammonium limitation, followed by nitrate- or 
ammonium-shock. Comparison of the RNA profile of the wild-type and mutant strain showed a total 
817 genes differentially expressed after the nitrate shock and 534 genes after ammonium shock. We 
found that in response to low fixed nitrogen levels pathways related for scavenging alternatives forms 
of nitrogen, including urea and nitrate, were activated. Additionally, genes involved in proteolysis and 
glycogen synthesis were expressed under ammonium limitation and were under control of NtrC. The 
most induced genes after the nitrate-shock were narKnirBDHSERO_RS14545nasA which are involved 
in nitrate assimilation and were also positively regulated by NtrC. Together, the results confirm that 
NtrC is the major regulator of genes involved with the response to low levels of ammonium in 
Herbaspirillum seropedicae.  
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PAS6-P15 
 
NtrC-dependent regulatory network for nitrogen assimilation in Pseudomonas stutzeri 
A1501 
 
Yuhua Zhang, Qin Li, Yuhua Zhan, Min Lin, Yongliang Yan 
 
Biotechnology Research Institute/National Key Facility for Crop Gene Resources and Genetic 
Improvement, Chinese Academy of Agricultural sciences, Beijing 100081, China 
 
yanyongliang@caas.cn 
 
Global nitrogen regulation is a complex regulatory network involving a number of signal transduction 
and effector proteins. In most diazotrophs, the regulation of nitrogen fixation (nif) genes depends on 
the RpoN/NtrC/NifA regulatory cascade. P. stutzeri A1501, isolated from the rice rhizosphere in China, 
is the best studied strain regarding nitrogen fixation. It possesses a general nitrogen regulatory system 
in the core genome (NtrBC and related genes) and an acquired nif-specific regulatory system NifLA 
from a diazotrophic ancestor. A number of studies suggest that the ntrC orthologs identified in 
Pseudomonas is the master nitrogen regulator, which is required to activate the expression of a 
number of genes involved in nitrogen uptake and metabolism. However, functional investigation of 
ntrC has never been carried out in P. stutzeri A1501 which habors not only the nitrogen fixation genes 
but also the denitrification genes, nitrification genes, and ammonification genes in the genome. In the 
present work, an ntrC mutant was constructed and its phenotype traits were further analyzed. We 
proved that the nitrogenase activity of the ntrC mutant was significantly reduced as compared to the 
wild-type. Real-time qPCR revealed that the expression of nifA and nifH genes was reduced more 
than 5 fold. It was also observed that NtrC was involved in regulation of the genes participated in 
nitrate and urea assimilation. Moreover, deletion of the ntrC gene significantly reduced the capacity of 
chemotaxis and denitrification, but had more vitality under oxidative stress condition. We also found 
the evidences that the NtrC protein might have a regulation coupling with the catabolic regulation 
protein CbrB on the nitrogen fixation regulation in A1501. In a summary, this work demonstrates that 
NtrC is a global regulator in P. stutzeri A1501, which provide a theoretical foundation for the genome-
wide analysis of NtrC-dependent gene expression and global regulation mechanism.  
 
This work was funded by grants from the National Basic Research Program of China (2015CB755701) 
and National Science Foundation of China (31470174). 
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PAS6-P16 
 
Genome-wide discovery of putative non-coding RNAs in Pseudomonas stutzeri A1501 
under nitrogen fixation conditions 
 
Yuhua Zhan, Yongliang Yan, Min Lin 

 
Biotechnology Research Institute, Chinese Academy of Agricultural Sciences, Beijing 100081, China 
 
zhanyuhua@caas.cn 
 
Small non-coding RNAs (ncRNAs) play important regulatory roles in numerous organisms, but only 
few are functionally characterized in nitrogen-fixing bacteria. P. stutzeri strain A1501, isolated from the 
rice rhizosphere in China, is one of the rare examples of nitrogen-fixing strains within the 
Pseudomonas genus. In the Pseudomonas genus, compared to the Enterobacteriaceae, still a limited 
number of ncRNAs have been characterized, mostly in P. aeruginosa, which have been shown to be 
important for virulence. In contrast, the presence of regulatory non-coding RNAs (ncRNAs) has not 
been investigated in P. stutzeri. To expand the repertoire of known ncRNAs, we present the first 
search for ncRNA-encoding genes in nitrogen-fixing P. stutzeri using a high-throughput sequencing 
approach. Our screening identified a total of 53 non-coding RNAs (ncRNAs) from the intergenic 
regions under nitrogen fixation conditions. The bioinformatics analysis of the 53 ncRNA sequences 
against GenBank database showed that (1) homologous sequences of 12 ncRNAs were not observed 
in any other bacteria, indicating that these 12 ncRNAs may be A1501-specific ncRNAs; among them, 
4 ncRNAs (ncRNA08, 12, 39 and 53) were up-regulated and only one ncRNA (ncRNA48) was down-
regulated under nitrogen fixation conditions; (2) homologous sequences of 24 ncRNAs, including 5 up-
regulated and 4 down-regulated ncRNAs under nitrogen fixation conditions, were specific to 
Pseudomonas stutzeri strains; and (3) highly homologous sequences of the other 17 ncRNAs were 
found in other species of Pseudomonas or other bacteria. To explore the putative functons of these 53 
ncRANs, the expressional characterizations of these ncRNAs were analysed by qRT-PCR under 
different cultrure conditions. The results indicated that among the 53 identified putative ncRNAs, a set 
of ncRNAs exhibited differential expression during a variety of stress conditions, and they were further 
classified into three co-expressed modules, some of which were involved in carbon metabolism, 
nitrogen metabolism or oxygen signal process. The identification of ncRNAs in A1501 provides us an 
opportunity to comprehensively understand the role of ncRNAs in the regulation of nitrogen-fixing 
microorganism. 
 
This work was funded by grants from the National Science Foundation of China (31400076). 
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PAS7-O01 
 
Exploring the causes and consequences of legume tolerance to rhizobia 
 
Fathi Berrabah1,2,3, Claire Benezech, Gaofei Jiang, Alexandre Le-Scornet, Thomas Badet, Thierry 
Bailleau4, Michel Zivy4, Sylvain Raffaele, Fabienne Vailleau, Pascal Ratet1,2, Benjamin Gourion 
 
Laboratoire des Interactions Plantes Microorganismes, Université de Toulouse, INRA, CNRS, INPT, 
Castanet Tolosan, France 
 

1Institute of Plant Sciences Paris Saclay IPS2, CNRS, INRA, Université Paris-Sud, Université Evry, 
Université Paris-Saclay, Batiment 630, 91405 Orsay, France 
2Institute of Plant Sciences Paris-Saclay IPS2, Paris Diderot, Sorbonne Paris-Cité, Bâtiment 630, 
91405, Orsay, France 
3Department of Biology, Faculty of Nature and Life Sciences, Ziane Achour University, 17000 Djelfa, 
Algeria 
4Plateforme d’Analyse Protéomique de Paris Sud-Ouest, Unité Mixte de Recherche de Génétique 
Végétale, Ferme du Moulon, F-91190, Gif/Yvette, Paris, France 
 
benjamin.gourion@inra.fr 
 
Plants are challenged by mutualistic and parasitic microbes simultaneously in nature. In the legume 
nodules the control of plant immunity raises questions. Like in other tissues, inappropriate relaxation of 
immune responses would allow the development of opportunistic or pathogenic microbes whereas 
hypersensitivity risks impairing the rhizobial fitness and/or the nitrogen fixation. This equilibrium 
constitutes a dilemma particularly intriguing to study since the rhizobial densities within the nodules 
frequently exceed what pathogenic microbes can do. Despite these tremendous microbe populations 
the nodules do not develop conspicuous defense reactions (1). In order to better understand the 
molecular mechanisms underlying this tolerance, we have isolated and studied mutants of the model 
legume Medicago truncatula that form nodules in which rhizobia are correctly released into the plant 
cells but which then develop defense-like reactions. Our investigation resulted in the identification of 
two Medicago genes, dnf2 and symCRK that act consecutively to prevent the development of defense 
reactions in the nodules and to allow the tolerance to intracellular rhizobia (2-5). Our recent work on 
the molecular mechanisms controlling the plant immunity in the nodules and pointing to a key role for 
the tight control of the ethylene signaling pathway will be presented. Aside of these studies we started 
to investigate the potential trade-off between immunity/vulnerability and nitrogen fixation efficiency that 
legumes might encounter. To this goal, we are currently developing tripartite interaction systems that 
include Sinorhizobia, Medicago truncatula and diverse pathogens of Medicago. Our last results will be 
presented. 
 
(1) Gourion et al. (2015) Trends in Plant Science 20(3):186-94. 
(2) Bourcy et al. (2013) New Phytol. 197(4):1250-61. 
(3) Berrabah et al. (2014) PLoS ONE 14;9(3):e91866. 
(4) Berrabah et al. (2014) New Phytol. 203(4):1305-14. 
(5) Berrabah et al. (2015) J. Exp. Bot. 66(7):1977-85. 
 
This work was supported, in part, by the Département Santé des Plantes et Environnement of INRA, 
by the French Laboratory of Excellence pro ects ‘TULIP’ (ANR-10-LABX-41; ANR-11-IDEX-0002-02) 
and ‘Saclay Plant Sciences’ (ANR-1 0-LABX-0040-SPS). 
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PAS7-O02 
 
Proteomic analysis of adaptation to host in the Rhizobium leguminosarum bv viciae / 
legume interaction 
 
David Durán, Marta Ballesteros, David Domínguez, Marta Albareda, Tomás Ruiz-Argüeso, José 
Palacios 

 
Centro de Biotecnología y Genómica de Plantas (CBGP UPM-INIA), Campus de Montegancedo, 
28223 Pozuelo de Alarcón, Madrid, y Departamento de Biotecnología-Biología Vegetal, E.T.S. de 
Ingeniería Agronómica, Agroalimentaria y de Biosistemas, Universidad Politécnica de Madrid. Ciudad 
Universitaria s/n, 28040 Madrid, SPAIN. 
 
jose.palacios@upm.es 
 
Functioning of the Rhizobium-legume symbiosis requires the metabolic adjustment of both partners to 
generate nitrogen-fixing root nodules. The ability of some Rhizobium species to associate with several 
legumes provides a good system to study such adaptations using a common bacterial background 
with different hosts. Some host-specific differences, such as the induction of hydrogen-recycling 
hydrogenase, have been described previously (1), although the molecular basis for these differences 
had not been established. Our research work aims at the elucidation of mechanisms involved in the 
adaptation of rhizobia to specific legume hosts, taking into account factors originated from both 
symbionts. The working hypothesis is that different legume plants provide different environments to 
the bacteria within the nodule, thus inducing host-specific responses. In the case of IRLC group of 
legumes, which includes Medicago, Pisum, Lens, Vicia, and other genera, the plant symbiont exports 
to the symbiosome a set of multiple peptides, structurally similar to antimicrobial peptides of the 
defensin type and designated as NCR (Nodule-specific Cystein-Rich peptides, (2)). It is assumed that 
such peptides control multiple aspects of the bacterial physiology, thus converting it into a “metabolic 
slave” dedicated to fix nitrogen. We have carried out a comparative proteomic analysis of extracts 
from bacteroids induced by Rhizobium leguminosarum bv. viciae UPM791 in pea and lentil plants. The 
analysis revealed the existence of a significant number of proteins displaying different levels of 
expression in a host-specific manner. Proteins identified include several stress-response proteins, a 
GntR-type transcriptional regulator, and an aminotransferase that could be relevant for the C/N 
metabolism of the bacteroid. Also, extracts from pea and lentil bacteroids contained significantly 
different sets of NCR peptides. We hypothesize that the different cocktail of NCR peptides provided by 
each legume plant might be partly responsible for the different protein profile of the bacteroids. 
Mutants specifically altered in the potential host-adaptation bacterial genes identified in this work are 
being generated, and their symbiotic phenotype will be presented and discussed at the conference. 
 
(1) Brito et al. (2008) Mol. Plant Microbe Interact. 21: 597-604 
(2) Kondorosi et al. (2013) Annu. Rev. Microbiol 67: 611-628. 
 
Funds supporting this work were provided by Project SYMBIOSIGNAL (MINECO BIO2013-43040-P). 
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Annexin has a key role during rhizobial infection and nodulation in common bean 
 
Janet Carrasco-Castilla1, Yolanda Ortega-Ortega1, David Jáuregui-Zúñiga2, Marco A. Juárez-
Verdayes1, Elizabeth Monroy-Morales1, Rosana Sánchez-López1, Noreide Nava1, Olivia Santana1, 
Carmen Quinto1 
 
1Departamento de Biología Molecular de Plantas, Instituto de Biotecnología, Universidad Nacional 
Autónoma de México, Cuernavaca, Mor, México. 
2Departamento de Medicina Molecular y Bioprocesos, Instituto de Biotecnología, Universidad 
Nacional Autónoma de México, Cuernavaca, Mor, México 
 
quinto@ibt.unam.mx 
 
Legumes establish a symbiosis with N2-fixing soil bacteria known as rhizobia. This process initiates 
with a molecular dialog between both partners, roots and bacteria. Rhizobium secretes to the 
rhizosphere lipochito-oligosacharide signals, known as Nod Factors, which are perceived by specific 
receptors in the root hairs and induce several responses such as changes in Ca2+ fluxes, Ca2+ 
oscillations, ROS production and transcriptional activation of nodulin genes (1). Plant annexins are a 
family of calcium- and membrane- binding proteins involved in exocytosis, actin binding, peroxidase 
activity, callose synthesis and ion transport (2). Herein, the role of annexins during rhizobial symbiosis 
of a legume that forms determinate-type nodules is addressed. We identified 13 annexins genes in the 
Phaseolus vulgaris genome, displaying variable expression profiles in different tissues and conditions. 
We focused on PvAnn93, since this annexin shows the highest transcript accumulation level in root 
hairs as compared to root apex and stripped roots. PvAnn93 transcript abundance increased 
significantly in nodules compared to the corresponding stripped roots (roots from which nodules were 
removed). Loss-of-function of PvAnn93 in transgenic roots reduced 2.0-fold the average length of the 
root hairs. Transgenic silenced roots inoculated with rhizobia showed that progression, number of 
infection threads and ROS production were diminished. Also, transcript levels of PvRbohB, NIN and 
ENOD2 were significantly lower in PvAnn93-RNAi transgenic roots compared to control roots. We 
propose that the loss-of-function of PvAnn93 could impair Ca2+-ROS homeostasis and nodulin 
signaling. In addition, a reduced number of nodules and less nitrogen fixation levels were found at 21 
dpi in the silenced transformed bean roots. Together these data indicate that PvAnn93 has a 
significant role during rhizobial infection, nodule development and functioning. 
 
(1) Oldroyd (2013). Nat. Rev. Micro. 11(4):252-263. 
(2) Laohavisit and Davies (2011). New Phytol. 189(1):40-53.  
 
This work was partially supported by DGAPA-UNAM (IN201312 to CQ) and by Consejo Nacional de 
Ciencia y Tecnología (CONACyT) with a postdoctoral fellowship (265753) to JCC.  
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NO in the Medicago truncatula-Sinorhizobium meliloti symbiosis: keep the balance! 
 
Alexandre Le Scornet1, Pauline Blanquet1, Anne-Claire Cazale-Noel1, Renaud Brouquisse2, Claude 
Bruand1, Eliane Meilhoc1 
 

1Laboratoire des Interactions Plantes-Microorganismes (LIPM), Université de Toulouse, INRA, CNRS, 
INSA,31326 Castanet-Tolosan Cedex, France 
2UMR ISA "Institut Sophia Agrobiotech" INRA 1355-CNRS 7254-Université de Nice-Sophia Antipolis 
(UNS) -400 route des Chappes BP 167 Sophia-Antipolis Cedex - F-06903, France 
 
Eliane.Meilhoc@inra.fr 
 
Nitric oxide (NO) is a signaling and defense molecule involved in many plant developmental processes 
as well as in plant response to pathogens. Interestingly, NO has been detected at different steps of the 
rhizobium-legume symbiosis where it has been shown to play multifaceted roles (1). NO level inside 
nodules, which results from a balance between synthesis and degradation, must be tightly regulated to 
allow efficient nitrogen fixation as we have shown that NO plays a major role in root nodule 
senescence, whether developmental or environmentally-induced (2). Mechanisms underlying NO 
action in symbiotic nodules (both in plant and bacterial cells) to regulate the transition between an 
active N2 fixation and the onset of senescence remain to be deciphered. 

It is recognized that both bacterial and plant partners are involved in NO synthesis and 
degradation. On the plant side, three putative nitrate reductase-encoding genes (NR) are present in 
the genome of M. truncatula and at least NR1 is involved in NO production while plant hemoglobines 
are described as being implicated in NO degradation. Bacteria also participate to NO homeostasis by 
expressing a flavohemoglobin (Hmp) and a NO reductase both involved in NO degradation. 

In the work presented here, we investigated further the involvement of bacteria in the 
maintenance of NO balance in the nodule. We found that two bacterial nitrate reductases (Nap and 
NarB) and nitrite reductases (NirK and NirB) are functional in mature nodules and are directly or 
indirectly involved in NO production. We also found a third bacterial protein (NnrS1) involved in NO 
detoxification. Finaly, preliminary transcriptomic and proteomic data obtained with nodules displaying 
an elevated NO level will be presented. These results are a first step toward a better comprehension 
of the role of NO in nodule senescence. 
 
(1) Meilhoc et al. (2015) In « Biological Nitrogen fixation »- Wiley-Blackwell- Ed: F. de Bruijn 
(2) Cam et al. (2012) New Phytol. 196 (2), 548-560. 
 
 
 
  



 
 
 

 

 
Parallel Session 7: Plant-Microbe Signaling 

 
203 

PAS7-O05 
 
Plant defense and nodule symbiosis: Small changes with big impact  
 
Christian Staehelin, Zhi-Ping Xie 
 
State Key Laboratory of Biocontrol and Guangdong Key Laboratory of Plant Resources,  
School of Life Sciences, Sun Yat-sen University, East Campus, Guangzhou 510006, China  
 
cst@mail.sysu.edu.cn 
 
Antagonistic plant-microbe interactions and the nodule symbiosis share similarities on the molecular 
level. LysM-domain receptors perceive chitin oligosaccharide elicitors in plant-pathogen interactions 
and rhizobial Nod factors (NFs) in the nodule symbiosis. Chitinases, known to play a role in plant 
defense, have been recruited for symbiosis to hydrolyze NFs. We have identified MtNFH1, a NF 
hydrolase of Medicago truncatula (1). MtCHIT5b, a related class V chitinase, likely plays a role in plant 
defense. We found that a single amino acid substitution is sufficient to convert MtCHIT5b into a NF 
cleaving enzyme. We postulate that MtNFH1 evolved from an ancestral chitinase by gene duplication 
and subsequent neofunctionalization (2). Owing to the symbiosis-related gene expression and the 
particular substrate preference for NFs, we hypothesized that MtNFH1 must have a function in the 
symbiosis with Sinorhizobium meliloti. Our recent findings provide evidence that MtNFH1 controls NF 
homeostasis at the onset of root-hair infection. Moreover, MtNFH1 plays a role in mature nodules. 
Type 3 effector proteins of pathogenic bacteria are translocated into plant cells to suppress plant 
defense reactions. Likewise, rhizobial type 3 effectors may have symbiotic functions. We found that 
the effector NopL of Sinorhizobium sp. NGR234 is a substrate for mitogen-activated protein (MAP) 
kinases (3). Recent results on another rhizobial type 3 effector will be presented on the conference. 
 
(1) Tian et al. (2013) Plant Physiol. 163:1179-1190 
(2) Zhang et al. (2016) Open Biol. 6:160061 
(3) Ge et al. (2016) J. Exp. Bot. 67:2483-2494 
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Rhizobium tropici CIAT 899 NodD2: a transcriptional regulator involved in the 
production of Nod factors under osmotic stress in a flavonoid-independent manner 
 
Pablo del Cerro1, Francisco Pérez-Montaño1, Irene Jiménez-Guerrero1, Francisco J. López-Baena1, 
Manuel Megías1, Mariangela Hungria2, Francisco J. Ollero1. 
 

1Departamento de Microbiología, Facultad de Biología, Universidad de Sevilla. Sevilla, Spain. 
2Embrapa Soja, Londrina, Paraná, Brazil. 
 
pdelcerro@us.es 
 
In the symbiotic associations between rhizobia and legumes, NodD promotes the expression of the 
nodulation genes in the presence of appropriate flavonoids. This set of genes is involved in the 
synthesis of Nodulation factors, which are responsible for launching the nodulation process (1). 
Rhizobium tropici CIAT 899 is one of the most successful symbiont of Phaseolus vulgaris and can 
nodulate a wide range of legumes. Surprisingly, this strain is able to produce Nodulation factors under 
osmotic stress in a flavonoid-independent manner (2, 3). Genome sequencing of CIAT 899 allowed 
the identification of five nodD genes. NodD1 is required to nodulate Leucaena leucocephala, Lotus 
japonicus and Macroptilium atropurpureum. However, symbiosis with P. vulgaris and Lotus burtii was 
not abolished when NodD1 is absent (4). In R. tropici CIAT 899, nodulation factor synthesis in 
presence of appropriate flavonoids is regulated by NodD1, whereas the main regulator of the 
synthesis of Nod factors in the presence of osmotic stress was unknown. In this work, we have 
demonstrated that the absence of NodD2 disable this bacterium to synthetize Nod factors in the 
presence of osmotic stress, reaching to this conclusion through different experimental approaches as 
β-galactosidase activity, reversed-phase thin layer chromatography and RNA-seq experiments. In 
addition, we have also demonstrated that this Nod factor production regulated by NodD2 has a 
biological role since the entire synthesis of Nod factors in this bacterium is carried out by NodD1 and 
NodD2, and the absence of both proteins caused the absence of nodules in P. vulgaris and L. burtii. 
This is the first time that NodD is directly implied in the activation of the symbiotic genes under an 
abiotic stress. 
 
(1) Oldroyd (2013). Nat Rev Microbiol. 11:252-263. 
(2) Guasch-Vidal et al. (2013). Mol Plant Microbe Interact. 26:451-460. 
(3) Pérez-Montaño et al. (2016). BMC Genomics 17:198. 
(4) del Cerro et al. (2015). BMC Genomics. 16:864. 
 
*More information available in del Cerro, P. et al. The Rhizobium tropici CIAT 899 NodD2 protein 
regulates the production of Nod factors under salt stress in a flavonoid-independent manner. Sci. Rep. 
7, 46712; doi: 10.1038/srep46712 (2017). 
 
This work was funded by Ministerio de Economía y Competitividad of the Spanish government (project 
AGL2016-77163-R) and the Junta de Andalucía (project P11-CVI-7050). Mr. Del Cerro is recipient of 
an FPU fellowship (FPU14/00160) of the Ministerio de Economía y Competitividad. Dr. Hungria is a 
research fellow of CNPq-Brazil. 
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PAS7-O07 
 
Genome wide screening of Ensifer meliloti genes required for rhizosphere 
colonization. Specificity traits and evolutionary relationships 
 
M. Eugenia Salas1, Mauricio J. Lozano1, José L. López1, Walter O. Draghi1, Mariano Pistorio1, M. 
Florencia Del Papa1, Gustavo Parisi 2 , Javier Serrania 3, Anke Becker 3, Antonio Lagares1 
 
1 IBBM - Instituto de Biotecnología y Biología Molecular, CCT-La Plata CONICET, Departamento de 
Ciencias Biológicas, Facultad de Ciencias Exactas, Universidad Nacional de La Plata (UNLP) 
2 Departamento de Ciencia y Tecnología, Universidad Nacional de Quilmes, Bernal, Argentina 
3 LOEWE Center for Synthetic Microbiology and Faculty of Biology, Philipps Universität, Marburg, 
Germany 
 
lagares@biol.unlp.edu.ar 
 
Rhizobia are α- and ß-proteobacteria that associate with legumes in symbiosis to fix atmospheric 
nitrogen. The early stages of these associations have been investigated with special interest since 
rhizobial competition for host space begins in the rhizosphere before any physical contact between 
both partners (1). Genetic studies on how rhizobia colonize rhizospheres, however, have been difficult 
experimentally with few studies addressing this issue (2, 3). Here, by using signature-tagged 
mutagenesis (STM) (4), we identified more than a hundred Ensifer meliloti genes that are relevant to 
rhizosphere colonization. The results indicated that rhizobial genes required for an efficient 
rhizosphere colonization account for nearly 2% of the bacterial genome and that most (ca. 80%) are 
chromosomally located, pointing to the relevance and ancestral origin of the bacterial ability to 
colonize plant roots. The identified genes that affected rhizosphere colonization are related to 
metabolic functions, transcription, signal transduction, motility and chemotaxis, with several ORFs of 
yet unknown function. Most remarkably, some of those genes were required for the rhizobia to 
express a preferential colonization of both host (Medicago, Trigonella) and phylogenetically related 
non-host (Trifolium) plants (specificity), when compared to the colonization of other legumes like pea 
or soybean. The results helped dating such preferential-colonization phenotype as likely appearing 17 
– 45 MYA, and shed light on the genetic and evolutionary basis of the early interaction of rhizobia with 
roots. 
 
(1) Triplett EW, Sadowsky MJ. 1992. Annu Rev Microbiol. 46: 399-422 
(2) Ramachandran et al. 2011. Genome Biol. 12: R106 
(3) Barr et al. 2008. FEMS Microbiol Lett 282: 219-27 
(4) Pobigaylo et al. 2006. Appl Environ Microbiol. 72: 4329-37 
 
This work was funded by CONICET PIP 2014-0420; the Ministry of Science Technology and 
Productive Innovation (MinCyT, Argentina) PICT-2012-1719 and PICT-2015-2452; and a bilateral 
Cooperation Program between MinCyT-DAAD (Deutscher Academischer Austausch Dienst) 
DA/12/08. 
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A non-PilZ c-di-GMP binding domain in glycosyltransferase BgsA is required for 
synthesis of a mixed-linkage β-glucan in Sinorhizobium meliloti 
 
Daniel Pérez-Mendoza, Daniela Bertinetti1, Robin Lorenz2, Mari T. Gallegos, Friedrich W. Herberg1, 
Juan Sanjuán 
 
Dpto. Microbiología del Suelo y Sistemas Simbióticos, Estación Experimental del Zaidín, CSIC. 
Granada, Spain.  
1Department of Biochemistry, University of Kassel, 34132 Kassel, Germany. 
2Institute for Genetics and Cologne Excellence Cluster on Cellular Stress Responses in Aging-
Associated Diseases (CECAD), University of Cologne, Germany 
 
dpmendoza@eez.csic.es 
 
An artificial increase of c-di-GMP levels in Sinorhizobium meliloti 8530 leads to overproduction of a 
mixed-linkage β-d-glucan (MLG) which participates in bacterial aggregation and biofilm formation. This 
exopolysaccharides is required for efficient attachment to the roots of a host plant, resembling the 
biological role of cellulose in other plant-associated bacteria. MLG has a distinctive primary structure 
with a perfect alternation of β(1→3) and β(1→4) linkages, which may provide interesting biotech 
properties. 

A two-gene operon (bgsBA), required for production of MLG is conserved amongst several 
genera within the order Rhizobiales, where bgsA encodes a glycosyltransferase (GT) with structural 
and sequence homology, and phylogenetic relationship to bacterial cellulose synthases (CS). 
Furthermore, MLG synthesis is subjected to both transcriptional and posttranslational regulation, but in 
contrast to cellulose, (i) bgsBA transcription is dependent on the ExpR/SinI quorum sensing regulatory 
system, and (ii) a novel c-di-GMP binding domain (C-BgsA), different to PilZ, is involved in the 
posttranslational regulation. 

A combination of random and site-directed mutagenesis with surface plasmon resonance (SPR) 
technique, have allowed us to identify C-BgsA residues important for c-di-GMP binding and/or for 
BgsA GT activity. The results suggest that the C-BgsA domain is not only important for c-di-GMP 
binding but also for GT activity of BgsA. In contrast to bacterial CS where c-di-GMP has been 
proposed as a derepressor of GT activity, we hypothesize that C-BgsA plays an active role in GT 
activity upon binding of c-di-GMP.  
 
(1) Pérez-Mendoza, D. & Sanjuán, J. (2016) Curr Opin Microbiol 30, 36-43. 
(2) Pérez-Mendoza, D. et al. (2015) Proc Natl Acad Sci U S A 112, E757-765. 
(3) Pérez-Mendoza, D. et al. (2017) Submitted to mBio. 
 
DPM was supported by Andaluc a Talent Hub Program (Marie Skłodowska-Curie actions co-funded by 
the EU FP7 and Junta de Andalucía). Support to JS and MTG from grant BIO2014-55075-P (Spanish 
Ministry of Economy) is also acknowledged. 
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Local and systemic pathways regulating symbiotic nodulation in the Medicago 
truncatula legume 
 
Camille Fonouni-Farde, Sovanna Tan, Mathias Brault, Anouck Diet, Florian Frugier 

 
Institute of Plant Sciences Paris-Saclay (IPS2), CNRS, INRA, Univ Paris Sud, Univ Evry, Univ Paris-
Diderot, Université Paris-Saclay, Rue de Noetzlin, 91190 Gif-sur-Yvette, France 
 
florian.frugier@cnrs.fr 
 
Under nitrogen limiting conditions, legumes develop on their root system a symbiotic interaction with 
rhizobial bacteria leading to the formation of nitrogen-fixing nodules. Bacterial Nod Factors (NFs) are 
the initial trigger allowing infection in host root epidermal cells and nodule organogenesis in the root 
cortex, and plant regulatory pathways modulating NF responses are therefore critical to control 
nodulation efficiency.  

Downstream of NFs, the cytokinin phytohormone positively regulates nodule organogenesis 
depending on different cytokinin receptors and notably MtCRE1 (1, 2). More recently, we showed that 
cytokinin also regulates negatively NF signaling in the root epidermis (3).  

Downstream of the cytokinin/MtCRE1 pathway, the MtDELLA1-mediated gibberellin (GA) 
signaling pathway also regulates nodule formation. Interestingly, ectopic expression of a dominant 
active MtDELLA1 protein in the root cortex leads to the formation of nodule-like structures. In addition, 
GA also inhibits rhizobial infections and NF signaling in the root epidermis depending on DELLA 
proteins. Strikingly, the ectopic expression of the same dominant active MtDELLA1 protein in the root 
epidermis is sufficient to promote the expression of a symbiotic marker in the absence of rhizobia, and 
DELLA proteins directly interact with two symbiotic transcription factors, Nodulation Signaling Pathway 
2 (NSP2) and Nuclear Factor YA1 (NF-YA1), which are essential for nodulation (4). Overall, these 
results suggest a model where CK/CRE1 and GA/ DELLA signaling modules both regulate and may 
coordinate the progression of rhizobial infections and nodule organogenesis. 

Finally, nodule development is also regulated depending on environmental conditions by 
systemic pathways acting from shoots. This includes C-terminally Encoded Peptides (CEP) acting 
through the CRA2 (Compact Root Architecture (2)) Leucine Rich Repeats – Receptor-Like Kinase 
(LRR-RLK; (5, 6)). Integration between local and systemic pathways, as well as with feedback 
regulations, is essential for the dynamic regulation of root system architecture in a fluctuating 
environment. Progress will be reported on some of these regulatory crosstalks. 
 
(1) Plet et al. (2011) Plant J. 65: 622-33. 
(2) Boivin et al. (2016) Plant Cell Environ. 39:2198-209 
(3) Jardinaud et al. (2016) Plant Phys. 171:2256-76. 
(4) Fonouni-Farde et al. Nat. Commun. 7:12636  
(5) Huault et al., 2014 Plos Genetics 10: e1004891. 
(6) Mohd-Radzman et al., 2016 Plant Physiol. 171:2536-48 
  
This work was funded by the French ANR “NodCCAAT” and “PSYCHE” pro ects. 
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PAS7-O10 
 
Recognition of structurally similar signal molecules triggering symbiotic and defense 
responses in pea plants 
  
Elena A. Dolgikh1, Anna N. Kirienko1, Irina V. Leppyanen1, Gulnara A. Akhtemova1, Emma S. 
Gribchenko1, Alexandra V. Dolgikh1, Christine Saffray2, Marion Dalmais2, Abdelhafid Bendahmane2, 
Christine Le Signor3, Richard Thompson3, Igor A. Tikhonovich1  

  
1All-Russia Research Institute for Agricultural Microbiology, Saint-Petersburg, Russian Federation 
2Agroécologie, AgroSup Dijon, INRA, Univ. Bourgogne Franche-Comté, F-21000 Dijon, France (R.T., 
C.LS.)  
3IPS2, UMR9213/UMR1403, CNRS, INRA, UPSud, UPD, SPS, 91405 Orsay, France (C.S., M.D., 
A.B.) 
 
dol2helen@yahoo.com 
 
To better understand how pea plants are able to distinguish between symbiotic and pathogenic 
microorganisms, we searched for the receptors to signal molecules and components of signal 
transduction pathways. The recognition of Nod factors (NFs) by pea plants is accompanied by 
independent activation of various signaling pathways that suggests the involvement of several NF 
receptors in the control of the symbiosis development. We have shown that the LysM-receptor-like 
kinase K1 may be a new receptor, the importance of which for rhizobial symbiosis was confirmed by 
the Nod- phenotypes of the mutants impaired in this gene. Phenotyping revealed the blocking of 
symbiosis development at an appropriately early stage, strongly suggesting the importance of LysM-
RLK K1 for symbiosis initiation. The interaction between K1 and other known pea LysM-RLK SYM10 
(Sym10 is putative ortholog of MtNFP) and SYM37 (Sym37 is putative ortholog of MtLYK3) was 
detected using various approaches. On the basis of the conducted experiments, we proposed a model 
for recognition of NFs involving several heteromeric receptor complexes. Using transcriptomic and 
proteomic approaches we were looking for additional components that may be involved in NF signal 
transduction pathway in pea. Interconnection of the NF signaling pathway with hormone regulation is 
also discussed.  

At the same time we have found that bifunctional pea receptor LYK9 is necessary for 
recognition of the chitooligosaccharides signal molecules with different degree of polymerization. 
LYK9 seems to be involved in the control of the symbiosis development with mycorrhizal fungi and 
stimulation of immune reactions when interacting with phytopathogenic fungi. Features of signal 
transduction pathways at the recognition of chitooligosaccharides differing in structure by pea plants 
are discussed. 
 
This work was supported by Russian Science Foundation (grant № 16-16-10043). The INRA TILLING 
activities was supported by the Program Saclay Plant Sciences (SPS, ANR-10-LABX-40) and the 
European Research Council (ERC-SEXYPARTH). 
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A volatile compound mediates autoregulation of infection in the Sinorhizobium 
meliloti-Medicago symbiosis 
 
F. Sorroche, M. Walch, AM Garnerone, C. Gough, C. Masson-Boivin, J. Batut 
 
LIPM, Université de Toulouse, INRA, CNRS, Castanet-Tolosan, France  
 
Jacques.Batut@inra.fr 
 
We identified previously in S. meliloti a cAMP-signaling cascade whose inactivation led to a hyper-
infection phenotype - ie an increased number of epidermal Infection threads, eITs- on Medicago 
plants, without impacting nodulation or nitrogen fixation (1). Competition experiments showed no 
difference in infectiveness between wt and mutant bacteria and instead suggested that wild-type 
bacteria inside the nodule may decrease the root sensitivity to secondary infection events by 
rhizospheric rhizobia. 

Here we present conclusive evidence for this model by demonstrating that wild-type 
endosymbiotic bacteria decrease systemically plant root infectiveness in a split-root assay. 
Furthermore we show that the systemic effect is mediated by a volatile compound. 

Altogether our data support the existence of a systemic Autoregulation of Infection (AOI) 
mechanism in the S. meliloti-Medicago symbiosis that is genetically distinct of AON. In contrast to 
AON, AOI involves a sustained communication between the two symbiotic partners.  
 
(1) Tian et al. (2012) PNAS USA 109 :6751-6756  
 
FS was partly supported by a Post-doctoral AGREENSKILLS fellowship. This work was funded in part 
by the ANR “RhizocAMP” (ANR-10-BLAN-1719), the ANR “AOI” (ANR-15-CE20-0004-01) and the 
Pôle de Compétitivité “Agri Sud Ouest Innovation”. This work is part of the “Laboratoire d’Excellence” 
(LABEX) entitled TULIP (ANR-10-LABX-41). 
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PAS7-P01 
 
The inhibitory role of NIN in nodulation 
 
Rosa E. Andrade, Jayne Lambert, Martin Parniske 
 
Faculty of Biology, Genetics, University of Munich (LMU), Martinsried, Germany 
 
r.andrade@campus.lmu.de 
 
During evolution, plants have evolved a variety of mechanisms to overcome deficient nutrient 
concentrations in the soil. One important strategy is the symbioses with nitrogen-fixing bacteria and 
arbuscular mycorrhiza fungi, which provides them nitrogen and phosphorus, respectively, in exchange 
for photosynthetically fixed carbon. The establishment of these symbioses is controlled by a common 
set of genes and features perinuclear calcium oscillations, conceptually deciphered by CCaMK (1). 
CCaMK phosphorylates CYCLOPS and forms a protein complex (CCaMK/CYCLOPS) that 
transcriptionally activates downstream genes required for specific developmental responses in 
arbuscular mycorrhiza and root nodule symbiosis (1, 2). One target of the CCaMK/CYCLOPS complex 
is NIN (nodule inception) (3). NIN is a nodulation specific transcription factor that plays a key role in 
both infection and nodule organogenesis processes (3). We confirmed that NIN overexpression 
inhibits nodulation (4); interestingly the inhibition observed was exclusively in transformed roots. Thus, 
suggesting a non-systemic effect. An alternative mechanism by which NIN inhibits nodulation is 
currently under investigation. 
 
(1) Yano et al. (2008) Proc. Natl. Acad. Sci. 105:20540–20545. 
(2) Singh et al. (2014) Cell Host Microbe. 15:139–152. 
(3) Schauser et al. (1999) Nature. 402:191-195. 
(4) Soyano et al. (2014) PNAS. 111: 14607-12. 
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Identification and expression analysis of Medicago truncatula IPT genes during 
nodulation 
 
Mahboobeh Azarakhsh, Maria A. Lebedeva, Ludmila A. Lutova 
 

Department of Genetics and Biotechnology, Saint-Petersburg State University, Saint-Petersburg, 
Russia 
 
mahboobeazarakhsh@gmail.com 
 
Cytokinins are essential for legume plants to establish a nitrogen-fixing symbiosis with rhizobia. A set 
of findings such as induction of cortical cell division in response to exogenous application of cytokinin 
or formation of spontaneous nodules in gain-of-function mutants defective in cytokinin receptor gene 
Lotus histidine kinase1 (Lhk1) imply that cytokinins positively influence nodule organogenesis. On the 
other side, activation of LjIPT3 in shoot phloem in AON (autoregulation of nodulation)-dependent 
manner or inhibition of nodulation as a result of exogenous application of cytokinin to shoot suggest a 
negative effect for cytokinin in nodulation. Based on these findings the dual role of cytokinins in 
nodulation has been proposed. However, in M. truncatula the detailed analysis of MtIPTs expression 
both in roots and shoots in response to nodulation has not been performed, and the link between IPTs 
and AON has not been studied up to date. We performed an extensive analysis of MtIPTs expression 
levels in different organs, focusing on the possible role of MtIPTs in nodule development. MtIPTs 
expression dynamics in inoculated roots suggest that besides its early established role in nodule 
primordia development cytokinin biosynthesis may be also important for later stages of nodulation. 
According to expression analysis MtIPT3, MtIPT4 and MtIPT5 are activated in shoots in response to 
inoculation. Among them, MtIPT3 induction in leaves was not observed insunn-3 mutant defected in 
CLV1-like kinase, a key component of AON, suggesting that MtIPT3 is activated in shoots in AON-
dependent manner. Taken together, our findings suggest that MtIPTs are involved in nodule 
development at different stages both locally in inoculated roots and systemically in shoots, where they 
can be activated in AON-dependent manner, supporting the idea about the dual role of cytokinin 
biosynthesis during nodulation. 
 
This work was funded by RSF project no. 16-16-10011 and RFBR no. 15-34-20071 and 15-29-02737. 
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Conjugative transfer of rhizobial plasmids under diverse environmental conditions 
and during symbiosis 
 
Luis A. Bañuelos-Vazquez1, Gonzalo Torres-Tejerizo3, Laura Cervantes-de La Luz1, Lourdes Girard2, 
David Romero1, Susana Brom1  
 
1Programa de Ingeniería Genómica, 2Programa de Dinámica Genómica, Centro de Ciencias 
Genómicas, Universidad Nacional Autónoma de México, Cuernavaca, Morelos, México. 
3Instituto de Biotecnología y Biología Molecular, CCT-La Plata-CONICET, Departamento de Ciencias 
Biológicas, Facultad de Ciencias Exactas, Universidad Nacional de la Plata, La Plata, Argentina. 
 
alfred@ccg.unam.mx 
 
Rhizobium etli CFN42 is a Gram-negative bacterium of great agricultural importance, able to establish 
symbiosis with Phaseolus vulgaris, through the formation of nitrogen fixing nodules. The genome of R. 
etli CFN42 is constituted by one chromosome and six large plasmids. Among these, pRet42a has 
been identified as a conjugative plasmid, which can be transferred at high frequency (10-2). Transfer is 
regulated by quorum sensing (QS) involving a traI gene encoding an acil homoserin lactone, and two 
transcriptional regulators (TraR and CinR), which induce the transcription of transfer genes in 
response to TraI (1).  

The aim of this work is to determine the effect of environmental conditions on the transfer of 
conjugative plasmids, including factors related to soil environment (temperature, low oxygen, 
nutrients) as well as elements related directly to the symbiosis (seed exudates). To do these 
experiments, we used the strategy of double fluorescent labeling described by (2). We constructed a 
donor containing a red fluorescent protein (RFP) marker inserted in the chromosome, and a green 
fluorescent protein (GFP) marker in the plasmid (3). Our results showed that the frequency of 
conjugation increases when it is performed in the presence of the plant or of a plant exudate 
(naringenin). Also we were able to visualize transconjugants in nodules, opening the possibility of 
conjugation taking place inside the plant. Different strategies were employed to analyze this 
hypothesis. In the first one, we used transcriptional fusions of the promoter regions of traI and traA 
genes to a reporter gene (traA::GFP and traI::GFP), to determine the activity of genes involved in 
conjugation. In the second strategy, we inhibited conjugation outside the plant, using a traM 
antiactivator, allowing conjugation when the bacteria enter the symbiotic process. In the third strategy, 
the traI gene was placed under the nifH promoter, allowing expression of transfer genes only under 
conditions that allow nitrogen fixation. Overall, our results strongly suggest that conjugation may occur 
inside the plant, in addition to transconjugants generated on the surface. Conjugation in these 
conditions is also dependent of quorum sensing.  
 
(1) Tun-Garrido et al. (2003) J. Bact. 185, 1681-1692. 
(2) Nancharaiah et al. (2003) Appl. Env. Microbiol. 69, 4846-4852. 
(3) Torres Tejerizo et al. (2015) J. Microbiol. Meth. 117: 155-163. 
 
This work was partially supported by grant IN203515 from DGAPA. UNAM.  
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Elucidating the homology of root nodule symbiosis through transcriptomes of 
actinorhizal plants: Datisca glomerata and Ceanothus thyrsiflorus 
 
Kai Battenberg1, Ernest K. Lee2, Joanna C. Chiu2, Daniel Potter1, Alison M. Berry1 

 

1Department of Plant Sciences, University of California, Davis CA 95616 USA. 
2Department of Entomology and Nematology, University of California, Davis CA 95616 USA. 
 
kbattenberg@ucdavis.edu 
 
Root nodule symbiosis (RNS) is a phenomenon found only within a clade of angiosperms known as 
the nitrogen-fixing clade (NFC), which includes four orders. The species that engage in RNS represent 
only a small subset of the NFC and are widely distributed within the clade, occurring in ten different 
families. To explain the pattern of the emergence of RNS within the NFC, which is restricted 
(supporting a single evolutionary origin) yet scattered (supporting multiple origins), it has been 
hypothesized that RNS developed evolutionarily in two steps: first, a single gain of predisposition 
occurred at the base of the NFC, and second, gains of RNS occurred multiple times and 
independently in different lineages. While this hypothesis has long been supported based on 
parsimony (1), it was only recently supported based on maximum likelihood analysis (2). Two of many 
questions that this hypothesis gives rise to are: can this hypothesis be supported by evidence other 
than the phylogenetic distribution of nitrogen-fixing plants, and what exactly was the predisposition 
gained at the base of the NFC? 

Here we present the gene expression patterns of roots and nodules of two actinorhizal plants, 
Ceanothus thyrsiflorus and Datisca glomerata, generated through RNAseq, de novo assembly, and 
differential gene expression analysis. These data were analyzed in combination with the previously 
published gene expression patterns in the model legume, Medicago truncatula (3), and genomes of 13 
species within or closely related to the NFC. Orthologous sets of genes for each assembled transcript 
were predicted with a newly designed orthology prediction tool, OrthoReD. This pipeline predicts 
orthology one gene at a time, with a low computational requirement. 

Based on the current two-step hypothesis, the three species (C. thyrsiflorus, D. glomerata, and 
M. truncatula) are presumed to have gained RNS independently, but share deep homologies due to 
the common gain-of-predisposition event. With our data and analyses, we will demonstrate the 
presence of a constraint, which is indicative of a common predisposition. 
 
(1) Soltis DE et al. 1995, Proc. Nat. Acad. Sci., 92:2647-2651. 
(2) Werner DA et al. 2014, Nat. Com., 5:4087. 
(3) Roux et al. 2014, Plant J., 77:817-837. 
  



 
 
 

 

 
Parallel Session 7: Plant-Microbe Signaling 

 
215 

PAS7-P05 
 
Extended hopanoid lipids promote infection and host tissue proliferation in a 
Bradyrhizobium:legume symbiosis 
 
Brittany J. Belin1,*, Sierra Lopezalles1, Dianne K. Newman1,2 

 

1Division of Biology and Bioengineering, 2Division of Geological and Planetary Sciences California 
Institute of Technology, Pasadena, CA, USA 
 
bbelin@caltech.edu 
 
Hopanoid lipids are sterol analogs present in ~10% of all bacteria and are produced by members of 
diverse phyla. While hopanoids are known to enhance bacterial growth under diverse environmental 
stresses, the significance of hopanoids in relevant ecological contexts - and the precise mechanisms 
by which hopanoids enhance fitness - are poorly characterized. Recent work by our lab and 
collaborators has shown that hopanoid biosynthesis genes are enriched among plant symbionts, and 
that loss of a subset of hopanoids, the C35 or extended hopanoids, decreases nitrogen-fixation rates 
of the model rhizobium Bradyrhizobium diazoefficiens in association with the tropical legume 
Aeschynomene afraspera. Through quantitative characterization of the development of root nodules, 
we have found that loss of extended hopanoids results in delayed host infection and slow and/or 
halted root nodule growth. These results suggest that extended hopanoids play roles in both bacterial 
growth within host tissues and host-microbe signaling. Current investigation of this phenotype 
analyzes host and microbe growth kinetics within intact host tissues, for which we have developed a 
modified passive CLARITY technique that is broadly applicable for visualizing symbiotic interactions in 
thick/opaque plant tissues. 
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Two hypothetical proteins are involved in the chickpea-mesorhizobia symbiosis 
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Mateos3,4,, Solange Oliveira1† 
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3Departamento de Microbiología y Genética,; Universidad de Salamanca, Salamanca, España 
4Instituto Hispano-Luso de Investigaciones Agrarias (CIALE), Salamanca. Spain.  
 
ccb@uevora.pt 
 
Legume nodules, specialized structures for nitrogen fixation, are the result of the symbiotic process 
between rhizobia and the host legume. Despite the fact that the establishment of an effective 
symbiosis requires two main classes of bacterial symbiosis genes: nodulation and nitrogen fixation 
genes (1), other genes have also been point out as involved in this process. In addition, transcriptional 
analyses of bacteroids revealed the overexpression of a large proportion of genes encoding proteins 
with unknown function (2, 3, 4). To investigate the role of two hypothetical proteins in the rhizobia-
plant symbiosis process, two genes, one (hereafter designated as geneHyp1) with high identity with 
the pilus assembly protein CpaC in Mesorhizobium muleiense, and the other gene (hereafter 
designated as geneHyp2) with high identity with the alkanal monooxygenase alpha chain LuxA, in 
Mesorhizobium ciceri, were deleted from a chickpea microsymbiont, Mesorhizobium ciceri LMS-1 
strain. A plant growth assay performed to evaluate the symbiotic performance of the mutant 
derivatives showed a significant reduction in their symbiotic performance. Moreover, the number of 
nodules formed by the GeneHyp1 mutant strain was significantly reduced while the GeneHyp2 mutant 
strain formed a higher number of smaller nodules than the wild type strain. Nodulation kinetics 
analyses showed a delay of 8- to 10-day or 2- to 3-day in nodule appearance in plants inoculated with 
the geneHyp1 or geneHyp2 minus strains, respectively. Analysis of histological sections of nodules 
formed by the mutant derivatives showed that the nodules formed by geneHyp2 minus strain 
presented a disorganization of the infected cells and nitrogen-fixing bacteroids while no differences 
were found in the nodules formed by geneHyp1 minus strain. No differences in the root infection 
abilities of GFP–tagged geneHyp1 or geneHyp2 minus strains and wild-type strains were detected. 
Although further studies are required to better understand the involvement of these hypothetical 
proteins in the symbiosis, this is the first study that presents evidence of the involvement of these 
hypothetical proteins from rhizobia in the symbiotic process. 
 

(1) Oldroyd (2013) Nat. Rev. Microbiol. 11: 252-263. 
(2) Uchiumi et al. (2004) J Bacteriol 186: 2439-2448. 
(3) Pessi et al. (2007) Mol. Plant Microbe Interact. 20: 1353-1363. 
(4) Karunakaran et al. (2009) J. Bacteriol. 191: 4002-4014. 

 
This work was funded by FEDER - Fundo Europeu de Desenvolvimento Regional funds through the 
COMPETE 2020 - Operacional Programme for Competitiveness and Internationalisation (POCI), and 
by Portuguese funds through FCT - Fundação para a Ciência e a Tecnologia in the framework of the 
project POCI-01-0145-FEDER-016810 (PTDC/AGR-PRO/2978/2014) and the Strategic Project 
UID/AGR/00115/2013. 
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PAS7-P07 
 
ERF-VII family as key players in hypoxic signaling and adaptation in Medicago 
truncatula 
 
Martina Rovere1, Claude Castella1, Chiara Pucciariello2, Marc Bosseno1, Marco Forgia1, Renaud 
Brouquisse1, Pierdomenico Perata2, Alexandre Boscari1 

 
1Institut Sophia Agrobiotech, UMR INRA 1355 Université Nice Sophia Antipolis CNRS 7254, 06903 
Sophia Antipolis, France. 
2PlantLab, Institute of Life Sciences, Scuola Superiore Sant’Anna, Via Mariscoglio 34, Pisa 56124, 
Italy.  
 
Renaud.brouquisse@sophia.inra.fr 
 
In Arabidopsis thaliana a direct oxygen sensing mechanism has recently been discovered. Members 
of the ethylene responsive factors (ERFs) possess a characteristic N-terminal amino acid sequence 
with a cysteine residue at the second position that leads to specific degradation by proteasome 
pathway in normoxia. Under hypoxia stress, the transcription factor (TF) is instead stabilized and can 
migrate into the nucleus to regulate the transcription of hypoxia-responsive genes. It was shown that 
both oxygen (O2) and nitric oxide (NO) are required to destabilize the group VII ERFs and that a 
reduction in the availability of either gas is sufficient to stabilize these proteins. Furthermore, 
biochemical and genetic analyses revealed that TFs function as NO sensors via the N-end rule 
pathway to coordinate diverse NO-regulated processes, including seed germination, stomatal closure, 
and hypocotyl elongation. This NO-mediated turnover represents the first example of a general 
molecular mechanism for NO sensing in plants. 

To date, no work was undertaken on ERF-VII in N2-fixing symbioses. In the Medicago truncatula 
genome, four genes that belong to the ERF-VII group have been identified. A comparison between the 
ERF-VII family from A. thaliana and M. truncatula in a phylogenetic analysis revealed that MtERF-B2.1 
and MtERF-B2.11 are orthologous to AtRAP2.12 and AtRAP2.2, the 2 genes described as O2-sensors 
in Arabidopsis and mostly investigated in latest studies. Gene expression analyses showed an 
expression profile for MtERF-VII TFs family close to their Arabidopsis counterparts with a constitutive 
expression for three of them and ERF-B2.2 upregulated by hypoxia stress and during the nodulation 
process. RNA interference strategy used to knock-down MtERF-B2.1 and MtERF-B2.11 genes 
indicate that both TFs contribute to hypoxia-dependent gene activation of several core hypoxia-
responsive genes (HRGs) such as ADH1, PDC1, PCO1; HRA1 and AlaAT. These data suggest that 
ERFs-VII could fulfill the same functions in legumes than in Arabidopsis and turn to be particularly 
interesting candidates to decipher O2-perception and NO signalling in N2-fixing symbioses. Different 
approaches are used to highlight the effect of NO-based post-translational modifications on ERF-VII 
activity and notably the DNA binding activity to the promoter of HRGs and the NO-regulated promoter 
of Mtns-Hb1 gene.  
 
 
 
  



 
 
 

 

 
Parallel Session 7: Plant-Microbe Signaling 

 
218 

PAS7-P08 
 
An SIP2-MPK6 cascade connects Nod factor and cytokinin signaling to modulate root 
nodule organogenesis in Lotus japonicus 

 
Yangrong Cao, Zhongming Zhang 
 
State Key Laboratory of Agricultural Microbiology, College of Life Science and Technology, Huazhong 
Agricultural University, Wuhan 430070, China 
 
The symbiosis receptor kinase (SymRK) is a common genetic component required for both root 
nodule symbiosis (RNS) and arbuscular mycorrhizal symbiosis (AMS). Previous work identified that a 
MAP kinase kinase, SIP2 associates with SymRK and plays an important role in nodule 
organogenesis, suggesting that a MAPK cascade might be involved in symbiotic signaling. Here, we 
propose that LjMPK6 is a primary phosphorylation target of SIP2 and directly inhibits the LHK1-
mediated cytokinin signaling involved in symbiosis through direct association with LHK1. SIP2 
interacts with LjMPK6 and directly phosphorylates LjMPK6 specifically. Stable transgenic Lotus plants 
with overexpression of LjMPK6 show more infection threads and nodule numbers, while knock-down 
expression of LjMPK6 reduces nodule numbers in transgenic hairy roots, suggesting a positive role of 
LjMPK6 involved in symbiotic signaling. In addition, LjMPK6 associates with a cytokinin receptor, 
LHK1. In vitro kinase assay and cytokinin two-component sensor (TCS)::GUS analysis show that 
LjMPK6 inhibits the phosphorylation of LHPs by LHK1. The data support a model in which a MAPK 
cascade with SIP2 and LjMPK6 included acts an intermediate component between SymRK and 
cytokinin receptor LHK1 to transduce symbiotic signaling. 
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Lateral root emergence frequency is increased by dominant-active versions of 
common symbiosis genes 
 
Chloé Cathebras Martina K. Ried, Martin Parniske  
 
Genetics, Faculty of Biology, University of Munich (LMU), 82152 Martinsried, Germany 
 
Chloe.Cathebras@biologie.uni-muenchen.de 
 
Plant productivity depends on the adaptation of the root system architecture to nutrient distribution and 
soil structure. Interactions with arbuscular mycorrhiza fungi or lipo-chito-oligosaccharide signals from 
rhizobia modulate root system architecture (1, 2, 3, 4) Although the molecular mechanisms that 
regulate nodule and lateral root formation have been studied in legumes and in Arabidopsis, 
respectively, the connection between the symbiotic signalling pathway and that of lateral root 
formation remains to be elucidated.  

In order to understand the genetic basis or the molecular connection between the lateral organ 
developments and its evolutionary conservation, we studied the effect of dominant active versions of 
common symbiosis genes on lateral root organ frequency. We found that gain-of-function versions of 
SYMRK, CCaMK and CYCLOPS strongly stimulate lateral root emergence in Lotus japonicus. 
Conservation of this phenomenon among species of the nitrogen-fixing root nodules forming clade and 
beyond was analysed. Our data support the idea that the development of root nodules evolved by co-
opting signalling processes previously established for the regulation of lateral root emergence. 
 
(1) Gutjahr and Paszkowski, (2013) Front Plant Sci, 4: 204 
(2) Herrbach et al. (2017) J Exp Bot, 68: 569-583 
(3) Maillet et al. (2011) Nature, 469: 58-63 
(4) Paszkowski and Boller (2002) Planta, 214: 584-590 
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PAS7-P10 
 
Keeping nodules in check: interplay of rhizobial and host factors controlling nodule 
morphogenesis and integrity in soybean? 
 
Jean-Malo Couzigou, Raphael Ledermann, Julia Vorholt, Hans-Martin Fischer 
 
ETH Zürich, Institute of Microbiology, Zürich, Switzerland 
 
cojean@ethz.ch 
 
Legume plants interact symbiotically with soil bacteria, collectively known as rhizobia, resulting in the 
formation of specialized symbiotic organs, the root nodules. While rather deep molecular insights into 
plant-rhizobia recognition, early nodule organogenesis, regulation of nodulation and nitrogen fixation 
are available to date, much less is known about the mechanisms for maintenance of nodule integrity 
and the origin of the underlying morphogenetic program. Recently, NOOT BOP COCH LIKE (NBCL) 
genes of Medicago truncatula and Pisum sativum were found to ensure indeterminate nodule integrity 
by repressing ectopic root formation (1). This indicated that nodule vascular elements and roots might 
be considered as homologous structures (2). Interestingly, soybean (Glycine max) nodules elicited by 
a Bradyrhizobium diazoefficiens mutant lacking the general stress response (GSR) regulators EcfG or 
PhyR also showed ectopic roots. This demonstrates that a bacteria-plant signalling is crucial for 
nodule persistence (3). Recently, we started out to identify the molecular basis in both symbiotic 
partners that participate in the maintenance of determinate nodule identity using the B. diazoefficiens 
– soybean model. The roles of G. max NBCL genes during nodulation are currently being under 
investigation. The analysis of a transcriptional fusion of the Gm-NBCL1b gene suggests conserved 
roles for NBCLs in the control of determinate nodules. We aim to combine cell biology, transcriptomics 
and metabolomics to unravel which cells, pathways and metabolites participate in the "nodule integrity 
checkpoint system" by comparing wild type- and ecfG mutant-elicited nodules. To date, we showed 
that, in soybean, the root-associated PT7::GUS fusion (4) is also expressed in nodules from the 
primordia to the mature organs. Our work thus provides a new marker to monitor and easily 
distinguish lateral root and nodule development. In addition, this fusion allowed highlighting the first 
symbiotic cell territories switching back to the root program in ecfG-induced nodules. Collectively, our 
work will allow better defining how plant and bacterial factors may act to sustain the robust 
development of symbiosis-specific organs. 
 
(1) Couzigou J-M et al. (2012) Plant Cell 24:4498-4510.
(2) Couzigou J-M and Ratet P (2015) in Biological Nitrogen Fixation (F.J. de Bruijn, ed.), Wiley-

Blackwell, Hoboken, NJ, USA, vol. 2:487-497. 
(3) Gourion B et al. (2009) Mol. Microbiol. 73:291-305. 
(4) Inoue Y et al. (2014) Plant Cell Physiol. 55:2102-2111. 
 
This work was supported by grant no. 31003A_153446 from the Swiss National Foundation for 
Scientific Research. 
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A forward genetic screen identifies two novel mutants of Medicago truncatula with 
altered Nod factor structure recognition 
 
Sarah Exbrayat, Chrystel Gibelin, Diarra Mbengue, Vincent Schilling, Fran Robson1, Christine Hervé, 
Frédéric Debellé 
 
LIPM, Université de Toulouse, INRA, CNRS, Castanet-Tolosan, France 
1Department of Cell and Developmental Biology, John Innes Centre, Norwich Research Park, 
Norwich, NR4 7UH, United Kingdom 
 
frederic.debelle@inra.fr 
 
Symbiotic relationships between rhizobia and their legume hosts are often specific: a given rhizobial 
strain can nodulate a limited number of legume hosts. Rhizobial Nod factors, lipochitoligosaccharidic 
molecules carrying specific substitutions, are important determinants of nodulation and host range. 
Although it is known that proteins of the LysM-RLK family are involved in Nod factor perception, the 
molecular mechanisms which allow recognition of the various Nod factors substitutions are poorly 
understood. In order to identify genetic determinants of Nod factor structure recognition we screened a 
population of EMS mutagenized M. truncatula seedlings for mutants able to nodulate in the presence 
of a nodH mutant of Sinorhizobium meliloti which produces non-sulfated Nod factors and is unable to 
nodulate wild-type M. truncatula. Two such mutants were isolated, which were still able to nodulate in 
the presence of a wild-type S. meliloti strain. Genetic analysis indicated that the mutations were 
monogenic. A M. truncatula line carrying both mutations exhibited a stronger phenotype than the two 
single mutants. Genetic mapping and sequencing of candidate genes identified mutations in NFP, a 
LysM-RLK protein, and PUB1, a E3-ubiquitin ligase as the putative causal mutations leading to 
nodulation by the S. meliloti nodH mutant. Interestingly the mutation in NFP affected the intracellular 
inactive kinase domain, and not the extracellular LysM domains likely to interact with Nod factors. The 
mutation in PUB1 was in the C- terminal part of the protein containing Armadillo repeats known to play 
a role in protein-protein interactions. We thus tested in a yeast two-hybrid system whether this 
mutation could affect interactions of PUB1 with its known partners. The mutation did not affect 
interaction with DMI2 and LYK3, two RLKs with symbiotic roles, but abolished the interaction with 
NFP. These results indicate that recognition of Nod factor structure does not depend only on the 
specific binding of Nod factors to the extracellular LysM domains of LysM-RLK proteins but also 
involves other mechanisms likely to fine tune the activity and specificity of Nod factor receptor 
complexes. 
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Transcriptional regulation of the celABC operon for cellulose biosynthesis in 
Rhizobium leguminosarum bv trifolii ANU843 
 
Alexandra Díez Méndez1,2, Marta Robledo3, José I. Jiménez-Zurdo3, Esther Menéndez4, Pedro F 
Mateos1,2,5, Raúl Rivas1,2,5 
 
1 Departamento de Microbiología y Genética, Universidad de Salamanca, Spain. 
2Instituto Hispano Luso de Investigaciones Agrarias (CIALE), Salamanca, Spain. 
3Estación Experimental del Zaidín, CSIC, Granada, 18008, Spain. 
4 ICAAM - Instituto de Ciências Agrárias e Ambientais Mediterrânicas, Universidade de Évora, 7002-
554 Évora, Portugal. 
5Unidad asociada de I+D Universidad de Salamanca (USAL-CSIC) (IRNASA) (Spain). 
 
The celC gene is located in the celABC cellulose synthase operon of the strain R.leguminosarum bv 
trifolii ANU843 and encode the CelC2 enzyme characterized as 1-4 β-D-endoglucanase with high 
substrate specificity for the isotropic non-crystalline cellulose of clover cell walls. This gene shows an 
important role during both the establishment of the Rhizobium-leguminous symbiosis and in the bacterial 
cellulose biosynthesis. Previous studies demonstrated that, CelC2 is essential for primary symbiotic 
infection of legume host roots (1) and show evidence of its importance in secondary symbiotic infection 
and tight regulation of its production to establish an effective nitrogen-fixing root nodule symbiosis (2). 
Relate to cellulose biosynthesis, Robledo et al. (2012) demonstrated that, CelC2 overproducing mutants 
reduce cellulose production whereas knock-out mutants increase it (3). In agreement, recently studies 
demonstrated that BcsZ (CelC2 orthologous) inhibits biofilm phenotypes and promotes virulence by 
blocking cellulose production in Salmonella enterica serovar Typhimurium (4).  

Although the biological properties of CelC2 cellulase have been further characterized, nothing is 
hitherto known about its transcriptional regulation. The dual role of CelC2 cellulase in plant cell wall 
degradation and cellulose production led us hypothesized that it may be submitted to a complex 
transcriptional regulation. To analyze R. leguminosarum bv trifolii ANU843 celABC operon control and 
regulation we designed different transcriptional GFP-fusions containing ANU843 celA and celC 
potential promotor regions that will be monitored both in vivo and in planta to elucidate our hypothesis. 
 
(1) Robledo et al. (2008) PNAS. 105 (19):7064-7069. 
(2) Robledo et al. (2011) MPMI 19 (7):798-807. 
(3) Robledo et al. (2012) Microb Cell Fact 11(1), 125 
(4) Solovyev and Salamov (2011) Metagenomics and its applications in agriculture, biomedicine and 

environmental studies. 61-78.  
 
This work was funded by AGL2015-70510-R MINECO.  
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Effect of cadmium and nolG mutation on Sinorhizobium medicae SVQ748 and S. 
meliloti 2011 and their symbiosis with alfalfa 
 
María del Saz, Cynthia Alías-Villegas, Cristina Fernández-Garrido, M. Teresa Cubo, Ramón A. 
Bellogín, M. Rosario Espuny 
 
Departamento de Microbiología, Facultad de Biología. Universidad de Sevilla. Spain. 
 
espuny@us.es 
 
Rhizobia survive in two different environmental conditions, the soil and the inner of the host plant. 
They have developed different ways to respond to the antimicrobial effects of heavy metals, 
antibiotics, and to the plant defense responses. Multidrug efflux (MDR) pumps are membrane 
translocases that extrude very different compounds from cells and are widespread among 
bacteria. One of the more effective MDR pumps include the family of the RND proteins which are 
important in the resistance to multiple classes of antimicrobials, antibiotics, dyes, heavy metals, 
and host derived molecules. RND systems are constituted by three components involved in the 
capture of the substrate to export (RND protein), a periplasmic membrane fusion protein (MFP) 
and an outer membrane protein (OMF) (1). Furthermore, RND systems are necessary for the 
virulence of several species of both animal and plant pathogens. 

One of the RND system in S. meliloti is the NolG efflux transporter protein, code by a gene 
belonging to the operon nodMnolFGnodN controlled by a nod-box (3). nolG mutants of S. 
medicae SVQ748, and nolG and nolF mutants of S. meliloti Rm2011 were examined for their 
tolerances to antimicrobials (antibiotics, flavonoids, heavy metals), exopolysaccharide, swimming 
mobility, and symbiotic behavior with alfalfa plants in the absence and the presence of cadmium. 
Results showed that neither NolG of both strains nor NolF of Rm2011 are involved in 
antimicrobial tolerance and that the luteolin inducer flavonoid provoked a general although no 
significant reduction of the swimming mobility in all the strains 
In the case of RM2011, nolG and nolF mutations provoked reduction and delay in the nodulation 
of alfalfa. RM2011NolF was less competitive for the nodulation than the wild type. CdCl2 at 0.5 
and 0.7 mg/L drastically reduced both the time of apparition and the number of nodules in the wt 
and both mutants. 

However in SVQ748, the insertion but not the deletion mutation of nolG provoked delay 
and reduction of alfalfa nodulation. CdCl2 at 0.7 mg/L provoked delay and reduction of nodulation 
in the wt more severely than in the nolG mutants. All these results point to a symbiotic role of 
NolG in these bacteria. 
 
(1) Blair and Piddock (2009) Curr. Opin. Microbiol. 12: 512-519. 
(2) Piddock (2006) Nat. Rev. Microbiol. 4: 629-636.  
(3) Eda et al. (2011) Appl. Env. Microbiol. 77: 2855-2862. 
 
This work was funded by Proyectos de Excelencia de la Junta de Andalucía (P10-AGR-5821) 
and VPPI-US. 
  



 
 
 

 

 
Parallel Session 7: Plant-Microbe Signaling 

 
224 

PAS7-P14 
 
Production of Nod Factors by the gamma-proteobacterium Pseudomonas protegens 
and the alpha-proteobacterium Agrobacterium tumefaciens 
 
Kevin Garcia1, Min-Hyung Ryu2, Junko Maeda1, Matthew B. Crook1, Christopher Voigt2, Jean-Michel 
Ané1 

 

1Departments of Bacteriology and Agronomy, University of Wisconsin-Madison, Madison, WI 53706, 
USA 
2Synthetic Biology Center, Department of Biological Engineering, Massachusetts Institute of 
Technology, Cambridge, MA 02139, USA 
 
kgarcia5@wisc.edu 
 
Nodulation factors are lipochitooligosaccharides (LCOs) required by most rhizobia for the colonization 
of legume roots and nodule development. These LCOs are active at very low concentrations and 
substitutions on these LCOs are the main determinant of host specificity in the rhizobia – legume 
symbiosis. In addition, LCOs have been shown to promote root development and are commercialized 
as plant growth stimulants. LCOs are naturally produced by alpha- and beta-proteobacteria and 
encoded by conserved nod genes. Rhizobium sp. IRBG74 produces non-sulfated LCOs with 
arabinose, fucose and methyl-fucose substitutions. It is able to nodulate diverse legume hosts 
including at least eight different Sesbania species as well as the model legume, Lotus japonicus. In 
order to construct modular clusters that can be transferred to other beneficial bacteria and produce 
LCOs only when required by the plants, we built synthetic LCOs-producing clusters for the gamma-
proteobacterium Pseudomonas protegens Pf-5 and the plasmid-free alpha-proteobacterium 
Agrobacterium tumefaciens UBAPF2. These two species are naturally not able to produce LCOs. The 
synthetic clusters are composed of multiple artificial operons made up of 21 genes from Rhizobium sp. 
IRBG74, synthetic terminators and T7 promoters. Inoculation of engineered P. protegens Pf-5 and A. 
tumefaciens UBAPF2 strains on Lotus japonicus and common vetch (Vicia sativa) roots led to 
extensive root hair deformations (branching) similar to those observed with purified LCOs from 
Rhizobium sp. IRBG74. As controls, bacteria without any refactored LCO cluster did not trigger any 
root hair deformations indicating the production of LCOs by the engineered P. protegens Pf-5 and A. 
tumefaciens UBAPF2. However, using GUS and GFP markers, we also demonstrated that the 
production of LCOs was not sufficient for these engineered bacteria to internally colonize roots. 
Progress towards the characterization of LCOs produced, plant growth promoting effects, and the 
colonization of legumes by these refactored strains will be presented. 
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Nitrate response to nodulation in a Lotus japonicus mutant deficient in nitrate uptake 
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Marco Betti1, Antonio J. Márquez1  
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2Institute of Biology and Ecology, P.J. Safárik University, Kosice, Slovakia. 
3Institute of Botany, Slovak Academy of Sciences, Bratislava, Slovakia. 
 
marbioq@us.es 
 
A chlorate-resistant mutant (Ljclo1) of the model legume Lotus japonicus was identified that showed 
normal levels of nitrate reductase enzyme activity but had decreased uptake of nitrate, as determined 
from nitrate depletion and electrophysiological measurements. The data suggested that the mutation 
produced in Ljclo1 mutant may be related to some of the low-affinity nitrate transporters (LATS) or to a 
regulatory mechanism associated with nitrate/chlorate uptake. Both size and chlorophyll content in 
young leaves of the mutant plants were significantly reduced compared to the wild type plants (1). 

The availability of this mutant allowed analysis of possible interconnections between this 
deficiency in nitrate uptake and the nitrate response to nodulation in this legume. The total number 
and fresh weight of nodules per plant, as well as the specific ratio of fresh weight of nodules to fresh 
weight of roots were considerably reduced in Ljclo1 plants compared to the WT in the presence of 
1.0–2.0 mM nitrate, but not at lower concentrations (0.5 mM) or in the absence of external N. A 
possible interconnection between Ljclo1 LATS nitrate uptake deficiency and the observed defect in the 
nitrate response to nodulation was further supported by the fact that this effect was nitrate 
concentration-dependent and mainly observed at the highest nitrate concentrations tested. The results 
obtained on nodulation of Ljclo1 could indicate that these mutant plants had higher N satisfaction 
levels that could account for their lower demand for nodules at 1.0-2.0 mM nitrate when compared to 
WT plants. The comparison of the levels of several transcripts for nitrate transport, N assimilation and 
regulatory genes examined by qRT-PCR in WT and mutant plants under N-sufficient and N-starvation 
conditions confirmed the apparent N sufficiency of Ljclo1 mutant plants under N-sufficient conditions, 
in spite of the nitrate uptake deficiency, suggesting a clear interconnection between nitrate uptake and 
nodulation which is mediated by the systemic response and the levels of N-satisfaction of the plants.  
 
(1) Pal´ove-Balang et al. 2015. Plant Biol.17, 16-25. 
 
We thank the funding by project AGL2014-54413-R from FEDER-MINECO (Spain) as well as project 
EXPERT from the European Union (ITMS Code 26110230056), P10-CVI-6368 and group BIO-163 
from Consejería de Economía, Innovación y Ciencia, Junta de Andalucía (Spain), and VEGA projects 
2/0023/13 and 1/0046/14 from Slovakia. 
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A revision on the number and structures of lipochitin oligosaccharides nodulations 
signals from Rhizobium tropici CIAT 899 
 
Gil-Serrano, A.M.1, Rodríguez-Carvajal, M.A.1, Ollero-Márquez, J.2, Megías, M.3 Soria-Díaz, E.4, 
Valderrama-Fernández, R.4, Claro-Cala, D.4  
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agil@us.es 
 
Rhizobia are nitrogen-fixing bacteria that are able to invade the roots of leguminous plants and trigger 
the formation of the nodule that contains the nitrogen-fixing microsymbiont. During the symbiotic 
process, the host plant roots secrete flavonoids that induce the rhizobial nodulation genes (nod, nol 
and noe genes). These genes have been shown to be involved in the synthesis and secretion of 
bacterial nodulation signals called Nod factors or lipo-chitin oligosaccharides (LCOs). The nodulation 
factors consist of a backbone of three to five GlcNAc residues, bearing an amide-bound fatty acyl 
residue on the non-reducing terminal GlcN residue. This basic structure has structural variations that 
determine the host-specificity. We have described the structures of the LCOs produced by Rhizobium 
tropici CIAT899 (1). In this paper we have identified 16 LCOs carrying the following substituents: fatty 
acid C16:0, C16:1, C18:0, C18:1, C20:0 and C20:1; H/Me on the non-reducing terminal GlcN residue; sulfate at 
O-6 of the reducing GlcNAc residue and Mannose at O-1 of the reducing GlcNAc residue. In this 
communications we reported on the identification of the LCOs from R. tropici CIAT899 but using the 
new facilities of the Mass Spectrometry Service of our University. We have used a Thermo Scientific 
liquid chromatography system consisting of a quaternary UHPLC Dionex Ultimate 3000 SD, 
connected to a quadrupole-orbitrap Q-exactive hybrid mass spectrometer (ThermoFisher Scientific) 
with HESI ionization probe. We have identified 61 nodulations factors thanks the sensibility of the 
mass spectrometer. The possibility to determine the exact mass of the pseudomolecular ion and the 
fragment ions allowed us to resolve certain ambiguities in the assignation of the structures (such as 
V(C20:1) or V(C18:2-OH, NMe). The structures of the LCOs correspond to the described and, in addition, 
we have identified news structures containing substituent like C18:2, or C20:3, and also some LCOs with 
three glucosamine residues. 
 
(1) Folch-Mallol J.; Marroquí S.; Sousa C.; Manyani H.; López-Lara I.; van der Drift K.M.G.M.; 

Haverkamp J., Quinto, C.; Gil-Serrano A.; Thomas-Oates J.; Spaink H.P. and Megías M. 
Characterization of Rhizobium tropici CIAT899 nodulation factors: the role of nodH and nodPQ 
genes in their sulphation. MPMI 1996, 9, 151-163. 

 
We thank Ministerio de Economía y Competitividad (Grant AGL 201677163R) and Junta de Andalucía 
(BIO-135 and BIO-169) for financial support. 
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Prevalence and activity of the metal ion-inducible autocleavage domain  
 
M. Göttfert, J. Schirrmeister, S. Ibe, E. Hoyer, Käthe Weit, S. Zehner, K. Fahmy1 

 
Institute of Genetics, TU Dresden, Dresden, Germany 
1Institute of Resource Ecology, Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany 
 
michael.goettfert@tu-dresden.de 
 
Database searches revealed that the metal-ion inducible autocleavage (MIIA) domain is prevalent in 
Proteobacteria. Bradyrhizobium japonicum is a Gram-negative soil bacterium and the symbiont of 
several legumes, e.g. soybean. Vibrio coralliilyticus causes bleaching of the coral Pocillopora 
damicornis (1). Burkholderia phytofirmans was isolated from surface-sterilized onion roots (2). 
Candidatus Thiodiazotropha endoloripes, which is expected to fix atmospheric nitrogen, is the 
endosymbiont of Loripes lucinalis (3). This bacterium is also likely to encode a MIIA domain-containing 
protein. Interestingly this is also true for Myxococcus strains. So far, only the MIIA domains of B. 
japonicum and V. coralliilyticus could be expressed as soluble proteins in Escherichia coli. The MIIA-
domain of B. japonicum NopE1 cleaves in the presence of calcium ions. With the MIIA domain of V. 
coralliilyticus, autocleavage can be induced by calcium and several other divalent cations, e. g. 
manganese or cadmium (4). For a more detailed structural characterisation of the MIIA domain, 
circular dichroism (CD) spectroscopy was used. The MIIA domain is largely unstructured with random 
coils covering about 75 % of the protein. Upon addition of calcium ions, the percentage of -helices 
and -sheets is increasing, indicating a strong influence of calcium ions on protein structure. Based on 
the properties of the MIIA domain, we used it as a self-cleaving protein linker. In biotechnology, 
proteins are often expressed and purified as fusion proteins, which are later cleaved by a costly 
protease. In contrast, the MIIA domain is an easy low cost tool to release the protein from the fusion 
partner. Tests indicate that cleavage within the MIIA domain is not influenced by the fusion partner. 
Cleavage is accomplished within minutes on ice and at moderate temperatures. Cleavage is also 
tolerant towards a pH range from about 5 to 9 (5).  
 
(1) Ben-Haim et al. (2003) Int. J. Syst. Evol. Microbiol. 53:309-315. 
(2) Sessitsch et al. (2005) Int. J. Syst. Evol. Microbiol. 55:1187-1192. 
(3) Petersen et al. (2016) Nat. Microbiol. 2:16195. 
(4) Schirrmeister et al. (2013) FEMS Microbiol. Lett. 343:177-182. 
(5) Ibe et al. (2015) J. Biotechnol. 208:22-27.  
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Molecular strategies to decipher ERN-mediated endosymbiotic signalling pathways in 
Medicago truncatula  
 
Maria F. Guerrero-Molina1, Lisa Frances1, David Rengel1, Jérôme Gouzy1, Fernanda de Carvalho-
Niebel1 
 
1Laboratory of Plant Microbe Interactions (LIPM), INRA, CNRS, Université de Toulouse, Castanet-
Tolosan, France 
 
Maria-Fernanda.Guerrero-Molina@inra.fr 
 
Legumes establish mutualistic associations with microbes to enhance their mineral nutrition. The 
legume-rhizobium symbiosis forms a unique specialized organ, the root nodule where the bacteria fix 
nitrogen for the benefit of the host plant. This symbiotic interaction initiates after mutual signal 
exchange and activation of plant signaling to allow the bacteria to enter the host root via newly-formed 
root hair (RH) infection threads (IT). Recently, plant ERN-type ERF-transcription factors (TF) were 
reported as key regulators controlling the formation of root hair IT in Medicago truncatula (1). 
Phenotypic analysis of single and double M. truncatula mutant lines revealed that ERN1 and its close 
homolog ERN2 act in concert to control early root hair infection, while only ERN1 can efficiently allow 
root cortical infection (1, 2). To elucidate the molecular basis of infection-related signaling regulated by 
ERN1/ERN2 in the root epidermis and by ERN1 in the root cortex, we decided to compare the 
transcriptome of wild-type (WT) A17 to those of ern1-1 and ern1-1 ern2-1 mutant lines. To this end, 
we designed a time course experiment using plants grown in aeroponic conditions and harvested 
between 0 to 36 hours post-inoculation (hpi) with rhizobia. These different time points, covering early 
signaling (12 h), root hair curling (24 hpi), to IT formation in root hairs (30-36 hpi) in control A17 WT 
plants were directly compared to single and double mutant lines showing partially or totally impaired 
responses. Q-RT-PCR analysis revealed that ERN early signaling targets (3, 4) ENOD11 and 
ENOD12 were still expressed in rhizobial-inoculated ern1-1 roots, but had their expression abolished 
in the double mutant background. We also found genes whose expression was independent of 
ERN1/ERN2, as is the case of NIN, expressed in the double mutant despite the lack of infection. To 
elucidate global transcriptional changes, we have initiated the analyses of the RNA-seq transcriptome 
of mutant and wild type samples collected at 30 hpi, and results will be presented.  
 
(1) Cerri et al. (2016) Plant Physiol. doi:10.1104/pp.16.00230. 
(2) Middleton et al. (2007) Plant Cell 19: 1221-1234. 
(3) Andriankja et al. (2007) Plant Cell 19: 2866-2885. 
(4) Cerri et al. (2012) Plant Physiol. 160: 2155-2172.  
 
Funding: ANR-14-CE35-0007-01 (COME-IN) and ANR-10-LABX-41/ANR-11-IDEX-0002-02 (Tulip)  
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A unique Sinorhizobium medicae gene, glx, and its role in regulating nodulation 
 
Katie N. Adolphsen1,2, Svetlana N. Yurgel2,*, Michael L. Kahn1,2 

 
1School of Molecular Biosciences 
2Institute of Biological Chemistry 
 Washington State University, Pullman, Washington 99164 
 
*Current address: Department of Plant, Food and Environmental Sciences, Dalhousie University, 
Truro, Nova Scotia B2N 5E3 
 
kahn@wsu.edu 
 
Rhizobia are soil bacteria that can form a symbiotic relationship with legumes in which the rhizobia 
reduce atmospheric dinitrogen and contribute the resulting ammonia to plant nutrition. One laboratory 
model for studying symbiotic nitrogen fixation is a partially effective interaction between Sinorhizobium 
meliloti and Medicago truncatula in which M. truncatula still shows signs of nitrogen deficiency. A 
closely related bacterium, Sinorhizobium medicae, forms a more efficient symbiotic relationship with 
M. truncatula. We have generated proteomes of S. medicae in free-living and symbiotic conditions. Of 
the 1,872 S. medicae proteins identified, 83 did not have closely related proteins in S. meliloti. We 
speculated that genes encoding some of these proteins contribute to the more effective symbiosis 
between S. medicae and M. truncatula. One of these genes, glx, was exogenously expressed in S. 
meliloti and the resulting strain formed a more efficient symbiosis with M. truncatula. The plants had 
more nodules and there was little evidence of nitrogen deficiency. Constitutive expression of glx in S. 
medicae increased nodulation of M. truncatula and inactivating glx in S. medicae significantly lowered 
nodule formation. RNA-seq experiments in S. meliloti containing glx revealed significant upregulation 
of 42 genes, with 2 genes upregulated over 100-fold. When these highly induced S. meliloti genes 
were deleted, the resulting mutant no longer formed more nodules on M. truncatula. When glx was 
transferred into Rhizobium leguminosarum, the resulting strain formed ~50% more nodules on pea 
and lentil, indicating that glx may have a fundamental role in regulating nodulation. Split root 
experiments in pea and in M. truncatula have shown that glx is interfering with plant-induced 
resistance to rhizobial infection. The role of glx in symbiosis is currently unknown, but the predicted 
functions of glx and of the two induced proteins suggest glx is involved in modifying small molecules. 
 
This research was supported by the Agriculture Research Center at Washington State University and 
grants DE-FG03-96ER20225 from the US Department of Energy–Basic Energy Sciences–Physical 
Biosciences Program and IOS-1645590 from the US National Science Foundation. 
 
 
  



 
 
 

 

 
Parallel Session 7: Plant-Microbe Signaling 

 
230 

PAS7-P20 
 
A novel component of the CCaMK/CYCLOPS complex regulates root nodule 
symbiosis 
 
Katja Katzer, Jérôme Basquin1, Chloe Cathebras, Marion Cerri, Ralf Heermann2, Victor Gimenez Oya, 
Rosa Elena Andrade, Martin Parniske 

 
University of Munich (LMU), Faculty of Biology, Genetics, Martinsried, Germany 
1Max-Planck-Institute of Biochemistry, Department of Structural Cell Biology, Martinsried, Germany 
2University of Munich (LMU), Faculty of Biology, Microbiology, Martinsried, Germany 
 
katja.katzer@biologie.uni-muenchen.de 
 
Legumes form symbiosis with phosphate-acquiring arbuscular mycorrhiza fungi and nitrogen-fixing 
rhizobia. Early developmental stages of both symbioses are characterized by calcium-spiking in the 
nucleoplasm, which is likely to be decoded by a complex formed by a calcium- and calmodulin-
dependent protein kinase (CCaMK) and CYCLOPS, a DNA-binding transcriptional activator (1). This 
complex occupies a key hierarchical position in symbiosis signaling, because deregulated versions of 
either CCaMK or CYCLOPS are able to induce spontaneous symbiotic root responses in the absence 
of microsymbionts (1-3). However, several lines of evidence indicate that additional complex 
components, such as DELLA, are involved in tuning the activity of the complex (4). Here we report the 
interaction with a novel complex component. We confirmed this interaction by a series of independent 
protein-protein and protein-DNA interaction assays. The phenotype caused by a mutant allele of the 
novel gene revealed its regulatory role in symbiosis. Our data suggest that the CCaMK/CYCLOPS 
complex is subject to dynamic changes in composition and structure, which would be in accordance 
with the specific spatio-temporal requirements of transcriptional regulation during the development of a 
symbiotic root nodule. 
 
(1) Singh et al. (2014) Cell Host Microbe.15:139-52. 
(2) Tirichine et al. (2006) Nature. 441:1153-6. 
(3) Takeda et al. (2012) Plant Cell. 24:810-22. 
(4) Jin et al. (2016) Nat Commun. 7:12433. 
 
This work was funded by the German Research Foundation (DFG) and the European Research 
Council (ERC). 
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Identification of Lotus LRR receptor gene regulated the symbiotic interaction with 
Mesorhizobium loti exoU mutant 
 
Yasuyuki Kawaharada1,2, Niels Sandal2, Vikas Gupta2, Haojie Jin2, Stig U. Andersen2, Jens Stougaard2 
 
1Department of plant biosciences, Faculty of Agriculture, Iwate University, Japan. 
2Centre for Carbohydrate Recognition and Signalling. Department of Molecular Biology and Genetics, 
Aarhus University, Denmark. 
 
yasuyuki@iwate-u.ac.jp 
 
Quantitative trait loci (QTL) and QTL-seq are useful and powerful tool to identify multiple regions and 
genes targeted to the phenotypes. Here we present the genetic analysis of a QTL controlling the 
symbiotic interaction with Mesorhizobium loti exoU mutant in two phenotypically contrasting Lotus 
japonicus ecotype Gifu and MG20 (1). Several genomic regions were detected regulating to the 
phenotype by three independent QTL or QTL-seq analysis. Fine mapping of a gene focused on the 
chromosome 3, and found the gene encoding a leucine-rich-repeat receptor in MG20 is regulated the 
exoU mutant symbiosis. While complementation analysis was suggested that other genomic region 
should cooperate a function of this LRR receptor for the exoU infection. 

In future, mutant analysis of this gene shows the role of LRR receptor follows the nodule 
development inoculated with M. loti wild type. From these results, we suggest that the LRR gene is 
one of the functions, which regulate nodule development inoculated with both M. loti wild type and the 
exoU mutant. 

 
(1) Kelly et al.: MPMI (2013)  
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LysM-receptor-like kinase K1 controls formation of symbiotic subcellular structure in 
pea-rhizobium symbiosis development 
 
Anna N. Kirienko1, Christine Saffray2, Marion Dalmais2, Abdelhafid Bendahmane2,Christine Le 
Signor3, Richard Thompson3,Gulnara A. Akhtemova1, Igor A. Tikhonovich1, Elena A. Dolgikh1 
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3IPS2, UMR9213/UMR1403, CNRS, INRA, UPSud, UPD, SPS, 91405 Orsay, France (C.S., M.D., 
A.B.) 
 
kirienkoann@yandex.ru 
 
In pea Pisum sativum L. development of symbiosis with nitrogen-fixing rhizobia might be under control 
of a few types of receptors differing in specificity to the structure of signal molecules Nod factors (NFs) 
secreted by Rhizobium (1). Several LysM-receptor-like kinases (LysM-RLKs) were identified as 
possible candidates to NF receptors in pea. Two of them - PsSym10 and PsSym37 were previously 
characterized due to availability of mutant lines (2, 3). It is assumed that PsSym10 and PsSym37 are 
important for symbiosis development, but their organization and activation mechanisms at the ligand 
recognition are still unknown. In our work we focused on function of the LysM-RLK K1 that may be one 
more receptor triggering the symbiosis development. For confirmation of the role of K1 in symbiosis 
we searched in TILLING collection (INRA, France) for k1 mutants. In total 17 mutant lines were found. 
In three of them, as computer analysis predicted, mutation can lead to protein structure change and 
loss of function. Indeed, phenotypic analysis showed that two lines are not capable to form nodules 
(Nod- phenotype). Moreover, the 885 line carrying mutation that results in amino acid replacement in 
the kinase domain is characterized by blocking of symbiosis development at the initial stages. Analysis 
showed only rare root hair tip branching in this case. It suggests the K1 is involved in the symbiosis 
initiation. 817 line carrying missense mutation resulting in a functionally different amino acid in LysM3 
motif of extracellular domain is capable of curling of root hairs, forming defective infection threads with 
no bacteria release. These data show that K1 can also control bacteria release out of infection 
threads. Using yeast two-hybrid system we studied the effect of mutations in the k1 gene that alter the 
structure of the extracellular domain on the interaction with other LysM-RLKs. The model of the K1 
functioning in pea-rhizobia symbiosis is discussed. 
 
(1) Walker and Downie (2000) Mol Plant-Microbe Interact.13: 754-762. 
(2) Madsen et al. (2003) Nature.425: 637-640.  
(3) Zhukov et al. (2008) Mol Plant-Microbe Interact. 21: 1600-1608.  
 
This work was supported by Russian Science Foundation (grant № 16-16-10043) and Russian 
foundation for basic research (grant №16-34-01070)  
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Role of bifunctional receptor-like kinase Lyk9 in the control of pea plant resistance to 
pathogens and the symbiosis development with arbuscular mycorrhizal fungi 
 
Irina Leppyanen, Emma Gribchenko, Nadezhda Vishnevskaya, Oksana Shtark, Vlada 
Shakhnazarova, Igor Tikhonovich, Elena Dolgikh 
 
All-Russia Research Institute for Agricultural Microbiology (ARRIAM), Saint Petersburg, Pushkin, 
Russia 
 
irina_leppyanen@mail.ru 
 
Legume plants have developed sensitive mechanisms to respond to signals from the potentially 
interacting microorganisms followed by the transduction of the signal to elicit symbiotic or defence 
responses. They can effectively respond to long-chain chitooligosaccharides (COs, n = 8 - 10) 
released from the cell wall of phytopathogenic fungi and short-chain COs (n = 4 - 5), produced by 
arbuscular mycorrhizal (AM) fungi. How exactly plants perceive the structurally related signaling 
molecules to elicit defense or symbiotic responses is the major objective of our work. Recently the 
LysM-containing receptor-like protein CERK1 was shown to have dual function in symbiosis and 
immunity signaling at the perception of COs in rice (1). To find out how pea plants Pisum sativum L. 
are able to distinguish such signaling molecules with similar structure, we were interested in searching 
for CERK1-like receptor. Based on phylogenetic analysis, we hypothesized that PsLyk9 gene may 
encode a CERK1-like receptor in pea. We have shown that transgenic plants with PsLyk9 knock-down 
were more susceptible to the pathogenic fungus Fusarium culmorum. At the same time, we have 
shown the increased expression of different AM marker genes in pea plants treated with short-chain 
COs (n = 5). Moreover, in plants with PsLyk9 knock-down treated with COs (n = 5), a decreased level 
of AM symbiosis marker genes has been observed. It allowed us to conclude that CERK1-like receptor 
Lyk9 in pea may control the plant immunity and AM symbiosis. In addition, we were looking for 
unknown components of signaling pathways, which are activated by COs with various degree of 
polymerization. (n = 4-5). To identify them, the proteomes of pea plants treated with COs differing in 
structure have been analyzed.  
 
(1) Zhang et. al. (2015). The Plant Journal (2015) 81, 258–267. 
 
This work was supported by the Russian Scientific Foundation (RSF project no. 16-16-10043). 
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Identification of the Sinorhizobium (Ensifer) fredii HH103 Type III secretion system 
effectors that block nodulation with Lotus japonicus 
 
Irene Jiménez-Guerrero1, Sebastián Acosta-Jurado1, Francisco Pérez-Montaño1, Cynthia Alias-
Villegas1, Carlos Medina2, Francisco Javier Ollero, Francisco Javier López-Baena1 
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2Departamento de Biología Molecular e Ingeniería Bioquímica, CABD, Universidad Pablo de 
Olavide/CSIC/Junta de Andalucía, Sevilla, Spain 
 
jlopez@us.es 
 
The Type III secretion system (T3SS) is a specialized apparatus commonly used by pathogenic Gram-
negative bacteria to deliver proteins, called effectors, directly into the eukaryotic host cells to alter host 
signaling and suppress defenses, providing an appropriate environment for bacterial growth. However, 
the recognition of these effectors by specific plant receptors triggers a strong defense response to 
eliminate the pathogen in a process known as effector triggered immunity (ETI) (1). Interestingly, the 
T3SS has also been found in some symbiotic rhizobial strains and the proteins secreted, called 
nodulation outer proteins (Nops), are involved in host-range determination, suppression of host 
defense responses and symbiotic efficiency (2). The broad host-range bacterium Sinorhizobium fredii 
HH103 is able to nodulate dozens of legumes but cannot establish a symbiotic interaction with the 
model legume Lotus japonicus. However, S. fredii HH103 T3SS mutants unable to secrete Nops gain 
the capacity to nodulate this legume, suggesting that an effector secreted by this strain could be 
recognized by the plant to block infection. In order to identify the effector/s involved in this recognition, 
we have used our collection of S. fredii HH103 mutants (affected in secretion of individual effectors) in 
nodulation assays with L. japonicus and L. burtii. This mutants collection covers all the genes 
identified to date that code for proteins secreted through the S. fredii HH103 T3SS (3). Results 
obtained allowed the identification of the S. fredii HH103 effector that mainly determines effective 
nodulation with L. japonicus. 
 
(1) Pallen et al. (2003) Curr. Opin. Microbiol. 6:519-527 
(2) López-Baena et al. (2016) Int. J. Mol. Sci. 17:E755 
(3) Pérez-Montaño et al. (2016) Sci. Rep. 6:31592 
 
This work was funded by projects P11-CVI-7050 from the Junta de Andalucía and BIO2016-78409-R 
from MINECO. 
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A sub-compatible Rhizobium strain exploits an intercellular infection mechanism to 
colonise Lotus 
 
J. Liang1, A. Klingl2, M. Marín1 
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Intercellular infection has been postulated as an ancient infection mode that precedes the evolutionary 
innovation that is infection thread formation (1). Although Lotus becomes infected through an infection 
thread dependent mechanism by its compatible symbiont Mesorhizobium loti, there is evidence that it 
maintains a genetic program for intercellular infection and cortical bacterial uptake into single cells 
from the apoplast (1). Here we present a R. leguminosarum isolate that exploits this ancestral pathway 
by colonizing the intercellular spaces and entering cortical cells directly from the apoplast.  

This R. leguminosarum isolate colonized the root surface and induced typical early responses, 
such as root hair swelling, branching and curling, but no epidermal infection thread formation. Nodule 
primordia and later nodules developed. However no trans-cellular infection threads formed in these 
nodules. Intercellular accumulations of bacteria in the apoplast and localised weakening of the cell 
wall suggests that bacteria were directly internalised from the apoplast. Intact and fully infected nodule 
cells were present. However, nodules remained white up to 8 weeks post-inoculation and inoculated 
plants showed signs of starvation that were indistinguishable from mock treated plants. To address the 
role of the Nod Factor in this alternative infection mechanism, we generated a nodC deletion mutant 
strain that is impaired in Nod Factor synthesis. Although the nodC deletion strain failed to induce 
nodule organogenesis, it intracellularly infected nodule primordia cells in a spontaneous nodulation 
system. This indicates that Nod Factor synthesis is not essential for intercellular infection and 
internalization. 

The intercellular infection of Lotus seems to be a specific feature of suboptimal matching 
genotype combinations, as other Rhizobium strains induced similar responses, indicating a conserved 
strategy. This constitutes an exceptional system to dissect the uptake of bacteria and the processes 
associated to their intracellular accommodation inside plant cells.  
 
(1) L. H. Madsen et al. 2010, Nat Commun 1, 10. 
 
Funding: German Research foundation (DFG); LMU Mentoring  
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Role of Type VI Protein Secretion System in endophytic rice root colonization by 
Azoarcus sp. BH72 
 
Marta Marszalkowska, Andreas Beust, Xun Jiang, Barbara Reinhold-Hurek 
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Germany 
 
mm.marszalkowska@gmail.com  
 
Recently, it has been observed that gene cluster(s) encoding for one of the most extensively studied 
bacterial secretion system Type 6 (T6SS) occur in wide range of endophyte genomes. Little is known, 
however, about its function in endophytes and endophyte--host interactions. The genome of model 
nitrogen--fixing rice--endophyte Azoarcus sp. BH72 harbors two gene clusters encoding for putative 
T6SS--1 and T6SS--2. Previous transcriptomic studies revealed that expression of genes encoding for 
T6SS--1 was significantly upregulated when bacteria were grown under nitrogen-fixing conditions in 
pure culture. Interestingly, secretion of T6SS hallmark protein,T6SS1--Hcp, was detected in only in 
presence of plant root exudates. Bacterial competition assays on rice roots revealed that endophytic 
colonization capacity of mutant strain BHImpL (lacking functional T6SS--1), was reduced drastically up 
to factor 14.2 after 2 weeks of incubation, compared to the WT strain. Notably, a possible role of 
neither TSS6--1 nor TSS6--2 in interbacterial competition was observed. To further investigate the role 
of Azoarcus T6SS--1 in interaction with rice roots, putative alterations in rice transcriptional response 
towards T6SS--1 mutant were analyzed, with the use of Agilent Rice 44k microarrays. Plants were 
harvested after 72 h of incubation with BHImpL or WT Azoarcus to detect changes during early stages 
of interaction. As a result, we observed 240 differentially expressed genes (DEG): 47 were affected 
negatively and 193 positively when rice was colonized by the BHImpL strain. Overall low fold changes 
and relatively small number of significant DEG indicate however, that activity of Azoarcus T6SS--1 
does not induce drastic changes in rice transcriptional profile. Gene ontology analysis revealed, that 
DEGs were mostly involved in biological process such as: transport (15%), regulation of transcription 
(14%), metabolic processes (14%) and their main cellular location was membrane (44%). This may 
indicate that a specific type of membrane modification is triggered by activity of T6SS--1, reflected by 
changes in expression of genes such as pathogen--related OsPR2 and lipid transporter OsLTP2. 
Taken together, these data suggest that, although T6SS--1 may not be a crucial factor modulating rice 
transcriptomic response towards Azoarcus, it does play an important role in endophytic establishment 
of this bacterium inside rice roots. 
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Molecular mechanisms underlying Vigna radiata-rhizobia interactions  
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Mung bean Vigna radiata cv. KPS1 exhibits symbiotic incompatibility with rhizobium Bradyrhizobium 
elkanii strain USDA61 due to presence of effector proteins secreted via type III secretion system 
(T3SS), an introducer of virulence factors by pathogens. It is well-known that T3 effectors show both 
positive and negative effects on symbiosis depending on host plants. This study was performed to 
clarify the molecular mechanisms involved in host specificity of B. elkanii in the interactions with V. 
radiata. Previously, by transposon (Tn5) mutagenesis and sequencing analysis, we identified 
successfully several genes of B. elkanii responsible for incompatibility with KPS1. Among them, bel53, 
encodes a hypothetical protein, revealed some novel characteristics associated with T3SS. 
Interestingly, the mutation in bel53 showed hyper-nodulation on KPS1, compared with wild-type and 
T3SS-deficient mutant BErhcJ. Notably, one tts box was found at 96-bp upstream of bel53, indicating 
the gene product is likely to be secreted via T3SS. Similar with other T3SS-related genes, bel53 
expression was dependent on plant flavonoid genistein and transcriptional regulator TtsI. The 
infectious observation indicated that KPS1 plants halted both infection and nodule organogenesis of B. 
elkanii due to the presence of T3 effector Bel53. Intriguingly, random insertions by Tn5 in bel53 gene 
revealed that Bel53 had both positive and negative effects on KPS1 nodulation. Particularly, C-
terminal end of bel53 was responsible for the negative effect, while N-terminal and internal parts 
induced higher nodulation on KPS1. By domain search, three different domains, phosphofructokinase 
family protein, DNA polymerase III subunits and netrin-like (NTR) domain, were found in N-terminal, 
internal and C-terminal parts of Bel53, respectively. The restriction of nodulation on Rj4 soybean by 
Bel53-mutant strain suggested that Bel53 effector might possess a specific interaction with Vigna 
resistance (R) genes, or triggering immune responses resulting in R gene expression. These findings 
bring us closer to understanding further the gene-for-gene interactions involved in V. radiata-rhizobium 
symbiosis.  
 
This work was supported in part by a grant-in-aid (number 25450082) and JSPS Bilateral Joint 
Research Project. to S.O. 
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Small synthetic plasmids to make recipient bacteria nodulate many legume hosts 
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To reduce atmospheric nitrogen for the benefit of legumes, rhizobia must efficiently colonize root or 
stem nodules, inside which they form persistent intracellular colonies of bacteroids. Generally, sets of 
molecular cues exchanged by rhizobia and plants coordinate the formation of mature nodules that are 
colonized by nitrogen-fixing bacteroids (1). At the onset of the symbiosis, plants exude cocktails of 
flavonoids to which rhizobia respond by secreting mixtures of nodulation factors (NFs). In turn, NFs 
trigger nodule ontogenesis while surface polysaccharides and effector proteins translocated by type 
three or type four secretion systems (T3SS/T4SS) of rhizobia contribute to define symbiotic specificity, 
mostly during rhizobial infection of root tissues. Amongst the many rhizobia studied worldwide, 
Sinorhizobium (Ensifer) fredii strain NGR234 remains exceptional by its unmatched capacity to trigger 
nodule formation on roots of more than 120 legume genera (2). Yet, which of the >80 different NF, five 
known T3SS-dependent effectors (NopJ, NopL, NopM, NopP and NopT), and/or rhamnose-rich 
lipopolysaccharide (rhamnan) synthesized by NGR234 contribute most to symbiotic promiscuity was 
not known (3, 4). To address this question, a synthetic biology approach was used to add to an 
artificial broad host-range plasmid different sets of NGR234 genes aimed at conferring promiscuous 
nodulation to recipient bacteria. Synthetic plasmids were mobilized into various recipient bacteria, and 
capacity of transconjugants to induce mature-like nodule or pseudo-nodule formation scored on a 
number of host and non-host plants of NGR234. The initial results towards a minimal synthetic 
symbiotic replicon capable of turning soil bacteria into nitrogen-fixing plant symbionts will be 
presented. 
 
(1) Oldroyd et al. (2011) Annu. Rev. Genet. 45:119-144. 
(2) Pueppke and Broughton (1999) Mol. Plant-Microbe Interact. 12:293-318. 
(3) Perret et al. (2000) Microbiol. Mol. Biol. Rev. 64:180-201. 
 
This work was funded by Swiss National Science Foundation grant 31003A_146548 and the 
University of Geneva. 
 
  



 
 
 

 

 
Parallel Session 7: Plant-Microbe Signaling 

 
239 

PAS7-P29 
 
Mutualistic co-evolution of T3SS on symbiotic establishment between Vigna radiata 
and Bradyrhizobia 
 
Pongdet Piromyou1, Pongpan Songwattana1, Kamonluck Teamtisong2, Panlada Tittabutr1, Nantakorn 
Boonkerd1, Piyada Tantasawat 3, Eric Giraud4, Michael Göttfert5, Neung Teaumroong1* 

 
1School of Biotechnology, Institute of Agricultural Technology, Suranaree University of Technology, 
Nakhon Ratchasima, 30000, Thailand 
2The Center for Scientific and Technological Equipment, Suranaree University of Technology, Nakhon 
Ratchasima 30000, Thailand 
3School of Crop Production Technology, Institute of Agricultural Technology, Suranaree University of 
Technology, Nakhon Ratchasima 30000, Thailand 
4IRD, Laboratoire des Symbioses Tropicales et Méditerranéennes, UMR IRD/SupAgro/INRA/UM2/ 
CIRAD, Campus International de Baillarguet, TA A-82/J, Montpellier, France 
5Technische Universität Dresden, Institut für Genetik, Helmholtzstrasse 10, 01062 Dresden, Germany 
 
pongdaj@hotmail.com 
 
Type 3 effector proteins secreted via the bacterial type III secretion system (T3SS) not only are the 
virulent factors of pathogenic bacteria, but also were an influence on symbiotic relationships between 
rhizobia and leguminous plants. Genomic comparison of bradyrhizobial strains SUTN9-2, DOA9 and 
STM6978 revealed a gene cluster encoding a T3SS that is similar to those found in rhizobia. In 
addition, the structural core component of the T3SS cluster contains several open reading frames that 
are specific to Bradyrhizobium elkanii USDA61. However, several ORFs within the cluster (upstream 
region) are not conserved in all tested strains. On the basis of phylogenetic tree data and gene 
arrangement, it seems that the T3SS of Aeschynomene americana isolated strains (SUTN9-2, DOA1 
and DOA9) and USDA61 may share the same origin. In contrast, these data could also raise another 
hypothesis that STM6978, SUTN9-2 and DOA9 acquired T3SS from B. elkanii USDA61. Then, the 
bradyrhizobial strains STM6978, SUTN9-2 and DOA9 have evolved their T3SS separately from 
USDA61. For functional analyses, the rhcJ genes of strains SUTN9-2, DOA9 and STM6978 were 
disrupted. These mutations had a cultivar-specific effect on nodulation properties. The T3SS of DOA9 
and STM6978 displayed the negative effect on Vigna radiata cv. CN72 and V. radiata cv. KPSII 
nodulation. In contrast, the T3SS of SUTN9-2 showed the no effect on nodulation of most tested V. 
radiata.  
 
This work was financially supported by Suranaree University of Technology / National Research 
University (SUT / NRU). 
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EcfE, a master regulator of pea root attachment and colonization of Rhizobium 
leguminosarum bv viciae 3841 
  
V.K. Ramachandran1, E. Balsanelli2, A.K. East1, A. McNally2, K. Ramakrishnan2, P.S. Poole1 
 

1Department of Plant Sciences, University of Oxford, Oxford, UK, 
2John Innes Centre, Norwich, UK.  
 
vinoy.ramachandran@plants.ox.ac.uk 
 
Attachment and colonization of legume roots by rhizobia is one of the very early and critical steps in 
symbiosis. Only upon root-hair attachment, can rhizobia colonize and invade plant cells via infection 
threads. Legumes tightly regulate attachment and colonization by very specific time-dependent signals 
and the ability to perceive and respond to such signals by rhizobia is a requirement for successful 
colonization (1). Rhizobia respond to host specific signals by activating specific subset of genes, 
directed by extracytoplasmic function sigma factors (ECF). Root attachment and colonization requires 
an orchestrated transcription of number of genes coding for polysaccharides, extracellular proteins, 
cellulose fibrils and secretion systems (2). In this study, we take advantage of cutting-edge lux 
luminescence assays and RNAseq to show how Rhizobium leguminosarum 3841 (Rlv3841) 
coordinates the concerted transcription of multiple genes involved in root attachment and colonization, 
in response to a pea-derived signal. 

From our earlier rhizosphere transcriptomics studies, we identified a three-gene operon, 
encoding lipoprotein (LppE), extra-cytoplasmic (EcfE) and anti-ECF (AsfE) sigma factors that are very 
highly and specifically activated during pea root colonization. However, this operon was not activated 
under any other tested growth conditions except weakly in lab culture supplemented with 
phenylalanine (5 mM) (3). In-vitro induction assays with wild-type and three mutants harbouring an 
lppE promoter lux transcriptional fusion established that EcfE activates the lppE operon in response to 
phenylalanine. Further over expression studies, showed that this operon is negatively regulated by 
LppE, demonstrating a two-way regulation of the operon through LppE and AsfE. Luminescence and 
Confocal imaging of pea roots colonized by Rlv3841, harbouring an lppE promoter transcriptional 
fusion (lux / GFP), showed spatial activation of this operon specifically in the pea Root Elongation 
Zone (REZ). Further, in-vitro whole root attachment assay showed that an ecfE mutant was attenuated 
in root attachment whereas lppE and asfE mutants showed higher-attachment than the wild-type, 
emphasizing their role as negative regulators of the lppE operon. Together these results emphasize 
the necessity of spatial and temporal regulation of specific genes in the attachment regulon to allow 
rhizobia to attach to and colonize roots. To identify further genes regulated by EcfE, we will employ 
RNA-seq to delineate the EcfE-dependent genes that governs primary root attachment and 
colonization.  

 
(1) G. Oldroyd et al., (2011) Annual Review of Genetics 45:119-144. 
(2) J.A. Downie (2010) FEMS Microbiol Rev. Mar; 34(2):150-70. 
(3) V.K. Ramachandran et al., (2011) Genome Biology 2011, 12:R106. 
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Medicago truncatula NODULE-ROOT1 and NODULE-ROOT2 genes maintain nodule 
organ identity and functioning 
 
Kevin Magne1,2, Jean-Malo Couzigou1,*, Katharina Schiessl3, Lucien Sahl1,2, Frederic Boyer1,2, Jeoffrey 
Georges1,2, Anelia Iantcheva4, Kirankumar S. Mysore5, Jiangqi Wen5, Vladimir Zhukov6, Giles E.D. 
Oldroyd3, Pascal Ratet1,2 
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91405, Orsay, France.  
3Department of cell and Developmental Biology, John Innes Centre, Norwich Research Park, Norwich 
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4AgroBioInstitute, 1164 Sofia, Blvd. Dragan Tzankov 8, Bulgaria.  
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pascal.ratet@cnrs.fr 
 
Symbiotic interactions between legume plants and soil bacteria results in the formation of a symbiotic 
dedicated organ, the nitrogen fixing nodule. It has been shown that nodules share developmental 
regulators and key features with lateral roots. In this context, we previously identified the Medicago 
truncatula NODULE ROOT (MtNOOT1) and Pisum sativum COCHLEATA (PsCOCH1) orthologous 
genes of the NOOT-BOP-COCH-LIKE (NBCL) gene family, as required for the maintenance of nodule 
identity. In the Mtnoot1 and Pscoch1 mutant plants, roots develop from apices of the nodule vascular 
bundles. We have now identified a second MtNOOT (MtNOOT2) that belongs to a second legume 
NBCL sub-clade present in M. truncatula and strongly induced during nodulation. Loss of MtNOOT2 
function enhances the Mtnoot1 phenotypes with the Mtnoot1noot2 mutant forming either root-like 
symbiotic organs with fix- phenotype or even simple root-like structures. Furthermore, we found that 
loss of MtNOOT1 and MtNOOT2 function causes expression changes for genes involved in symbiosis, 
defence, and root development, suggesting that during evolution the MtNOOT genes were recruited to 
allow a functional interaction by repressing root identity in nodules.  
 
This work was supported by the CNRS, by the grant ANR-14-CE19-0003 (NOOT) from the Agence 
National de la Recherche to PR, by the Grant # 14-24-00135 from the Russian Science Foundation to 
VZ and by the Bill and Melinda Gates Foundation to GEDO. 
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Characterization of a potential target of the transcription factor NF-YA1 in Medicago 
truncatula 
 
C. Ripodas, E. Coutant, A. Lepage, J. Courrèges, A. Niebel, F. Regad 
 
INRA/CNRS, Laboratoire des Interactions Plantes-Microorganismes (LIPM), UMR441/2594, F-31326 
Castanet-Tolosan, (France). 
 
farid.regad@inra.fr 
 
Legume plants are able to associate with nitrogen-fixing bacteria from the soil, called Rhizobia. The 
presence of the bacteria in the rhizosfere induces a developmental program in the plant that involves 
morphological and molecular changes that culminates with the formation of a new specialized organ, 
the nodule, inside which differentiated bacteria convert atmospheric nitrogen into ammonia for the 
benefit of the host plant. During the rhizobial symbiosis, several genes are highly expressed. Among 
them, the transcription factor (TF) NF-YA1 is a central regulator of nodule development (2) in the 
model legume Medicago truncatula (1) with a strongly, specific and early symbiotic expression pattern. 
MtNF-YA1 belongs to the family of CCAAT-box binding TFs, or Nuclear Factor Y (NF-Y), which is 
conserved in all eukaryotic systems (3). In order to better understand the mode of action of this TF, 
and to identify and characterize potential MtNF-YA1 targets, we performed a comparative RNAseq 
analysis between the Mtnf-ya1 mutant and wild-type plants. From the results of this analysis, we 
focused on a TF of the ethylene response factor (ERF) family called LEP (Leafy Petiole, (4)). This 
regulator is characterized by a specific and early expression during nodular organogenesis in the wild-
type plant but absent when MtNF-YA1 is mutated. We characterized the expression pattern of MtLEP 
in different organs of Medicago and during nodule development using RT-qPCR and promoter reporter 
constructs. In order to gain insight into the role of MtLEP during root infection and nodule 
organogenesis, we performed a functional analysis of LEP using knock-down and ectopic expression 
approaches. 
 
(1) Combier J.P. et al., 2006, Genes Dev., 20(22):3084-8. 
(2) Baudin M. et al., 2015, Plant Physiol., 169(4):2761-73. 
(3) Zanetti et al., 2016, Biochim Biophys Acta., 10.1016/j.bbagrm.2016.11.007 
(4) Van der Graaff et al., 2000, Development 127, 4971-4980. 
 
Funding: French ANR project NODCCAAT (2016-2019) 
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Characterization of type VI secretion systems (T6SS) of endosymbionts from mimosa 
or lupine 
 
Alba Pacheco, Alvaro Salinero, Yasmina Bourebaba1, Daniel Valle, David Durán, Farida Boulila1, 
Ernesto Ormeño-Orrillo2, Esperanza Martínez-Romero3, Juan Imperial4, Tomás Ruiz-Argüeso, José 
M. Palacios, Luis Rey 
 
Centre for Plant Biotechnology and Genomics (UPM-INIA) and Department of Biotechnology-Plant 
Biology, ETSIAAB, UPM, Madrid, Spain 
1Laboratoire d’Ecologie Microbienne, Faculté Sciences de la Nature et la Vie, Université de Bejaia, 
Algeria. 
2Universidad Nacional Agraria La Molina, Lima, Peru 
3Centro de Ciencias Genómicas, UNAM, Cuernavaca, Mexico 
4CSIC-Madrid, Spain 
 
luis.rey@upm.es 
 
The T6SS is a nanosyringe that injects proteins into prokaryotic or eukaryotic cells, and it is encoded 
in the genomes of more than 25% of Gram-negative bacteria (1). We are studying the T6SS of 
Rhizobium etli Mim1 and Bradyrhizobium sp. LmicA16, symbionts of Phaseolus vulgaris/Leucaena 
leucocephala and Lupinus micranthus/Lupinus angustifolius/Spartium junceum, respectively. 

R. etli Mim1 contains a T6SS gene cluster organized in two divergent operons. When the T6SS 
is active, Hcp, a constituent of the secretory apparatus, can be detected in the extracellular medium 
(2). Hcp has been immunologically detected in the supernatant of Mim1 cultures. This protein was also 
detected in bean nodule extracts and in cultures grown in the presence of different legumes exudates. 
The putative divergent promoters located between the two T6SS gene clusters were analysed by β-
gal fusions. The results showed high levels of expression of the two promoters at high OD and low 
values at lower ODs. Mutants affected in structural genes induced white nodules with P. vulgaris and 
L. leucocephala. 

On the other hand, mutagenesis of T6SS structural genes from LmicA16 strain produced 
different symbiotic phenotypes. An LmicA16 tssC mutant showed reduced levels of nitrogen fixation 
on L. micranthus, whereas the same mutant induced the formation of few white, non-fixing nodules on 
L. angustifolius and S. junceum.  
 
(1) Ho et al. (2013) Cell Host Microbe 15:9-21. 
(2) Wu et al. (2012) PLoS Pathog. 8:1-18 
 
Funded by grants BIO2013-43040-P (MINECO), CGL2011-26932 (MICINN) and AL16-PID-06 (UPM). 
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Genomic approaches for the study of beta-rhizobia and Mimosa interaction 
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2Departamento de Desarrollo Biotecnológico. Instituto de Higiene. Facultad de Medicina, Montevideo, 
Uruguay.  
3Departamento de Genómica, Instituto de Investigaciones Biológicas Clemente Estable (IIBCE). 
Montevideo, Uruguay. 
 
crodrig1979@gmail.com 
 
Rhizobia are bacteria belonging to the alpha and beta subdivision of proteobacteria, whose most 
notable characteristic is their ability to form symbiotic associations with leguminous plants (1). The 
correct establishment of the symbiosis relays on a complex molecular dialogue, and depends on 
coordinated gene expression between both organisms. This coordination begins when the organisms 
mutually recognize each other in the rhizosphere by means of the exchange of molecular signals, and 
finish with the formation of a novel plant organ, the nodule, where the biological nitrogen fixation 
process occurs. Nowadays, most of the information about the factors involved in the establishment of 
the symbiosis between legumes and rhizobia comes from models where alpha-rhizobia have been 
used (2-3). In order to have a global view of the molecular mechanisms involved in the symbiotic 
interaction process between beta-rhizobia and legumes host we decided to employ an RNAseq 
approach (4). To this end, total RNA was purified from the strain UYPR2.512 of Cupriavidus necator 
exposed to commercial flavonoids and from mature nodules formed by this strain on Mimosa pudica 
roots 90 days post inoculation. For the enrichment of mRNA needed for the assembly of the cDNA 
libraries, a protocol for 16S and 23S rRNA subunits depletion was optimized and the quality of the 
mRNA obtained was evaluated by the calculation of the RIM number. Actually libraries are being 
assembled for massive sequencing. We expect that bioinformatics analysis will allow us to identify 
differentially expressed genes in both conditions, contributing to the recognition of signals and 
metabolic pathways involved in the establishment of symbiotic associations between beta-rhizobia and 
host plants. 
 
(1) Willems A. (2006) Plant Soil. 24;287(1-2):3–14.  
(2) Masson-Boivin C. et al. (2009) J. Trends Microbiol. 17(10):458–66.  
(3) Oldroyd GE. et al. (2011) Annu Rev Genet. 45:119–44. 
(4) Chen W-M et al. (2003) J Bacteriol. 185:7266–72 
 
This work was funded by ANII, FCE_1_2014_1_104338, POS_NAC_2014_1_10263 and PEDECIBA. 
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Sinorhizobium fredii HH103 nodD and nolR mutants show improved symbiotic 
capacity with Lotus japonicus 
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1Departamento de Microbiología, Facultad de Biología, Universidad de Sevilla, C.P. 41095, Sevilla, 
Spain. 
2Department of Resources and Environmental Microbiology, Institute of Microbiology, Heilongjiang 
Academy of Sciences. Heilongjiang Province, China. 
 
dulcenombre.rodriguez@juntadeandalucia.es 
 
Sinorhizobium fredii HH103-Rifr, a broad host-range rhizobial strain, induces ineffective nodules with 
L. japonicus ecotypes Gifu and Myjakojima and other Lotus species, but it effectively nodulates L. 
burttii (1). A collection of S. fredii HH103 mutants affected in diverse surface polysaccharides did not 
show any symbiotic improvement with L. japonicus Gifu (2), indicating that the symbiotic 
incompatibility between S. fredii HH103 and L. japonicus Gifu might not be due to the presence of 
these polysaccharides. S. fredii HH103 has two copies of the transcriptional regulator nodD gene: the 
activator nodD1 and the repressor nodD2. The chromosomal nolR gene also acts as a transcriptional 
repressor of HH103-Rifr nod genes. Mutants affected in nodD1 falied to nodulate L. burttii and L. 
japonicus. In contrast, S. fredii HH103 nolR (named SVQ548) and nodD2 (SVQ515) mutants formed 
effective symbioses with L. japonicus Gifu. The symbiosis of the nolR mutant with L. japonicus 
effectively contributed to plant growth, while the development of plants inoculated with the nodD2 
mutant was very limited. Studies on competition for nodulation between SVQ515 and SVQ5 revealed 
that both mutants were equally competitive with L. japonicus Gifu; however on L. burttii plants SVQ515 
outcompeted SVQ548. Mutants SVQ515 and SVQ548 showed faster kinetics of nodulation and 
outcompeted their parental wild-type strain to nodulate L. burttii. HPLC and High Resolution Mass 
Spectrometry (HRMS) analyses showed that, in the presence of the isoflavone genistein, both mutants 
overproduced many Nodulation-factors in comparison to its wild-type strain HH103-Rifr (see poster 
Rodriguez-Carvajal et al. describing Nodulation-factors produced by S. fredii HH103-Rifr nodD2 and 
nolR mutants). All these results suggest a possible correlation between overproduction of Nodulation-
factors and the SVQ515 and SVQ548 gained-capability to nodulate L. japonicus as well as an 
increase in the bacterial competitive capacity to occupy L. burtti nodules. 
  
(1) Sandal et al. 2012. DNA Res. 19:317-323.  
(2) Acosta-Jurado et al. 2016. Mol. Plant-Microbe Interact. 29:925-937.  
 
This work was supported by projects P11-CVI-7500 (Junta de Andalucía) and BIO201678409R 
(Spanish Ministry of Science and Innovation), and by the V and VI Research Plan of the University of 
Seville (VPPI-US). 
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Investigating the role of ethylene in the sanctioning response of leguminous hosts to 
ineffective rhizobial partners 
 
Shawna L. Rowe, Maren L. Friesen 
 
Department of Plant Biology, Michigan State University, East Lansing, Michigan  
 
roweshaw@gmail.com 

Nitrogen is essential for plant growth, but much of the nitrogen on earth is in a form that is unavailable 
to plants. In order to access this nitrogen, leguminous plants form a symbiotic relationship with 
rhizobia, where the bacteria fix nitrogen for the plant in exchange for photosynthetically produced 
carbon in root nodules. As with any cooperative relationship, there is the potential for “cheating” where 
some rhizobial strains will form root nodules but fail to fix nitrogen. It has been observed that hosts are 
able to restrict the growth of these ineffective partners but the mechanisms driving this are unknown. 
Reactive oxygen species (ROS) are a group of small, chemically reactive molecules containing 
oxygen. ROS are inevitable byproducts of oxygen metabolism and are used in cellular signaling and 
homeostasis. In the legume rhizobia symbiosis, ROS have been identified as important regulatory 
mechanisms in the nodule initiation and development processes. However, the role of ROS 
throughout nodule organogenesis, specifically in response to ineffective rhizobial partners, remains 
unknown. Preliminary evidence indicates that H2O2, a form of ROS, is differentially expressed in root 
systems exposed to ineffective partners in comparison to roots exposed to effective partners. My work 
aims to understand the molecular mechanisms that regulate the growth of ineffective partners. More 
specifically, my current work focuses on understanding what role ROS plays in this process. This 
information will shed light on how ROS regulates the symbiotic relationship and control mechanisms of 
this agriculturally important relationship and enable us to make further predictions and test potential 
regulatory mechanisms of this symbiotic relationship. 
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Sinorhizobium fredii HH103 nolR and nodD2 mutants overproduce Nodulation-factors 
in the presence and absence of genistein and have gained nodulation capacity with 
Lotus japonicus  
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Sinorhizobium fredii HH103 effectively nodulates Lotus burttii but induce ineffective nodules with L. 
japonicus ecotype Gifu (1). S. fredii HH103-Rifr mutants affected in different surface polysaccharides 
or in Nod-factor decorations did not show any symbiotic improvement with L. japonicus Gifu (2). 
However, nolR (called SVQ548) and nodD2 (SVQ515) mutants formed nitrogen-fixing nodules with L. 
japonicus Gifu. S. fredii HH103-Rifr invaded L. burttii roots by crack-entry infections. In contrast, 
infection threads were observed in L. burttii and L. japonicus roots inoculated with SVQ548 and 
SVQ515. L. japonicus nodules induced by the nolR mutant effectively contributed to plant growth, 
while plants nodulated by the nodD2 mutant poorly grew. We have investigated Nod-factor production 
by SVQ548 and SVQ515 in comparison to that of S. fredii HH103-Rifr. HPLC followed by data-
dependent High Resolution Mass Spectrometry (HPLC-HRMS/MS) allowed the detection of 29 
different Nod-factors in S. fredii HH103-Rifr cultures induced with the isoflavone genistein. All these 
Nod-factors were also found in SVQ548 and SVQ515 cultures grown with genistein. SVQ548 
produced four additional Nod-factors; three of them were also produced by mutant SVQ515. Nod-
factors only found in nodD2 and/or nolR cultures carried N-methylations in the non-reducing N-acetyl-
glucosamine residue or a short fatty acid (C12:0). Twenty-four Nod-factors were detected at higher 
quantities in SVQ548 and SVQ515 cultures than in those of S. fredii HH103-Rifr. The remaining five 
Nod-factors, four pentasaccharides and a tetrasaccharide, were not overproduced by the nolR and 
nodD2 mutants in comparison with HH103-Rifr. Introduction of the complete nodD2 and nolR genes 
(SVQ548c and SVQ515c complemented derivatives) provoked a general decrease in the amounts of 
Nod-factors produced and the loss of nodulation capacity with L. japonicus Gifu. These results indicate 
a correlation between the capacity of SVQ548 and SVQ515 to nodulate L. japonicus Gifu and changes 
in Nod-factor production, although other symbiotic signal could be also involved. 
 
(1) Sandal et al. (2012) DNA Res. 19:317-323.  
(2) Acosta-Jurado et al. (2016) Mol. Plant-Microbe Interact. 29:925-937. 
 
This work was supported by projects P11-CVI-7500 (Junta de Andalucía) and BIO201678409R 
(Spanish Ministry of Science and Innovation), and by the V and VI Research Plan of the University of 
Seville (VPPI-US). 
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Unravelling the role of a Datisca glomerata nodule-specific defensin (DgDef1) in 
symbiosis with a member of Frankia cluster II 
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Under limited nitrogen levels, an actinorhizal root nodule symbiosis can be established between the 
plant Datisca glomerata (Cucurbitales) and its nitrogen-fixing microsymbiont Candidatus Frankia 
datiscae Dg1 (member of Frankia cluster II) (1). During root nodule symbioses, either between 
legumes and with rhizobia or in actinorhizal symbiosis involving Frankia, the plant has to protect itself 
against “cheating” microsymbionts that use root nodules as an ecological niche while not providing 
enough nitrogen for the plant. In some groups of legumes, this is achieved by host-derived cysteine-
rich peptides that affect bacterial differentiation (2). Terminal differentiation of rhizobial bacteroids is 
mainly associated with members of legumes belonging to the inverted repeated-lacking clade (IRLC) 
that produces such peptides. Interestingly, a recent study has shown that these peptides are also 
formed during actinorhizal interactions in the order Fagales. Like for legumes, a similar phenotype was 
observed: increases in Frankia membrane porosity led to the release of nitrogen-enriched amino acids 
(3). In the order Cucurbitales, a nodule-specific defensin (DgDef1) was also found in nodules of D. 
glomerata which contains an unusual C-terminal domain and is likely to play a similar role as those 
described for cysteine-rich peptides of legumes or Alnus glutinosa (4). 

The expression levels of all D. glomerata CRP genes in roots vs nodules will be presented. In 
addition, the spatiotemporal expression of the DgDef1 gene was determined by promoter::GUS fusion 
analyses; hairy root transformation of D. glomerata mediated by Agrobacterium rhizogenes will be 
presented. In order to analyse peptide function directly, heterologous production of the peptide fused 
with its C-terminus domain was carried out in Pichia pastoris; in parallel, the production of this peptide 
without its cognate domain was achieved by chemosynthesis. The availability of the two peptides will 
enable an in vivo comparison. A hypothesis on the subcellular localization and putative function of 
DgDef1 in nodules of the actinorhizal host D. glomerata will be presented. 
 
(1) T. Persson et al. 2015. Candidatus Frankia Datiscae Dg1, the actinobacterial Microsymbiont of 

Datisca glomerata, expresses the canonical nod genes nodABC in symbiosis with its host plant. 
PloS One 10: e0127630. 

(2) W. Van de Velde et al. 2010. Plant peptides govern terminal differentiation of bacteria in symbiosis. 
Science 327: 1122–1126. 

(3) L. Carro et al. 2015. Alnus peptides modify membrane porosity and induce the release of nitrogen-
rich metabolites from nitrogen-fixing Frankia. The ISME Journal 1-11. 

(4) I.V. Demina et al. 2013. Comparison of the nodule vs. root transcriptome of the actinorhizal plant 
Datisca glomerata: actinorhizal nodules contain a specific class of defensins. PloS One 8: e72442. 
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Role of Lotus japonicus STYLISH gene family member during root nodule 
development 
 
Arina Shrestha1,2, Alexandre Tromas3, Loretta Ross1, Krzysztof Szczyglowski1,2 

 
1Agriculture and Agri-Food Canada, London ON, Canada N5V 4T3 
2Department of Biology, University of Western Ontario, London ON, Canada N6A 5B7 
3Centro de Ciencias Genómicas, UNAM, Cuernavaca, México 565-A 62210 
 
Arina.Shrestha@agr.gc.ca 
 
Development of symbiotic root nodules is generally dependent on hormonal signalling, including 
cytokinin and auxin. Our recent data implicate members of the STYLISH (STY) gene family in 
regulating nodule formation in Lotus japonicus. In Arabidopsis, STY proteins are known to stimulate 
auxin biosynthesis during development of lateral organs, suggesting that they might perform a similar 
function during nodule organogenesis1. In order to test this hypothesis, we have initiated functional 
analyses of the STY gene family, which in L. japonicus comprises at least nine members, called STY1 
to STY9. The promoter:GUS localization experiments revealed that at least seven STY genes are 
specifically active in the nodule vasculature. Furthermore, three members of STY gene family showed 
differential expression upon inoculation as well as between two genotypes. These initial observations 
have prompted follow-up experiments aimed at the impairment of STY protein-dependent signalling in 
planta, which should allow for the evaluation of their role during nodule formation. By exploring the L. 
japonicus LORE1 retrotransposon insertion (http://users-mb.au.dk/pmgrp/index.html) and TILLING 
(http://revgenuk.jic.ac.uk/) resources, we have been able to identify deleterious mutations in all nine 
STY genes. These are being used to evaluate the impact of individual STY genes on the L. japonicus 
symbiotic phenotype. However, as STY gene family members are known to act in a highly redundant 
manner, a dominant negative approach has also been implemented by constructing a C-terminal 
translational fusion between the entire coding region of the LjSTY3 cDNA and a DNA fragment 
encoding a 12 amino acid long ERF-associated amphiphilic repression domain, called the SRDX 
domain2. This chimeric protein is predicted to act in transgenic plants as a dominant suppressor of 
STY protein targets, hence causing impairment in downstream signalling events. 
 
(1) Eklund D et al., (2010) Plant Cell. 22: 349-363.  
(2) Hiratsu, K., et al. (2003) Plant J. 34: 733-739. 
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Type 3 secretion system (T3SS) of Bradyrhizobium sp. DOA9 and its roles in legume 
symbiosis and rice endophytic association  
 
Pongpan Songwattana1, Rujirek Noisangiam2, Kamonluck Teamtisong3, Albin Teulet5, Panlada 
Tittabutr1, Nantakorn Boonkerd1, Eric Giraud4, Neung Teaumroong1 
 

1School of Biotechnology, Institute of Agricultural Technology, Suranaree University of Technology, 
Nakhon Ratchasima, Thailand 
2National Bureau of Agricultural Commodity and Food Standards, Ministry of Agriculture and 
Cooperatives, 50 Phaholyothin Road, Ladyao Chatuchak Bangkok 10900. Thailand. 
3The Center for Scientific and Technological Equipment, Suranaree University of Technology, Nakhon 
Ratchasima, Thailand 
4Laboratoire des Symbioses Tropicales et Méditerannéennes (LSTM), TA A-82/J, Campus de 
Baillarguet, 34398 Montpellier Cedex 5, France 
 
pongpan0836@gmail.com 
 
The Bradyrhizobium sp. DOA9 strain, isolated from paddy field displays the ability to nodulate a wide 
spectrum of legumes. This strain possesses the unique character among bradyrhizobia to have a 
symbiotic plasmid harboring nod, nif and T3SS genes. This T3SS cluster contains all the genes 
necessary for the formation of the secretory apparatus and the transcriptional activator (TtsI), which is 
preceded by a nod-box motif. An in silico search predicted 14 effectors putatively translocated by this 
T3SS machinery. In this study, we explored the role of the T3SS in the symbiotic performance of 
DOA9 by evaluating the ability of a T3SS mutant (ΩrhcN) to nodulate legumes belonging to 
Dalbergioids, Millettioids and Genistoids tribes. Among the 9 species tested, 4 species (Arachis 
hypogea, Vigna radiata, Crotalaria juncea, Macroptilium atropurpureum) responded positively to the 
rhcN mutation (the benefit ranging from the suppression of plant defense reactions, the increase in 
nodule numbers and a dramatic enhancement of nodule development and infection), 1 specie 
(Stylosanthes hamata) responded negatively (reduction of the nodules number and nitrogen fixation) 
and 4 species (Aeschynomene americana, Aeschynomene afraspera, Indigofera tinctoria and 
Desmodium tortuosum) displayed no phenotype. We also tested the role of the T3SS on the ability of 
the DOA9 strain to endophytically colonize rice roots but no consequence of the T3SS mutation was 
detected contrary to what previously reported for the Bradyrhizobium SUTN9-2 strain. Taken together, 
these data indicate that DOA9 contains a functional T3SS that interferes with the performance of the 
strain to interact symbiotically with legumes but not with rice.  
 
(1) Bonaldi K et al. (2010) MPMI 23:1537-1544. 
(2) Noisangiam et al. (2012) Appl. Envi. Microbiol. 78:6236-6250.  
(3) Okazaki et al. (2016) The ISME journal 10:64-74. 
(4) Okazaki et al. (2015) PLoS ONE. 10(2):e0117392. 
 
This work was financially supported by Suranaree University of Technology (OROG), the Franco-Thai 
Cooperation Program in Higher Education and Research (PHC SIAM 2017 –N° 38280WF) and by the 
ANR, grant “SymEffectors” number ANR-16-CE20-0013. 
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Interkingdom and interspecific airborne signal in bacteria impacts the Rhizobium-
legume symbiosis 
 
María J. Soto, Joaquina Nogales, Ángel Pech-Canul1, Nieves Calatrava-Morales, Lydia M. Bernabéu-
Roda, Paloma Durán, Virginia Cuéllar, José Olivares, Laura Alvarez2, Diana Palenzuela-Bretones3, 
Manuel Romero3, Stephan Heeb3, Miguel Cámara3, Otto Geiger1, Isabel M. López-Lara1 
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Spain 
1Centro de Ciencias Genómicas, Universidad Nacional Autónoma de México, Cuernavaca, Mexico 
2Centro de Investigaciones Químicas, Universidad Autónoma del Estado de Morelos, Cuernavaca, 
Mexico 
3Centre for Biomolecular Sciences, School of Life Sciences, University of Nottingham, Nottingham, UK 
 
mariajose.soto@eez.csic.es 
 
Swarming motility and biofilm formation are surface-associated traits which enable bacteria to infect 
their hosts. Previously we identified a fadD mutant of the alfalfa symbiont Sinorhizobium meliloti that 
exhibited increased surface motility, defects in biofilm development, and impaired nodulation efficiency 
on its host plant (1-3). Here we show that this mutant accumulates 2-tridecanone (2-TDC), a volatile 
methylketone known as a natural plant insecticide (4). The wild type strain of S. meliloti also produces 
2-TDC during growth on semisolid media, but at lower levels than the fadD mutant. We demonstrate 
that, without affecting growth, 2-TDC influences surface motility and impairs biofilm formation not only 
in S. meliloti wild-type strains, but also in phylogenetically distant bacteria, including plant and animal 
pathogens. Although 2-TDC production has been reported for plants, animals, and several bacterial 
isolates, our study represents the first report that describes an effect of this methylketone on bacterial 
behaviours. Importantly, 2-TDC impairs nodulation of alfalfa plants by interfering with the bacterial 
ability to efficiently colonize the plant roots. Structural features of 2-TDC determine its biological 
activity in S. meliloti, suggesting specific receptor-mediated recognition. This work assigns a new role 
to 2-TDC as a chemical cue that might participate in interkingdom and interspecific communication in 
bacteria, with important consequences for the ecology of these microorganisms. 
 
(1) Soto et al. (2002) Mol. Microbiol. 43:371–382. 
(2) Nogales et al. (2010) BMC Genomics 11:157. 
(3) Amaya-Gómez et al. (2015) BMC Microbiol 15:58. 
(4) Williams et al. (1980) Science 207:888-889. 
 
This work was funded by ERDF-cofinanced grants BIO2010-18005 and BIO2013-42801-P from 
MINECO and CVI-03541 from Junta de Andalucía (Spain), by CONACyT-Mexico (153998) and by the 
JPI-AMR-Medical Research Council (MR/N501852/1). 
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A rhizobial effector protein inducing the symbiotic incompatibility between 
Bradyrhizobium diazoefficiens and soybean plants 
 
Masayuki Sugawara, Satoko Takahashi, Yosuke Umehara1, Hiroya Iwano, Hitoshi Kondo, Yuki Konno, 
Haruka Odake, Shusei Sato, Hisayuki Mitsui, Kiwamu Minamisawa 
 
Graduate School of Life Sciences, Tohoku University, Sendai, Japan 
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msugawara@ige.tohoku.ac.jp 
 
Root nodule formation on soybean (Glycine max L. Merr.) is controlled by several host genes referred 
to as Rj (rj) genes. Among them, a dominant allele Rj2 restricts nodulation by specific rhizobial strains 
including Bradyrhizobium diazoefficiens USDA 122. It has been revealed that rhizobial type III 
secretion system (T3SS) and a plant TIR-NBS-LRR resistance (R) protein were identified as the 
causal factors for inducing the symbiotic incompatibility (1, 2). Therefore, it has been inferred that 
Effector-Triggered Immunity (ETI) in Rj2 soybean cultivars is activated by unidentified T3SS effector 
protein injected from USDA 122 (3). In order to identify the causal effector protein in USDA 122, we 
isolated several spontaneous mutants that are able to induce nodule formation on Rj2-genotype 
soybean cultivar Hardee. Draft genome sequencing of the mutants revealed that the genomes of two 
mutants have a mutation by insertion of IS element in the locus of nopP, which was conserved as a 
T3SS effector gene in most rhizobial strains belonging to the Bradyrhizobium genus. An in-flame nopP 
deletion mutant of USDA 122 has normal nodulation ability for Rj2-genotype soybean cultivars, 
suggesting that nopP encodes a T3SS effector protein inducing Rj2 symbiotic incompatibility. NopP in 
USDA 122 differs four amino acid residues from that in B. diazoefficiens USDA 110T, which is 
compatible strain for Rj2-genotype soybeans. Gene swapping analysis between USDA 122 and 110T 
indicates that the deference of amino acid residues in NopP protein determines the symbiotic 
compatibility with Rj2 soybean. The results of BLAST search from database and nucleotide 
sequencing in private culture collection indicate that 10 types of NopP sequence were found from 69 
Bradyrhizobium strains. Among them, two types of NopP including 122-type showed Rj2 
incompatibility. Phylogenetic analysis showed that the strains inducing Rj2 incompatibility are not 
distributed depending on bradyrhizobial phylogenetic lineages, indicating that NopP independently 
evolved to adapt symbiotic compatibility. These results suggested that soybeans monitor a rhizobial 
T3SS effector, NopP, during infection and reject nodulation against specific variants of NopP via host 
R protein. 
 
(1) Tsukui et al. (2013) Appl. Environ. Microbial. 79:1048-1051. 
(2) Yang et al. (2010) Proc. Natl. Acad. Sci. USA. 107:18735-18740. 
(3) Gourion et al. (2015) Trends Plant. Sci. 20:186-194. 
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The role of Bradyrhizobium sp. DOA9 symbiotic plasmid and the nifV gene on the 
endophytic interaction with rice 
 
Kamonluck Teamtisong1, Jenjira Wongdee2, Pongpan Songwattana2, Pongdet Piromyou2, Nantakorn 
Boonkerd2, Panlada Tittabutr2, Toshiki Uchiumi3*, Eric Giraud4, Neung Teaumroong2*  
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Kamon@sut.ac.th 
 
Bradyrhizobium sp. strain DOA9 was isolated from rice field by using the Aeschynomene 
americana as a trapping plant. This strain is able to colonize and efficiently nodulate the roots of most 
plants tested of the Dalbergioid, Millettioid, and Robinoid tribes. In addition, DOA9 also colonized rice 
roots as endophytes. Unlike in other bradyrhizobia, DOA9 contained 2 replicons of one chromosome 
and one megaplasmid. Interestingly, the symbiotic genes including nodulation, nitrogen fixation, and 
type III/IV protein-secretion systems are located on this megaplasmid. This bacterium was able to fix 
nitrogen under both free-living and symbiotic states. Strain DOA9 also has nifV gene, which is found in 
free-living diazotrophs and photosynthetic bradyrhizobia, located on the chromosome. However, the 
DOA9 NifV protein was closely related to the non-photosynthetic bradyrhizobia more than that of 
photosynthetic bradyrhizobia. nifV gene encodes homocitrate synthase, which is an important 
component of the iron-molybdenum cofactors in nitrogenase and it is thought to be necessary for free-
living nitrogen fixation. To verify whether the symbiotic genes located on DOA9 megaplasmid and 
the nifV gene on the chromosome are important for the communication between rice and the strain 
DOA9, we have constructed the DOA9 cured plasmid strain and the ΔnifV mutant strain, The 
ΔnifV mutant and the plasmid cured derivative of DOA9 strains were used to investigate the 
endophytic interaction with rice compared with wild-type DOA9. Enumeration of culturable endophytic 
bradyrhizobium within different rice tissues showed that the poppulation of ΔnifV mutant and the 
DOA9 cured plasmid strains were higher than that of wild type. It could be indicated that some genes 
located on the megaplasmid as well as the nifV gene may have some effect on this mutualistic 
relationship. On the other hand, DOA9 might originally does not contain this megaplasmid and stay as 
endophyte with rice and finally receive horizontal gene transfer from other symbiotic bacteria to co-
evoluated symbiosis with legume. Interestingly, the rice inoculated with the ΔnifV mutant showed 
different phenotype when compared to the wild-type.   
 
(1) Noisangiam et al. (2012) Appl and Environ Microbiol 78(17): 6236-6250. 
(2) Teamtisong et al. (2014) Microbes Environ. 29:370-376. 
(3) Okazaki et al. (2015) PLoS One 10:e0117392. 
(4) Hagoyama et.al. (2009) Nature Vol 462(26): 514-518. 
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Mechanism of rice endophytic bradyrhizobial differentiation and its role on nitrogen 
fixation 
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neung@sut.ac.th  
 
Bacteroid differentiation in symbiosis with legumes in Inverted Repeat-Racking clade (IRLC) nodule 
are large polyploidy cells because of an increase in size, nucleic content and altering in shape. The 
differentiation is mediated by plant peptides [Nodule-specific cysteine-rich (NCR)] and bacterial 
peptide (BacA) (1, 2). The genus Bradyrhizobium encompasses a variety of bacteria that can live in 
symbiotic and endophytic associations with leguminous plants and non-leguminous plants, such as 
rice (3). From the previous study, our result revealed the presence of endophytic bradyrhizobia 
SUTN9-2 population with enlarged size in rice tissue. Thus, plant and bacterial factors may suspected 
to be involved in endophytic bradyrhizobial cell differentiation, similar to legume plant. In addition, we 
also found the expression of dinitrogenase reductase (nifH) gene in rice tissues. These results lead us 
to suspect that increasing in the endophytic SUTN9-2 cell size probably related to the stimulation of 
nitrogen fixation. To identify the cell differentiation and DNA content of rice endophytic bradyrhizobia, 
the morphology and ploidy level of the cell were examined using confocal laser scanning microscope 
and Flow-microfluorometric analysis. The results revealed cell elongation and a higher amount of 
nucleic acid in SUTN9-2 in rice tissue as compared to free-living cell. In order to determine the 
influence of cell differentiation on nitrogen fixing efficiency, the nifH-gus fusion was constructed to 
perform GUS assay in relation with nitrogen fixation. The lowest nifH gene expression of endophytic 
SUTN9-2 was observed at 2nd week under N-free and 1mM urea solutions. In contrast, nitrogen 
fixation efficiency was increased at 4th week and 10th week, respectively and slightly decreased at 12th 
week. However, the confirmation by qRT-PCR technique will be performed further. In addition, the 
mechanisms and factors in which plant and bacterial peptides manipulate the cell differentiation are 
absolutely unclear particularly in rice. Therefore, bacA gene mutation will be conducted to understand 
the mechanisms and factors involved in cell differentiation of rice endophytic bradyrhizobia. 
 
(1) Kondorosi et al. (2013) Annu. Rev. Microbiol. 67:611-628. 
(2) Haag et al. (2011) PLoS Biol. 9(10):e1001169. 
(3) Chaintreuil et al (2000) Appl. Environ. Microbiol. 66(12):5437-5447. 
 
This work was funded by Joint Research Program (NRCT-JSPS), Royal Golden Jubilee PhD. (RGJ-
Ph.D.), Suranaree University of Technology (SUT).  
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Sinorhizobium fredii NGR234 and HH103 form nitrogen fixing nodules with diverse 
wild-soybeans (Glycine soja) from Central China but are ineffective with those from 
Northern China 
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The host-range of Sinorhizobium (Ensifer) fredii strain NGR234 was the broadest ever described (1). 
S. fredii strain HH103 was found to associate with a subset of the legumes nodulated by NGR234. 
Although NGR234 and HH103 strains share many genomic features (2), only HH103 forms nitrogen-
fixing nodules with soybeans (Glycine max). S. fredii indigenous populations are prevalent in 
provinces of Central China whereas Bradyrhizobium species are more abundant in northern and 
southern provinces. We have tested a number of wild-soybean (Glycine soja) accessions collected in 
China, Russia, Korea or Japan for their symbiotic capacity with B. japonicum USDA110, B. elkanii 
USDA76, NGR234 or HH103 strains. Bradyrhizobial strains nodulated the wild-soybeans tested, yet 
efficacy of nitrogen fixation varied considerably amongst accessions. The symbiotic capacity of S. 
fredii strains with wild-soybeans from Central China was clearly better than with the accessions found 
elsewhere. To our knowledge, this is the first report that NGR234 may form nitrogen-fixing symbioses 
with Glycine soja. In order to identify the molecular cues responsible for the distinct HH103 and 
NGR234 host-ranges, symbiotic proficiency of a number of mutant and transconjugant bacteria was 
tested. The symbiotic capacity of mutants deficient in protein secretion via type three secretion 
systems (T3SS) varied considerably amongst the accessions tested. In addition, the symbiotic plasmid 
pNGR234a was tagged with Tn5-Mob (pNGR234a::Tn5-Mob) and mobilized into a pSym-cured 
derivative of S. fredii USDA193 (named USDA193C). USDA193C pNGR234a::Tn5-Mob 
transconjugants nodulated wild-soybeans from Central China but failed to nodulate the advanced G. 
max cv. Williams. Transfer of the HH103 symbiotic plasmid (pSymHH103::Tn5-Mob) to strain ANU265 
(a pNGR234a-cured derivative of NGR234) generated transconjugants that formed nitrogen-fixing 
symbioses with wild-soybeans but ineffective nodules on cv. Williams. These results suggest that 
genes of NGR234 not found on pNGR234a block nodulation on advanced soybean cultivars. 
 
(1) Pueppke and Broughton (1999) Mol. Plant-Microbe Interact. 12:293-318.  
(2) López-Baena et al. (2016) Int. J. Mol. Sci. 17.pii :E755.  
 
This work was supported by projects P11-CVI-7500 (Junta de Andalucia) and BIO201678409R (The 
Spanish Ministry of Science and Innovation), and by the V and VI Research Plan of the University of 
Seville (VPPI-US). 
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Transferring of Bradyrhizobium sp. DOA9 megaplasmid into photosynthetic 
Bradyrhizobium strain ORS278 impairs the nodulation and symbiosis with 
Aeschynomene indica 
 
Panlada Tittabutr1, Jenjira Wongdee1, Neung Teaumroong1, Nantakorn Boonkerd1, Joel Fardoux2, 
Nico Nouwen2, Eric Giraud2 
 

1School of Biotechnology, Institute of Agricultural Technology, Suranaree University of Technology, 
Nakhon Ratchasima, Thailand 
2IRD, Laboratoire des Symbioses Tropicales et Méditerranéennes, UMR 113, 
IRD/CIRAD/INRA/UM/SupAgro, Campus de Baillarguet, TA-A82/J, 34398 Montpellier Cedex 5, 
France 
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Bradyrhizobium sp. DOA9 is a non-photosynthetic bradyrhizobium originally isolated from nodule of 
Aeschynomene americana. This strain contains a symbiotic megaplasmid, which comprise of genes 
involved in nodulation, such as nod genes and genes for Type III and Type IV secretion systems. 
Thus, the megaplasmid of DOA9 may contain some key determinants that contribute its broad host 
range ability to nodulate the root of several legumes including Aeschynomene species belonging to CI 
group I and II. However, DOA9 cannot nodulate Aeschynomene species CI group III, which mostly 
nodulated by photosynthetic bradyrhizobia through the Nod factor (NF)-dependent and NF-
independent pathways. Interestingly, a photosynthetic Bradyrhizobium sp. strain ORS278 can 
nodulate Aeschynomene species CI group III, such as A. indica and A. evenia through the NF-
independent pathway since this bacterium does not contain nod genes. Therefore, it is interesting to 
transfer the symbiotic megaplasmid from strain DOA9 into strain ORS278 and investigate its 
nodulation ability on different legume species. The DOA9 with cefotaxime resistant gene tagged on 
megaplasmid (on intergenic region) was used as donor cell to transfer the megaplasmid (pDOA9) into 
strain ORS278 (spectinomycin resistant strain) by triparental mating. The transconjugant of 
ORS278:pDOA9 was obtained and stability of the plasmid was verified. The nodulation tests were 
performed with A. americana (usually nodulated by DOA9 but not ORS278) and A. indica (usually 
nodulated by ORS278 but not DOA9). At 21 day after inoculation, ORS278:pDOA9 could not nodulate 
A. americana. Only the nodule-like structure was found on the root. On the other hand, 
ORS278:pDOA9 could nodulate A. indica but it was not successfully symbiosis with plant. The 
necrotic nodules were obtained and there was no nitrogen fixation ability. The nodule observation with 
live-dead staining under confocal fluorescent microscope indicated that most of bacteroid cells could 
not differentiate and finally die in the symbiosome. This result revealed the effect of some factors 
produced from pDOA9 that trigger the plant immunity. Mutation of some target determinants, such as 
nod gene, T3SS, T4SS genes will be manipulated for further study.  
 
(1) Giraud et al. (2007) Science. 1307-1312. 
(2) Noisangiam et al. (2012) Appl. Envi. Microbiol. 78:6236-6250.  
(3) Teamtisong et al. (2014) Microbes Environ. 29:370-376. 
(4) Okazaki et al. (2015) PLoS ONE. 10(2):e0117392. 
 
This work was funded by Suranaree University of Technology and Bourses d'échanges scientifiques 
et technologiques (BEST) – IRD. 
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Plant species and common symbiotic pathway influence on symbiotic rhizobia and 
total microbiome 
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We are interested in the fate of symbiotic rhizobia in the soil of their host and non-host plants. 
Symbionts not only need to colonize the legume but also thrive in the soil in its absence. We are 
studying microbial communities of two legumes (Medicago and Pisum) and two non-legumes (Triticum 
and Arabidopsis) in four different plant compartments (bulk soil, rhizosphere, rhizoplane and 
endosphere). Soil is a reservoir of bacteria, archaea, unicellular eukaryotes and fungi and we are 
investigating the relationship between these groups and their overall influence on microbial symbiotic 
abundance and structure. We are also interested in the influence of plant common symbiotic pathway 
on the total and especially symbiotic microbial community structure. A set of Medicago symbiotic 
mutant plants was screened for their interactions with microbiome in the rhizosphere and we are 
currently looking further into rhizoplane and endosphere environment. In the near future we will use 
synthetic communities consisting of common soil bacteria and symbionts to unravel plant influence on 
them and their cross-species interactions. 
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PAS7-P48 
 
Characterization of the deficient nodule development of Rhizobium favelukesii LPU83 
in Medicago and their transcriptomic profiles 
 
Gonzalo Torres Tejerizo1,2, Daniel Wibberg1, Anika Winkler1, Jesus Montiel3, Rui Lima3, Attila Farkas3, 
Hanna Bednarz1, Andreas Schlüter1, Alfred Pühler1, Eva Kondorosi3, Karsten Niehaus1 
 

1CeBiTec, Bielefeld Universität, Bielefeld, Germany. 
2Instituto de Biotecnología y Biología Molecular, CONICET - Universidad Nacional de La Plata, La 
Plata, Argentina. 
3Institute of Biochemistry, Biological Research Center of the Hungarian Academy of Sciences Szeged, 
Hungary. 
 
gatt@biol.unlp.edu.ar 

 
Leguminous plants from the Inverted Repeat-Lacking Clade (IRLC) develop a symbiotic interaction 
with rhizobia that culminates in the formation of root nodules, where the rhizobia differentiate to a 
terminal stage. Previous studies have suggested that the differentiation process is driven by nodule-
specific cysteine-rich (NCRs) peptides (1). More than 600 secreted NCRs, which are targeted to the 
bacteria, are encoded in Medicago truncatula genome. The Medicago-rhizobia symbiosis is highly 
specific. Sinorhizobium/Ensifer meliloti and Sinorhizobium/Ensifer medicae are symbionts of various 
Medicago species. However, other rhizobia such as Rhizobium favelukesii are also able to produce 
nodules in Medicago. Rhizobium favelukesii LPU83T strain is more acid tolerant than other Medicago-
nodulating rhizobia and very competitive for nodulating M. sativa (alfalfa) in acidic soils, but inefficient 
in nitrogen fixation (2). The nodules developed by LPU83 harbor a low number of bacteroids and the 
senescence zone is larger compared to those of plants infected by E. meliloti 2011 (3).  

 We investigated the nodule development induced by LPU83 in M. truncatula. Nodule 
development, differentiation of nodule zones and the fate of bacteroids were investigated by 
microscopic observations. Formation of the infection threads and the release of the bacteria were 
normal, but failure in differentiation started early. LPU83 was neither elongated nor occupied the 
nodules in a similar way as the effective wild type strain E. meliloti 2011. This raised the question 
whether LPU83 was able to induce the NCR genes on the same way as the effective wild-type strains. 
RNAseq analyses of the whole nodules revealed that after four weeks of infection, 253 NCRs genes 
were downregulated in the LPU83 infected nodules compared to the E. meliloti 2011 infected nodules. 
In 10 days-old nodules, even more, 474 NCRs genes were downregulated. Thus, lack of certain NCRs 
or their perturbed balance could be a reason for the incorrect differentiation of LPU83. However, the 
transcriptomics approach showed that the changes are not only restricted to NCRs genes. 
Transcription of more than 5500 genes changed in nodules infected by LPU83 that collectively could 
be responsible to the incomplete differentiation of bacteroids and development of nitrogen-fixing 
nodules. 
 
(1) Van de Velde, W., et al., 2010. Science. 327, 1122-1126. 
(2) Torres Tejerizo, G., et al., 2016. Int J Syst Evol Microbiol. 66, 4451-4457. 
(3) Wegener, C., et al., 2001. Symbiosis. 30, 141-162. 
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The Sinorhizobium (Ensifer) fredii HH103 rkp-2 region is involved in the biosynthesis 
of lipopolysaccharide and exopolysaccharide but not in K-antigen polysaccharide 
production 
 
Sebastián Acosta-Jurado, Pilar Navarro-Gómez, Juan C. Crespo-Rivas, Carlos Medina1, Piedad del 
S. Murdoch2, Lidia Cuesta-Berrio3, Miguel Á. Rodríguez-Carvajal3, José E. Ruiz-Sainz, José M. 
Vinardell 
 
Departamento de Microbiología, Facultad de Biología, Universidad de Sevilla. 
1Centro Andaluz de Biología del Desarrollo, Universidad Pablo de Olavide, Consejo Superior de 
Investigaciones Científicas, Junta de Andalucía. 
2Departamento de Bioquímica Vegetal y Biología Molecular, Facultad de Biología, Universidad de 
Sevilla. 
3Departamento of Química Orgánica, Facultad de Química, Universidad de Sevilla. 
 
jvinar@us.es 
 
In addition to Nod factors and, in some rhizobia, to type 3 secreted effector proteins, several rhizobial 
surface polysaccharides are required for successful symbiosis with legumes (1). In Sinorhizobium 
(Ensifer) meliloti Rm41, the rkp-2 genetic region is involved in the biosynthesis of two of these 
polysaccharides (2): K-antigen polysaccharide (KPS) and lipopolysaccharide (LPS). This region is 
comprised of two genes, lpsL and rkpK, which are respectively responsible for the production of 
galacturonic and glucuronic acid.  

 In this work we have analyzed the relevance of the Sinorhizobium fredii HH103 rkp-2 region in 
surface polysaccharide production and in symbiosis with soybean and cowpea, two determinate-
nodule forming host legumes of HH103. The S. fredii HH103 lpsL and rkpK genes are highly identical 
to those of S. meliloti Rm41, so their encoded proteins are most probably responsible for the 
production of galacturonic and glucuronic acid in HH103. Inactivation of each of these genes resulted 
in alterations in LPS, but did not affect KPS production, which is in agreement with the lack of uronic 
acids in S. fredii HH103 KPS. Mutation of rkpK also impaired HH103 exopolysaccharide (EPS) 
production (this polysaccharide contains glucuronic acid) and affected different bacterial traits such as 
autoaggregation, osmosensitivity and biofilm formation on plastic surfaces. Regarding symbiosis, 
inactivation of rkpK diminished the number of nodules induced in cowpea but not in soybean. Mutation 
of lpsL had a deeper impact in symbiosis, leading to a complete impairment with cowpea (nodule 
primordia appeared but they did not develop further), whereas soybean plants inoculated with this 
mutant only formed pseudonodules. In both plants, fluorescence microscopy analyses showed that the 
HH103 lpsL mutant was negatively affected in root infection. 
 In previous works we had studied other S. fredii HH103 mutants affected in LPS production 
and demonstrated that they were severely impaired in symbiosis with several host legumes, including 
soybean and cowpea (3, 4). The results presented in this work confirm the symbiotic importance of 
HH103 LPS in symbiosis with legumes. 
 
(1) López-Baena et al. (2016) Int. J. Mol. Sci. 17, E755. 
(2) Kereszt et al. (1998) J. Bacteriol. 180, 5426-5431. 
(3) Margaret et al. (2012) Mol. Plant-Microbe Interact. 25, 825-838. 
(4) Margaret et al. (2013) PLOS ONE 8, e74717. 
 
This work was supported by ERDF-cofinanced grants from the Spanish Ministry of Science and 
Innovation (BIO2011-30229 and BIO2016-78409-R) and the Andalusia Government (P07-CVI-07500). 
SAJ and PNG are recipients of PhD grants from the VPPI of the University of Seville. 
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Fitness determinants for the colonization of pea roots by Rhizobium leguminosarum 
in nitrogen-fixing symbioses 
 
Rachel M. Wheatley, Vinoy K. Ramachandran, Philip S. Poole 
 
Department of Plant Sciences, University of Oxford, Oxford, United Kingdom.  
 
rachel.wheatley@plants.ox.ac.uk 
 
Insertion sequencing (INSeq) is a revolutionary technique that has allowed the high-throughput, global 
characterization of genes in an organism for their contribution to fitness in a given niche. This 
technique has been utilized to identify genes involved in growth in defined media in the lab (1, 2) and 
colonization of mammalian hosts by pathogens (3), but has yet to be used to identify fitness 
determinants for the colonization of plant roots by agriculturally important microorganisms. Here we 
describe successful utilization of this INSeq in Rhizobium leguminosarum bv. viciae 3841 (Rlv3841) to 
quantify gene fitness on a genome-scale for the root attachment and colonization of pea seedlings in 
nitrogen-fixing symbioses.  

 Attachment is an essential early stage in symbiosis, and represents the first physical 
interaction between prospective symbiotic partners. Attachment provides prime positioning to respond 
to nodulation signaling and anchors bacteria in the nutrient-rich environment of the rhizosphere. 
Fitness values in root attachment and growth in the rhizosphere were quantified for over 99% of genes 
in the genome of Rlv3841. These results and their downstream analysis give a novel genome-scale 
understanding of the fitness determinants of root attachment and colonization. Our approach allowed 
identification of 125 genes required specifically for root attachment, and 111 genes required 
specifically for growth in the rhizosphere. Around one third of these genes remain uncharacterized. 
Functional analysis shows a high proportion of the required genes encode cell envelope factors and 
identifies factors previously unknown as required for root colonization.  
 Fifteen transcriptional regulators were identified as being required specifically for root 
attachment, and the downstream targets for fourteen of these are uncharacterized. To validate fitness 
determinants in vivo, these identified attachment mutants were uniquely barcoded and pooled in a 
novel mass colonization competition experiment where attachment to pea roots was quantified with 
next-generation sequencing. We were able to use RNAseq to determine regulons of the regulator 
mutants and from this data infer the unknown transcriptional regulatory networks. This has allowed us 
to gain a new insight into the mechanism of root attachment and colonization utilized by Rlv3841 in 
nitrogen-fixing symbioses with peas.  
 
(1) Perry and Yost., 2014. BMC microbiology, 14(1), 298.  
(2) Wheatley et al., 2017. Journal of Bacteriology, 199 (1), e00572-16.  
(3) Van Opijnen and Camili, 2013. Nature Reviews Microbiology, 11(7), 435-442.  
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General stress response of Bradyrhizobium diazoefficiens: Control of PhyR activity by 
stress-specific kinases 
 
Janine Wülser, Raphael Ledermann, Barbara Müller, Anja Michel, Jean-Malo Couzigou, Julia A. 
Vorholt, Hans-Martin Fischer 
 
ETH Zurich, Institute of Microbiology, Zurich, Switzerland 
 
jwuelser@ethz.ch 
 
The ability to monitor and adapt to stressful environmental conditions is essential for bacterial growth 
and survival. In addition to highly stress-specific responses, many bacteria can mount a general stress 
response (GSR) that is activated by a variety of different signals and confers cross-protection. In 
Alphaproteobacteria, the central molecular step in GSR activation is aspartyl phosphorylation of the 
response regulator PhyR by HRXXN kinases. Phosphorylated PhyR sequesters the anti-sigma factor 
NepR, thereby releasing the sigma factor σEcfG, which redirects transcription towards stress response 
genes (1). Previous studies showed that the nitrogen-fixing bacterium Bradyrhizobium diazoefficiens 
requires the GSR core regulatory proteins PhyR and σEcfG not only for tolerance against a multitude of 
free-living stressors but also for establishment of an efficient symbiosis with its host plants, 
e.g. soybean (2). More recently, we have assessed the role of B. diazoefficiens PhyR phosphorylation 
for GSR activation in vivo. We demonstrated that a mutant phyR allele encoding a PhyR variant with 
the conserved phosphorylated aspartic acid replaced by alanine cannot complement a ΔphyR mutant, 
neither under different free-living stress conditions nor during symbiosis. 

 To date, relatively little information is available about the upstream signaling pathways 
controlling the phosphorylation status of PhyR in B. diazoefficiens. We identified 11 candidate HRXXN 
kinases for PhyR phosphorylation as well as a putative PhyR phosphatase. Since the HRXXN kinases 
display different degrees of functional redundancy, mutant strains lacking multiple candidate HRXXN 
kinases were constructed. Preliminary results indicate that mutants lacking multiple HRXXN kinases 
differ not only in their responsiveness to distinct free-living stressors but also in their symbiotic 
proficiency and nodulation competitiveness. Combining results from free-living and symbiotic 
phenotype analysis of these mutants might provide us hints about the signal(s) and signal transduction 
pathways leading to GSR induction during the symbiotic interaction of B. diazoefficiens with host 
plants.  
 
(1) Francez-Charlot et al. (2015) Trends Microbiol. 23:164-171. 
(2) Gourion et al. (2009) Mol. Microbiol. 73:291-305. 
 
This work was funded by grants of the Swiss National Science Foundation (31003A_153446 and 
31003A_173255) and grants from ETH Zurich. 
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Phosphatase CheZ modulates nodulation during the Azorhizobium caulinodans-
Sesbania rostrata symbiosis 
 
Zhihong Xie1,* Xiaolin Liu1,2, Wei Liu1, Yu Sun1,2 

 
1Key Laboratory of Coastal Biology and Bioresource Utilization, Yantai Institute of Coastal Zone 
Research, Chinese Academy of Sciences, Yantai, China 
2School of Earth Science, University of Chinese Academy of Science, Beijing, China 
 
zhxie@yic.ac.cn 
 
In the chemotaxis pathway of alpha-proteobacteria, the dephosphorylation of response regulator, 
CheY-P, was carried out by phosphate sink well studied by Sinorhizobium meliloti. In addition to 
phosphate sink, Azorhizobium caulinodans ORS571 also contains a CheZ, which is not present in the 
neighboring alpha-proteobacterium. Phosphatase CheZ was found in the chemotaxis pathway among 
the gamma- and beta-proteobacteria strains. In this study, we investigated the role of CheZ in the 
chemotaxis and related physiological processes of ORS571, especially in the interaction between 
ORS571 and the roots of its host plant, Sesbania. First, the sequence of ORS571 CheZ was aligned 
and predicted by bioinformatics. Secondly, we investigated the influence of CheZ in the chemotactic 
behavior and attachment of ORS571 to Sesbania using molecular biology methods. Finally, we 
explored the possible mechanisms that CheZ influences rhizobium-plant association via the test of 
production of polysaccharides, flocculation formation and biofilm formation. It was found that CheZ 
could affect the interaction between ORS571 and Sesbania roots through EPS. Above all, this was the 
first time to report that CheZ contributes to chemotaxis and inhibits Rhizobium adhesion to host and as 
key regulators of the A. caulinodans-S. rostrata symbiosis in alpha-proteobacteria.  
 
(1) Kawaharada, Y., Nielsen, M.W., Kelly, S., James, E.K., Andersen, K.R., Rasmussen, S.R. et al. 

(2017) Differential regulation of the Epr3 receptor coordinates membrane-restricted rhizobial 
colonization of root nodule primordia. Nat Commun 8: 14534. 

(2) Kawaharada, Y., Kelly, S., Nielsen, M.W., Hjuler, C.T., Gysel, K., Muszynski, A. et al. (2015) 
Receptor-mediated exopolysaccharide perception controls bacterial infection. Nature 523: 308-312. 

(3) Upadhyay, A.A., Fleetwood, A.D., Adebali, O., Finn, R.D., and Zhulin, I.B. (2016) Cache Domains 
That are Homologous to, but Different from PAS Domains Comprise the Largest Superfamily of 
Extracellular Sensors in Prokaryotes. PLoS Comput Biol 12: e1004862. 

(4) Wuichet, K., and Zhulin, I.B. (2010) Origins and diversification of a complex signal transduction 
system in prokaryotes. Sci Signal 3: ra50. 
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IPN2 transcription factor associates with NSP1/NSP2 to regulate NIN expression 
during symbiosis signaling in Lotus japonicus 
 
Aifang Xiao, Haixiang Yu, Yuqian Fan, Heng Kang, Hui Zhu，Deqiang Duanmu, Yangrong Cao, 
Zhongming Zhang 

 
State Key Laboratory of Agricultural Microbiology, Huazhong Agricultural University, Wuhan 430070, 
China  
 
zmzhang@mail.hzau.edu.cn 

The GRAS domain transcriptional regulators, Nodulation Signaling Pathway1 (NSP1) and NSP2, and 
the NODULE INCEPTION (NIN) transcription factor are indispensable for nodulation during legume-
rhizobium symbiosis (1). A MYB coiled-coil transcription factor IPN2 was previously found to be 
interacting with NSP2 and binding to the NIN promoter (2). However, the biological functions of IPN2 
in the nodulation process remain unclear. Here we show that the loss of function ipn2-1 mutant is 
impaired in phloem development. Infection thread formation is completely blocked in the ipn2-1 mutant, 
whereas cortical expression of IPN2 in wild-type MG20 plants results in significant increase of nodule 
number. The expression patterns of IPN2, NSP2 and NIN are partially overlapped in root hair (RH), 
non-RH epidermal cells, root cortex, root vascular tissue and nodule primordium during nodulation. In 
mature nodules, IPN2 is mainly expressed in the nodule parenchyma and vascular bundles, but NIN 
and NSP2 are displayed in the central nodule tissue and vascular bundles. Transactivation and EMSA 
analyses indicate that IPN2 specifically binds to the IPN2-RE (IPN2 response element) of the NIN 
promoter to activate its expression. Interestingly, NSP1 competes against IPN2 for the IPN2-RE to 
suppress the activation of NIN promoter by IPN2. In contrast, NSP2 can form a complex with IPN2 
and enhance the NIN expression. Collectively, these results demonstrate that IPN2 acts as an early 
symbiotic regulator to directly regulate the expression of the master symbiotic gene in nodulation 
signaling pathway. 
 
(1) Hirsch et al. (2009) The Plant cell, 21:545-557  
(2) Kang et al. (2014) The New phytologist, 201:837-849 
 
This work was funded by National Natural Science Foundation of China (grants 31370278, 31670240) 
and National Basic Research Program of China (973) grant 2010C126502. 
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Drought stress and the regulation of nodule metabolism in legumes 
 
Estíbaliz Larrainzar, Joseba Aldasoro, María Isabel Rubia, Libertad Cobos-Porras, Cesar Arrese-Igor 
 
Environmental Sciences Dept., Public University of Navarra, Campus Arrosadia, Pamplona, Spain 
 
estibaliz.larrainzar@unavarra.es 
 
Drought is a major factor in agricultural productivity, provoking significant crop losses worldwide. 
Symbiotic nitrogen fixation (SNF) is very sensitive to a range of biotic and abiotic stresses, particularly 
drought. Under water-deficit conditions, SNF is rapidly inhibited in legumes, a process that has been 
shown to occur even before a measurable decline in photosynthetic activity. Experimental evidence 
coming from different approaches such as split-root experiments and the application of “omic“ 
technologies suggest that during drought SNF is regulated at the local level (1, 2). In terms of changes 
in the metabolism of nodules, one of the first responses observed include the reduction of the levels of 
carbon compounds available for bacteroid respiration via sucrose synthase (3). More recent studies 
have also identified that there is a decrease in the biosynthesis of amino acids in the plant cells, 
mostly asparagine and methionine. The possible implication of sulfur metabolism and ethylene 
biosynthesis in response to drought has been also explored (4). Interestingly, analyses of both pasture 
and grain legumes indicate the existence of common regulatory points in response to water-limiting 
conditions. Experiments in which vapour pressure deficit has been applied to create atmospheric 
drought conditions or the use of symbiotic bacteria with altered amino acid transport or increased 
respiration rates have provided new insights into the contribution of the symbionts in response to 
drought. 
 
(1) Marino et al. (2007) Plant Physiol. 143: 1968-1974. 
(2) Gil-Quintana et al. (2013) J. Exp. Bot. 64:2171-2182. 
(3) González et al. (1995) J. Exp. Bot. 46:151515-23. 
(4) Larrainzar et al. (2014) Plant Cell Env. 37:2051-2063 
 
This work was supported by the Ministry of Economy and Competitiveness (AGL2014-56561-P and its 
corresponding FEDER funding). JA is the holder of a PhD fellowship from UPNa (FPI Programme), 
MIR and LC-P are holders of PhD fellowships from the FPI program and EL is a postdoctoral Juan de 
la Cierva fellow. 

 
  



 
 
 

 

 
Parallel Session 8: Environmental Constraints to Nitrogen Fixation and Crops Productivity 

 
266 

PAS8-O02 
 
Is there a new possibility to increase the productivity of supernodulating legume 
mutants? 
 
Joachim Schulze1, Rebecca Liese2, Ricardo A. Cabeza3  
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University of Goettingen, Carl-Sprengel-Weg 1, 37075 Goettingen, Germany. 
2Plant Ecology, Albrecht von Haller Institute for Plant Science, University of Goettingen, Untere 
Karspüle 2, 37073 Goettingen, Germany. 
3Departmento de Producción Agrícola, Facultad de Ciencias Agrarias, Universidad de Talca, Casilla 
747, Talca, Chile. 
 
jschulz2@gwdg.de 
 
Legume plants evolved a regulatory system for adjusting the nodule number to the N-demand. These 
nodules provide a constant flow of N, adjusted to the plants objective to efficiently produce viable 
seeds rather than exploiting the maximum biomass production potential. Easily available external 
ammonium versus exclusive N supply by nodules results in significantly better growth. When the 
autoregulatory mechanisms (AON) of nodulation are mutated, the legumes form up to ten times more 
nodules. However, this results in lower overall productivity of the plants. The current understanding is 
that the plants‘ capacity to support the excessive number of nodules through sufficient assimilates is 
overstretched. We show here that this might not be the primary reason for the lower productivity. 
Using a system that allows the long-term, continuous and non-invasive measurement of nitrogenase 
activity, we show that a regulated number of nodules provide a constant, precisely adjusted flow of N. 
Additional external N-supply or a growth rate reduction results in a decline of the per plant nitrogen 
fixation. This decline, however, is not linear but occurs as a highly conserved 24 h nitrogenase activity 
rhythm. The occurrence and intensity of that rhythm strongly depends upon an (over)-sufficient N-
supply of the plant shoots. Supernodulated mutants show this rhythm in a strong form under all, 
including optimal growth conditions with no external N source. Two periods of a strong decline in 
activity (afternoon and early night) are followed by recovery periods which gives the activity an overall 
rhythmic appearance. We present an RNA-seq study (miRNA) that tries to isolate the form in which 
the message that downregulates nitrogenase activity travels from leaves to nodules. Uncoupling the 
activity from the shoots N status would probably significantly boost plant growth due to a resulting N 
source that is not regulated but provides a continuous over-sufficient N-supply.  
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Characterization of three Medicago truncatula PHO2 genes reveals different roles in P 
utilization and symbiotic nitrogen fixation  
 
Raul Huertas-Ruz1, Ivone Torres-Jerez1, Shaun Curtin2, Michael Udvardi1. 
 
1Noble Research Institute LLC, Ardmore, Oklahoma. USA. 
2University of Minnesota, St. Paul, Minnesota. USA. 
 
rhuertas@noble.org 
 
Legumes are key to sustainable farming systems because of their capacity to fix atmospheric nitrogen 
via symbiosis with rhizobia. Symbiotic nitrogen fixation (SNF) is sensitive to environmental stress, 
including nutrient deficiency. Insufficient available soil phosphorus (P) limits legume SNF in many soils 
(1). Maintenance of P homeostasis in nodules is considered a main adaptive strategy to maintain 
symbiotic performance under P-deficiency, although underlying mechanisms are poorly understood. 

The ubiquitin E2 conjugase, PHO2 is a key component of the P-starvation response that 
controls transporters involved in P uptake and P allocation in the non-legumes, Arabidopsis and wheat 
(2, 3). However, little is known about the role of PHO2 homologs in legumes. In this study, we aim to 
elucidate the role of PHO2 in the maintenance of P homeostasis and during SNF in the model legume, 
Medicago truncatula.  

We have identified three MtPHO2-like genes. Analysis of the spatiotemporal expression pattern 
of the MtPHO2 genes revealed distinct patterns of expression for each gene and differential regulation 
in root and shoots under P-starvation. Interestingly, two of the MtPHO2 genes show induction in 
response to N-deprivation in roots, suggesting interaction between P and N stress. Preliminary 
phenotypic analysis of individual homozygous Tnt1-insertion, CRISPR and a double mutants revealed 
different levels of plant performance with and without P limitation, and in SNF conditions. Analysis of 
P-concentration in different organs including nodules reveals a possible connection between P 
allocation, plant growth and SNF performance. 

Currently, we are trying to find out which high-affinity P transporters and other proteins, 
responsible for the P uptake and P allocation in the different organs, could be regulated by the 
different MtPHO2 proteins. 
 
(1) Sulieman and Phan Tran, 2015. Plant Sci 239: 36-43  
(2) Heuer et al., 2016. Plant J, online version. 
(3) Ouyang et al., 2016. Scientific Reports 6: 29850 
(4) Cabeza et al., 2014. J Exp Bot 65 (20): 6035-6048 

 
This work was supported by the Samuel Roberts Noble Foundation 
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Computing plants: how pea plants allocate resources among multiple rhizobial strains  
  
A. Westhoek1,2, Neil Dalchau3, Philip S. Poole1, Lindsay A. Turnbull1  
  
1University of Oxford, Department of Plant Sciences, Oxford, United Kingdom.  
2Systems Biology Doctoral Training Centre, University of Oxford, Oxford, United Kingdom  
3Biological Computation group, Microsoft Research Cambridge, Cambridge, United Kingdom  
  
annet.westhoek@plants.ox.ac.uk 
  
The symbiosis between plants of the legume family and nitrogen-fixing rhizobia makes legume crops 
major providers of protein in human diets. Rhizobial strains are found across the world, but are highly 
variable in how much nitrogen they provide. Inoculation of agricultural fields with ‘elite’ strains does not 
always lead to increased yields, at least not over multiple seasons. Considerable research effort has 
therefore been put into selection of highly effective rhizobial strains that are also competitive in 
colonizing plant roots compared to resident strains. However, the problem of ineffective strains has 
received much less attention from the plant perspective. Evolutionary theory on the stability of 
mutualisms predicts that plants are likely to have evolved mechanisms against ineffective strains1. A 
mechanism for which evidence has been provided is sanctioning, in which plants provide fewer 
resources to nodules that provide little or no nitrogen2. In the field, however, a legume host is usually 
infected by multiple rhizobial strains that differ in how much nitrogen they provide. We studied 
resource allocation to those different strains, using a combination of mathematical modelling and 
growth room experiments.  

We developed a plant growth model and, based on model predictions, hypothesized that plants 
would not allocate resources in proportion to nitrogen fixation rates, but invest disproportionally in the 
best available rhizobial strain. We then tested these predictions using sets of strains that are similar 
except for rates of nitrogen fixation (non-fixing, fully-fixing, and fixing at an intermediate level). We 
found that resources allocated to the intermediate-fixing strain depend on which other strain is present 
on the plant. The intermediate-fixing strain forms large nodules when co-inoculated with the non-fixing 
strain, but small nodules when co-inoculated with the fully-fixing strain. When plants are inoculated 
with three strains, the fixing strain forms large nodules, while the non-fixing and intermediate-fixing 
strains form equally small nodules. Thus, plants are able to compare nitrogen fixation rates of different 
nodules and adjust resource allocation accordingly. We discuss possible mechanisms for how plants 
might achieve this, and how rhizobial populations in the soil are affected.  
  
(1) Heath, K. & Tiffin, P. (2009) Evolution 63: 652-662.  
(2) Kiers, E.T. et al. (2003) Nature 425: 78-81.  
  
Annet Westhoek would like to acknowledge funding from the Engineering and Physical Sciences 
Research Council (EPSRC, grant number 1364881).   
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Differences in the global transcriptomics of Lotus japonicus plants growing under 
symbiotic and non-symbiotic conditions 
 
Carmen M. Pérez-Delgado, Margarita García-Calderón, Marco Betti, Antonio J. Márquez  
 
Departamento de Bioquímica Vegetal y Biología Molecular, Facultad de Química, Universidad de 
Sevilla, Calle Prof. García González 1, 41012 Sevilla, Spain. 
 
cmperez@us.es 
 
It is well known that the establishment of rhizobial symbiotic conditions in legume plants produces a 
vast rearrangement in the expression of many genes from the plants as well as the rhizobia. In this 
work we have determined the whole number of genes differentially expressed between nodulated and 
non-nodulated plants from the model legume Lotus japonicus using a whole transcriptomic approach. 
Plants were grown either under symbiotic conditions with Mesorhizobium loti TONO JA76, or under 
non-symbiotic conditions with NH4NO3 as the N source. The exact number of genes differentially 
expressed in shoots or roots from both groups of plants was determined. 

On the other hand, it was also examined the global transcriptomic changes that may be 
produced in the nodulation process as a result of the lack of plastidic glutamine synthetase (GS2). 
Previous studies have shown that GS2 deficiency resulted in profound limitations in carbon 
metabolism that affected the nodulation process and nitrogen fixation (1-3). For this reason we have 
also evaluated the transcriptomics differences between L. japonicus plants growing under symbiotic 
and non-symbiotic conditions in Ljgln2-2 mutants deficient in the plastidic isoform of glutamine 
synthetase. 

The results obtained indicate the presence of a total of 40 and 210 probesets that were 
differentially expressed respectively in shoots and roots of nodulated versus non-nodulated wild type 
plants. This number of genes was increased by 2-3 folds in the case of GS2-deficient mutant plants. 
The analysis of the particular genes that altered their expression either in common or differentially 
between WT and mutant plants, allowed us to trace the role of plastidic GS2 in the symbiotic process 
and also enabled to obtain new insights in the crosstalk between shoots and roots as a result of 
nodulation.  

 
(1) García-Calderón et al. 2012. Mol Plant Microbe In. 25, 211-219. 
(2) Betti et al. 2014. J. Exp. Bot 65, 5557-5566. 
(3) Pérez-Delgado et al. 2016. J. Exp. Bot. 67, 3095-3108. 
 
Acknowledgements: Authors wish to thank financial support given by MINECO (Spain) (research 
project AGL2014-54413-R). 
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NCHAIN – optimizing rhizobium-clover interactions 
 
Sara Moeskjær1, M. Izabel Cavassim Alves1,2, Marni Tausen1,2, Bryden Fields3, Emma Smith3, Marc 
Clausen1, Bjarni Vilhjalmsson2, Inger Bertelsen4, Istvan Nagy1, Torben Asp1, Dario Fe5, Niels 
Roulund5, Christian S. Jensen5, Oliver Kent6, Bruce Knight6, Ville Friman3, Luc Janss1, Mikkel Heide 
Schierup2, Peter Young3, Stig Uggerhøj Andersen1 
 
1Department of Molecular Biology and Genetics, Aarhus University, Aarhus, Denmark.  
2Bioinfomratics Research Centre, Aarhus University, Denmark.  
3University of York, York, UK. 
4SEGES, Landbrug & Fødevarer F.m.b.A., Aarhus, Denmark.  
5DLF Research Centre, Store Heddinge, Denmark.  
6Legume Technology LTD, Eastbridgford, UK. 
  
sua@mbg.au.dk 
 
In agriculture, nitrogen (N) is an important macronutrient critical for plant yield. Without access to 
synthetic N fertilizers, many Danish organic farmers face a severe challenge in providing sufficient 
amounts of nitrogen for optimal crop yield. The main N contribution often comes from clover/grass 
swards, which both generate feed for livestock and provide N fertilization and soil improvement for 
successive crops in a crop rotation scheme. The N chain in this production system has four main links: 
1) Symbiotic N2 fixation by rhizobia; 2) Transfer of fixed N to legume hosts (clover); 3) Transfer of fixed 
N to other plant species (grasses); 4) Transfer of plant N to cattle. Overall, the efficiency depends 
heavily on interspecies interactions between rhizobium/clover and clover/grass, and the NCHAIN 
project aims to optimize these through genomic prediction of interspecies interactions. Here, progress 
on the analysis of rhizobium/clover interactions will be presented. So far, we have sequenced the 
genomes of 200 Rhizobioum leguminosarum strains and established and genotyped 200 white clover 
plants. In 2017, 1800 rhizobium/clover combinations will be phenotyped for yield and protein content in 
greenhouse trials using cloned clover material. Our pilot experiments have indicated that the variation 
in yield introduced by varying the rhizobium inoculant is as large as the variation in yield between 
individual clover genotypes, suggesting that there is a large scope for yield improvement by optimized 
matching of clover and rhizobium genotypes. To validate greenhouse results, the first field trials using 
pelleted clover seeds coated with rhizobium inoculants are being initiated in 2017. In addition to yield, 
we will score plant establishment and track rhizobium populations in soil and nodules in the field trials.  
 
NCHAIN is funded by Innovation Fund Denmark, grant number 4105-00007A. 
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PAS8-P02 
 
Expression of phytoglobin genes of Glycine max as abiotic stress response  
 
Masato Araragi, Mitsutaka Fukudome, Airi Ikeura,Toshiki Uchiumi 

 
Graduate School of Science and Engineering, Kagoshima University, Japan 

 
k9009168@kadai.jp 

 
Soybean is the world’s leading economic oilseed crop and vegetable protein for food and feed. Nitric 
oxide (NO) is one of the key players in plant stress signaling, including biotic and abiotic stresses. 
Under conditions of submergence of the root system or flooding, NO produced as a hypoxic response 
not only inhibits nitrogenase in root nodules but also damages nodule cells. Flooding often reduces 
yield of soybean. Plant hemoglobins (phytoglobins, Pgbs) are classified into three classes, class 1, 
class 2 and class 3. Class 2 Pgb of leguminous plant is leghemoglobin that is expressed exclusively in 
nodules and creates microaerbic condition for nitrogenase activity of the microsymbionts. Class 1 
Pgbs controll NO level in plants and have influence on stress tolerance. In Lotus japonicus and 
Medicago truncatula, NO scavenging activity of class 1 Pgb is required to optimize the symbiotic 
nitrogen fixation (1, 2). Overexpression of a class 1 Pgb enhances nitrogenase activity with lowered 
level of NO inside the nodules (3). Induction of Pgb genes alleviates flooding stress of corn plants (4). 

The Pgb genes of the all three classes have been identified on the genome of soybean, Glycine 
max. Expression of Pgbs of G. max cv. Fukuyutaka was investigated in the root under several abiotic 
stresses. GmHb1, class 1 Pgb of G. max, and GmHb3, class 3, were significantly induced by flooding 
and by excess amount of nitrate, respectively. Both genes were slightly induced by salinity and 
showed their highest expression in the nodule. These results suggest that both of GmHb1 and GmHb3 
are induced by NO and involved in NO modulation as same as Pgbs in other plants. These Pgb genes 
can be genetic tools useful for genetic engineering of G. max with improved environmental 
adaptations. 

 
(1) del Giudice et al. (2011) New Phytol. 191: 405-17. 
(2) Fukudome et al. (2016) J. Exp. Bot. 67: 5275-83. 
(3) Shimoda et al. (2009) Plant J. 57: 254-63. 
(4) Youssef et al. (2016) Ann Bot. 118: 919-31. 
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Nodule proteome responses to variations of atmospheric vapour-pressure deficit in 
well-watered soybean plants 
 
Joseba Aldasoro, Estibaliz Larrainzar, Joaquín Fernández-Irigoyen1, Enrique Santamaría1, Cesar 
Arrese-Igor 
 

Department of Environmental Sciences. Public University of Navarra. Campus Arrosadia. E-31006 
Pamplona (Spain) 
1Proteored-ISCIII, Proteomics Unit, Navarrabiomed, Departamento de Salud, Universidad Pública de 
Navarra, IDISNA, Navarra Institute for Health Research, Pamplona, Spain  
 
cesarai@unavarra.es 
 

Biological nitrogen fixation (BNF) in the legume-rhizobium symbiosis can be affected by different 
abiotic factors such as water stress, nutritional deficiencies, soil acidity, salinity, etc., being drought 
one the most relevant stress (1). Hence, the study of the drought effects on BNF is of primary 
relevance in order to minimize crop damage. While edaphic drought has been extensively studied (2, 
3), little is known on the effects of atmospheric drought. The main objective of this work was to further 
understand the relationship between vapour pressure deficit (VPD) and BNF in well-watered, 
nodulated soybean plants (Glycine max (L.) Merr.), and to analyze the effects of changes in 
atmospheric vapour pressure on the nodule proteome. Plants were subjected to VPD variations by 
altering the relative humidity of the air surrounding the canopy. Physiological determinations, the 
concentration of metabolites in nodules, and the nodule proteome were analysed. Data were taken at 
the onset of the treatment, and 4 and 8 hours thereafter.  

VPD variations provoked the increase in apparent nitrogenase activity and affected the 
concentration of N- and C-compounds in nodules, suggesting a strong C/N interaction in the regulation 
of BNF in soybean nodules upon atmospheric water stress. At the nodule proteome level, we 
observed a rapid response with differences in the abundance of certain proteins as soon as 4 hours 
after the onset of the treatments. Interestingly, although soybean nodules are ureide exporters, as 
transpiration and transport declined, a number of proteins related to amino acid metabolism, but not to 
ureide metabolism, were among the proteins most strongly affected. 
 
(1) Arrese-Igor et al (2011). Plant Stress 5: 24-31 
(2) Ladrera et al. (2007). Plant Physiology, 145: 539-546. 
(3) Larrainzar et al. (2007). Plant Physiology, 144: 1495–1507 
 
This work was supported by the Ministry of Economy and Competitiveness (AGL2014-56561-P) and 
its corresponding FEDER funding. JA is the holder of a fellowship from UPNa (FPI Programme) and 
EL from the Juan de la Cierva Programme. 
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Morphogenic and structural characteristics of Xaraes grass inoculated with plant 
growth promoting bacteria 
 
Ulysses Cecato, Camila Fernandes Domingues Duarte, Mariângela Hungria1, Sandra Galbeiro2, 
Edneia Pereira Rosa3, Thiago Trento Biserra, Maria Augusta Zanlucki Sella, Renan Sanches, Diogo 
Rodrigues da Silva 
 
Universidade Estadual de Maringá, Departamento de Zootecnia, Maringá, Paraná, Brasil 
1Embrapa Soja, Londrina, Paraná, Brasil 
2Universidade Estadual de Londrina, Departamento de Zootecnia, Londrina, Paraná, Brasil 
3Universidade Federal de Mato Grosso do Sul, Departamento de Zootecnia, Campo Grande, Mato 
Grosso do Sul, Brasil 
 
ulyssescecato@gmail.com 
 
The objective of this study was to evaluate the inoculation of bacteria strains in the morphogenetic and 
structural characteristics of Brachiaria brizantha cv. BRS Xaraes. The experiment was carried out in a 
completely randomized design, under greenhouse conditions, for 12 months. The treatments 
consisted of six bacteria (no bacteria, Azospirillum brasilense Ab-v5, Azospirillum brasilense Ab-v6, 
Pseudomonas fluorescens total, Pseudomonas fluorescens ET76 and Pantoea) and three nitrogen 
doses (zero, 50 and 100 kg N ha-1), In a 6x3 factorial scheme, with 4 replicates. The inoculums were 
prepared with concentration of 108 cells mL-1 and 15 mL of inoculum was applied to each kilo of seeds. 
In all vessels, phosphorus, potassium and 20 kg of N ha-1 were corrected. Two tillers were 
demarcated and once a week pseudocolus height and length of each leaf blade were measured. 
These measures were used to determine leaf elongation rates, phyllochron, leaf elongation rate, 
senescence rate, leaf life span and number of live leaves per tiller. The means between the control 
groups and the treated groups were compared by the Dunnet test and the means between the 
treatments were compared by the Tukey test. PROC GLM was used from the statistical package 
"Statistical Analisys System" - SAS V 9.2 at 5%. There was no interaction between bacteria and 
nitrogen doses in any of the evaluated characteristics. The 100 kg dose of N provided higher TAlF 
(3,33 cm dia-1), but the P. fluorescens total, P. flourescens ET76 and Pantoea bacteria gave 25% 
higher leaf elongation rates than the control. The highest leaf life (58 days) occurred in the two strains 
of Pseudomonas, with an increase of 31% in relation to the dose of 100 kg of N (44 days). It is 
concluded that fertilization is a strategy to improve the morphogenetic and structural characteristics of 
the xaraes grass. However, the inoculation with the strains of Pseudomonas fluorescens and Pantoea 
proved to be competitive in improving the morphogenic and structural characteristics of B. brizanthacv. 
BRS Xaraes. 
 
This experiment is funded by the Agrisus Foundation. 
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Nitrogen fixation of common bean plants inoculated with Rhizobium etli with 
enhanced respiration capacity is increased under recovery of plants after drought 
 
Libertad Cobos-Porras, Lourdes Girard1, Choura Talbi1, Georgina Hernández1, Cesar Arrese-Igor 
 

Department of Environmental Sciences. Public University of Navarra. Campus Arrosadia. E-31006 
Pamplona. Spain. 
1Center for Genomic Sciences. UNAM. Cuernavaca. Mexico. 
 
libertad.cobos@unavarra.es 
 
Common bean (Phaseolus vulgaris L.) is the most important legume for direct human consumption 
worldwide. It is highly produced in Latin America and the Mediterranean region, and its production is 
limited by several biotic and abiotic stresses such as drought. Drought is one of the adverse conditions 
that more commonly affects terrestrial plants and is considered one of the most important limiting 
factors for plant growth and productivity (1). In legumes, this productivity, is particularly affected by 
drought stress because these plants depend on symbiotic N2 fixation (SNF) for their nitrogen 
requirements. The limitation of productivity is associated with a lower growth of the host plant, poor 
development of the root nodules and, consequently, a reduction of the nitrogen-fixation capacity. 

Several studies have reported that genetically modified rhizobial strains that overproduce the cbb3 
oxidase are more efficient in biological nitrogen fixation under optimal conditions compared to their 
parental strains (2, 3). Granados-Baeza et al (2007) showed that inoculation of common bean plants 
with a Rhizobium etli strain CFNX713, which overexpresses the cbb3 oxidase, improves nitrogen fixation 
capacity in control conditions. Under drought stress this inoculation increased the respiratory capacity of 
bacteroids and improved the tolerance of the common bean-R. etli symbiosis (3). 

In the present work was analysed the involvement of nodule C and N metabolism in the 
regulation of SNF in Phaseolus vulgaris- Rhizobium etli strain CFNX713 symbiosis under drought and 
a subsequent recovery of plants. Under the latter conditions, the symbiosis exhibiting a higher 
respiration capacity seemed to be particularly efficient. 
 
(1) Arrese-Igor et al (2011). Plant Stress 5: 24-31 
(2) Granados-Baeza et al (2007). Molecular Plant–Microbe Interactions 20: 1241-1249. 
(3) Talbi et al (2012). Journal of Experimental Botany 63: 5035-5043.  
 
This work was supported by the Ministry of Economy and Competitiveness (AGL2014-56561-P) and 
its corresponding FEDER funding. LCP is the recipient of a fellowship from the FPI Programme 
(MINECO). 
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PAS8-P06 
 
The role of the anfH and nifH genes of the plant growth-promoting bacterium 
Kosakonia radicincitans DSM16656T cultured under standard biological nitrogen 
fixation growth conditions 
 
LK Ekandjo, R Remus, Y Becker, K Witzel, S Ruppel 
 
Leibniz Institute for Vegetables and Ornamental Crops, Großbeeren, Germany 

Kosakonia radicincitans DSM16656T is a plant growth promoting bacterium that exhibits multiple plant 
growth promoting characters (1). It colonizes both the plant phyllo and rhizosphere regions and boost 
growth of non-leguminous vegetables such as tomatoes (Solanum lycopersicum), Brassica oleracea 
and radish (Raphanus sativus) (2, 3) upon inoculations. Its Biological Nitrogen Fixation (BNF) ability 
might be vital in yield increases in inoculated non-leguminous vegetables. K. radicincitans has the 
MoFe-nitrogenase and the FeFe-nitrogenase. To investigate the role of these two nitrogenase 
systems of this strain, site directed mutation was to conducted to delete nifH and anfH and create 
single and double mutants of K. radicincitans DSM16656T that were used in a 15N2 isotopic labelling 
experiment. Our data demonstrated that only the removal of nifH negatively impacted BNF in this 
strain, but the removal of anfH did not impact it in anyway. To this end, the FeMo-nitrogenase seemed 
as the key player nitrogenase in K. radicincitans DSM16656T.  

(1) Witzel, K., M. Gwinn-Giglio, S. Nadendla, K. Shefchek and S. Ruppel (2012). "Genome sequence 
of Enterobacter radicincitans DSM16656(T), a plant growth-promoting endophyte." J Bacteriol 
194(19): 5469. 

(2) Berger, B., A. K. Brock and S. Ruppel (2013). "Nitrogen supply influences plant growth and 
transcriptional responses induced by Enterobacter radicincitans in Solanum lycopersicum." Plant 
and Soil 370(1): 641-652. 

(3) Berger, B., M. Wiesner, A. K. Brock, M. Schreiner and S. Ruppel (2015). "K. radicincitans, a 
beneficial bacteria that promotes radish growth under field conditions." Agronomy for Sustainable 
Development 35(4): 1521-1528. 
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QTL for nitrogen utilization efficiency in the recombinant afila lines of a mapping 
population of field pea (Pisum sativum L.) 
 
Magdalena Gawłowska, Andrzej Górny, Dominika Ratajczak, Alicja Niewiadomska1, Wojciech 
Święcicki, Katarzyna Beczek, Anna Durska, Michał Knopkiewicz2 
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2Adam Mickiewicz University, Poznań, Poland 
 
mgaw@igr.poznan.pl 
 
The breeding progress in field pea was a consequence of correcting the harvest index. Further 
provisions would come from resistance to abiotic and biotic stresses. Our preliminary research 
revealed the existence of a genetic variation in the effectiveness of the use of soil resources. We 
consider that an identification of genome regions associated with the N efficiency in the field pea could 
help to establish their relationships with the photosynthetic efficiency, lodging and yield performance. 

In the glasshouse and field experiments, variance of relevant traits was examined in 
CarnevalMP1401 population during their whole growth season under varied nitrogen nutrition. The 
indices of N efficiency were determined. The Windows QTL Cartographer 2.0 (2007) software was 
used for composite interval mapping (CIM). 

Yields decreased by 15% under nitrogen deficiency in the glasshouse conditions, and by 75% in 
the stressful field conditions. The correlations between the plant performance and the efficiency of 
nitrogen utilization in the development of seed weight (NUtE) were positive in field experiments 
(r=0.95 Wiatrowo optimal conditions, r=0.50 Wiatrowo reduced nitrogen supply, r=0.65 Przebędowo 
stress conditions). The more stressful environments, the higher share of the physiological parameters 
in the performance of the crop. 

Three QTL conditioned seed yield, 3 QTL amount for nitrogen uptake (NAC), 1 QTL was 
associated with the seed yield per unit of accumulated N (Gw/Ng) and 1 QTL with the nitrogen 
efficiency of in the formation of vegetative mass (NUtEveg) in 2014. One QTL conditioned % N seed 
content and 1 QTL was responsible for yield per unit of N taken up (Gw/Ng) in 2015. The SSR 
markers allow for QTL comparison with other authors. Bourion et al. (1) mapped 32 quantitative trait 
loci for root traits, 24 for nodule traits and 7 for seed N accumulation in similar map locations, 
highlighting the possibility of breeding new pea cultivars with increased root system size, sustained 
nodule number, and improved N nutrition. The QTL number in our and their experiments was similar. 
 
(1) Bourion V. et al. (2010) Theoretical And Applied Genetics 121 (1): 71-86. 
 
Analysis was financed by the National Project of the Polish Ministry of Agriculture and Rural 
Development (HORhn-801-8/14). 
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Polyamines contribute to salinity tolerance in the symbiosis Medicago truncatula-
Sinorhizobium meliloti by preventing oxidative damage 
 
José A. Herrera-Cervera, J. Rubén Muñoz-Sánchez, Javier Hidalgo-Castellanos, Agustín J. Marín-
Peña, Miguel López-Gómez, Carmen Lluch 
 
Departamento de Fisiología Vegetal, Facultad de Ciencias, Universidad de Granada, Campus de 
Fuentenueva s/n, 18071 Granada, Spain 
 
jahc@ugr.es 
 
Polyamines (PAs) are small ubiquitous polycationic compounds that contribute to plant adaptation to 
salt stress (1). The positive effect of PAs has been associated to a cross-talk with other anti-stress 
hormones such as brassinoesteroids (BRs), also involved in anti-stress responses in plants (2). In this 
work we have studied the effects of exogenous PAs such as spermidine (Spd) and spermine (Spm) in 
the response to salt stress of the symbiotic interaction between Medicago truncatula and 
Sinorhizobium meliloti by analyzing parameters related to nitrogen fixation, oxidative damage and 
cross-talk with BRs in the response to salinity. 

Exogenous PAs incremented the foliar and nodular Spd and Spm content which correlated with 
an increment of the nodule biomass and nitrogenase activity. Exogenous Spm treatment partially 
prevented proline accumulation which suggests that this polyamine could replace the role of this 
amino acid in the salt stress response. Additionally, Spd and Spm pre-treatments reduced the levels of 
H2O2 and lipid peroxidation under salt stress. PAs induced the expression of genes involved in the 
BRs biosynthesis which support a cross-talk between PAs and BRs in the salt stress response of the 
M. truncatula-S. meliloti symbiosis 

In conclusion, exogenous PAs improved the response to salinity of the M. truncatula-S. meliloti 
symbiosis by reducing the oxidative damage induced under salt stress conditions. In addition, in this 
work we provide evidences of the cross-talk between PAs and BRs in the adaptive responses to 
salinity. 
 
(1) Alcazar et. al (2010) Planta 231:1237-1249 
(2) López-Gómez et al. (2016) Plant Physiol. Biochem. 108:212-221 
 
This work has been funded by the grant (AGL2013 42778-P) from MINECO 
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Brassinosteroids reduce the nodulation but improve the salt stress response in the 
symbiosis Medicago truncatula-Sinorhizobium meliloti in cross-talk with polyamines 
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Brassinosteroids (BRs) are steroid plant hormones that have been shown to be involved in the 
response to salt stress in cross-talk with other plant growth regulators such as polyamines (PAs) (1). 
In addition, BRs are involved in the regulation of the nodulation in the rhizobium-legume symbiosis 
through the alteration of the PAs content in leaves (2). 

In this work, we have studied the effect of exogenous 24-epibrassinolide (EBL) in the response 
to salinity of nitrogen fixation in the symbiosis Medicago truncatula-Sinorhizobium meliloti. Foliar 
spraying of EBL restored the growth of plants subjected to salt stress and provoked an increment of 
the nitrogenase activity. In general, PAs levels in leaves and nodules decreased by the salt and EBL 
treatments, however, the co-treatment with NaCl and EBL augmented the foliar spermine (Spm) 
concentration. This increment of the Spm levels was followed by a reduction of the membrane 
oxidative damage and a diminution of the proline accumulation. The effect of BRs on the symbiotic 
interaction was evaluated by the addition of 0.01, 0.1 and 0.5 µM EBL to the growing solution, which 
provoked a reduction of the nodule number and an increment of the PAs levels in shoot.  

In conclusion, foliar treatment with EBL had a protective effect against salt stress in the M. 
truncatula-S. meliloti symbiosis mediated by an increment of the Spm levels. Treatment of roots with 
EBL incremented PAs levels in shoot and reduced the nodule number which suggests a cross-talk 
between PAs and BRs in the nodule suppression and the protection against salt stress 
 
(1) Zheng et al. (2016) Plant Soil. 400:147-164. 
(2) Terakado-Tonooka et al. (2008) Plant Root 2:46-53. 
 
This work has been funded by the grant (AGL2013 42778-P) from MINECO. 
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Developing morpho-physiological selection criteria for biological nitrogen fixation in 
pigeonpea Cajanus cajan (L.) Millsp. 
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Pigeonpea (Cajanus cajan (L.) Millsp.) is a popular legume which is grown as a vegetable in the 
Caribbean region, for its immature green seeds. Past breeding programmes at the University of the 
West Indies (UWI), have developed high yielding, dwarf, determinate, short-duration varieties capable 
of year-round production. However the newly developed varieties had inadequate biological nitrogen 
fixation (BNF) ability and variable yields. Previous studies have shown that variation exist for BNF in 
legumes, however, this has not been extensively investigated in pigeonpea nor used in breeding as a 
selection criterion. This study therefore investigated whether variation exists for BNF in these dwarf 
pigeonpea varieties and assessed morpho-physiological criteria that can be used for selection in 
breeding programmes. The study utilised 129 genotypes taken from two independent pools of 
recombinant inbred lines (RILs) selected for early flowering and determinacy but unselected for other 
traits. Through screening in N–depleted and N–rich soils, using a randomised complete block design 
with two replicates, RILs were successfully grouped into low, medium and high responders to nitrogen. 
This in turn allowed for the identification of good, medium and poor fixers, which was later verified 
through quantification of BNF using an 15N study. Regardless of the genotype’s grouping, based on 
previous screening, the 15N study found that at least 97% of the nitrogen in the plant was derived from 
BNF. In contrast RILs classified as good fixers when compared to poor fixers, had significantly (p < 
0.05) higher total nitrogen fixed in the plant (26%), nitrogen fixed in the seed (82%) and nitrogen 
harvest index (52%). In addition they had higher nodule mass (69%), vegetative biomass (74%) and 
total leaf nitrogen (51%). Furthermore good fixers had a 25% improvement in yield. It is therefore 
recommended that selecting for biomass, total leaf nitrogen and pod number in low nitrogen soils, can 
be used as morpho-physiological selection criteria in pigeonpea breeding programmes. 
 
Funding: The UWI School for Graduate Studies and Research for 15N analysis of samples at UC Davis 
Stable Isotope Facility, USA. 
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Capturing microbial co-symbiosis to sustain plant productivity 
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Development of sustainable agriculture approaches to increase plant productivity whilst minimising the 
impact on the environment is essential to achieve food security for an increasing human population.  

Nitrogen and phosphorous are the two main limiting nutrients for plant production. Although 
nitrogen is one of the most abundant elements on earth, it is often unavailable to plants. As an 
evolutionary adaptive strategy, some plant species (such as legumes) have developed the ability to 
interact with specialised bacteria in a symbiotic relationship, overcoming the lack of nitrogen 
availability in soil. In this mutualistic partnership, the rhizobia fix nitrogen from the air and supply it to 
the plant in exchange for carbon and amino acid compounds. Phosphorous is quite abundant in most 
soils but largely not available for uptake due to sequestration. Many plant species have developed the 
ability to interact with fungi from different families (including Glomeromycota and Sebacinales) in a 
mutualistic fashion where the fungus provides enhanced phosphorous uptake in exchange for carbon 
compounds. We have discovered that applying combinations of mutualistic microbes bring enhanced 
N and P nutritional benefits to plants beyond the simple additive effects that would be expected. 

Our strategy is to use beneficial fungi and symbiotic bacteria in co-inoculation strategies to 
improve plant yield, providing an alternative strategy to current agricultural dependence on fertilizer 
usage.  
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PAS8-P12 
 
The transcriptomic response to Hg stress in Medicago truncatula depends on the 
metal tolerance of the inoculated strain 
 
Victoria Lara-Dampier, Beatriz Pallol, Teodoro Coba de la Peña1, José J. Pueyo, M. Mercedes Lucas 
 
Instituto de Ciencias Agrarias Consejo Superior de Investigaciones Científicas (CSIC), Madrid, Spain 
1Centro de Estudios Avanzados en Zonas Áridas (CEAZA), La Serena, Chile 
 
victorialara@ica.csic.es 
 
Mercury (Hg) is one of the most toxic heavy metals that can pollute soils and waters and affects crops 
growth and human health. Hg enter the environment mainly through anthropogenic activities 
(metallurgical industries, agriculture, mines), but also certain soils are natural mercury reservoirs. 
Legumes are important in a sustainable agriculture context, and the legume-rhizobia association has 
been proposed for phytoremediation of soils contaminated with heavy metals. The selection of 
legume-rhizobia partners tolerant to Hg is key to the successful use of nodulated legume in 
phytoremediation of contaminated soils by this metal. Mechanisms of response and tolerance of the 
symbiosis to Hg are not thoroughly known; therefore, it is important identifying Hg-responsive genes. 
The aim of our study is the identification of plant genes involved in toxicity and tolerance responses to 
Hg on the model symbiosis Medicago truncatula-Ensifer medicae by microarrays analysis. A tolerant 
M. truncatula cultivar to Hg (1) and a sensitive one were inoculated with two E. medicae strains with 
different sensitivity to Hg (2). Five weeks after inoculation, plants were watered with 0.5 mM HgCl2 for 
24 h. Total RNA was isolated from leaves, roots and nodules to perform transcriptomic analysis. Venn 
diagrams, AgriGO and MeV programs were used to identify up- or down-regulated genes in each case 
and their functions. The results show differences in gene expression among the different combinations 
in each organ. Most of genes were related with stress responses such as UDP-glucosyltransferase 
family protein, transcription factors, cytochrome P450 family protein, glutathione S-transferase, etc. 
Upon Hg treatment, the nodules of the tolerant cultivar formed by the tolerant rhizobia showed the 
lowest number of Hg-responsive genes. Our results suggest that the differences in gene expression of 
each cultivar could be associated to the rhizobia strain and its trait sensitivity to Hg. To our knowledge, 
this is the first time that a global transcriptomic analysis of the Hg effect on the rhizobia-legume 
symbioses is performed. Our study may provide new insights to unravel mechanisms involved in 
response to Hg stress in legume-rhizobia symbiotic relationship. 
 
(1) Garcia de la Torre et al. (2013) Environ. Exp. Bot. 91: 90-96. 
(2) Nonnoi et al. (2012) Appl. Soil. Ecol. 61: 49-59. 
 
This work was funded by grants AGL2013-40758-R from MINECO 
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PAS8-P13 
 
Contribution of arginine decarboxylase to the response to salt stress in the symbiosis 
Medicago truncatula-Sinorhizobium meliloti 
 
Miguel López-Gómez1, Sofía Duque2, Álvaro Burgueño Cano1, Javier Hidalgo-Castellanos1, Pedro 
Fevereiro2, José A. Herrera-Cervera1, Carmen Lluch1 
 
1Departamento de Fisiología Vegetal, Facultad de Ciencias, Universidad de Granada, Campus de 
Fuentenueva s/n, 18071 Granada, Spain 
2Plant Cell Biotechnology Laboratory, Instituto de Tecnología Química e Biológica Antonio Xabier. Apt. 
127, 2781-901 Oeiras, Portugal 
 
mlgomez@ugr.es 
 
Polyamines (PAs) are low molecular weight aliphatic nitrogen compounds implicated in the protection 
against of a wide variety of environmental stresses including salinity (1). Arginine decarboxyase (ADC) 
is considered a key enzyme of the polyamine biosynthetic pathway. In this study a transgenic line of 
Medicago truncatula expressing the oat Adc gene (L-108) was used (2) together with the ADC inhibitor 
D-Arginine in order to study the implication of this PAs biosynthetic pathway in the response to salt 
stress of the symbiosis Medicago truncatula-Sinorhizobium meliloti.  

In this work, plants of Medicago truncatula were pre-treated with 1 mM D-Arg 5 weeks after 
sowing, once the symbiosis was establish, and 2 weeks before harvest plants were subjected to salt 
stress (75 mM NaCl). D-Arg boosted plant growth while inhibited nitrogen fixation which might be due 
to a side effect of D-Arg that behaved as nitrogen source to the plant. Interestingly, D-Arg provoked a 
reduction in the PAs levels in leaves while as expected, the transgenic Medicago truncatula (L-108) 
accumulated Spd and Spm. PAs oxidation correlated with the levels of Spd and Spm however the 
proline synthesis seems to compete with the PAs accumulation which is consistent with previous 
experiments that do not relate proline accumulation with the PAs catabolism (3). In addition, data 
concerning the symbiotic phenotype of the transgenic line of Medicago truncatula (L108) under salt 
stress will be discussed in our communication. 
 
(1) Alcazar et al. (2010) Planta 231:1237-1249 
(2) Duque et al. (2016) Plant Cell Tiss. Organ. Cult. 127(3):681-690 
(3) López-Gómez et al. (2014) Plant Soil 374:149-159 
 
This work has been funded by the grant (AGL2013 42778-P) from MINECO. 
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PAS8-P14 
 
Brassinosteroids-polyamines cross-talk in the response to salinity of the symbiosis 
Medicago truncatula-Sinorhizobium meliloti 
 
Carmen Lluch, Jonathan D. Avilés-Cárdenas, Javier Hidalgo-Castellanos, José A. Herrera-Cervera 
 
Departamento de Fisiología Vegetal, Facultad de Ciencias, Universidad de Granada, Campus de 
Fuentenueva s/n, 18071 Granada, Spain 
 
clluch@ugr.es 
 
Salt stress causes a remarkable decrease in the nitrogen fixation process in legumes, reducing the 
productivity of these crops and the natural fertilization of agricultural soils. Certain phytohormones and 
growth regulators such as brassinosteroids (BRs) and polyamines (PAs), participate in adaptive 
responses to salt stress by increasing antioxidant systems, favoring ionic homeostasis or inducing the 
synthesis of compatible solutes (1). However, the specific role of each hormone in the different types 
of responses is difficult to determine due to the interaction that occurs between them at different levels 
of its action mechanism. 

In this work, we studied the implication of BRs in the response to salinity and its interaction with 
the responses induced by PAs in the model legume Medicago truncatula in symbiosis with 
Sinorhizobium meliloti (1021). For that purpose, the BRs biosynthesis inhibitor brassinazole (Bz) was 
used. Additionally, the implication of BRs in the regulation of nodulation was verified by performing 
nodulation kinetics in the presence of Bz. 

Brassinazole caused a reduction of the PAs levels, although under salt stress conditions had an 
inhibitory effect on the PAs catabolism. Bz also significantly mitigated oxidative damage on membrane 
lipids under salt stress, as well as produced an increase in some antioxidant enzymes. Bz also 
increased the number of nodules per plant, which suggest that BRs participate in the systemic 
regulation of nodulation through interaction with other hormones (2). 
 
(1) Ashraf et al. (2008). Adv Agron 97:45-110. 
(2) Foo et al. (2014). Annals Bot 113:1037-1045. 
 
This work has been funded by the grant (AGL2013 42778-P) from MINECO 
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PAS8-P15 
 
Rhizobium leucaenae improves maize crop yields 
 
Lorena Celador-Lera1,2, Esther Menéndez3, Pedro F. Mateos 1,2,4, Raúl Rivas1,2,4 
 

1Departamento de Microbiología y Genética. Universidad de Salamanca. Salamanca. Spain.  
2Instituto Hispano-Luso de Investigaciones Agrarias (CIALE). Salamanca. Spain.  
3ICAAM (Instituto de Ciências Agrárias e Ambientais Mediterrânicas), Universidade de Évora, 
Portugal.  
4Unidad Asociada Universidad de Salamanca-CSIC (IRNASA), Salamanca, Spain 
 
pfmg@usal.es 
 
Maize is one of the most economically important cereal crops due of its uses for various purposes. 
The demand of this type of crop is currently increasing (1). Cereal crops require large amounts of 
nutrients for their correct development and grain production; therefore, the requirements of chemical 
fertilizers for these crops compromise one of the main objectives of current agriculture, which is to 
reduce the use of chemical fertilizers (2). In this sense, seeking for inoculants composed by plant 
growth promoting bacteria is essential to develop a sustainable technology for a greater production 
and favorable for the cultivation of maize. In this sense, we selected an endophytic bacteria isolated 
from maize plants (Zea mays). This strain has PGPR potential, due to its ability to biosynthesize IAA, 
perform P-solubilization and produce siderophores. This strain, named CRZM52R, was identified by 
16S ribosomal RNA gene sequencing as Rhizobium leucaenae. This isolate also revealed cellulolytic 
activity and capability to synthesize cellulose. Maize seedlings were inoculated with a GFP-tagged 
CRZM52R strain and observed daily by fluorescence microscopy, showing a gradually increased 
bacterial attachment to root surfaces and root hairs. Confocal microscopy revealed that these bacteria 
are inside plant cells. The bacterial location within the maize root cells was confirmed by electron 
microscopy. In vitro plant development assays and microcosm assays under greenhouse conditions 
showed that this isolate promoted the early stages of development of maize plants compared to the 
uninoculated treatment. Finally, field trials were performed to confirm the plant growth-promoting 
ability of CRZM52R strain. The results showed that the plants inoculated with the strain CRZM52R 
increased maize crop yields, both in presence or absence of chemical fertilization. In summary, our 
results showed that Rhizobium leucaenae CRZM52R has the ability to effectively colonize maize root 
surfaces, promote plant growth under controlled conditions and improve maize yield under field 
conditions, being a potential candidate as inoculant for this crop. 
 
(1) Shiferaw et al 2011 Food Sec. (2011) 3:307–327. 
(2) García-Fraile et al. (2015) AIMS Bioeng 2(3) 183-205. 
 
This work was funded by SA169U14 from Junta de Castilla y León (Spanish Regional 
Government) and AGL2015-70510-R from MINECO (Central Spanish Government). 
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PAS8-P16 
 
Quantitative genetics of white clover nitrogen fixation efficiency 
 
Sara Moeskjær1, Maria Izabel C. Alves2, Bjarni Vilhjalmsson2, Luc Janns1, Mikkel H. Schierup2, J., 
Peter W. Young3, Stig U. Andersen1 
 
1 Department for Molecular Biology and Genetics, Aarhus University, Denmark. 
2 Bioinformatics Research Center, Aarhus University, Denmark. 
3 Department of Biology, University of York, York, UK. 
 
sm@mbg.au.dk 
 
The aim of the NCHAIN project (http://mbg.au.dk/nchain) is to increase the yield of organic clover 
fields by analyzing the genomes of both clover plants and their rhizobium symbionts. To initiate the 
study, 200 rhizobium strains, isolated from white clover nodules from plants grown in France, the 
United Kingdom, and Denmark, were sequenced along with genotyping of 200 clover genotypes.  

It has been established in previous studies that inoculation of legume fields with an appropriate 
symbiont can improve the yields significantly compared to both uninoculated trials and P and N 
fertilized fields (1). To test the effect of symbionts on the agriculturally important legume white clover, 
Trifolium repense, a setup was developed testing single rhizobium-clover genotype combinations 
under greenhouse conditions. 

During a pilot experiment, it was observed that the effect of rhizobium strain genotype on dry 
weight yield was as large as the effect of clover genotype. To further test the effect of both clover and 
rhizobium genotype, a large setup will be conducted on 150 clover genotypes and 170 rhizobium 
strains in random combinations. To allow classical GWAS analysis a single rhizobium strain will be 
tested on all clover genotypes, while a single clover genotype will be tested with all rhizobium strains. 
The aim is to identify genetic markers important for the symbiont compatibility allowing targeted 
breeding of clover varieties and inoculation with highly efficient rhizobium strain(s). 
 
(1) Ndakidemi et al., 2006, Australian journal of Expreimental Agriculture, 46, 571–577 
 
This work was funded by Innovation Fund Denmark  
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PAS8-P17 
 
Genome wide association studies on heavy metal tolerance in Medicago truncatula 
 
Miguel Santo Domingo, Matthew Horton1, M. Mercedes Lucas, Kentaro Shimizu2, Timothy Paape2, 
José J. Pueyo 
 
Instituto de Ciencias Agrarias, Consejo Superior de Investigaciones Científicas (ICA-CSIC), Madrid, 
Spain 
1Institue of Plant Biology, University of Zurich, Switzerland 
2Department of Evolutionary Biology and Environmental Studies, University of Zurich, Switzerland 
 
jj.pueyo@csic.es 
 
Phytoremediation of heavy metal-polluted soils constitutes a clean and economical alternative to 
traditional decontamination methods. Legumes, due to their capacity to fix nitrogen, could act as 
pioneer plants and remediate metal-contaminated areas, provided that tolerant varieties are identified. 
The aim of this work was to identify heavy metal-tolerant and hyperaccumulating varieties of the 
legume Medicago truncatula, and identify genes related with those traits for potential use in 
phytoremediation. Two-hundred and twenty M. truncatula cultivars of the HapMap collection, whose 
full genome is sequenced (www.medicagohapmap.org), were screened for mercury and cadmium 
tolerance using a miniature hydroponic system. Relative root growth was used an indicator of 
tolerance. ICP-OES was used to measure cadmium accumulation in seedling leaves. After 
phenotyping, a genome-wide association study (GWAS) was performed, using a compressed mixed-
linear model approach with GAPIT. Hg-tolerant, Cd-tolerant, and Cd-accumulating cultivars were 
identified. Heritability was high (H2>0.5), indicating that all traits depend mostly on the genotype, and 
therefore GWAS analyses were performed. Hg and Cd tolerance and Cd accumulation appeared to be 
polygenic traits. Several genes were identified that may be involved in metal tolerance and 
accumulation. The fact that tolerant varieties could be identified within a relatively small sample of M. 
truncatula cultivars, together with the reported beneficial effect of tolerant rhizobial strains on the host 
legume, point at a potential for this fast-growing, high-biomass legume to be used in phytoremediation 
of contaminated soils in symbiosis with tolerant rhizobia. Further study of the putatively involved genes 
will help uncover metal tolerance mechanisms in legumes.  
 
This work was supported by MINECO (AGL2013-40758-R) and CSIC (I-LINK1093). 
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PAS8-P18 
 
Phaseolus vulgaris and Zea mays grown under field conditions and inoculated with 
diazotrophic bacteria and P-solubilizing fungus 
 
Moacir R. Neto, Isabel Cristina M. C. Jakoby1, Edson L. Souchie1, Lucas S. Pinto1 
 
Agropotência Representação de Produtos Agropecuários Ltda, Rua Rui Barbosa, 1.175, Centro, Rio  
Verde, Goiás, Brasil. 
1Instituto Federal Goiano – Campus Rio Verde, Laboratório de Microbiologia Agrícola, Rio Verde, 
Goiás, Brasil. 
 
moacir@agropotencia.com.br 
 
Bean (Phaseolus vulgaris) is one of the most widespread crop in the world and represents half of the 
legume grains consumed. Corn (Zea mays) is one of the most studied plant species, due to its 
importance in the animal feed and human food. Several nutrient cycling processes, mainly nitrogen 
(N) and phosphorus (P), are mediated by diazotrophic bacteria and P-solubilizing fungi (PSF), which 
play a key role in plant nutrition, growth and yield. Therefore, the study and evaluation of the 
agronomic efficiency of PSF and diazotrophic bacteria inoculants can provide an alternative for crop 
fertilization, promoting the most efficient use of N or P applied through fertilization or already available 
in the soil. This work aimed to evaluate the agronomic efficiency of PSF and diazotrophic bacteria 
inoculant, under increasing NPK fertilizer doses in corn and bean grown in Cerrado soil. Three field 
trials (two with corn and one with bean) were carried out at 2014 and 2015, in Rio Verde, Goiás, 
Brazil. Each trial was sown in complete randomized block design, 4 x 4 factorial scheme (four NPK 
fertilizer doses: 30, 60, 90 and 120%; four inoculation treatments: uninoculated control, one PSF 
isolate, one commercial inoculant formulated with Azospirillum brasilense - AbV5 and AbV6 and the 
mixture of them), with four replicates. At harvest, grain yield was calculated and a preliminary 
economic analysis of the processes involved in crop nutrition and yield was discussed. The co-
inoculation of A. brasilense and Penicillium sp. increases the corn grain yield and reduces the demand 
for industrial NPK. The cost of production can be decreased with the co-inoculation of A. brasilense 
and Penicillium sp. without any negative effects on corn yield. Higher bean yield was reached with the 
co-inoculation of A. brasilense and Penicillium sp. in the four NPK recommendations. Similar to the 
corn crop, the co-inoculation of A. brasilense and Penicillium sp. in bean was more effective than the 
exclusive inoculation of A. brasilense or Penicillium sp., indicating synergism among these microbial 
species. Co-inoculation of A. brasilense and Penicillium sp. reduces NPK demand without reducing 
grain yield. 
 
This work was funded by SETEC/MEC and CNPq (Edital Nº 94/2013). 
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PAS8-P19 
 
Tolerance of common bean genotypes to seasonal water stress and implications for 
symbiotic nitrogen fixation 
 
A. Paula Rodiño1, Manuel Riveiro2, Antonio M. De Ron1 
 

1Biology of Agrosystems, Misión Biológica de Galicia-CSIC. Pontevedra, Spain.  
2Experimental Agricultural Station Baixo Miño-INGACAL. Salceda de Caselas, Spain 
 
Since 1988 in the Misión Biológica de Galicia - National Spanish Research Council (MBG-CSIC, 
Pontevedra, Spain) has been evaluated the potential yield, the resistance to diseases (bacteria and 
viruses) and to abiotic stress on a germplasm collection of common bean genotypes (Phaseolus 
vulgaris L.). Some common bean genotypes of MGB-CSIC germplasm collection have also been 
evaluated for water stress tolerance and were compared with 16 testing genotypes. In previous 
studies, genotypes of common bean were inoculated with different strains of rhizobia to select the 
most effective genotype-strain combinations. The general objective of this research was to study the 
phenological and productive response of water stress and how this stress affects the symbiotic 
relationship between plant and Rhizobium. A factorial trial of 10 bean genotypes inoculated with 10 
strains of Rhizobium under conditions of water stress and irrigation in the field was carried out. 
Statistical analysis showed significant differences between genotypes but not between strains for the 
characteristics related to nodulation. 

In the Rhizobium inoculation tests, it was observed that the increase of dry nodular weight 
(MSNod) produced less seed yield (MSS) per MSNod, so the result would be uncertain in a program 
based on the increase of yield through the increase of MSNod. The PHA-0683 genotype presents a 
great uniformity on nodule size and a lineal correlation with yield when it displays the big nodule 
phenotype (BNO). Further research about this would be interesting because this fact could be due to 
the existence of a plant blocking mechanism for inefficient strain nodules. The inoculated plants have 
been productive not only in irrigated plots but also in the drought ones and their productivity has been 
the same or even better than the N supplement plant control. The genotype-strain relationship is very 
specific and there has not been any strain better than the rest. The EXIC, EXIB, EG, EF, EPOB, 
APAFI, LTMF and SLL2 strains have achieved the greatest productivity with some genotypes in 
irrigated and drought conditions what make possible their use as inoculating strains. 
 
This study was made possible through the projects i-COOP 2016SU0004 (CSIC, Spain) and 
RFP2015-0008 (INIA, Spain). 
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PAS8-P20 
 
Drought effects on carbon source-sink relationships in the soybean-Bradyrhizobium 
japonicum symbiosis 
 
María Isabel Rubia, Cesar Arrese-Igor 
 
Department of Environmental Sciences. Public University of Navarre. Campus Arrosadia E-31006 
Pamplona (Spain) 
 
isabel.rubia@unavarra.es 
 
Water stress is one of the most important natural hazards that affect crop production according to the 
Food and Agriculture Organization of the United Nations (FAO). This is particularly relevant in 
legumes since biological nitrogen fixation is very sensitive to drought. This fact has been related, 
among other factors, to a reduction in the flux of carbon within nodules due to a decrease in sucrose 
synthase activity (1), given that nitrogenase-linked respiration declines previous to any effect in 
photosynthesis upon drought. Previous results of our group suggested the existence of a local rather 
than a systemic regulation of these responses (2, 3). Therefore, this work was focused in the 
importance of the carbon source-sink relationships and long-distance transport. 

In the current work, a time-course study of the carbon fluxes at the whole plant level were 
performed. These include carbon source tissues (mature leaves), intermediate tissue (stems) and sink 
tissues (roots, nodules and young leaves) both under control and drought conditions in nodulated 
soybean plants (Glycine max L. Merr var. Sumatra). Using stable isotopes, transport from the aerial 
tissues to nodules and other sinks were evaluated, under optimal conditions and drought. For this 
purpose, the upper surface of the youngest fully expanded leaf was labelled with 13C-[U]-sucrose (4) 
and, subsequently, its distribution was monitored. After three or six hours, plants were separated into 
labelled leaf, sink leaf, other leaves, stem, roots and nodules. Then, the abundance of δ13C was 
determined by elemental analysis-isotope ratio mass spectrometry. 

The transport of carbon from labelled leaves to sink tissues was increasing during the six hours 
of exposition to the stable isotope, although it mainly occurred in the first three hours under both 
conditions. Drought provoked a decrease in transport which caused a change in the carbon fluxes 
pattern. The implications of these results in the understanding of source-sink relationships and in the 
distribution of metabolic compounds will be discussed. 
 
(1) González et al. (1995) J. Exp. Bot. 46, 1515-1523. 
(2) Marino et al. (2007) Plant Physiol. 143, 1968-1974. 
(3) Gil-Quintana et al. (2013) J. Exp. Bot. 64, 2171-2182. 
(4) Fondy & Geiger (1977) Plant Physiol. 59, 953-960. 
 
This work was supported by the Ministry of Economy and Competitiveness (Grant AGL2014-56561-P) 
and its corresponding FEDER funding. MIR is holder of a fellowship from MINECO (FPI Programme).  
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PAS8-P21 
 
Plants Growth Promoting Rhizobacteria (PGPRs) biofertilization: perspective for 
Saffron (Crocus sativus L.) crop improvement 
 
Imane Chamkhi, Jamal Aurag, Laila Sbabou 
 
The increasing decline in soil fertility and climate change influence increasingly on the agricultural 
yield of the saffron. The use of bioresources such as bio-fertilizer like plant growth promoting 
rhizobacteria (PGPR), is a promising alternative for sustainable agriculture that respects the 
environment. Indeed, chemical fertilizers cause significant mass of environment pollution (water and 
soil). The objective of the current study is the evaluation of the effects of inoculation on yield, growth 
and quality of saffron. Thus, three potential promoters rhizobacteria were used to inoculate saffron 
(Crocus sativus L.). The experiment was conducted in situ in Taliouine-Taznakht Morocco according 
to randomized complete block in a field of proximately 1575 m2. The results after two years of planting 
saffron bulbs inoculated with PGPRs show the beneficial effects of inoculation with these bacteria, 
which have improved the growth and quality of saffron. These results suggest the possibility of using 
these rhizobacteria as organic fertilizers for Crocus sativus L. plants. 
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PAS8-P22 
 
Effects of natural and artificial factors on symbiotic soybean’s bacteria (B. japonicum) 
introduction in cool weathered Lithuania’s farms 
 
Monika Toleikienė, Žydrė Kadžiulienė, Jonas Šlepetys, Lina Šarūnaitė 
 
Lithuanian Center for Agriculture and Forestry, Institute of Agriculture, Instituto al. 1, Akademija, 
Lithuania 
 
monika.toleikiene@gmail.com 
 
Soybean (Glycine max (L.) Merr.) well known as hot plant and originally cultivated in Asia and 
America. However, demand for organically and locally grown soybeans caused new researches of soy 
cultivation abilities in cool weathered European countries. Research data from Sweden, Denmark and 
Germany breathily suggest that soybean could be successfully introducing there too. 

Soybean was never cultivated in Lithuania widely also. Therefore, symbiotic soybean’s bacteria 
(Bradyrhizobium japonicum) are not widespread in the soil, too. This study investigates when applied 
measures could influence population quantity of nitrogen-fixing bacteria on the host plants. In this 
research, we examine different artificial factors: inoculation substrates (liquid, peat or no inoculation), 
various technical norms (row spacing, sowing time, weed control) and soybean varieties (Merlin, 
Violetta, Bohemians, Silesia and others). Variation of meteorological conditions observed to analyze 
natural effects yearly. Quantity of nitrogen-fixing bacteria assessed by measuring productivity of 
nodulation (biomass, amount and activity of nodules). For response evaluation, we measured soybean 
plants productivity (biomass, high, beans yield). Field trials were set up in Lithuania, Institute of 
Agriculture, on the organically managed sites. 

Meteorological conditions were different in study period (2015-2017 years) and had great effect 
on soybean development. Increased precipitation in July and August delayed soybean maturity and 
reduced the yield in 2016. In comparable dry year, symbiotic bacteria’s activity were increasing until 
73’th day of soybean vegetation. In comparable wet year, it reached 97’th day, that led to 5-8 times 
bigger B. japonicum colonies biomass. Bacteria’s biomass reached average 0,19 and 1,18 g per plant 
in activity peak day, respectively at 2015 and 2016 years. Soybean yield’s quantity significantly 
correlated with B. japonicum nodules biomass. In most productive year, inoculated soybeans Merlin 
gained average 566 kg ha-1 of B. japonicum nodules and accumulated average 1123 kg/ha additional 
beans yield. While meteorological conditions yearly had strongest effect on B. japonicum biomass and 
yield, different agronomic techniques had apparent effect on soybean nodulation, too. Row spacing 
was not important for nodulation quantity when observed biomass of nodules was unplenty. Than 
quantity of B. japonicum exceeded 1 g per plant, space and materials limits became significant. 
Sowing time reflected various physical environment of air and soil in the period of soybean infection by 
B. japonicum. Even most infections were successful, very moist soil caused one failed inoculation. 
Substrate of peat conditioned quite better nodulation effect. 

Explored soybean varieties accumulated different B. japonicum nodules biomass because of 
physiologic and desirable climatic conditions. Most productive nodulation observed by De 013-130660, 
Silesia and Brunensis (2.33 – 3.39 g nodules per plant). In comparable wet 2016 year, through long 
vegetation, they reached even 56-142 nodules per plant. Even so, best nodulated varieties did not 
necessarily show best beans yield. Summarizing, soybean variety Merlin gained best beans yield. The 
best bean yield and nodulation ratio observed in variety Silesia. Those two are most productive in 
Lithuanian weather conditions above all researched in this study. Although, first study data show good 
intensions, soybean cultivation is observing further. New possibilities and new challenges waiting for 
new culture in Lithuania.  
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PAS9-O01 
 
Inoculants for grasses: on seeds versus on plants 
 
Veronica M. Reis, Jerri E. Zilli 
 

EMBRAPA Agrobiologia. km 07, BR 465. Seropédica, Rio de Janeiro, Brazil. 
 
veronica.massena@embrapa.br 
 
The use of diazotrophic bacteria for different agricultural crops is a traditional way to enrich the 
population of a pre-selected microorganism to apply on seed. Based on the principle that pre-selected 
bacterial strains are high performing, it is reasonable to consider the optimum manner of its 
application: on seed or on plant? Seed application has some advantages, such as previous knowledge 
indicates that only a relatively small amount of the product is necessary, and the effect of application is 
well described (nodules or root growth). On plant as a foliar product, the advantages are that (1) the 
application can include several growth phases and be applied with other foliar compatible fertilizers or 
protectors (2) can be applied to plants propagated from seedlings in established pastures and on 
semi-perennial plants such as sugarcane, as well as others. However, the key question is: can a foliar 
inoculant benefit the plant by enhancing or establishing diazotrophs that really contribute to biological 
N fixation (BNF)? In order to answer this question, a model plant-bacterium interaction was selected. 
Herbaspirillum seropedicae or H. rubrisubalbicans are classified as endophytes based on the previous 
studies of foliar inoculation on sorghum and sugarcane (1, 2). In these studies H. rubrisubalbicans was 
inoculated on leaves of these plants and the infection was confined within the vascular system, with 
nitrogenase expression observed using immunogold labeling with specific antibodies. Under controlled 
conditions, it was possible to observe an ultrastructure that allowed both diazotrophic bacteria to 
establish an interaction whereby nitrogenase could be localized. Using this model as an example, new 
technologies for field application can be developed and new data could explain if the interaction is 
successful in enhancing the N content of inoculated plants. It is important to take into account the 
possibility of using bacteria that are genetically modified in the nitrogen assimilatory pathway and 
which can excrete ammonium as a new inoculant technology. These (natural) mutants possess an 
advantage compared to the wild type as the plant, or the surrounding environment, can be enriched by 
its supply to them of fixed N. However, these mutants also grow slowly compared to the wild type (3) 
resulting in reduced infection capacity and hence are less densely colonized in the rhizosphere owing 
to their lowered survivability and competitiveness. Again, applications directly onto target plants can 
be a successful alternative as observed for H. seropedicae (4) and Azospirillum brasilense (5) under 
field application, and thus a real alternative for field application on sugarcane ratoons in Brazil. 
 
(1) James et al. (1997) J Exp Bot 48:785-797 
(2) James et al. (1997) New Phytol 135:723-737 
(3) Christiansen-Weniger & Van Veen (1991) Appl Environ Microbiol 57:3006-3012 
(4) Canellas et al (2013) Plant Soil 366:1190132 
(5) Fukami et al. (2016) AMB Expr 6:3 
 
This work was funded by CNPq and Faperj fellowships and Embrapa grants 02.13.08.004.  
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PAS9-O02 
 
Seeds technologies for nitrogen fixation 
 
J.J. Narváez-Reinaldo1, V. Estévez-Geffriaud1, G. Moreno-Bascones 1, J. Ballester 
 
1Seed Technology Department, Semillas Fitó SA, Selva de Mar 111 (08019), Barcelona, Spain 
 
Excessive nitrogen fertilization has led to a widespread problem of nitrate contamination of aquifers. 
For example 41% of aquifers from catalan region are contaminated by nitrates. With the aim to 
attenuate this problem, EU announced as a priority environmental objective to decrease the level of 
nitrate fertilization based on the Directive 91/676/ECC (1).  

Different studies have shown that the use of plant growth promoting microorganism and (among 
them) nitrogen fixers microorganism, as a powerful tool to reduce the level of external & chemical 
nitrogen fertilization. In this sense, it is possible to find different successful experiences in the state of 
the art through the use of bioaugmentation (inoculation of nitrogen fixer microorganisms) and 
biostimulation (promotion of natural nitrogen fixer microorganisms from soils) techniques (2). 

Seed technology is the technical area composes by different techniques that facilitate the 
sowing process with the aim to improve the establishment of germinated seedlings. One of those 
techniques is the seed treatment or seed coating. There are different types of seed treatments: film 
coating (where seeds keep their original size and weight), encrusting (seeds keep original shape but 
suffer an increase of their weight) and pelleting (seeds becomes completely spherical and suffer a 
relevant increase of their weight). In all of them, it is possible to add different active substances 
(fertilizers, microorganisms or/and phytosanitaries) (3). 

In the current oral communication, we present the results of two seed treatments developed by 
Semillas Fitó that facilitated the nitrogen fixation. The combination of FitóPower™ and FitóOptima™ 
by encrusting, they allowed the bioaugmentation on lucerne/clover seeds with rhizobium and they 
ensured the nodulation of leguminous crops. On the other hand, the seed treatment named as 
FitóCare™ for broad bean seeds, it had the ability to biostimulate the natural population of rhizobium 
from soils and, as a consequence, it increased the final yielding.  
 
(1) Menció et al. 2016. Sci Total Environ. 539:241-51. 
(2) Gopalakrishnan S et al. 2015. 3 Biotech. 5(4):355-377. 
(3) Ehsanfar S and Modarres-Sanavy SA. 2005. Commun Agric Appl Biol Sci. 70(3):225-9. 
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PAS9-O03 
 
High-throughput tool to identify competitive rhizobial strains 
 
M. A. Mendoza-Su re z, B. A. Geddes, C. S n chez-Ca i zares, A. Tkacz, P. S. Poole 
 
Department of Plant Sciences. University of Oxford. Oxford, UK. 
 
marcela.mendozasuarez@plants.ox.ac.uk 
 
Only the most competitive rhizobial strains are able to infect the legume host and form nodules. 
Unfortunately, effectiveness, which is the ability of rhizobia to reduce N2 to ammonia and transfer it to 
the plant, and competitiveness for nodule occupancy are independent rhizobial traits. Therefore, 
legumes tend to become nodulated by highly competitive but not necessarily effective rhizobial strains, 
resulting in less optimal plant growth. Research focused on the identification of both competitive and 
highly effective nitrogen-fixing strains has been limited because, so far, the only way to test 
competitive rhizobial strains has been to isolate individual strains and compare them one at a time in 
large-scale plant growth assays.  

We have developed novel reporter plasmids that express biomarkers, such as gusA, celB and 
sf-GFP, under the control of a synthetic nifH promoter. The aim is to activate the marker genes once 
nodulation begins and by adding specific sequences as barcodes enable the rapid identification of 
successful strains, allowing us to compare multiple strains at once.  

The design of a consensus nifH promoter (psNifH) was made with an alignment of the nifH 
intergenic region (IGR-nifH) of 118 R. leguminosarum and R. etli strains. Experimental results showed 
that psNifH works in all our strains of interest. Further competition assays (1) demonstrated that our 
reporter plasmids are not only totally stable in symbiosis, they also do not reduce the competitiveness 
of strains. We have added specific sequences to these reporter plasmids, to act as barcodes (2) to 
allow the use of next-gen sequencing strategies for high-throughput identification of rhizobial strains. 
In laboratory experiments, we show that it is possible to tag bacteria with these barcoded reporter 
plasmids and then identify them by sequence 

Each component of these reporter plasmids -promoter, marker genes, barcodes and 
backbone vector- was constructed as a modular segment for Golden Gate cloning (3). This allows 
flexibility to create new reporter plasmids with different promoters to analyse extra rhizobial strains.  

Our results demonstrate proof of concept for a suite of novel bioreporters that should allow 
high-throughput screening for competitive rhizobial strains. 

 
(1) Sánchez-Cañizares, C. & Palacios, (2013). J. J. Microbiol. Methods 92, 246–249.  
(2) Caporaso, J. G. et al. (2012). ISME J. 6, 1621–1624.  
(3) Engler, C. & Marillonnet, (2011). S. Methods Mol. Biol. 729, 167– 181. 
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PAS9-O04 
 
Screening of effective native common bean (Phaseolus vulgaris) rhizobia and their 
use in mixed inocula with Plant Growth Promoting Rhizobacteria under different 
phosphorus conditions 
 
El Attar Imane1,2; Diouf Boubakar1; Ait Jenk Hajar1, Taha Kaoutar1, Thami Alami Imane2, Aurag Jamal1  
 

1Laboratoire de Microbiologie et de Biologie moléculaire, Département de Biologie, Faculté des 
Sciences, Université Mohammed V, BP 10 14, Rabat, Maroc.  
2Institut Nationale de la Recherche Agronomique (INRA), B.P.415, Rabat, Maroc  
 
imane.elattar@live.fr 
 
In Morocco, common bean production is mainly based on an intensive use of chemical fertilizers which 
are known worldwide for their harmful effects (topsoil depletion, groundwater contamination…). 
Moreover, Moroccan native rhizobia have not been studied sufficiently to take advantage of their 
potential to fix nitrogen with common bean and improve its growth. To address this issue, intensive 
efforts are needed to select and test the best rhizobial strains able to enhance bean growth through 
bacterial inoculation. In this context, our major objective is to develop bacterial fertilizers as a 
sustainable alternative to chemical fertilization of common bean using mostly some interesting 
microbial properties such as symbiotic nitrogen fixation and inorganic phosphate solubilization. As a 
first screening step, we characterized a collection of native Moroccan common bean root-nodules 
isolates obtained from distinct regions of the country in terms of Plant Growth-Promoting (PGP) traits 
and tolerance to salt and pH. The collection of isolates showed high diversity of salt and pH tolerance 
and different levels of PGP activities. A correspondence analysis (CA) was carried out to establish 
possible relationships between the above mentioned characteristics and the biogeography of the 
isolates. Several associations between specific PGP characteristics and salt tolerance and the 
province of origin were found. Among the screened isolates, a set of strains displaying high in-vitro 
performances were evaluated for their nitrogen fixation ability under optimal controlled conditions. Out 
of 45, only18 isolates nodulated common bean and were identified as Rhizobium sp based on partial 
sequence analysis of the 16s rRNA gene. Among the nodulating isolates, the three rhizobia exhibiting 
the highest relative effectiveness were used in a common bean co-inoculation trial. In particular we 
measured the effect of a mixture of Rhizobium isolates and PGP bacteria (Bacillus and Pseudomonas) 
on common bean nodulation and growth under phosphorus limiting and optimal conditions. It was 
observed that common bean response to co-inoculation varied depending on the bacterial 
combination used and that bacterial efficiency was fertilizer rate-dependent. Our results revealed 
effective combinations that can be used in the formulation of bacterial inocula that can provide 
cheaper alternatives to farmers for common bean production.  
 
Keywords: Phaseolus vulgaris, Rhizobium sp, PGPR, bacterial fertilizers, co-inoculation, phosphorus. 
 

 
  



 
 
 

 

 
Parallel Session 9: Inoculant Production and Applications 

 
298 

PAS9-O05 
 
Increasing the biological nitrogen fixation efficiency in soybean by co-inoculation with 
Azospirillum brasilense  
 
Marco A. Nogueira1, Mariangela Hungria1 

 
1Embrapa Soja, Caixa Postal 231, CEP 86.001-970 Londrina PR Brazil 
 
marco.nogueira@embrapa.br 
 
Brazil is the world’s biggest exporter and the second producer of soybean (Glycine max L. Merrill), 
with a cropped area of 33.85 × 106 ha that resulted in 113 × 106 metric tons of grains in the 2016/17 
growing season (1). Biological nitrogen fixation with inoculation of elite Bradyrhizobium strains 
represents the main source of nitrogen (N) to the Brazilian soybean, one of the most well succeeded 
use of biotechnology that dismisses the use of mineral N-fertilizers, even for yields above 7000 kg   
ha-1. The use of annual inoculation with Bradyrhizobium has been estimated between 60 to 80% by 
the soybean growers, depending on the region, resulting in an average yield increase of 8%. The co-
inoculation of soybean with Bradyrhizobium and Azospirillum brasilense has been used in Brazil since 
2014, when several field trials indicated an average yield increase by 16% (2). Among the benefits of 
co-inoculation, our results indicate increase in root growth, nodule number and dry weight, nodulation 
precocity, resulting in higher rates of biological nitrogen fixation and yield components. We have also 
verified improved symbiotic performance under moderate drought stress. The number of scientific 
works and the adoption of this technology by farmers have increased every growth season. 
 
(1) CONAB (2017) Acomp. Safra Bras. Grãos, v. 4 Safra 2016/17. 
(2) Hungria et al. (2013) Biol. Fertil. Soils 49:791–801. 
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PAS9-P01 
 
Vegetable symbioses: agronomic importance and biotechnological applications 
 
Bekki A. 1, Rezki M.A., Benadis Ch1., Bouazza Marouf Kh1., Nehila A., Dekaoui N1. Ouslim S1. Aoued 
L3. Philippe De Lajudie2, Ezekiel B2

, Frendo P4, Duponnois Robin2 

 

1Laboratory of Rhizobia Biotechnology and Plant Improvement (LBRAP), Faculty of Science of Nature 
and Life. University of Oran1 Ahmed Ben Bella. Algeria  
2Laboratory of Tropical and Mediterranean Symbioses, LSTM, IRD Montpellier 
 
bekkiabdelkader@gmail.com  
 
Agriculture in the southern Mediterranean has a considerable socio-economic dimension. One of its 
main tasks is to ensure the food self-sufficiency of populations and to boost agricultural production in 
order to make it an important pillar of national economies. The current situation highlights difficulties in 
achieving these objectives. On the other hand, the impacts of global climate change with rising 
temperatures, water deficit, increasing desertification, and soil salinization pose a new threat to crops 
with the potential for the emergence, proliferation and multiplication of Diseases and parasites. 

Thanks to their great diversity and their association with rhizospheric microorganisms, mainly 
Rhizobia and mycorrhizal fungi, plant symbiosis, offer an effective alternative for the improvement of 
plant production, the rehabilitation of degraded sites and the balance of their ecosystems. Indeed, 
their use in crop production allows both a considerable reduction of chemical inputs, which are now 
widely recognized as pollutants, expensive and destructive of the environment and natural resources 
(pollution of soil, groundwater, Water, etc.) but also a reinforcement of the stability of the soils, in 
particular via the networks of hyphae that the mycorrhizae form in the soil. The work carried out by our 
team on various symbiotic associations shows the importance of endemic plant symbiosis in 
sustainable development, the rehabilitation of vegetation cover and the improvement of plant 
production in fragile environments. 
 
Key words: rehabilitation, plant symbionts, mycorrhizae, rhizobia, food safety, sustainable 
development, legumes. 
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PAS9-P02 
 
Could native microbial inoculants be used as potent bio-fertilizer for chickpea (Cicer 
arietinum) yield improvement in cereal growing zone?  
 
Saadia Laabas1, Zineb Faiza Boukhatem1, Zoulikha Bouchiba1, Sarra Benkritly1, Nour ElHouda 
Abed1, Halima Yahiaoui1, Abdelkader Bekki1 
 
1Laboratory of Biotechnology of Rhizobia and Amelioration of Plants; Department of Biotechnology, 
Faculty of Science of nature and life, University of Oran 1 Ahmed Ben Bella, Algeria. 
 
boukhatem.faiza@univ-oran.dz 
 
Strains isolated from chickpea (Cicer arietinum L.) rhizospheric soil from five selected sites in 
Tissemsilt region (Algeria) were screened for their Plant Growth Promoting (PGPR) potential under 
controlled conditions, for IAA production and P solubilization ability. In a second step, were selected 
native rhizobial strains with high nitrogen-fixing potential. On the basis of their efficiency under 
controlled conditions, two PGPR isolates and three Nodulating Bacteria were selected. Then the 
single effect of PGPR isolates was compared to their combination with rhizobial inoculants on plant 
growth, on native cereal growing soils under greenhouse conditions. Results indicated that there were 
no effects on chickpea yield by using rhizobial inoculation alone, nor by PGPR- rhizobial co-
inoculation on two soils presenting weak and no nodulation pattern in natural conditions. Only PGPR 
inoculation improved plants growth on soil with no nodulation pattern. These findings emphasized 
inoculation on natural soils at a little scale before large assays on the field because no one could 
predict inocula behavior with native soil microflora even with selected native bio-fertilizers. 
 
Key words: Algeria, chickpeas, nodulation, PGPR, Rhizobia. 
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Gluconacetobacter diazotrophicus for a more sustainable wheat and maize production 
 
Pedro Carvalho, Nathalie Narraidoo, Nick Gosman, David Dent 
 
Azotic Technologies Ltd, BioCity Nottingham, Pennyfoot Street, Nottingham, NG1 1GF, UK 
 
pedro.carvalho@me.com 

In 1988 the Gluconacetobacter diazotrophicus (Gd), a non-nodulating, non-rhizobial nitrogen fixing 
bacterium was isolated from the intercellular juice of sugarcane (1). In sugarcane, Gd actively fixes 
atmospheric nitrogen and provides significant amounts of nitrogen to plants in exchange of sugar (2). 
Subsequently, it was found that under specific inoculation conditions Gd strains were able to 
intracellularly colonise the roots and the shoots of: cereals, wheat, maize, rice, potato, tea, oilseed 
rape, grass, and tomato (3). 

Azotic Technologies Ltd. (Azotic), based on a patented technology discovered at Professor 
Edward Cocking’s lab (The University of Nottingham), developed a seed inoculum product centred on 
Gd (N-Fix®). Since 2013, Azotic has been trialling the N-Fix® technology in various crops and 
countries. Currently the Azotic’s field trials programme consist of a total of 94 field trials, 98% of which 
contracted to independent research organisations, and they are spread in Europe, North America, and 
Asia. Results of the extensive Azotic’s research program has demonstrated that N-Fix® is able to 
significantly improve yields of maize and wheat, both in the presence and absence of synthetic 
nitrogen fertilizers.  

Results for wheat demonstrated that it is possible to reduce nitrogen fertiliser application by 
45% without any yield penalty. When combining N-Fix® and nitrogen fertiliser application an increase 
of 12% in yield is achievable. For maize, N-Fix® treated crops that received 50% less nitrogen fertiliser 
were found to achieve yields comparable to control. Furthermore, when combining N-Fix® with 
nitrogen fertilisation, yield increased by an average of 10%. 

Evidence suggests that these benefits are accruing through a combination of symbiotic nitrogen 
fixation, enhanced photosynthesis with additional plant growth factors potentially implicated. 
The existing field trials results have showed that N-Fix® can increase food security and lead to a more 
sustainable crop production by considerably reducing nitrogen fertiliser needs. 
 
(1) V. A. Cavalcante and J. Dobereiner. A new acid-tolerant nitrogen-fixing bacterium associated with 

sugarcane. Plant and Soil. 1988; 108: 23–31. 
(2) N. Eskin, K. Vessey and L. Tian. Research Progress and Perspectives of Nitrogen Fixing 

Bacterium, Gluconacetobacter diazotrophicus, in Monocot Plants. International Journal of 
Agronomy. 2014; 4: 1–13.  

(3) D. Dent and E. Cocking. Establishing symbiotic nitrogen fixation in cereals and other non-legume 
crops: The Greener Nitrogen Revolution. Agriculture & Food Security. 2017; 6:1-9. 
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Symbiotic nitrogen fixation and phosphorus use efficiency in Bradyrhizobium elkanii –
soybean combinations in hydroaeroponic culture 
 
Victoria Cerecetto1,2, Carlos Trives2, Laurie Amenc2, Elena Beyhaut1, Jean J. Drevon2 
  
1Laboratorio Microbiologia de Suelos, Instituto Nacional de Investigación Agropecuaria (INIA), Las 
Brujas, Canelones, Uruguay. 
2Institut National de la Recherche Agronomique, UMR Ecologie Fonctionnelle & Biogéochimie des 
Sols et Agroécoystèmes, INRA-IRD-CIRAD-SupAgro, Montpellier, France 
  
vcerecetto@inia.org.uy 
  
Soybean (Glycine max L. Merr) is the main crop in Uruguay and one of the country´s major exports, 
with 1.3 million ha sown in 2015 (1). Soybeans require 80 kg of nitrogen (N) to produce one ton of 
grain, although the symbiotic association with rhizobia can supply most of the N (2). In the last decade 
several concerns appeared rose related to the biological nitrogen fixation with special interest in the 
optimization of this process to achieve an increase in productivity and sustainability. Since the use of 
N synthetic fertilizers is uneconomical in Uruguay, hence all sown soybeans are inoculated with 
rhizobia (3). The commercial inoculant for soybean contains two strains of Bradyrhizobium elkanii 
identified as U-1301 and U-1302. However, phosphorus (P) may be a major limiting factor of this 
symbiosis. In this work in hydroaeroponic conditions, we compared the growth two cultivars of 
soybean sown in Uruguay inoculated with U-1301 or U-1302 under P sufficiency compared to P 
deficiency, with response variables include dry shoot weight (DSW), dry root weight (DRW), nodule 
number (NDN), nodule dry weight (NDW) and N and P content. Plants inoculated with the strain U-
1301 produced better results in comparison to those nodulated by the U-1302, with major values of 
DSW, NDN and NDW. In order to test whether plant or rhizobial phytases are involved in adaptation to 
P deficiency, an in situ RT-PCR of phytase genes on soybean nodule sections is under progress.  
 
(1) Anuario OPYPA, Ministerio de Ganaderia Agricultura y Pesca Uruguay (2014). 
(2) Rodríguez-Navarro et al. (2011) Agron. Sustain. Dev. 31: 173-190. 
(3) Labandera (2003) Rev. Plan Agropecuario. 107: 53-54. 
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Evaluation of the genetic diversity of rhizobia inoculants strains of different varieties 
of drought tolerant common beans in organic and conventional management systems 
 
Del-Canto A1., Sanz-Sáez A.1†, Tellechea B.1, Miranda A.1, Perez-Lopez U.1, Muñoz-Rueda A.1, 
Mena-Petite A.1, Ruiz-Arkaute R.2, Ortiz-Barredo A.2, Grillo M.A.3, Heath K.D.3, Lacuesta M1. 
 
1Dept. of Plant Biology and Ecology, Univ. of the Basque Country UPV/EHU. Pº de la Universidad nº 
7. 01006-Vitoria-Gasteiz 
2Neiker-Tecnalia, Dept of Vegetal Protection and Production 
3Dep. of Plant Biology, Univ. of Illinois at Urbana-Champaign,249 Morrill Hall 505 S. Goodwin Avenue 
Urbana IL 61801.  
† Present Address: Division of Plant Sciences, Univ. of Missouri, 1-66 Agriculture Building, Columbia, 
MO, 65211 USA. 
 
arantza.delcanto@ehu.eus 
 
Water availability is the most limiting factor in agricultural production, and this problem will become 
more acute in the coming years as a result of climate change. Agriculture has the challenge of 
maintaining food production in a sustainable way in this climate change scenario. Organic production 
is an alternative that has several social and environmental benefits, like the increase in soil fertility, 
which translates into greater diversity and activity of biotic communities. Legumes, such as common 
bean (Phaseolus vulgaris L.), are of great importance in agricultural ecosystems because they provide 
nitrogen to the soil through Symbiotic Nitrogen Fixation (SNF) with rhizobial bacteria (the genus 
Rhizobium for common bean). Although SNF is sensitive to drought, it has been observed that the 
tolerance of several legume species to abiotic stresses changes depending on the Rhizobium strain 
and the plant variety. To evaluate the influence of the Rhizobium strain and the plant variety on the 
common bean production potential, this study analyzes the genetic diversity of rhizobia inoculants 
strains of different varieties of common bean grown under the dry land conditions of northern Spain 
(Álava), in organic and conventional farming. To this, 12 varieties of common bean were grown in dry 
and well-watered conditions, in both agricultural management systems. During the flowering season, 
the nodules of three plants per plot were collected. After the crop harvest, the four varieties of plants 
that showed higher grain yield in dry conditions (Canela de León, Negrita, Arrocina de Álava and 
Amarilla de Cuartango) and a variety of great sensitivity to drought (Negra de Basaburua) were 
selected. We are analyzing the genetic diversity of bacteria isolated from the nodules using BOX-PCR 
and REP-PCR methodologies in order to determine how drought, plant variety and management 
system affects the diversity and identity of Rhizobium nodulating common bean. Once the number of 
profiles from each study condition has been determined, we will choose a subset of strains for 
sequencing and for use in inoculation experiments assessing seed yield and N2 fixation rates in 
common bean grown under drought. 
 
Keywords: Dry land, conventional farming, genetic diversity, organic farming, Phaseolus vulgaris, 
productivity, rhizobia. 
 
This work was funded by project of Basque Government, 32-2016-00043, the INIA RTA2010-00041-
CO2-02 and Research Groups of the Basque University System IT1022-16. A Del-Canto was a 
recipient of a grant from the Dpt. of Education, University and Research of Basque Government. 
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PAS9-P06 
 
Medicago sativa L. and Sinorhizobium meliloti association under salinity conditions 
 
María E. Gallace, Graciela S. Lorda1, María L. Molas 
 
Facultad de Agronomía, Universidad Nacional de La Pampa, Argentina. 
1Facultad de Ciencias Exactas y Naturales, Universidad Nacional de La Pampa, Argentina 
 
gallace@agro.unlpam.edu.ar 
 
The saline-sensitive alfalfa cultivar WL 903 in association with the strain Sinorhizobium meliloti B399 
were evaluated under salinity in the greenhouse. Plants grown under normal conditions (control) and 
saline treatment (120 mM NaCl) were inoculated with B399 strain grown in Yeast Extract Mannitol 
medium (YEM, control) and bacteria of this strain pre-adapted to salinity conditions (YEM + 200 mM 
NaCl). In order to know if the adaptation of S. meliloti to salt stress improves the association plant-
bacteria, aerial dry weight, root dry weigt, height, number of nodules and total nitrogen of the aerial 
(%) part were measured. In salinity conditions, a decrease of these parameters was evidenced when 
comparing with the control. However, when alfalfa plants were inoculated with B399 adapted to salinity 
a 25.75% increase in the dry weight compared to no-adapted strain was observed. In addition, a 
significant increase in height, number of nodules and percentage of nitrogen was also found when the 
B399 adapted (P <0.05) was used under salt conditions. These results suggest that the combination 
of a salinity sensitive genotype inoculated with a salt-stress adapted strain could improve the 
performance of alfalfa crop in regions limited by salt. This treatment might contribute to improve 
inoculants and the inoculation practices, all aimed to expand alfalfa growing area in the context of 
sustainable agriculture. 
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Growth improvement of Rhizobium phaseoli in a novel defined culture medium for use 
as a liquid inoculant formulation 
 
Ramsés I. García-Cabrera1, Norma A. Valdez-Cruz1, César F. Gonzalez-Monterrubio2, Mauricio A. 
Trujillo-Roldán1* 
 
1Departamento de Biología Molecular y Biotecnología, Instituto de Investigaciones Biomédicas, 
Universidad Nacional Autónoma de México, Ciudad de México, 04510;  
2Biofábrica Siglo XXI S.A. de C.V, Carretera México-Oaxaca Km 106, Col. Hermenegildo Galeana, 
Cuautla, Morelos 62741, México.  
 
ramses@biomedicas.unam.mx ; *maurotru@biomedicas.unam.mx 
 
The formulation of a liquid biofertilizer with a defined medium could reduce the risk of contamination 
due to residual nutritional components during shelf life (1). The defined medium proposed by 
Bergersen (1961) is one of the simplest for the culture of Rhizobium (2). Throughout the years, some 
modifications had been done as the change of Na2HPO4 for K2HPO4 suggested by Sherwood in 1970 
(3). Initial works in our laboratory evidenced that the concentration of K2HPO4 limits the growth of R. 
phaseoli when was formulated with the composition proposed by Sherwood (3). The objective of this 
work was to evaluate the effect of increasing K2HPO4 when glucose or succinate was used as carbon 
source in shake flask cultures. The cultures were made using 100 mL of medium with orbital agitation 
(150 rpm) at 30°C in 500 mL flasks. We found that maximal colony-forming units (CFUmL-1), optical 
density, specific growth rate and yield biomass-substrate was achieved at 24 h using K2HPO4 up to 
1.5 gL-1 and glucose. With this condition the viable count was 1.7x109 ± 3.8x107 CFUmL-1, six times 
higher than 0.2 gL-1 of K2HPO4. The modification in K2HPO4 with succinate did not improve kinetic 
and stoichiometric parameters. The shelf life was evaluated with the defined medium formulation that 
achieved the best growth and with TY undefined media (4). The broth was harvest at 20, 24 and 48 h 
of culture for defined medium, and at 24 h for TY. We observed that viability decrease one order of 
magnitude after eight weeks using defined medium, whereas the viability was reduced in two orders of 
magnitude for TY broth at same time. However, the number of nodules per Phaseolus vulgaris root 
evaluated in greenhouse, were one-half less with defined medium harvest at 48 h of culture and six 
times fewer with TY media compared with defined media harvest at 20 h. The modification reported 
here improved the quality of a liquid inoculant with respect of the original composition possibly due to 
the accumulation of higher amount of PHB. The results also could be employed for other proposes as 
genetic or metabolic research.    
 
(1) Mutturi (2016). Microbial Inoculants in Sustainable Agricultural Productivity. 1:181-196. 
(2) Bergersen (1961). Austral. J. Biol. Sci. 14:349-360. 
(3) Sherwood (1970). J. Appl. Bact. 33:708-713. 
(4) Beringer (1974). J. Gen. Microbiol. 84:188-198.  
 
This work was partially financed by Consejo Nacional de Ciencia y Tecnología (CONACyT, 
www.conacyt.mx, projects 178528, 247473 and 230042). RIGC thanks the scholarship CONACYT 
220150 
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Towards commercialization of an effective nodulating and nitrogen fixing rhizobia for 
the organic production of rooibos (Aspalathus linearis, burm f.) 
 
Ahmed I Hassen, Sandra C.Lampretch1, Francina L. Bopape 
  
ARC-Plant Protection Research Institute, P. bag X134, Queenswood 0121, Pretoria, South Africa 
1ARC-Plant Protection Research Institute, P. bag X5017, Stellenbosch 7599, South Africa 
 
hassena@arc.agric.za 
 
In a successive field screening trial of rhizobium that span from 2011 to 2015 in the Western Cape 
region in South Africa, a nodulation and nitrogen fixation efficacy of several rhizobium isolates were 
tested on the popular indigenous beverage legume Aspalathus linearis burm f. commonly known as 
rooibos. The screening trial resulted in the isolation of different strains of both α and β- rhizobia group, 
not so common in many rhizobium-legume symbiotic interactions previously investigated (1). Strains 
from the β- rhizobia such as Burkholderia spp. have only been discovered recently to possess the 
genes that code for root nodulation in legumes (2). In this screening too, Burkholderia strains RB1i 
and RB14i were found to nodulate rooibos both under glasshouse and field conditions. However, of 
the various strains screened in this study, strain RB16-7a identified as Mesorhizobium amorphae 
based on the 16S ribosomal sequence analysis and belonging to the α-rhizobia group has shown a 
highly significant efficacy in terms of plant biomass improvement as well as symbiotic efficiency. The 
strain was able to fix between 4.6 – 9.4 g of atmospheric nitrogen per plant as determined by the 15N 
natural abundance technique (3) which is higher than that reported for Bradyrhizobium sp. before. In 
an effort to develop this rhizobium strain into a commercial inoculant for the organic production of 
rooibos, further organic trial experiments were conducted in which the effect of two organic 
amendments viz. soil compost and meals was evaluated on the nodulation efficacy and nitrogen 
fixation ability of this strain. While application of meal significantly improved both fresh weight (p 
<0.0001) and dry weight (p <0.001) as compared to no meal application, there was no significant 
increase in nodule number as a result of meal application (p=0.2128). On the other hand, compost 
amendment resulted in significant increase in fresh weight (p=0.004) at higher compost level and 
nodule number was significantly improved (p=0.007) when compost was amended at both lower and 
higher concentrations than in the absence of compost. Generally, Mesorhizobium amorphae strain 
RB16-7a is a potential rhizobium inoculant in the organic production of rooibos that can be applied 
together with optimum concentrations of compost and organic meal for a better result. 
 
(1) Hassen et al. (2012). Biol. Fert. Soil. 48:295-303 
(2) Moulin et al. (2001). Nature. 411: 948-950 
(3) Boddey et al.(2001). Nut. Cycl. Agroecosys. 57: 235-270 
 
The South African Rooibos Council financed this study with additional financial support by the 
Agricultural Research Council (ARC) 
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Developing innovation platforms to support small-scale famers’ potential for 
sustainably improving food security and livelihoods 
 
Kristina Lindström1, Mila Sell2  
 
1Department of Environmental Sciences, University of Helsinki, Finland 
2Natural Resources Institute Finland (Luke), Helsinki, Finland 
 
kristina.lindstrom@helsinki.fi 
 
In Sub-Saharan Africa small-scale farms have a central role both in creating livelihoods and 
contributing to local food security. The impact on environmental sustainability can also be great. What 
is then the potential role of small-scale farmers in developing sustainable local food systems and 
markets, considering the number of constraints they are faced with, including poverty, lack of access 
and education?  

It is widely acknowledged that active participation of local communities is key in shaping 
sustainable practices. Inviting local actors to contribute to the research process already at the design 
stage is one way. Our empirical study from Ethiopia attempted to do this. Our multi-disciplinary group 
of scientists established an Innovation Platform (IP) including farmers and other local stakeholders to 
participate in a project testing new technologies. The study had a dual goal, both evaluating the 
perceived effect of the technology in the field, while at the same time testing the effectiveness of the 
participatory methodology. We tried to capture the contribution farmer-participants had in transforming 
the process, the impact this had on the success of the technology, and how the information spread in 
the community.  

The technology offered was rhizobia inoculant as biofertilizer for common bean and soybean, 
during four consecutive growing seasons. In addition to annual thematic meetings and trainings, the IP 
met once a month with a facilitator to discuss. The results were very encouraging. Through the 
contribution of participating farmers, the project developed and expanded during the process. The IP 
members experienced the exercise as very empowering and the new information spread widely within 
the community. We believe there is great potential to upscale the method. It will require training of 
extension agents and linking the IP to a specific topic, such as biofertilizer, as well as to markets, e.g. 
through establishing cooperatives.  
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PCR protocols for identification of Bradyrhizobium japonicum strain E109 in soybean 
commercial inoculants 
 
Gabriela R. Portela1,2, María J. Lorite2, Juan Sanjuán2 

 

1Laboratorio Integrado de Microbiología Agrícola, Alimentos y Ambiente (LIMAyA), Facultad de 
Agronomía, Universidad Nacional del Centro de la Provincia de Buenos Aires. Azul, Buenos Aires, 
Argentina. 
2Dept. Microbiología del Suelo y Sistemas Simbióticos, Estación Experimental del Zaidín, CSIC. 
Granada, Spain. 
 
mariajose.lorite@eez.csic.es 
 
The genus Bradyrhizobium includes bacterial species of great agronomic relevance, some of which fix 
atmospheric nitrogen in symbiotic association with soybeans (Glycine max). Bacteria of this genus are 
used in the production of commercial inoculants for soybean cultivation around the world, including 
strains of B. japonicum, B. diazoefficiens and B. elkanii species. 

For the quality control of inoculants, bacterial identification at the species level is a common 
requisite. However, it would be also desirable to verify the identity of the strain(s) incorporated in the 
inoculant, to assess that the commercial product contains the key element for its effectiveness. 
The objective of this work was to design specific approaches for the unequivocal identification of B. 
japonicum E109 strain, a derivative of strain USDA6 that is the official recommended strain for 
formulation of soybean inoculants in Argentina and other soybean producing countries of Latin 
America. The bacterium was obtained from the INTA-Castelar (Argentina) culture collection.  

From the E109 genome sequence, several intragenic and intergenic sequences were 
considered to design PCR primers pairs producing strain- or species-specific amplicons. Primers were 
tested “in silico” with all bradyrhizobial genomes available in the databases, and “in vivo” with genomic 
DNA isolated from a large collection of Bradyrhizobium spp. strains. A combination of primer 
sequences and PCR amplification conditions have allowed to design various PCR protocols which can 
distinguish among various Bradyrhizobium species. Specific PCR protocols can also identify the 
commercial strain E109 among other strains of the species B. japonicum.  
 
Work supported by a Univ. of Granada Erasmus-Mundus fellowship to GRP. Also acknowledged is the 
support from the AgroMicrobios Network (CYTED) and grants of MINECO (Spain) to JS.  
 
 
 
  



 
 
 

 

 
Parallel Session 9: Inoculant Production and Applications 

 
310 

PAS9-P11 
 
Assessment of a bacterial inoculant formulated with Burkholderia tropica to enhance 
barley and wheat productivity 
 
Sabrina S. García1, Pamela R. Bernabeu1, Ana C. López2, Santiago Vio1, María L. Galar1, Natalia 
Carrasco3, María F. Luna1,4 
 

1CINDEFI (UNLP; CCT-La Plata, CONICET), Facultad de Cs. Exactas. Calles 47 y 115. La Plata, 
Buenos Aires, Argentina. 
2 InBioMis, Ruta 12 km 7,5, Posadas, Misiones, Argentina. 
3 Estación Experimental Agropecuaria Integrada Barrow (Ruta 3 Km 488), INTA – MAA, Tres Arroyos, 
Provincia de Buenos Aires, Argentina. 
4Comisión de Investigaciones Científicas de la Provincia de Buenos Aires (CIC-PBA). 
 
luna.mafla@gmail.com 
 
The use of bacterial inoculants as biofertilizer, biocontrol and phytostimulating agents is a promising 
way to achieve a sustainable agriculture. A high quality inoculant has to ensure physiologically 
suitable cells and concentration to resist environmental adversities once attached on seeds and to 
obtain efficient plant colonization. In this work, practical aspects have been defined through the 
acquisition of data related to root colonization and persistence capacities of the diazotrophic 
endophyte Burkholderia tropica, necessary to consider its use as Plant Growth Promoting Bacteria 
(PGPB) in agriculture (1) and to enhance barley and wheat yields specifically. It was defined that: 1. It 
was possible to formulate an inoculant based on B. tropica that maintained bacterial viability for 
relatively long periods of time; 2. B. tropica maintained its viability once applied on seeds and it was 
compatible with a fungicide widely used in these crops; 3. Both epi- and endophytically colonization 
were achieved efficiently under control conditions, with relatively low number of viable bacteria in the 
inoculum; 4. B. tropica was able to exert a plant growth promoting effect in field assays with different 
phosphorus and nitrogen fertilizations that resulted in a consistent increase in crops yield. Biological 
Nitrogen Fixation (BNF) and phosphate solubilization could be direct mechanisms that B. tropica used 
to promote plant growth. Colonization had to be efficient under field conditions where inoculated 
bacteria had to compete with native microorganisms, otherwise, the promoting effect would not have 
been observed in these assays. Although the enhancement in grain production was not statistically 
significant, the results show a consistent tendency to a higher yield for the inoculated treatments and 
represent important contribution for the farmer. The application of a formulated based on B. tropica on 
barley and wheat seeds proved to be a feasible approach to improve the productivity of these crops. 
This work also contributes to the knowledge of beneficial plant-microbe interaction in non-legumes 
using an endophytic bacterium to enhance barley and wheat production. 
 
(1) Bashan et al., (2014) Plant and Soil 378 (1-2):1-33. 
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Yield formation and protein and nitrogen content of field pea (Pisum sativum L.) 
depending on inoculation  
 
Lea Narits, Merili Toom 
 
Estonian Crop Research Institute, Jõgeva, Estonia 
 
lea.narits@etki.ee 
 
The legumes are able to fix atmospheric nitrogen in symbiotic relationship with soil bacteria Rhizobia 
and arbuscular mycorrhizal fungi (AMF). Seed inoculation with Rhizobium ensures higher nitrogen 
concentration of legume plants, AMF inoculation increase uptake of mineral elements, protein 
accumulation and activity of nodules. As the growing of legumes is highly enlarged in Estonia, the 
farmers interest in higher yield and quality has increased.  

The aim of the study was to examine the effectiveness of different inoculants and their mixtures 
for quantity and quality of the field pea seed yield.  

The root nodules of field pea were collected from pot grown plants containing soils from 
different Estonian regions. Strains of Rhizobium were isolated by standard methods. The composition 
of bacterial community were determined by 165 rRNA sequencing. The most promising strain was 
chosen for field testing. The following treatment were used: solely Rhizobium; solely AMF (obtained 
from Symbiom Ltd. Czech Republic); Rhizobium + AMF; Rhizobium + AMF + nitrogen application - 15 
kg ha-1. After harvesting the seed yield, protein and nitrogen content in seeds were measured. 
Significantly higher yield was obtained in Rhizobium variant - 4750 kg ha-1, extra yield 208 kg ha-1. The 
highest protein content was in Rhizobium variant - 25,17% in DM, significantly lower were in 
Rhizobium + AMF and Rhizobium + AMF + nitrogen application variants. Significantly the highest 
nitrogen content was measured only in Rhizobium variant - 3,50% in DM.  
 
This work was funded by project EUROLEGUME, grant no 613781 
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Isolation of nitrogen fixing bacteria from Arthrocnemum macrostachyum and its 
effects on the plant growth in presence of soils polluted with heavy metals 
 
S. Navarro-Torre1, E. Mateos-Naranjo2, M.A. Caviedes1, E. Pajuelo1, I.D. Rodríguez-Llorente1 
 

1Departamento de Microbiología y Parasitología, Facultad de Farmacia, Universidad de Sevilla. 
2Departamento de Biología Vegetal y Ecología, Facultad de Biología, Universidad de Sevilla. 
 
snavarro1@us.es 
 
Rhizospheric and endophytic bacteria were isolated from Arthrocnemum macrostachyum. Plant-
growth- promoting (PGP) properties were studied in the isolated bacteria, including nitrogen fixation. 
48 bacteria were isolated and 11 were able to fix nitrogen. That property was more present in 
rhizospheric bacteria. Furthermore, PGP properties were studied in presence of heavy metals and the 
nitrogen fixation was the most affected because the number of bacteria that showed this property 
decreased. This fact could be due to the inhibition of nitrogenase for the free radicals generated in 
presence of heavy metals. 

Two consortia were selected with the best bacteria isolated on base on their PGP properties, 
including the nitrogen fixation, and plants of A. macrostachyum were inoculated in presence of 
contaminated soils. After the experiment, plants growth was increased in presence of bacteria and, 
moreover, the nitrogen content was increased in the aerial part of inoculated plants.  

In conclusion, nitrogen fixing bacteria provide nitrogen to plants improving the plant growth. 
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Compatibility of Nucleus O-Phos and Avanti RZ fertilizers with nitrogen fixing bacteria 
 
Daniela Tiago S. Campos1, Marcelo Augusto Cruz Filho1, Ana Clara Alves Souto1, Renato de Almeida 
Junior2 
 
Federal University of Mato Grosso, Agronomy and Zootechnical Faculty, Mato Grosso, Brasil 
1Departamento de Fitotecnia e Fitossanidade, Universidade Federal de Mato Grosso, Cuiabá, Brasil,  
2Country Manager – Brasil, Marubeni Specialty/Helena Chemical 
 
camposdts@yahoo.com.br 
 
In Brazil, the biological nitrogen fixation process (BNF) the use of nitrogen fertilizers in soybean crops 
is not performed (1). The treatment of soybean seeds is a simple process, but because farmers need 
to reduce costs, the maximum amount of chemical and biological products that can be attached to the 
seeds is used (2). The objective of this work was to evaluate the effects of mixtures of O-PHOS and 
Avanti RZ, two liquid fertilizers applied to the seeds, in the Bradyrhizobium japonicum population at 30 
and 60 minutes after mixing. The experiment was carried out in the laboratory, using the doses 
recommended by inoculant manufacturers and liquid fertilizers. The mixtures were made trying to 
follow the same routine that would happen in the rural property, for that was used the tap water and 
the biological and chemical products in the proportions recommended by the manufacturers of the 
products. For the enumeration of the nitrogen fixing bacteria the culture medium 79 was used with red 
congo and the antibiotics vancomycin and actidione. After mixing and after the times described above, 
serial dilution in saline solution (0.9%) and distribution of 200 μL of the inoculum in culture medium 
were done with the aid of Drigalsky's Strap. The plates were incubated at 28° C for 7 days (3). The 
mixture of O-PHOS and Avanti RZ Nuclei was not harmful to nitrogen-fixing bacteria, where the result 
was always between 107 and 108 colony forming units (CFU). It is noted that in the different evaluated 
times, where the Avanti RZ was used, there was an increase in the number of bacteria, or the 
maintenance of the number, when compared to the treatment that only received the inoculant, that is, 
the product should exert some protection on the bacteria. 
 
(1) Hungria, M., et al. (2007a). Embrapa Soja. Documentos, 283. 
(2) Rêgo, et al. (2014) Journal of Botany, Volume 2014, Article ID 818797, 10 pages 

http://dx.doi.org/10.1155/2014/818797 
(3) Hungria, M., et al. (2013b). Embrapa Soja. Documentos, 337. 
 
 
  



 
 
 

 

 
Parallel Session 9: Inoculant Production and Applications 

 
314 

PAS9-P15 
 
Response of pasture legumes to inoculation with new liquid biofertilizers 
 
R. Soares, P. Fareleira, P. Pereira, A. Barradas1, I. Videira-Castro 
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Legume productivity of natural pastures in the “montado” (dehesa) ecosystem is very low, as the result 
of poor natural flora. In this context, the introduction of improved legumes with higher yield potential 
and previously inoculated with specific and highly effective nitrogen fixing bacteria strains represents 
an efficient way of increasing productivity. Although the inoculation of legumes with nitrogen fixing 
bacteria (rhizobia) is a widely used practice, the formulation of inoculants with reliable and consistent 
effects is still a constraint for their use. To overcome this, inoculants can be amended with substances 
that improve stickiness, stabilization, and adherence to seeds. 

The aim of this work was to study autochthonous nitrogen fixing bacteria strains isolated from 
several Trifolium spp. grown in the South of Portugal and selected according with their symbiotic 
performance. Liquid inoculants were later formulated using a selected mixture of these autochthonous 
rhizobia strains. In order to test the potential of this novel formulation, a field experience was 
conducted in the South of Portugal, where several clovers seeds were inoculated using this 
formulation. Plants dry weight was used to estimate the capacity of the inoculant for plant growth 
promotion and recA gene sequences of nodule isolates were used to find out whether the strains that 
compose the inoculant are able to compete, in terms of nodulation, with the natural occurring rhizobia. 
The results showed that the inoculant was able to compete with the natural rhizobial population, being 
able to be re-isolated from several clover nodules. 

Additionally, two types of inoculants additives were also tested: a traditional seed coating agent 
that is commonly used as adhesive in legume seeds inoculation, and an organic biopolymer. 
Experiments in greenhouse and controlled environmental conditions were performed to evaluate plant 
growth promotion and symbiotic effectiveness of different species of Trifolium spp. inoculated with the 
selected rhizobia strains formulated with both additives. Results of plants dry weight, point out that the 
organic biopolymer is best suitable for inoculation, although in this case seeds viability was decreased. 
 
This work was supported by the project PRODER 54971 (Portugal). Ricardo Soares was also granted 
by PRODER 54971. 
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Improving survival of rhizobia on pre-inoculated seed: understanding the molecular 
basis of improved stress tolerance induced by growth in peat 
 
Neil L. Wilson1, Rosalind Deaker1 
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Darlington, Australia. 
 
neil.wilson@sydney.edu.au 
 
Pre-inoculated seed is growing in popularity in Australia, especially for pasture legumes. Poor survival 
results primarily from the fact that inoculant strains are most commonly applied directly to the seed 
prior to sowing and the seed surface represents a hostile environment, exposing cells to desiccation 
stress and toxic chemicals. Peat is the most widely used carrier for inoculants. It is well known that 
survival of rhizobia is in response to desiccation stress improved after growth in moist peat and it was 
recently demonstrated that survival is also improved after growth in aqueous peat extract (1). We set 
out to determine the degree to which peat extracts from different sources induce tolerance to 
desiccation and other stresses in Rhizobium leguminosarum bv. viciae 3841 using genomic, 
transcriptomic and proteomic approaches. RNA-seq identified nearly 2000 genes which were 
differentially expressed in cells after growth in one of three different aqueous peat extracts relative to a 
minimal growth medium. A total of 635 genes were differentially expressed in all three peat extracts, 
most of which are involved in carbohydrate transport and metabolism. In one peat extract, the general 
stress response regulator, phyR, was upregulated, as were 76 genes which were predicted to be part 
of the phyR regulon. A phyR allelic exchange deletion mutant exhibited a 100-fold reduction in 
desiccation tolerance, but still exhibited significantly better survival relative to cells grown in TY 
medium. We are now using Tnseq to further interrogate the genes both within and outside the phyR 
regulon to identify genes playing a direct role in increased stress tolerance. The results from these 
experiments are currently being analysed. We speculate that growth in peat extract induces a sub-
lethal stress response, which is due at least in part to carbon substrate limitation. 
 
(1) Casteriano et al 2013. Applied and Environmental Microbiology, 79(13), 3998-4007. 
 
This work was funded by the Grains Research and Development Corporation (GRDC). 
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Screening and evaluation of indigenous rhizobium strains capable of increasing the 
productivity of cowpea in the Northern Guinea savanna of Nigeria  
 
Ado A. Yusuf1, Nurudeen Isa1, Aliyu A. Abdullahi1, Mahamadi Dianda2, Nkeki Kamai2 
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adamu_99@yahoo.co.uk 
 
High cost of inorganic nitrogen (N) fertilizer coupled with its long-term deleterious effects on soil 
properties necessitates the search for alternative N sources for crop production. Bio-prospection of 
root nodules of cowpea, groundnut and soybean was conducted in 44 un-inoculated smallholder farms 
within the Sudan, Northern and Southern Guinea savannas agro-ecological zones (AEZs) of Nigeria. 
Forty-two (42) out of 102 rhizobium isolates recovered from the nodules were authenticated using 
cowpea as a trap crop in a growth chamber. The strains were tested for their symbiotic effectiveness 
in sterilized river sand. Five strains: SAMFIX 605, SAMFIX 618, SAMFIX 624, SAMFIX 659 and 
SAMFIX 679 contributed most to nodule and shoot dry weights and chlorophyll contents and were 
selected for further evaluation in unsterilized soil in a screenhouse and field experiments. Other 
treatments involved were two reference strains (BR 3262 and BR 3267), 20 kg N ha-1 applied as urea 
and an absolute control. The experiment was a factorial combination of the strains/N-source and 
seven cowpea genotypes (UAM09 1051-1, UAM09 1055-6, IT97K 499-35, UAM09 1046-6-1, IT87KD-
391, IT99K-573-1-1 and IT89KD-288) in a split-plot arrangement. The field trial involved three 
additional groundnut strains (MJR 493, MJR 530 and WDL 129) and two cowpea genotypes (IT99K-
573-1-1 and IT89KD-288). Significant interactions were observed between the genotypes and the 
strains/N-source in the screenhouse trial. The highest nodule and seed dry weights were obtained 
between UAM09 1051-1 and each of the strains except SAMFIX 679 and SAMFIX 618 that had their 
highest nodule weight with UAM09 1046-6-1. Similarly, BR 3262 gave the highest seed weight with 
the same genotype. IT89KD-288 consistently gave the highest shoot dry weight followed by the 
interaction of UAM09 1051-1 with each strain. Only the main effect of the strains was significant in the 
field trial with the highest grain yield (1141 t ha-1) obtained from SAMFIX 659 that gave the highest 
seed weight on the test genotypes in the screenhouse trial. All the indigenous strains evaluated in 
these studies showed strong ability to replace mineral N and increase the productivity of cowpea and 
should be further evaluated with compatible genotype across multiple locations. 
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Manipulations of Sinorhizobium meliloti towards a minimal symbiotic genome 
 
Turlough M. Finan, George C. diCenzo, Maryam Zamani 
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Establishing which genes are necessary and sufficient for symbiotic nitrogen fixation (SNF) will aid in 
synthetic biology approaches aimed at engineering this process. Sinorhizobium meliloti forms N2-fixing 
nodules on alfalfa and some other leguminous plants and its genome consists of a 3.7 Mb 
chromosome, a 1.7 Mb chromid (pSymB), and a 1.4 Mb megaplasmid (pSymA). We will describe our 
progress on the development of a Sinorhizobium meliloti strain (∆pSymAB) designed for use in gain-
of-function approaches to study the rhizobium-legume symbiosis. Screening a deletion library, 
representing > 95% of the 2900 genes on pSymA and pSymB for their symbiotic phenotypes with 
alfalfa revealed four gene regions, accounting for < 12% of pSymA and pSymB, that were essential for 
SNF. The S. meliloti 2011 pSymB chromid carries a ~ 100 kb engA-argtRNACCG-rmlC (ETR) region that 
is essential for cell viability and symbiosis. To render the ETR region on pSymB redundant, an 
equivalent ~69 kb region from S. fredii NGR234 was transferred to the ancestral ETR location on the 
S. meliloti chromosome and a ∆pSymAB derivative that lacked the pSymA and pSymB replicons was 
made. Somewhat surprisingly, in subsequent studies, the ETR region from S. fredii was found to differ 
in symbiosis from the S. meliloti pSymB ETR region and this difference was shown to reside in the 
bacA gene. In addition to the development of the S. meliloti ∆pSymAB strain, results on the metabolic 
requirements for symbiotic N2-fixation will also be presented.  
 
(1) diCenzo GC et al., 2017. Mol Plant Microbe Interact. 2017 30(4):312-324.  
(2) diCenzo et al., 2016. Environ Microbiol. 18:2534-47.  
(3) Zamani et al., 2017. Environ Microbiol. 19:218-236.  
 
This work is supported by the Natural Sciences and Engineering Research Council of Canada 
(NSERC). 
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Nitrogen fixation in corn enabled by guided remodeling of crop-associated microbes 
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Pivot Bio, Inc 
1Monsanto Company 
 
karsten@pivotbio.com 
 
Transferring biological nitrogen fixation to non-legume crops has been a longstanding research goal. 
At Pivot Bio, we are developing technology to enable endophytes and root-associated microbes to 
actively fix nitrogen in cereal crops. Our approach leverages extensive profiling of the crop microbiome 
and active remodeling of the genetic regulation controlling nitrogen fixation and assimilation. I will 
discuss the isolation and non-transgenic remodeling of a novel diazotoph with significant impact corn 
physiology and nitrogen status in the lab, greenhouse, and field. We observe fixation and transfer of 
nitrogen to corn supported by isotopic, transcriptomic, and metabolic data. Remodeled microbes fixed 
21% of the nitrogen in corn, and inoculated plants grown in moderate nitrogen stress developed 18% 
more biomass than uninoculated plants. In the field, strains improved corn yield up to 22% through a 
combination of nitrogen fixation and plant growth promotion. From funding to technology and 
organizational growth, I will also share insights on building a technology-focused startup company in 
the agriculture industry. 
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Engineering rhizopine mediated trans-kingdom signalling in rhizosphere for synthetic 
plant-microbe associations 
 
Ponraj Paramasivan1, Barney A Geddes2, Philip Poole2, Giles Oldroyd1 
 
1Department of Cell and Developmental Biology, John Innes Centre 
2Department of Plant Sciences, University of Oxford 
 
ponraj.paramasivan@jic.ac.uk 
 
One strategy that will enhance crop production in future agroecosytems is engineering plant-microbe 
interactions in the rhizosphere. Communications between plant and rhizosphere microbiota plays an 
important role in determining the rhizomicrobiome, thereby influencing the plant productivity. A well-
studied example of trans-kingdom signalling during plant-microbe interactions is the signalling during 
Legume-Rhizobium symbiosis. In this example, flavonoids released by the legume roots activate 
nodulation gene expression in rhizobia. In turn, the lipochitooligosaccharide (LCO) or Nod factor (NF) 
produced by the rhizobia activate the symbiosis signalling pathway in legume roots which leads to 
rhizobial infection and formation of nodules.  

Rhizopines are nodule specific, opine-like compounds synthesized by a few rhizobial strains in 
root nodules and exuded into the rhizosphere. Rhizopines can specifically activate the expression of 
catabolism genes in plant-nodulating rhizobia in the rhizosphere and give them a nutritional advantage 
over other saprophytic microorganisms. Current advances in plant and microbial synthetic biology will 
enable us to use metabolic engineering to create rhizopine-based trans-kingdom signalling from plants 
to microbes in the rhizosphere comparable to the signalling in the Legume-Rhizobium symbiosis and 
thereby establish synthetic symbioses for enhanced nitrogen provision to cereals. 

We aim to engineer LCO inducible production of rhizopines in cereal roots (barley) as a trans-
kingdom signal that can specifically activate nitrogen fixation in genetically modified bacteria which 
carry the ability to fix some level of nitrogen in the free-living state. We are studying the constitutive 
and inducible (Nod factor) production of rhizopines in transient plant transformation systems before 
transferring the approach to cereals. 
  
(1) Rogers C. and Oldroyd G. (2014) J. Exp. Bot. 65(8): 1939-1946. 
(2) Geddes et. al. (2014) Curr. Opin. Biotechnol. 32: 216-222. 
 
This work is supported by UK-BBSRC and US-NSF joint funding.  
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PAS10-O04 
 
Targeting nitrogenase proteins to plant mitochondria 
 
Robert Allen1, Kimberley Tilbrook1, Andrew Warden2, Peter Campbell2, Vivien Rolland1, Surinder 
Singh1, Shoko Okada2, Craig Wood1 

 

1CSIRO Agriculture and Food, Black Mountain, Canberra, Australia 
2CSIRO Land and Water, Black Mountain, Canberra, Australia. 
 
rob.allen@csiro.au 
 
The world’s growing demand for food, fibres and biofuels is sustained by industrial nitrogen fertilizer, 
at great economic and environmental cost. Engineering plants to fix their own nitrogen, by 
reconstituting in planta the bacterial enzyme nitrogenase, has been a long standing ambition to make 
plants less reliant on fertilizer. We have individually expressed all 16 Klebsiella pneumoniae 
biosynthetic and catalytic nitrogenase (Nif) proteins as mitochondrial targeting peptide (MTP)-Nif 
fusions in Nicotiana benthamiana. We found they are correctly targeted to the plant mitochondrial 
matrix, a subcellular location with biochemical and genetic characteristics potentially supportive of 
nitrogenase function. Although these Nif protein fusions were detectable by Western blot analysis, the 
NifD catalytic component was the least abundant. To address this problem, a translational fusion 
between NifD and NifK was designed based on the crystal structure of the nitrogenase MoFe protein 
heterodimer. This fusion protein enabled equimolar NifD:NifK stoichiometry and improved NifD 
expression levels in plants. Four MTP-Nif fusion proteins (B, S, H, Y) were successfully co-expressed, 
demonstrating that multiple components of nitrogenase can be targeted to plant mitochondria. We are 
now designing and testing combinatorial libraries of plant optimised Nif expression components, to 
assess the success of their integration within plant mitochondria. 
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PAS10-O05 
 
Keeping nitrogen fixation optimised by managing the evolution of suboptimally 
efficient rhizobia  
 
Jason Terpolilli1, Timothy Haskett1, Amanuel Bekuma1, Rachel Brewer1, Joshua Ramsay2, Graham 
O’Hara1, John Howieson1. 
 

1Centre for Rhizobium Studies, Murdoch University, Murdoch, Australia.  
2CHIRI Biosciences Precinct, Curtin University, Bentley, Australia 
 
The symbiosis between rhizobia and legumes is an integral component of sustainable agriculture, 
particularly in Australia where our generally nutrient-poor soils are a challenge to maintaining 
productive farming systems. All legumes currently in use in Australian agriculture are exotic, and their 
rhizobia have similarly been introduced, either deliberately or inadvertently, from other parts of the 
world. Rhizobia of the genus Mesorhizobium are of particular interest, as they form symbiotic 
relationships with important crops such as chickpea (Cicer arietinum) and the pastures Biserrula 
pelecinus, Lotus spp. and Bituminaria bituminosa. Mesorhizobium spp. are known to harbour 
symbiotic genes on large chromosomally-encoded symbiosis islands, which can be either monopartite 
or tripartite in structure ((1, 2), and these Proceedings). These symbiosis islands can transfer from the 
inoculant strain to normally non-symbiotic soil mesorhizobia, giving-rise to new microsymbionts. 
Crucially, symbiotic testing of these newly evolved microsymbionts has revealed that although they 
have acquired complete symbiosis islands, they are less effective than the original inoculant. The 
evolution of poorly effective microsymbionts, which out-compete the inoculant for nodulation of the 
target legume, poses a significant problem for inoculant production and sustainable agriculture. It also 
raises questions about the mechanisms by which host sanctions and partner choice may operate. 
Strategies to manage populations of suboptimally-effective microsymbionts and to develop engineered 
Mesorhizobium inoculant strains with stabilised symbiosis islands, will be discussed. 
 
(1) Haskett et al. 2016. PNAS. 113: 12268-12273 
(2) Ramsay, et al. 2015 PNAS. 112: 4104-4109 
 
This work is funded by the Grains Research and Development Corporation of Australia  
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Engineering synthetic communication between plants and bacteria 
 
Barney A. Geddes1, Ponraj Paramasivan2, Amelie Joffrin3, Stuart J. Conway3, Giles Oldroyd2, Philip S. 
Poole1 
 
1Department of Plant Sciences, University of Oxford 
2Department of Cell and Developmental Biology, John Innes Centre 
3Department of Chemistry, University of Oxford 
 
barney.geddes@plants.ox.ac.uk 
 
Rapid advances in synthetic biology in the past decades have potentiated the engineering of bacteria 
that associate with plants to improve agricultural productivity such as nitrogen fixation (1, 2). However, 
engineered microbes that constitutively express “productive” traits are likely to be impaired in their 
ability compete and thrive in the complex environment of the soil (3). We set out to establish synthetic 
communication between plants and bacteria that could be utilized to coordinate the activation of 
productive traits such as N2-fixation in bacteria. To this end we have exploited aminocyclitol 
compounds called rhizopines to serve as a synthetic signal between plants and microbes. In the 
natural context rhizopines are synthesized by a small subset of the Rhizobia in legume nodules (4). 
Characterization of rhizopine biosynthesis for transfer to plants led to the discovery of two novel 
pathways for rhizopine biosynthesis: a natural pathway used by rhizobia to produce rhizopines in 
legume nodules, and a synthetic pathway that was successful in engineering rhizopine production in 
plants. We have engineered bacteria to perceive rhizopine, and demonstrated trans-kingdom signaling 
between rhizopine-producing transgenic plants and bacteria. Future work is focused on coordinating 
rhizopine perception with the activation of plant growth promotion traits with the aim of improving 
agricultural productivity. This work has broad implications for exploiting trans-kingdom communication 
for synthetic biology, particularly in the agricultural sector. 
 
(1) Temme, K., et al. 2012. PNAS 109, 7085–7090. 
(2) Geddes, B. A. et al. 2015. Curr Opin Biotechnol 32, 216–222. 
(3) Ryan, P. R., et al. 2009. Plant Soil 321, 363–383. 
(4) Murphy, P. J., et al. 1995. Soil Biol Biochem 27, 525–529 (1995). 
 
 This work is supported by UK-BBSRC and US-NSF joint funding.  
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PAS10-P02 
 
Engineering Rhizobia as a synthetic biology chassis 
 
Kyle C. Grant 
 
Plant Sciences Department, University of Oxford, U.K. 
 
Kyle.grant@wadh.ox.ac.uk 
 
In this project we aim to contribute to the engineering of biofertilisers that can alleviate the use of 
inorganic fertilisers and serve as an economically viable alternative in developing countries. 
Azorhizobium caulinodans ORS571 and Azospirillum brasilense FP2 are known diazotrophic nitrogen-
fixing and plant associating rhizobia (1). These are the two species chosen for use as chassis for 
genetic manipulation. Genetic circuitry and a ‘toggle switch’ are used to control expression of core 
enzymes in the nitrogen assimilation pathway of the organism  (2). Using rhizosphere-specific inducers, 
the chassis will perform a phenotypic switch from a competitive to ammonia-secreting phenotype. This 
allows a rhizosphere specific phenotypic switch from a fast-growing competitive state to a plant 
beneficial ammonia secreting state. Results to date have characterised the DNA ‘parts’ required for 
the construction of a genetic toggle switch. Furthermore, by utilising a suite of orthogonal 
transcriptional regulators, it has been shown that genetic logic gates can be constructed in both the A. 
caulinodans and A. brasilense chassis (3). Ongoing phenotypic characterisation of both strains has 
confirmed the desired ammonia-secreting phenotype in vitro with future experiments planned to 
confirm plant growth promotion of Hordeum vulgare (common barley) and Triticum aestivum (common 
wheat) in vivo. 
 
(1) Goppalaswamy et al., Proc. Biol. Sci. 267(1439): 103–107. 
(2) Gardener et al., Nature 403, 339-342. 
(3) Nielsen et al., Science 352 (6281). 
 
This work has been funded in part by the Biotechnology and Biological Sciences Research Council 
grant BB/L011484/1 to PP and National Science Foundation grant NSF-1331098 to JWP and CV. 
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Nitrogen fixing bacterial populations associated with biological soil crusts and 
reclaimed precipitates from an acid mine drainage site and their potential for mine 
land reclamation 
 
Rosemary M. Gutiérrez1, Claudia M. Rojas-Alvarado2, Mary Ann V. Bruns3 
 

1Department of Biology, College of Science, University of the Philippines Baguio, Baguio City, 2600, 
Benguet, Philippines  
2 Institute of Agronomic Sciences, University of O'Higgins. Rancagua, Chile 
3Department of Ecosystem Science and Management, College of Agricultural Sciences, Pennsylvania 
State University, University Park, PA, 16802, USA 
 
rmgutierrez@up.edu.ph 

 
Very few studies have described the presence of nifH genes in degraded mine lands, and the use of 
nitrogen fixing microorganisms such as cyanobacteria in mine land reclamation has received little 
consideration especially in the Philippines. In a collaborative work between the University of the 
Philippines Baguio and The Pennsylvania State University, we aimed to analyze the unculturable 
diazotrophic bacterial community of bryophyte dominated biological crusts and reclaimed mine lands 
from an acid mine drainage (AMD) site in Pennsylvania, USA. Amplification of nifH genes using a 
degenerate primer was used to assess the diazotrophic community from samples collected from the 
acidic precipitates (pH 2.5-2.7) rich in Fe(III)oxy(hydr)oxide and were compared to untreated control 
areas. BLAST and phylogenetic analyses of nifH cloned sequences revealed that they belong to the 
Proteobacteria group, (94%), Cyanobacteria (2%) Actinobacteria (2%) and 2% did not match any 
cloned sequences in the database. The majority of the samples, both from reclaimed and control 
biological crusts, contained sequences that were similar to a methanotrophic bacteria, Methylocystis 
bryophila, which was originally described to be isolated from an acidic sphagnum peat at pH 4.3. 
Symbiotic nitrogen fixers Bradyrhizopium sp, and Bradyrhizobium japonicum were also found in both 
samples which were also reported to be tolerant of acidic soils. Cloned sequences with similarities to 
Methyloferulla stellata, Halorhodospira halophila and Methylocella tundrae were found only in the 
amended or reclaimed precipitates, while cloned sequences with similarities to Nostoc punctiforme, 
Streptomyces, Mesorhizobium shangrilense and Desulfonatronum thioautotrophicum were found only 
in the biological crusts. Presence of these nitrogen fixing bacterial strains assures the capability of 
nitrogen fixation in the biological crusts and rhizosphere of plants in the reclaimed mine lands that 
maybe explored in future studies as plant growth promoters in these reclaimed mine lands. This work 
paves the way to investigate the application of nitrogen fixers like cyanobacteria as well as 
methanotrophs to mine lands in the Philippines as a means to enrich soils with fixed nitrogen, protect 
newly forming soils from erosion, and condition soils for seed germination. 
 
(1) Huang et al. (2011) FEMS Microbiol. Ecol. (78) 439–450. 
(2) Rojas et al. (2014) Environ. Pollut. 184, 231–237. 
(3) Rojas et al. (2016) Appl. Soil Ecol. 105 (2016) 57–66. 
(4) Poly et al. (2001) Res. Microbiol. 152: 95–103. 
 
This work was funded by the Fulbright-Philippine Agriculture Scholarship Program (FPASP), The 
University of the Philippines Baguio and The Pennsylvania State University. 
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PAS10-P04 
 
Azospirillum brasilense: a chassis for engineering plant coordinated nitrogen fixation 
in cereals  
 
Hayley E Knights1, Barney A Geddes1, Philip S. Poole1 

 

1Department of Plant Sciences, University of Oxford 
 
Hayley.knights@plants.ox.ac.uk 
 
In agriculture, nitrogen limitation is overcome through the application of nitrogen fertilizer. However, 
rising production costs coupled with its negative environmental impacts have resulted in a drive to 
seek novel approaches to supply plants with nitrogen. One such approach is to engineer plant 
colonizing bacteria as a chassis for the transfer of nitrogen fixation to cereals, since cereals lack a 
rhizobium-legume like symbiosis (1). Azospirillum brasilense, a free-living natural diazotroph originally 
isolated from the rhizosphere of tropical grasses, has been shown to associate with and promote the 
growth of key cereal crops including wheat, rice and maize (2). Whilst A. brasilense strains such as 
FP2 fix nitrogen they fail to excrete ammonia. Consequently, the plant growth promoting phenotype of 
A. brasilense cannot be directly attributed to its nitrogen fixing activity. Previously, an ammonia 
excreting mutant of FP2 named HM053 was isolated and shown to display constitutive nitrogenase 
activity making it an ideal candidate for engineering biological nitrogen fixation in crops (3). Evidence 
has been presented that HM053 may be able to provide plants with up to 100% of their required 
nitrogen in vitro, however the same has not been demonstrated in vivo where competitive pressures 
come into play (4). We hypothesize that by taking control of nitrogen fixation in A. brasilense and 
coordinating it with plant derived signals, HM053 will be able to remain competitive in a natural 
environment.  

Here we describe for the first time a defined deletion of nifA in A. brasilense. This allows us to 
genetically dissect the role of nitrogen fixation in plant growth promotion ascribed to FP2 and HM053. 
Moreover, this generates a chassis for us to take control of nitrogen fixation and coordinate it with 
plant derived signals bringing us one step closer to engineering nitrogen fixation in cereals.  

 
(1) Geddes B. A. et. al. (2014) Curr. Opin. Biotechnol. 32: 216-222.  
(2) Tarrand J. J. et. al. (1978) Can. J. Microbiol. 24: 967-980.  
(3) Machado H. B. et. al. (1991) Can. J. Microbiol. 37: 549-553. 
(4) Pankievicz V. C. S. et. al. (2015) Plant J. 81: 907-919. 
 
This work was supported by UK-BBRSC funding.  
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Towards synthetic nitrogen fixing symbioses in grasses: Characterizing and 
increasing C-export and ammonium uptake by the plant partner  
 
Evangelia D. Kouri, Rita Leavitt, Ivone Torres-Jerez, David Huhman, Michael Udvardi 
 
Noble Research Institute, 2510 Sam Noble Parkway, Ardmore, OK 73401, USA 
 
edkouri@noble.org 
 
Over-use of N-fertilizers in many agricultural systems damages environmental and human health, 
while insufficient N in poorer systems undermines productivity and food security. Symbiotic nitrogen 
fixation (SNF) in legumes is a sustainable alternative to fertilizer-N in agriculture, although many of our 
major food crops are not legumes and are unable to access N through SNF. We are part of a USA-UK 
multi-investigator project that aims to develop synthetic N-fixing symbioses between grasses and 
bacteria based on knowledge acquired from natural N-fixing symbioses in legumes. In the Synthetic 
Symbioses project, epiphytes or endophytes that efficiently colonize cereals are being used as chassis 
for synthetic biology approaches to produce and release ammonium to plants, including the model and 
crops species Setaria viridis, barley and maize. Our part of this project involves characterization and 
manipulation of C-export and ammonium uptake in plants.  

C-metabolites in roots and root exudates of S. viridis, maize and barley have been analyzed by 
GC-MS. Common metabolites in root exudates include sugars, sugar alcohols, amino acids, and 
organic acids. We have obtained, or are producing transformed barley plants that over-express 
malate, citrate, or sugar transporters that can release these compounds from plant cells for use by 
symbiotic bacteria. The objective of this work is to increase the number and metabolic activity of 
nitrogen-fixing, ammonia-releasing bacteria in close proximity to roots. 

Uptake of ammonium by plant roots is facilitated mainly by ammonium transporters of the AMT1 
and AMT2 families. We have identified the AMT repertoire of S. viridis, maize and barley and analyzed 
AMT gene expression levels under N-replete and N-limited conditions, by quantitative RT-PCR. 
Transcript levels of many of these genes were found to increase under N-limitation, consistent with 
potential roles in ammonium scavenging from N-poor soils. We aim to over-express some of these 
AMT genes in barley and maize to enhance their ability to take up ammonium produced by nitrogen-
fixing bacteria in the rhizosphere. 
 
Our work is funded by the National Science Foundation of the USA. 
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In vivo absolute and relative Nif protein abundances of Klebsiella oxytoca  
 
Christopher J. Waite, Anya Lindstrom Battle, Mark Bennett, Martin Buck, Jörg Schumacher 
 
Department of Life Science, Imperial College, London SW7 2AZ, UK 
 
j.schumacher@imperial.ac.uk 
 
Optimal nitrogenase assembly and function probably relies on the coordinated expression of nif 
genes, giving rise to appropriate absolute numbers and stoichiometries of the proteins involved (1). 
The nif gene cluster of Klebsiella oxytoca (M5a1) comprises 20 genes, organised in seven operons, 
coding for the nitrogenase subunits (Nif H, D, K), its biosynthesis (Q, B, N, E, V, S, Z, U, X, T), 
maturation (M, Y, W), electron donation (J, F) and nif gene regulation (L, A). We report the accurate 
average in vivo protein abundances of 19 Nif proteins under non-diazotrophic, early diazotrophic and 
diazotrophic growth of Klebsiella oxytoca. To do so, we produced and used Nif protein quantotypic 
isotopically labelled QconCATs as protein standards in multiple reaction monitoring MS proteomics (2, 
3). With the possible exception of nifT and nifW, expression of all non-regulatory nif genes was strictly 
NifA-NifL dependent. During diazotrophy, average Nif protein abundances range from a few 
thousands to many hundreds of thousand copies per cell. Generally, nif genes involved in nitrogenase 
biosynthesis and maturation are relatively earlier expressed compared with nitrogenase structural 
genes and electron donors. We found NifH in super-stoichiometry relative to NifD and NifK for the 
nitrogenase complex, supporting an additional function, such as in FeMoco maturation. Our results 
now allow discussing various aspects of the nitrogenase biochemistry more quantitatively. 
  
(1) M. J. Smanski et al., Functional optimization of gene clusters by combinatorial design and 

assembly. Nature biotechnology 32, 1241 (2014). 
(2) J. Schumacher et al., Nitrogen and carbon status are integrated at the transcriptional level by the 

nitrogen regulator NtrC in vivo. mBio 4, e00881 (2013). 
(3) R. J. Beynon et al., Multiplexed absolute quantification in proteomics using artificial QCAT proteins 

of concatenated signature peptides. Nat Methods 2, 587 (2005). 
 
This work was supported by the BBSRC (strategic longer and larger grant BB/N003608/1): 'Managing 
the nitrogen economy of bacteria'. 
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Synthetic control of nitrogen fixation and assimilation in the associative diazotroph 
Klebsiella oxytoca  
 
Christopher J. Waite, Radoslaw Kowalczyk, Anya Lindstrom-Battle, Cai Goh, Mark Bennett, Martin 
Buck, Jörg Schumacher 
 
Division of Cell and Molecular Biology, Department of Life Sciences, Imperial College London, United 
Kingdom 
 
christopher.waite10@imperial.ac.uk 
 
The release of fixed nitrogen (N) compounds into the rhizosphere by soil bacteria has been shown to 
improve yields of non-leguminous plants (1, 2), highlighting the great potential of root-associative 
diazotrophs for sustainable, biological alternatives to chemical fertilizer. The application of synthetic 
bacterial inocula optimised for the release of fixed N represents a promising short-term solution for 
meeting the global demand for food crops, especially in the developing world. However, the 
remarkable efficiency of N metabolism in diazotrophs, achieved via regulatory coupling between the N 
fixation and assimilation pathways, hinders the production of surplus fixed N and as such the 
effectiveness of natural strains as ammonia providers. Using the free-living diazotroph Klebsiella 
oxytoca M5aI (Ko) as a proof of concept model system, we are employing systems and synthetic 
biology approaches to inform engineering strategies for robust ammonium (NH4) excretion in the 
rhizosphere. 

In most bacteria the rate of N assimilation is coupled to the cellular N status by a regulatory 
cascade involving post-translational uridylation of PII type proteins (GlnB and GlnK) and the σ54-type 
transcriptional activator NtrC (3). In diazotrophs such as Ko, these regulators also govern the 
expression of the nif gene cluster, encoding the nitrogenase complex and its associated factors, 
indirectly via a second, downstream σ54-activator NifA, which is fully active under N limiting and 
anaerobic culture conditions. The transition between N replete and diazotrophic states has yet to be 
explored at an integrated systems level. Using RNA-seq, we describe both the global transcription 
program induced by N run out and, a subset of this, the complete regulon that contributes to N fixation. 
Concurrently, we are able to monitor the cellular N status and the rapid post-translational modifications 
that occur in response to it via targeted and quantitative multiple reaction monitoring mass 
spectrometry (MRM-MS). We have generated functional chimeras of σ54 activator proteins. These 
enable tuneable and orthogonal control of NtrC and NifA transcription control function independently of 
N status. We demonstrate that these synthetic chimeras are able to drive N fixation and assimilation 
pathways ectopically and explore their utility for re-directing N metabolism towards tuneable NH4 
surplus. 
 
(1) Setten et al. (2013) PLoS One. 8:e63666. 
(2) Pankievicz et al. (2015) The Plant Journal. 81, 907-919 
(3) Schumacher et. al. (2013) mBio. 4:e00881-13. 
 
This work is funded by a BBSRC (UK) Strategic LOLA grant (BB/N003608/1). 
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