Improving crop photosynthesis for yield: assets of the French public and private research community and new research opportunities

The "Groupement d'Intérêt Scientifique Biotechnologies Vertes" (GIS BV) and the "Plant Biology and Biotechnologies" working group (GT4) of the AllEnvi Alliance organised a one-day workshop on December 11 th 2012 on the "Optimisation of plant photosynthesis" that brought together twenty-five scientists from the public and private members of the GIS BV, including representatives from the Groupement De Recherche Photosynthèse. Martin Parry (Rothamsted Research, UK), invited as keynote speaker, gave an overview of the current international collaborative programs to improve crop photosynthesis and productivity. Presentations by scientists working in France on plant photosynthesis were followed by a global discussion. This paper summarizes the research priorities identified and addresses the challenges and opportunities for the French public-private research community in this field of research, in the light of the scientific and socio-economic issues linked to crop photosynthesis optimization.

n order to keep up with the growing global food and biomass demand, a near doubling in crop production will be required by 2050. This dramatic raise will have to be met while having restricted capacity to sustainably expand agriculture land. In view of this alarming observation, improvement of crop productivity and yield potential is more than ever of crucial priority for agriculture research.

While the improvement of photosynthetic efficiency played only a minor role in past crop productivity increases, recent studies predict that further advances in yield potential will rely in large part on the optimization of photosynthesis performance. With the modern achievements in the field of classical breeding, systems biology, and synthetic biology, new opportunities are emerging: a number of targets that could theoretically double the yield potential of our main crops have been identified in this respect (Table 1): these include short term opportunities (e.g. optimization of canopy structure, managing light driven stress and mineral nutrition); and more challenging targets that require longer-term efforts (e.g. plant carboxylases engineering, transformation technologies, molecular optimization of the photosynthetic apparatus using modelling etc.). . French public laboratories are implicated as well in several European fundamental research programs dealing with light harvesting and photoprotection (ITN "Harvest", "Accliphot", "Cosi"), and energy production ("Solar H" and "Solar H2", "Sunbiopath"). Moreover, exchanges in the French photosynthesis research community benefit from a solid coordination since the creation of the GDR Photosynthèse (Groupement de Recherche) funded by the CNRS: the GDR gathers a community of ~300 researchers and nineteen public laboratories (CNRS, CEA, INRA and Universities).

Although mostly fundamental, the research carried out by the French photosynthesis community deals with various topics of potential interest for plant productivity: gene expression and post translational modification, photosynthetic apparatus and structure/function relationship, light absorption and utilization, signalling and stress responses, primary and secondary metabolism, genomics and phylogeny, and bioenergy. As illustrated in Table 2, this research could be readily integrated into applied research programs for the strategic targets identified for crop productivity.

Several large international initiatives have already seized the scientific opportunity and begun to explore the potential solutions to improve crop photosynthesis (Annex 3). These large collaborative projects use integrative approaches aiming towards a better understanding of the molecular functioning behind crop photosynthesis, combined with applications in the field (e.g. via genetic engineering). Largely built within the Anglo-Saxon scientific community, these applied projects are funded by national and international agencies (e.g. NSF, BBSRC, Bill and Melinda Gates Foundation).

Collaborative programs dedicated to the translation between basic and applied research for crop photosynthesis and productivity should also be implemented in France. The French research community wishes to continue to conduct highlevel basic research in the photosynthesis field, but is ready to take further institutional and industrial support to translate them into efficient application strategies for crop productivity. Moreover, the French private research community expresses now its determination to create interactions with public researchers working on photosynthesis, in particular through their participation in the GDR Photosynthèse meetings. Some GIS BV private members mentioned their willingness to translate into crops the results and discoveries made in model plants.

Given these observations, the French public and private research community calls the funding agencies (e.g. ANR), the research institutions (INRA, CNRS, CIRAD, IRD and CEA), and the private companies members of the GIS BV to initiate a reflection and take actions to foster the development of ambitious collaborative research strategies at the frontier between fundamental and applied research on crop photosynthesis and productivity, through (1) specific funding opportunities to promote the onset of new synergies between public and private research communities in this field, and (2) the definition of applied crop photosynthesis research programs between France's target-oriented research institutes, industrial partners and the existing photosynthesis research community.

This paper is endorsed by the strategic committee of the GIS BV, the "Plant Biology and Biotechnologies" working group (GT4) of the AllEnvi Alliance, and the participants of the GIS BV-AllEnvi workshop (Annexe 4) 

GIS Biotechnologies

Use of modelling to guide molecular optimization of resource investment among the components of the photosynthetic apparatus, to maximize carbon gain without increasing crop inputs

Photosynthetic metabolism is studied to assess the different facets of chloroplast metabolism (synthesis of pigments, vitamins, lipids, starch) in plants and seeds. The differentiation between C3 and C4 photosynthesis in Maize is studied by proteomics in Gif.

Grenoble (N Rolland), Gif (ISV, W Majeran) and Lille (S Ball)

Designing, modelling and testing novel agricultural systems that enhance productivity with constrained availability of arable land can be conceived, while mitigating our carbon footprint.

Managing utilization of arable land, so that food production does not compete with sustainable bioenergy. Annexe 3 : Most relevant current international initiatives to improve crop photosynthesis -The "Ideas Lab activity": following the pioneering experiments done in the USA on the possibility to enhance crop productivity by free air CO 2 enrichment experiments, the Anglo-Saxon community has become extremely active in promoting research in the field of CO 2 assimilation. As a result, a consortium has been established in 2010, which involves 18 partners from USA and UK to enhance the efficiency of photosynthesis via genetic engineering (NSF BBRC joint grant, overall budget £6.11 M/$10.3 M).

-The C4 rice project: this is an international consortium led by the International Rice Research institute (IRRI) that is based in the Philippines. The consortium involves laboratories form Australia, Canada, China, Germany, Korea, Philippines, Taiwan, UK and USA. This initiative aims at improving rice productivity by modifying its photosynthesis from its original mode (C3 as in Arabidopsis) to C4 (i.e. the same type of photosynthesis occurring in Maize). The project is sponsored by the Bill and Melissa Gates 

  Pioneering studies on photosynthesis are incontestably at the core of photosynthesis optimization strategies. With the financial support of research agencies (ANR blanc, ANR bioadapt, ANR bioénergies), as well as of strategic projects of the CNRS and CEA, and of the "Investissements dof this research is documented by high standard of publications in top-ranking scientific journals 2 , and by invitations to the most relevant conferences in the field 3
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  Further investigation of how CO2 assimilation can be managed by reducing photorespiratory losses.Study of the role of carbonic anhydrases on plant CO2 assimilation. Role of proline as a determinant for the efficiency of photorespiration. Role of the CP12 protein in the activation of the Calvin cycle Cadarache (M Havaux), Marseille (B Meunier-Gontero) and Paris (UPMC, P Carol)

  Study on the use of microalgae and microorganisms in general for biofuel is ongoing in Cadarache, Saclay, IPBF Paris and Grenoble and other teams to see how this alternative approach can replace the use of arable land for bioenergy Cadarache (M Havaux), Grenoble (N Rolland), Marseille (A Atteia), Paris (IBPC, FA Wollman; ENS, C Bowler, Roscoff (F Partensky) and Saclay (D Kirilovsky) Impact of C02 concentration on crop productivity Development of C02-controlled condition platforms, and of a semi-controlled field platform (FACE technology) to study the genetic variability of crops response Montpellier, Dijon and Clermont-Ferrand (Phenome coordinated by F. Tardieu, Montpellier SupAgro)*laboratories are indicated by the name of the project coordinator or by the name of the network coordinator if they are members of the GDR Photosynthèse.

-

  The RIPE project (Realizing Increased Photosynthetic Efficiency): lead by the University of Urbana (Illinois, USA) this project involves research groups from Australia, USA, China and the UK, with a budget of $25 M for the next five years, to advance our understanding of photosynthesis with a view to achieving yield increases of key C3 crops such as rice, wheat and legumes. The project is funded by the Bill and Melissa Gates Foundation.-The Wheat Yield Consortium and Network(Reynolds et al., 2011), led by the CIMMYT and involving several international partners including INRA, France, aims at raising wheat yield and develop new varieties (funding pending). Annexe 4: Participants of the GIS BV-AllEnvi workshop « Optimisation of Plant Photosynthesis", Paris, December 11 th 2012 Hélène Barbier-Brygoo (CNRS Gif-sur-Yvette) ; Benoit Bertrand (CIRAD) ; Michael Bosio (BIOGEMMA) ; Pierre Carol (UPMC) ; Emeline Defossez (Végépolys) ; Hervé Etienne (CIRAD) ; Giovanni Finazzi (CEA) ; Thierry Gaude (CNRS) ; Alain Gojon (INRA) ; Michel Havaux (CEA) ; Emmanuelle Issakidis-Bourguet (Université Paris Sud -CNRS) ; Hélène Lucas (INRA) ; Virginie Mirleau-Thebaud (SYNGENTA) ; Aimé Nato (Université Paris Sud) ; Eric Odoux (CIRAD) ; Martin Parry (Rothamsted Research); Wyatt Paul (BIOGEMMA) ; Pascual Perez (Limagrain) ; Xavier Pinochet (CETIOM) ; Romain Piovan (GIS BV) ; Norbert Rolland (CEA) ; Christophe Sallaud (BIOGEMMA) ; François Tardieu (INRA) ; Francis-André Wollman (CNRS) ; Céline Zimmerli (GIS BV).

Table 1 : Identification of near-term and longer-term research targets for crop productivity 4 Near-term opportunities Longer-term opportunities (Long and Ort, 2010)

 1 

	Improving the display of leaves in crop canopies to	Engineering into plant carboxylases that are better
	enhance light capture and avoid light saturation	adapted to current and forthcoming CO 2
	of individual leaves and oxidative stress (which	concentrations,
	reduces productivity by promoting light stress)	
	(e.g. Ruberti et al., 2012),	
		Harnessing our scientific strength in plant and seed
		biology to deliver health and good nutrition through
	Further investigation of how CO 2 assimilation can	agriculture,
	be managed by reducing photorespiratory losses	
	(e.g. Long et al., 2006; Ducat and Silver, 2012),	

Implement mineral nutrition and nutrient uptake to avoid limitation of chloroplast biogenesis and function (e.g.

Veneklass et al., 2012)

.

Use of modelling to guide molecular optimization of resource investment among the components of the photosynthetic apparatus, to maximize carbon gain without increasing crop inputs, Designing, modelling and testing novel agricultural systems that enhance productivity with constrained availability of arable land can be conceived, while lowering our carbon footprint, Managing utilization of arable land, so that food production does not compete with sustainable bioenergy.

4 References: Ducat DC, Silver PA (2012). Improving carbon fixation pathways. Curr Opin Chem Biol. 16:337-344. Long SP, Ainsworth EA, Leakey AD, Nösberger J, Ort

DR (2006)

. Food for thought lower-than-expected crop yield stimulation with rising CO2 concentrations.

Science. 312:1918-1921. Long SP, Ort DR (2010)

. More than taking the heat: crops and global change. Curr Opin Plant

Biol. 13:241-248. Ruberti I, Sessa G, Ciolfi A, Possenti M, Carabelli M, Morelli G (2012)

. Plant adaptation to dynamically changing environment: the shade avoidance response. Biotechnol Adv. 30:1047-1058. Veneklaas EJ, Lambers H, Bragg J, Finnegan PM, Lovelock CE, Plaxton WC, Price CA, Scheible WR, Shane MW,

White PJ, Raven JA (2012)

. Opportunities for improving phosphorus-use efficiency in crop plants.

 

Table 2 : Target field for crop photosynthesis improvement 5 compared with research done by the French photosynthetic community Targets for yield improvement Studies carried out in France Laboratories*

 2 

	Improving the display of leaves in crop	Study of plant morphogenesis and to model imaging	Montpellier (SupAgro, F Tardieu)
	canopies to enhance light capture...	parameters to establish correlation with	
		photosynthetic activity	
	…. and to avoid light saturation of	Study of the molecular bases of stress response	
	individual leaves and oxidative stress	(genetic determinants, biochemical aspects, pigment	
		biosynthesis, ROS detection and scavenging etc)	

Synechocystis for cyanobacteria, Chlamydomonas reinhardtii for microalgae, Phaeodactylum tricornutum for photosynthetic protists and Arabidopsis thaliana for plants.

Publications during the last years: PNAS (36), Nature (8), Science (7), Plant Cell (14), EMBO J (6)

Gordon conferences, International Congress of Photosynthesis

References: Zhu XG, Long SP, Ort DR (2010). Improving photosynthetic efficiency for greater yield. Annu Rev Plant Biol.

61:235-261.