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    In a recent seminar on agriculture sustainability, an old Professor of agronomy, present in the audience, commented that all what was said was correct, but that he was grown in an age where the increase of agriculture productivity was a central dogma, today, apparently, correctly sacrificed in favour of a better interaction between environment and food production. His feeling is probably motivated by robust reasons that several agronomists and geneticists, me included, share: we feel almost out of place in a cultural landscape which has forgotten promises and achievements of the green revolution, effective in nourishing a planet at a time of rapid population growth, a condition persisting still today. In 1960 the global yield of cereal grains was around 10 billions tons, while in the next 40 years it doubled. The green revolution had to do with the creation of high yielding plant varieties capable to efficiently utilize increasing agro-technical inputs. This was achieved by a rational use of genetics to recombine in single genotypes the resistance to pests, insects and abiotic stresses. In Italy, genetic and agronomic progress based on improved varieties was impressive: from 1945 to 1995 average yields increased from 0.68 to 2.57 t/ha for durum wheat, from 1.04 to 4.51 for common wheat, from 1.14 to 9.01 for maize, from 3.68 to 5.74 for rice and from 22.9 to 47.2 t/ha for sugar beet.




    One can ask what are the reasonings behind the adoption of new paradigms and priorities by scientists and institutions dedicated to the future of agriculture. The first consideration is that while the south of the planet still has to solve problems of true rural development, in the western societies the social implications of agriculture are part of the more general problem of finding a balance between food and feed production and care of the environment [1]. As a consequence, the theme is debated with contributions of social scientists and politicians not familiar with agricultural specificities; as a result, their genuine good intentions frequently ignore the technical consequences of the solutions they suggest. The second point to be raised concerns our poor capacity to adopt proper parameters defining agriculture sustainability, particularly in terms of maintenance of soil fertility. On the issue, two contrasting visions have emerged. The first supports the adoption of mild systems with decreased productivity, a wildlife-friendly agriculture reducing its impact on the environment while minimizing the negative effects of fertilizers and pesticides. The second suggests more intensive agricultural systems avoiding the necessity to plogh new virgin soils which, frequently, for climatic and edaphic conditions are marginal lands hosting peculiar sources of biodiversity.




    In any case, a general agreement exists on the need to consider with priority the problem of future sustainability of agriculture. A possible evolution is that agriculture will remain intensive, but being based on methods and principles derived more from biology than from chemistry. Along this line of thought, new suggestions are currently emerging concerning the radical modifications of our agricultural systems [2]. This will imply that defining a possible future should reconsider the difficulties inherent both to the practical use of the biology of the living components of agricultural processes, and to the need that such components will be properly managed in terms of sustainability. This is the core issue of this volume dedicated to the breeding of tomorrow crops.




    The first group of contributions introduces macro-agronomic and economic topics, related also to the comparison between industrial and subsistence agriculture. This part includes a discussion on the role and impact of genetics in support of future yield gains. The next four chapters take into account the biological-genetic components responsible for the interaction among plants and the environment: seed germination and plant nutrition; plant development; photosynthesis. Four contributions follow, grouped under the title Tools. This is the most evocative part of the volume: it illustrates the methodological revolution linking genomic resources and the capacity to predict plant phenotype and behaviour based on molecular markers; the adoption of new crops adapted to sustainable agricultural systems (one example is perennial cereal grains); molecular approaches to heterosis and apomixis; the role of epigenetics in determining the yield capacity of superior varieties. The volume ends with a chapter on quality and security of field-produced commodities and with a discussion on the state of art of the breeding of minor cereal grains.




    The consideration of what the volume offers, allows to anticipate, at different levels, a vision on principles, methods and conclusions on the future sustainability of food production. A first level is the attention here dedicated to reappraise relevance and role of genetics in the sustainability context. Particularly in terms of resources dedicated, the possibility of future food crises should, in fact, suggest to stress the central role of the breeding of conventional and future-tailored varieties, once the social role of this activity is recognized, as done in the past with the peace Nobel prize assigned to Norman Borlaug.




    A different level of discussion sees the future as interpreted in terms of targets to be assigned to plant breeding. Two cases are topical. The first regards the hybrid varieties in terms of contribution to yield increase. The adoption of hybrid crops as a final outcome of genetic selection, indeed, is becoming obligatory even for plants where autogamy does not favour an easy production of hybrid seeds. In this respect, molecular breeding, boosted by genomics, has contributed to bring again the phenomenon of heterosis to the attention to plant breeders, considering the possibility of revealing its molecular bases and of using effective prediction methods of hybrid value [3]. The second case has to do with perennialism. Compared to annual plants, perennials reduce the need of energy and agrochemicals, as well as of soil and nitrogen losses and of irrigation water.




    A last consideration is proper to mitigate the impression that in the future food production may represent a problem of difficult solution. In the past plant breeders have successfully used genetics, but their approach to yield increase was essentially empirical. The incoming century, however, has already shown that varieties resistant to biotic and abiotic stresses can be developed using rational predictive methods based on molecular markers and exploiting genomics and transgenosis [4]. More recent molecular technologies allow to generate mutations, with positive phenotypic effects, at very precise nucleotide positions in genes with a known sequence. It can be concluded that the road to survival will be largely dependent on the accumulation of knowledge and on the evolution of methods capable to meet our future food needs.
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    The need for more food is rapidly increasing as the world population is growing at a fast pace. The scientific community involved in crop production and its improvement is being called upon to find solutions to the expanding global demand for crop plants and their products. Two options are available to increase yields: the first consists of an increase in the areas under production, and the second, an improvement of productivity on existing farmland. Of the two options the second seems preferable, as it avoids the disruption of existing ecosystems as well as an increase in greenhouse gas emissions. In both cases two strategies can be adopted, one classical, of extensive industrial agriculture largely adopted in developed countries to produce major crops like corn, rice, wheat and soybean and another one, known as sustainable agriculture, characterized by a production more respectful of the ecosystem. The two strategies are not mutually exclusive and which one of the two should be adopted depends on the characteristics of local production methods and on economic and political considerations, as well as the choice of global versus local food production and consumption. In this context, to really improve the situation, we should focus our efforts on the areas of the world where the nutrition of the population should be improved, like Africa, India, Bangladesh, Pakistan, China and some regions of South America. In these areas the solutions to solve the problem of hunger should be local and specific, related to the real needs of the population and respectful of local traditions. The knowledge, experience and know-how available to the western world could be invaluable tools for improving their agricultural production. Application of our model of industrial agriculture should be avoided. Only by trying to understand what are the needs of these populations and exporting our knowledge to improve their situation can we hope to contribute to solve their problems. These considerations are developed in the first two chapters of the book. The following chapter will deal with genetic variability as an essential source of plant improvement. The following chapters will analyse basic physiological processes which represent bottlenecks for productivity and the efforts that could be directed to increase the efficiency of these processes. The topics analysed will be the genetic control of seed size; germination and seedling elongation, representing crucial steps in plant development; photomorphogenesis and the effects of light on aspects related to yield, such as photoperiod and shade avoidance, photosynthesis and the sink-source flux; and mineral nutrition. These topics will be covered in chapters 5 to 9. We will concentrate on factors that are directly related to yield, omitting those indirectly affecting productivity like herbicide- and pest-resistance, drought tolerance and cold resistance. In the last part of the book, attention will be given to some of the tools available to the researcher to achieve plant improvement. We will focus attention on available tools such as molecularly assisted breeding, gene editing, domestication of new species, heterosis and apomixis.




    

      




      IMPORTANCE OF THE FIELD




      The importance of increasing productivity of the major crops to meet the demand of an expanding population is self-evident. What is not so obvious is how to achieve a significant improvement in a short time, and what tools we can rely upon to accomplish a second




      


      


      




      “green revolution”. The great majority of the contributors to the chapters of the book are teachers of advanced courses to graduate students in Biotechnology or to post-graduate students in Ph.D. programs and they feel that this book could be of interest for their students.
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      Abstract




      During the Green Revolution both the yield and the global production significantly increased. The yield increase was achieved, for some main crops, thanks to the so called high yielding varieties. Higher global production was also due to the increase of the crop production surface which took place especially in some areas of the planet. In the current scenario of rapid human population increase, with a sharp increase of livestock, the challenge is to achieve efficient, productive, sustainable and resilient land use, while conserving biodiversity and assuring, everywhere, food security inside a framework of sustainable diets. The paper, after a discussion on the meanings of such concepts as yield, yield gap, production and global production describes some of the main issues related to increased intensification of food security and global productivity in the current discussions on the potential of the Green Revolution approach and the agro-ecological paradigm.
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      BASIC TERMS




      The issue related to crop yield, despite its fundamental importance for our future, even though extensively studied, has been poorly defined and discussed on a sufficiently broad time-space scale.




      The role of the technology in yield change has often been confounded by other influences [1].




      During the Green Revolution the crop yield has been the main, if not the only, goal to be considered and the farms have been viewed for decades as industries where input is converted in output thanks to an industrial-like production process.




      Few studies have been carried out by referring to theoretical and practical analysis influences of the Green Revolution approach on the innovation in agriculture, including both the positive and negative consequences on the natural resources.




      Crop yield is the weight of the so called economic products (i.e. grain, root vegetables, and fruits, etc.) at standard moisture content, referred to unit of land area cultivated per crop, conventionally and generally referred to in metric tons per hectare (t/ha). Energy, protein, oil, vitamin, micronutrients contents in the total weight are of fundamental importance in yield analysis taking into account the influence on the final utilization of the value chain (human diet and nutrition) when the nutritive, energetic, economic balances, also have to be considered.




      As underlined by Fischer et al. [1] the energy contents reflect the cost of biosynthesis of the major constituents of the product. Cereals for examples are characterized by a total energy content of around 15 MJ/kg, whereas soybean contains about 24 MJ/kg, the comparison of the yield obtained from these crops must consider these different energy costs.




      For agriculture the main figure is average yield in terms of t/ha, not only referred to field and farm, but also to different levels of the territorial systems i.e. districts, regional, and national. Farm Yield (FY), reported from yield measurements, or more often from surveys, are part of the local and national statistics annually collected without considering the cases where, for various reasons, the district is not planted to its full potential.




      The possibility is not always considered, such as in warm climates, to have different crops/harvests, per year, in the same field. Nevertheless this FY is generally indicated as Real Yield, different from the so-called Potential Yield (PY), which is the uppermost end of the yield scale, which is reached with the combination of some important factors. When the most appropriate varieties are cultivated with the best agronomic management, there are no manageable abiotic and biotic stresses [2].




      “PY defines what might be obtained for particular plants species when not limited in technology, i.e. when the best cultivars, fertilizer, machinery, labor, and knowledge are all available and applied in the best possible ways” [3].




      The concept is close to the so-called Attainable Yield corresponding to the best yields achieved through skillful use of available technology. It is usually achieved in experiment centers or by the best farmers [3]. This simple theoretical definition does not have an easy method that actually measures it. The sowing date can be a complication. The optimal sowing date may be constrained in a multiple cropping system [4]. PY is usually determined with direct measurements or indirect estimates in plots, in two types of experiment: comparative variety ones and in plot/field experiments carried out by crop physiologists or agronomists. In this type of PY determination sampling errors occur. Crop modeling can be used to predict PY in different environments and their accuracy has significantly improved. Integrated methods, i.e. direct measurements, modeling and expert opinion can be used [5]. The integrated methods are particularly useful when the so-called water-limited potential yield (PYw) has to be determined. The crop yield depends on the quantity of available water and the PYw is generally calculated as a linear function of the water supply, but variation in rainfall during the development stages can create a more complex picture and modify this linearity.




      Current yield in a given agricultural area is usually a poor indicator of potential performance, falling on a continuum between crop failure and potential yield. FAO defines Actual Yield (AY) as the average yield of a district.




      The concepts of the actual attainable potential yields are useful for defining the agronomic concept of intensification of the farming system: where actual yields are close to the projected attainable ones. The farming system and the agriculture of the area can be described as intensive. The intensification of farming systems increases when the available technology is appropriately adopted and as the proportion of time in crop is relative to fallow increases. The yield can be referred to both the total biomass obtained from the growth/development process and the part of this biomass. The term biomass indicates the total dry biomass accumulated by the crop, where the term Economic Yield (EY or simply yield) indicates the portion useful to humans as food/fiber/fuel or as feed. The fraction yield/total biomass is defined as coefficient of economic yield, the Harvest Index (HI) is calculated as the useful fractions/above-ground biomass.




      If we compare PY, AY (or FY), EY and calculate the differences (i.e. (PY-AY) we have a better knowledge on what is defined as Yield Gap (YG). It can be expressed in percentage on PY or on FY. The latter is more appropriate since it indicates how much is the possible, desirable increase in actual grain yields that is achievable by farmers. Scientific literature supports the notion of a minimum yield gap (FY equals EY depending strongly on prices). If the future prices will be favorable for the farmers it is suggested [1] that the minimum yield gap is 30% of FY; that is to say EY is 23% below PY [4]. The yield gap across 40 agricultural regions around the world was calculated to range between 25 and 400%. (For more information and more recent data refer to both [4] and http://www.yield- gap.org/). Many of the countries with the highest YG have the poorest access to technology, infrastructure and capital required for the model of Green Revolution agricultural development.




      The so-called Global Crop Production (GCP) is referred to the global amount of commercial biomasses or products (grains, fruits, roots, tubers etc.) obtained with cultivation practices on a given total area. It is obviously dependent on cultivated area (total cultivated surface expressed in ha) and yield (t/ha of part of the obtained biomass). As observed recently [6], changes in land use for global crop production have been strongly driven by increases in land area devoted to the three major cereals (wheat, rice, maize). During last century’s two decades of the 1960s and 1970s, the area expansion for the three cereals represented more than 70% of land use increase for all crops, followed by two decades during which both total crop area and area in major cereals remained relatively constant. This stability period came to a sharp end in 2002, when the crop production area starts to increase at nearly ten million hectares per year, 60% due to increased production of wheat, rice, and maize. An additional 25% can be attributable to the enlargement of soybean area. This trend of crop-area increase has occurred in South America, Asia, and Africa [6]. It is worthwhile to note and remember that two crops out of four are strongly related to meat production.




      At a global scale, rates of yield increase have been clearly linear for most major cereal crops since the beginning of the ’60s of the last century, the second phase of Green Revolution, when the trends were driven by rapid adoption of Green Revolution technologies that were largely a one-time innovation, including the development of High Yielding Varieties (HYV), and due to wide spread use of commercial fertilizers and pesticides, investments to expand irrigation infra-structures, and dependence on fossil-fuel energy. More recently a decline of this increase rate has been observed and strong evidence of upper yield plateaus in some of the world’s most intensive cropping systems has been observed. Despite the increase of around 60% in investment in agricultural Research and Development in USA “the rate of maize yield gain has remained linear, implying that the marginal yield increase per unit of research investment has decreased substantially over time. Approaches that rely on compound rates of yield increase or constant linear rates with no upper limit to yield growth are not supported by the analysis of historical yield trends and current understanding of crop physiology and they are likely to overestimate future increases in crop yields by a large margin” [6].




      Moreover, some recent studies [7-10] on the phenomenon of the “paradox of the scale” analyzed “the inverse farm size-productivity relationship”. These studies established that small and diversified farming systems show higher productivity per area rather than the big monoculture farm.




      

        The Green Revolution: Crop Innovation For Yield Increase




        The analysis of the main features of the Green Revolution can be useful for better understanding our common future after recalling some basic concepts, definitions, trends related to the yield, production, and productivity,




        In the 1970s, E. Rogers described as “Diffusion of Innovation” the introduction and diffusion of hybrid corn in the Corn Belt of United States of America (mainly in Iowa) from the 1940s [11] up to the 60s. The peculiar conditions that were within the USA system of production, the existing research centers and the network of farmers in the Corn Belt allowed to development and test: (a) an innovation scheme driven mainly by genetic (gene revolution) manipulation and agronomic intensification; and (b) a dissemination process useful for multiplying the research results (i.e. extension service). The corn hybrid has been developed in some U.S.A. research centers based on the concept of plant ideotype and on innovative genetic improvement techniques, crop physiology and agronomy. Several farmers by adopting corn hybrids were able to increase yields, specializing the farm and simplifying the agronomic schemes to meet the requirements of a new growing market of a new commodity.




        Green Revolution, at this first step, occurred under the following conditions [12]:




        

          	most of the farmers of the area were producing for the same market the same commodity;




          	each of them, too small for affecting the price of the commodities, was in competition for the current price, trying to increase the income through yield increases, possibly at a lower cost;




          	due to inelasticity of the demand, every try to increase yield exerted a downward pressure on prices;




          	most of the farmers had access to credit, fertilizers, information (radio, newspapers, extension agents) and were members of organizations.


        




        The new technology could produce a process of innovation, represented by an S-curve efficiently describing the trend: slow increase at first, then much more quick and finally stabilized or decreasing. Cochrane, proposed the so called Agricultural Treadmill theory: in the early stages, the first farmers able to adopt the new technology, achieve good results in a market condition characterized by pre-technology status. If the number of farmers modifying the production system increases, the total production increases, the state of the market changes with prices falling. Market forces, defined as the treadmill, propel these phases of the diffusion process. Elder farmers and small farms with intrinsic weaknesses tend to sell or lease the land, causing a growth towards an economy process of scale for the entire sector, an increase of the farm average size.




        The diffusion of this type of innovation based on treadmill system determines new social and political conditions with strong consequences both at the micro and macro-level, such as:




        

          	strong increase of migration from rural to urban areas (farmers in industrialized countries currently account for only 4-5% of the total workforce; in the less industrialized countries farmers can be more than 70%);




          	farmers do not maintain for a long period benefits of the adopted technological innovation;




          	countries can improve their competitiveness on the global market only if and when their food policy is well defined and the industries become more efficient;




          	not all the farmers have the same behavior; only the early adopters take advantages;




          	the innovation is focused on a new ideotype of crop, more specifically new cultivars (High Yielding Variety) with expected/potential higher yield, requiring higher amount of macroelements, especially nitrogen, phosphorus and potassium during specific phases of the cycle. The macro-element uptake dynamics of HYV maintain a generally relatively low rate during the first vegetative phase. During the elongation phase the crop requirements sharply increase, so that the mineralizing patterns are not usually sufficient. The HYV-technological package include a significantly increasing use of chemical fertilizers (increased costs).


        




        The Green Revolution was enabled by the invention of the Haber-Bosch process, based on the production of high volumes of industrial nitrogen fertilizers, but also on the strong changes of many farms, extension services in the world. Before Green Revolution, the crop nitrogen uptake depended on manure, recycled organic matter, biological fixation and indigenous/local supply through mineralization. With GR the use of N fertilizers has grown sevenfold and nowadays 30 – 80% of nitrogen applied to farmland is lost to surface and ground-waters, and to the atmosphere [13]. The environmental cost of N loss, in Europe, has been estimated at 70 – 320 billion Euros per year; a value outweighing the direct economic benefits of N in agriculture [14]. Moreover Green Revolution was enabled by the extraction of phosphates. Since the end of the last World War, global extraction of phosphate rock has tripled to meet industrial agriculture’s requirements (90% of global use of phosphorus is for food production; ironically Africa is at the same time the world’s largest exporter of phosphate rock and the continent with the largest food shortage, FAO 2006). This type of P use is not considered sustainable, since the fossil phosphate rock reserves are finite and located in few and controlled sites of the planet.




        The model tested in the U.S. on corn had specific peculiarities: (a) the innovation was initially based on one single product; (b) the progress was driven by researchers with a very focused set of goals (e.g. development of a new variety with a higher potential yield); and (c) the process of innovation diffusion followed a top-down approach, from researchers towards farmer, which could adopts both the new variety the entire technology package. Since the 1960s this type of innovation model adopted inside free market conditions became the model to be exported all over the world, aiming at making agriculture develop everywhere. Kline and Rosenberg [15] defined this approach as a linear model; Chambers and Jiggins [16] as transfer of technology model, implying that: (a) it could be transposed with no significant changes in every other agricultural area of the world; (b) there was a unique development pattern fitting all areas; and (c) a causal mechanism was underlying the production, distribution and access to food processes, so that for facing food policy issues it was sufficient to increase yields, as occurred in the original model.




        This innovation concept, generally speaking, has marked an evolution during the last five decades. Before considering how and when this occurred, it is useful to clarify some basic concepts.




        The innovation can be applied at different levels: products, processes and systems, with another possible distinction of the singular innovation from the plural innovations. Innovation is something that integrates activities and processes linked with the creation, dissemination, adoption and management of new technological, institutional/social and managerial knowledge that, in turn, cause technical, socio-economic and environmental changes. Innovation is thus related to the development/diffusion of new products, technologies, markets, institutions or policies. The World Bank [17] defines innovation system as “(the) system that comprises the organizations, enterprises and individuals that demand and supply knowledge and technologies, and the policies, rules and mechanisms that affect the way in which different agents interact to share, access, exchange, and use knowledge.” So, innovation can be described as the emergent property of interactions among the stakeholders/actors of a given system.




        The modern concept of innovation implies technical and institutional innovation. The deep integration of the two dimensions requires inter-sectorial and interdisciplinary studies, reaching the transdisciplinary level.




        In Table 1 a diagram with the stages of evolution of the concept of innovation in agriculture is shown. The passages from the transfer of technology to the so called innovation system are described, referring to the different phases from the 60s up to today.




        

          Table 1 Evolution during the last 5 decades of the concept of innovation in agriculture. From production increase to promoting institutional change for sustainability and resilience of agro-food systems.
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        From the above table it is easy to evolution of the concepts and the approach. The innovation system approach shifts the focus from top-down research and diffusion of knowledge and technology towards an interactive multi-stakeholder or multi-agents change of process. Technology dissemination and market development, of course, are some of the elements of the system, to be analyzed in the integrated frame.




        It is possible to note that the historical trend was the constant updating of this notion through the decades: the meaning of innovation itself has changed from the push of new technologies, during the early stages, to the recent projecting/ planning of opportunities through institutional development. This deep change implies that the concept of innovation in agriculture requires system analysis to be framed in an integrated set of technical, agro-ecological, organizational, institutional and political components. That is to say that innovation in agriculture requires to move far beyond the old linear model, nonetheless still adopted by various international initiatives and/or proposed by some international agro-food industries.




        Many Analysts working on the topic of innovation in agriculture pointed out that learning capacity of farmers is the critical point. Innovation processes at all scales of the system, must include all system stakeholders and actors, from farmers, to extensionists, consultants, researchers, civil society, private/institutional sector etc. – all together considered as innovation students [18, 19]. This approach, allowing creating links, relationships and alliances, is based on the principles of mutual learning, resource and knowledge sharing in ways for facilitating market and institutional change. This type of new partnership has been recently defined as participation and indicated as one of the five guiding principles of the activities (partnership, complementarity, subsidiarity, relevancy, participation) promoted by the European Initiative for Agricultural Research for Development (EIARD).




        According to Pimbert [20] participation process should be described in different ways, with respects to its kind of relationships and research activities. From the so called passive participation (the target communities are only informed on what is happening) it is possible to implement functional participation (the target communities participate by composing groups to achieve some early goals) or interactive participation (the target communities participate in the joint analysis required for producing action/plans; interdisciplinary methodologies are employed for reaching different goals).




        Pimbert [20] defines auto-mobilization, an additional form of participation, when communities participate by taking independent initiatives, even not directly related to the other actors, for changing (innovating) the existing conditions. This form of participation is similar to the Landcare experience [21] where Australian farmers and landowners drove an independent process for solving soil erosion, salinization and desertification, caused by the previous not appropriate adoption of European agricultural techniques in the Australian reality. This innovation process, born for developing new site-specific, appropriate land management techniques and for reactivating ecosystem services at landscape scale, required a great collective integrate effort, joint actions, new organizational structures and infrastructure, social learning and strong participation.




        As mentioned before, innovation can also be described as the emergent property of interaction among stakeholders and actors in a natural resources or economic system service [22]. Roling [12] observed: “where the degradation of the resource or service is the collective outcome of each stakeholder’s trying to satisfy his/her individual preferences, more sustainable management of the resource or service necessarily must emerge from collective processes – social learning, conflict and negotiation, agreement, reciprocal sacrifice or benefits and privileges, and leadership – that lead to concerted action” and “when innovation is the emergent property of interaction, promoting innovation becomes a matter of facilitating the interaction process, and the institutional support and favorable policies at higher level are essential ingredients for success at the local level”. This last element is strictly connected to the epoch-making article that appeared in Science in 1968 “The tragedy of the commons” [23].




        Given that innovation i) is a complex and adaptive process; ii) requires an appropriate period of time and resources for evolving and for producing significant assessment over its linkages to empowerment, environment and sustainability issues, it seems that an appropriate logical and a rigorous conceptual framework would be needed. With regards to the agricultural sector, agro-ecology represents an ideal approach to filling this gap.




        

          An Agro-ecological Framework For Agricultural Development




          The complexity of the above-described picture requires on one side a continuous updating of the basic concepts and the reference paradigm, on the other side a clear definition of the appropriate strategies to select conceptual and pragmatic tools. We can describe innovation strategy with the following scheme including three different levels of change(Table 2) [24, 25].




          

            	1) The first level is called substitution strategy, when the existing farming systems are slightly adapted, not modified; the plot size (few m2) is usually the scale of experimental activities and a single discipline drives research.




            	2) The second agro-ecological level is when the strategy aims at building innovative technical scenarios at least at farm level. The farming systems are innovated relying on biological processes and regulation in integrated multi crop production schemes; the research is carried out at farm or regional scale within the agro-ecological framework and with a multidisciplinary approach.




            	3) The third level analyzes and innovates agro-food systems with a global view; interdisciplinary, inter-sectorial, transdisciplinary research is carried out with the aim of tackling agro-food issues at the global scale. Linking local to global with inter-scale studies, re-assessing the relationships of the agri-food sector to the society as a whole and/or focusing on specific issues, such as intensive agriculture and its links to the economic-industrial model or its failure in sustainability terms. New trends in agro-ecology and new time/space scales of agronomic research, ranging from food shed to large regional areas are possible.


          




          Agro-ecology is gaining importance and it has been acknowledged as a strategic approach for pursuing sustainability agricultural system planning and manage- ment, particularly through the consolidation of stability and resilience of both the anthropic and the natural ecosystems. Indeed, the complex of scientific, conceptual and practical tools framed into the agro-ecology domain seems suitable for planning development initiatives with multiple purposes such as i) ensuring a sustainable management of all the resources involved in agricultural production processes (soil, air, water, biodiversity, human labor), ii) promoting food security and sovereignty, iii) protecting the landscape; iv) assuring equity. By analyzing a target agro-ecosystem, it is possible to identify and characterize the relationships between both the internal components, the system structure, the functions and the evolution at different scales of plot, farm and regional area, without neglecting the interactions among scientific, technological and socio-economic factors, and developing towards a transdisciplinary approach aimed at conflict resolution, inequality reduction for achieving the Millennium Development Goals (MDGs).




          

            Table 2 Levels of innovation strategy (adapted from Evan and Fisher, 1999; Bocchi et al., 2013).
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      Given the level of challenges that agro-food system is going to face in the next decades, it is indeed essential to support the planning and implementation of agro-ecological policies, starting from the detection of an appropriate set of advanced tools. Particularly, a key for empowering the actors involved in the activities of research, development, dissemination and application of new methods is the identification of information and communication technologies that farmers and policy makers need for coping with fast-changing conditions in a complex system.




      

        CONCLUDING REMARKS




        Croplands cover currently 1.5 billion hectares (12% of Earth’s ice-free land), pasture cover around 3.4 billion hectares (26% of Earth’s ice-free land). Agriculture altogether represents the main land use on the planet.




        Land suitable for agricultural activities (production, ecosystem services etc.) is a finite and vulnerable resource globally speaking, but there are big differences between areas. Global average of arable land available per capita amounts to about 0.45 ha, but there are strong declines to 0.10 ha taking place in the most densely populated regions of the world. In these areas food security is declining.




        Soil degradation has been estimated to affect 16 – 40% of the terrestrial surface [26], everywhere meaningful soil losses causing reduced yields are forecast for the next future .




        Closing yield gap, through agro-ecological principles and practices, could increase food supplies. If yields of 16 important food and feed crops were brought up to 75% of their potential, global production would increase by 1.1 billion tons (2.8 x 10 15 kcal), that is to say 28% increase [27].




        The rise of meat consumption causes a sharp increase in the use of cereals for feed. Ironically, current diets are both not appropriate for human health (individually and socially) and are not compatible with sustainable resource use.




        Moreover, globally more than a third of harvested food is thrown away. In industrialized countries, 40% wastes occur at retail and consumer level, whereas in the poorer countries 40% losses occur at post-harvest and processing levels.




        Inefficient use of food stocks occurs also by feeding cereals and fodder starch to animals, very poor energy converters. Livestock requires about 7 kcal input (from 3 for broiler chickens to 16 for beef) (cereal grain feed) for every kcal generated. Cereals fed to livestock currently make up 30 – 50% of global cereal production (Corn contributes for 70%). Cereals and grain legumes convert energy into protein much more efficiently than animals. Shifting 16 major crops to 100% human food could add over 1 billion tonnes to global production (an additional 28% increase).




        Shifting diets from beef to poultry or from grain-fed to pasture-fed beef would already increase significantly the food supply by closing a Diet Gap [28], improving people health, and reducing the impact on resources.




        As stated by the International Assessment of Agricultural Knowledge, Science and Technology for Development (IASTD, 2008), “technologies such as high-yielding crop varieties, agrochemicals and mechanization have primarily benefited the better resourced groups in society and transnational corporations, rather than the most vulnerable ones. To ensure that technology supports development and sustainability goals, strong policy and institutional arrangements are needed…”.




        Like research and development in agriculture in general, seed policies must be driven, not by a preconceived view about the benefits technology can bring to farming, but by a careful and broad examination of their impacts on food security and sovereignty and, specifically, on the possibility of the vulnerable farmers to improve their livelihoods.




        In the field of agricultural research for development the quantitative level of investments and number of organizations (research centers, universities, networks) does not seem the main limiting factor, which may rather be the set of strategic decisions taken by the international stakeholders and their coherency with the basic principles that should characterize this field. The sphere of agro-food research requires a clear, non-reductionist approach that would not limit its vision to the provision of products or processes (silver bullets) mainly originated by industries. Research should not only be focused on yield, productivity and profitability of agro-food value chains, but on agro-ecosystem functioning (stability, resilience, nutrient cycling) and agro-ecosystem services (biodiversity, carbon sequestration, water harvesting, landscape management), on agro-food systems management (sustainable healthy diets, food security, systems sustainability and resilience, food policy).The new approach is expected to review and replace the linear model by applying the agro-ecology principles and techniques at different scales, from farm to the whole agro-food system, addressing also landscape-related agronomy and bionomy issues [29].




        As a result, it would be appropriate a revision of the funding system for agricultural research, specifically by conveying adequate resources to research programs and projects aimed at improving the whole agriculture and agri-food system (e.g. agro-ecology and agro-forestry, soil management techniques, composting, water management, agronomic practices, drought resistant varieties) or strengthening the institutional environment, particularly at community level (e.g. community seed banks, seed fairs and farmer field schools), rather than merely focusing on a single crop or variety.




        Global food production is dependent on not only fertile soils, fresh water, biodiversity and informed and trained farmers, but also cheap energy, locally available. Alternatives to fossil-fuel-dependent agricultural systems will be required in the next future. Sustainable agriculture combines three main objectives: environmental health, ethical soundness, socio-economic profitability. Education plays a central role.




        Strategies in the public agricultural research sector should be based on a set of shared values that can distinguish between the needs of society and environment versus those of big business firms, as well as the interest of farmers versus those of large international organizations that control the world markets.




        There is a need to strengthen the inter-disciplinary attributes of innovation, as an integrated concept linking various scientific, policy and socio-economic fields. In this sense, innovation could lead to the improvement and conservation of local natural resources through participation of the agro-food systems’ actors, as well as strengthening full food sovereignty and guaranteeing that the results of public research could be systematically accessible thanks to open-source policies. Transdisciplinary approach is required in addressing the basic issue of the sustainable diet at both individual and global scales.
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      Abstract




      One fundamental problem in plant breeding is the relationships between selection and target environments. Selection theory shows that response to selection (genetic gains) depends on this relationship because of genotype x environment interactions. Therefore, response to selection can be increased by making the selection environment as similar as possible to the target environment (decentralized breeding). However, this does not yet guarantee farmers’ acceptance of the new variety, which we argue is a more correct way of measuring plant breeding efficiency than variety release as usually done by public breeding programs. Using selection theory, the chapter shows that the probability that a new variety is accepted by farmers, thus impacting their livelihood, increases by selecting in the target environment (decentralized selection) in collaboration with farmers. Decentralized-participatory plant breeding also increases agrobiodiversity and makes plant breeding more cost-effective. The proclaimed efficiency of private breeding program, which can claim a wide farmers’ adoption, is actually driven by a seed market monopoly, which severely limits farmers’ choice of which seed to buy. However, the weak point of decentralized-participatory plant breeding is the unreliability and unpredictability of Institutional participation. Evolutionary-participatory plant breeding may overcome the limitations of participatory plant breeding, because farmers can handle evolutionary populations independently from Institution, yet without excluding them from participating. Because in evolutionary-participatory plant breeding the unit of selection becomes the individual plant rather than a plot, a much higher selection intensity is possible, thus increasing even further the efficiency.
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      INTRODUCTION




      Biodiversity decline, climate change, hunger and malnutrition, poverty, water and the increased frequency of a number of diet related diseases such as diabetes as




      well as diseases associated with overweight and obesity are currently major global problems. All of these problems are related to seed.




      Seed is related to water because, at the global level, agriculture uses 70% of the total water consumption, and the development of crops that can produce an economic yield with less water, will make more water available for human use. Seed is related to poverty through malnutrition: poor nutrition in the first 1000 days of life does affect the mental development of children [1]. Seed is related to climate change because farmers will need seed of crop varieties better adapted to the climate of the future. This is a particularly intriguing problem because of the uncertainty of the expected changes in temperature and rainfall [2, 3]. Therefore, plant breeding programs aiming at improving crop adaptation to climate change are actually addressing a moving target and probably a different target in different areas [3, 4]. Breeding for adaptation to climate change implies also breeding for resistance to new insect pest and diseases, which have been shown to have altered their latitudinal ranges in response to global warming [5]. An additional effect of climate change is on malnutrition, as the increase of CO2 in the atmosphere is expected to decrease in C3 crops the content of iron and zinc whose deficiency is already causing the loss of 63 million lives annually [6].




      Hunger and food security continue to be staggering challenges as about 800 million people are still undernourished and about half of the world population is lacking one or more essential nutrients [6, 7]. Whether the problem is insufficient agricultural production (but 30% of agricultural production is wasted annually) or non-equitable distribution of available food [8], seed, and the way in which it is produced, is central.




      Therefore, talking about seed is not only talking about the major global problems but also about our health because most of our food comes from seeds, and food affects our health. A number of modern diseases are associated with food, such as the well-known case of celiac disease [9, 10], and the decrease of diversity is possibly related with the increased frequency of inflammatory diseases [11]. Overweight and obesity, largely associated with diet, have become a major global health challenge [12]; similarly mortality rates due to diabetes have increased [13] and non-alcoholic steatohepatitis (NASH) is becoming epidemic [14].


    




    

      WHERE THE SEED COMES FROM?




      Plant breeding, and the way in which it evolved from the way in which it was practiced by farmers for millennia to modern or “scientific” breeding, offers an understanding of how the problems discussed above developed and how they can be solved.




      Over the years and before harvesting, farmers have selected the best plants to obtain the seed for the next cropping season, and this was done individually in each farmer’s field: in other words they selected for millennia for specific adaptation producing what today we call ancient, old or heirloom varieties.




      When plant breeding started to be done on scientific basis, there was a shift from selecting from specific adaptation to selecting for wide adaptation. This was done at the global level by the Green Revolution, which developed varieties able to make full use of fertilizers, pesticides, irrigation water and mechanization. If some elements of the package were missing, the varieties alone did not have any specific advantage over those that the farmers already had. On one hand, the Green Revolution averted the danger of extensive famine, but, on the other hand, it had a number of negative consequences [15-17]; eventually the poorest far- mers could not benefit because they were not able to afford some of the components of the package [18]. GMOs, cannot be the solution to these problems because they ignore the Fundamental Theorem of Natural Selection (FTNS) by which the organisms to control evolve resistance [19]. The resistance to antibiotics, a phenomenon that is becoming widespread, and that can be very rapid [20], is based on the same fundamental biological principle. An agro ecological model of agriculture, such as different forms of organic agriculture, could be a solution, but is considered unable to produce enough food to feed a growing population, raising doubts on whether food security and food safety can be compatible objectives. The argument that organic conditions are associated with lower yields is biased by the fact that many of the meta-analysis used varieties not specifically selected for organic conditions.




      In addition, the type of plant breeding, which has emerged with the Green Revolution and which is still largely followed today, particularly in public breeding, is not even the most efficient.


    




    

      THE EFFICIENCY OF PLANT BREEDING




      In public Institutions such as Ministries of Agriculture and the Centers of the CGIAR, the number of varieties released is the most common way of measuring plant breeding efficiency. A more scientific measure of a breeding programmes efficiency is the selection or genetic gain (or response to selection) obtained at the end of a breeding cycle [21]. Another measure of efficiency is the ratio between benefice and cost; this has been used by economists [22], but almost never by breeders. The number of varieties released is used as measure of plant breeding efficiency because is easy to measure; however, this measure ignores that a variety generated by plant breeders produces benefits only when it is accepted and grown by the farmers [22, 23]. The number of varieties released is also one of the criteria used for the professional recognition of the public breeders; in this case the lack of adoption is usually attributed to the non-availability of seed of the released varieties. The fallacy of using the number of varieties released as a measure of efficiency is also due to the weakly scientific basis on which varieties are released such as poorly designed and unrepresentative trials [24]. While variety release is necessary to legally commercializing the seed, in many developing countries the “legal” seed often represents well below 10% of what farmers sow. All the rest, particularly in marginal areas, is “illegally” produced and “illegally” exchanged by farmers [25].




      Tripp et al. [24] extensively reviewed all the problems of the variety release system used in several countries (Table 1). In addition to the organizational problems, the system of variety release is often based on obsolete experimental designs and statistical analysis, ignoring the most modern methods to adjust for spatial variability [26, 27]. Furthermore, the tendency of modern plant breeding is to test the breeding material in as many locations as possible by reducing the number of replication, which is possible, for example by using partially replicated design (p-rep) [28] using DiGGer (http://www.austatgen.org/software) to optimize randomization. In Syria, the variety release committee rejected three barley varieties because in the official trials the yield advantage was not sufficiently large: however, when they were included in the participatory trials, they were adopted on areas of between 10,000 and 50,000 ha [29, 30].




      

        Table 1 Problems associated with the way trials for variety release are organized and conducted. (Modified from Tripp et al., 1997).




        

          

            

              	Problems



              	Examples

            


          



          

            

              	Efficiency



              	low frequency of variety replacement

            




            

              	



              	uneven resource allocation to different trial stages

            




            

              	



              	prolonged variety testing

            




            

              	



              	inappropriate site selection

            




            

              	



              	inappropriate zoning

            




            

              	Standards



              	unrepresentative trials management

            




            

              	



              	trials’ analysis biased against poor environments

            




            

              	



              	lack of attention to farmer-relevant variety traits

            




            

              	Participation



              	lack of participation by related organizations

            




            

              	



              	lack of farmers’ participation

            




            

              	Transparency



              	lack of coordination between national and regional testing systems and lack of accountability and linkages

            


          

        




      




      Consequently, in developing countries, it is common to find farmers growing varieties which were not released, and varieties which were released but not adopted, or initially adopted and then rejected. This happens more often in the case of crops grown in marginal environments [31] (Table 2), but also in China [32], for sorghum in Nigeria [33] and in sub-Saharan Africa [34]. In developed countries, the mismatch is avoided by the monopoly of the seed market.




      

        Table 2 Adoption (% of the area) of varieties by crops and the region, and as a ratio over the number of varieties released. † represents 40% of the pearl millet area.




        

          

            

              	Crop



              	Country



              	Region



              	Adoption (% area)



              	Adoption (ratio adopted/released)



              	Quoted from

            


          



          

            

              	Wheat



              	India



              	



              	83%



              	



              	[90]

            




            

              	Rice



              	India



              	



              	60%



              	



              	[90]

            




            

              	Sorghum



              	India



              	



              	32%



              	



              	[90]

            




            

              	Pearl millet



              	India



              	



              	49%



              	



              	[90]

            




            

              	Maize



              	India



              	



              	36%



              	



              	[90]

            




            

              	Pearl millet



              	India



              	Gujarat, Tamil Nadu, and Andhra Pradesh



              	90%



              	



              	[91]

            




            

              	Pearl millet



              	India



              	dry areas of Haryana, Karnataka, and Maharashtra†



              	30%



              	



              	[91]

            




            

              	Rice



              	India



              	



              	



              	2/525



              	[92]

            




            

              	Barley



              	Algeria



              	



              	



              	2/16



              	[45]

            




            

              	Barley



              	Syria



              	



              	10%



              	2/8



              	[93]

            




            

              	Rice



              	Nepal



              	



              	10–11% of household



              	



              	[94]

            




            

              	Rice



              	India



              	Kalahandi, Orissa



              	57%



              	



              	[95]

            


          

        




      




      One of the most common assumption made by plant breeders is that developing high yielding varieties is a guarantee for adoption. They obviously ignore that large body of literature, which shows that adoption is not necessarily driven by yield [35, 36], as shown also by Aw-Hassan [31]. Lack of adoption of a variety may also be an obstacle to the adoption of other agricultural technologies [37].




      There are several studies on the issue of variety adoption [35, 38-46] and they suggest that an apriori prediction about the adoption of a variety is very difficult. This is also because in a conventional breeding program, it takes 5–6 years after official release before appreciable adoption commences [47, 48]. During this period, the objectives set at the onset of the breeding program can become obsolete [35, 49].




      

        Genetic Gains (or Response to Selection)




        The genetic gain is equal to
R = S h2



        where S is the selection differential (the difference between the mean of the selected individuals and the mean of the whole population) and h2 is the heritability of the target traits [50]. In the equation above (also known as the breeders’ equation), the selection differential depends on the intensity of selection (i), which is equal to S/σp, where σp is the square root of the phenotypic variance. The genetic gain is also equal to
R = i h2 σp



        Since breeding methods differ in the time required per cycle, the formula has been modified by Eberhart [51] in




        

          

            	R = (i h2 σp)/t



            	(1)

          


        




        where t is the time and h2 is equal to
h2 = σg2/σp2 = σg2/√σe2/(re) + σge2/r + σg2,



        where σp2, σe2, σge2, and σg2 are the phenotypic, environmental, genotypic × environment interaction (GEI), and genotypic variances, respectively, and r and e are the number of replications and the number of environments (locations, years, or location–years combinations), respectively.




        The breeding implications of formula (1) have been discussed by Falconer [50] whose major contribution to quantitative genetics as related to breeding, is that one character measured in two different environments has to be dealt with, from a genetic and selection viewpoint, as two different characters. This implies that, since selection takes place in one or more research stations to obtain a variety for one or more target environments (TE) (the farmers’ fields), we should calculate the genetic gains as the correlated response to selection (CR) in the TE, which is equal to




        

          

            	CRt = Rs ht2/hs2 rg or i ht hs rg σpt




            	(2)

          


        




        [50], where Rs is the genetic gain in the selection environment (SE), ht2 is the heritability in the TE, hs2 is the heritability in the SE, rg is the genetic correlation coefficient between the trait measured in the two environments, and σpt is the phenotypic standard deviation of the trait in the TE.




        In the case of a target population of environments (TPE), CRt can be calculated separately for each TE or across the TPE, if the same variety is selected for the entire TPE. CRt should also be expressed in terms of cycle time, as in the case of R.




        Plant breeders have discussed for a very long time the relative efficiency of selecting in the target environment (Rt), vs the selection in the research station (Rs), where heritability is expected to be higher [52-56]. The ratio between CRt and Rt, if t is the same, is equal to




        

          

            	CRt/Rt = rg (hs/ht)



            	(3)

          


        




        The formula applies when selecting for one trait and the genetic gain is measured on another trait [50].




        When ht = hs, the maximum value of CRt/Rt is 1, when rg = 1. Therefore, when heritabilities are the same, direct selection will always be more effective (Rt > CRt) because rg will always be less than one. With low rg (0.1–0.2), as between high-yielding and low-yielding TE [56], hs must be at least 5–10 times higher than ht for CRt to be greater than Rt.




        Therefore, heritability alone is not sufficient to determine the optimum selection environment because when rg, is negative, as in the case of genotype × environment interactions (GEI) of crossover type, the magnitudes of hs and ht become irrelevant [57].




        Genomic-assisted breeding does not change the terms of the problem. The use of molecular techniques increases the precision of selection but not necessarily the efficiency of plant breeding; in fact, it would be more correct to speak of molecular selection rather than molecular breeding.




        The use of the various genomic tools ends with the two critical steps indicated as “Identify & recombine superior genotypes” and “Multi-environment testing of best lines”. In these two critical steps between the use of genomic tools and the final products, namely improved varieties for farmers, the issues are who identifies superior genotypes and where, superior where, for which characteristics and for whom, who is choosing the best lines for multi-environment testing, how these environments are chosen and managed [58].




        The participation of the farmers, who are recognized as the ultimate beneficiaries of the entire process is therefore critical for the production of varieties useful to them.


      




      

        Increasing Plant Breeding Efficiency




        Based on what discussed in the previous sections, we can increase plant breeding efficiency by either increasing the selection gain, the adoption of varieties, or the benefit/cost ratio (Fig. 1). The selection gain in the TE can be increased by reducing the cycle time (see formula for CR). Off-season nurseries, single seed descent in self-pollinated crops [59], double-haploids, and QTL introgression [60] are commonly used to achieve this. However, the usefulness of genomic tools is still limited, particularly for complex traits like yield [61]. An example of reduction of the breeding cycle time is the development of rice varieties tolerant to salinity, when the savings was at least 2–3 years [62].




        Increasing the number of replications is one way to increase heritability, but is expensive and might negatively affect the cost/benefit ratio. Also, it is contrary to the current trend in modern plant breeding of reducing replications to increase the number of locations in METs. Decentralized selection is one way of increasing the magnitude of rg [56]. Decentralized selection also reduces σge2, because it subdivides GEI into genotype × locations (GL) and genotype × years (GY) within locations, by testing the repeatability of GL. If GL is repeatable, the breeder can subdivided the TPE in subgroups in a way that within each subgroup GEI is lower than that across the entire TPE [63]. Decentralized selection, defined as above [50, 64], is paramount in increasing selection gains because research stations do rarely represent farmers’ agronomic management practices, including soil preparation and tillage, use of chemical inputs, irrigation and crop rotations.




        Despite this, and despite the Australian breeding programs decided long ago to decentralize because of the poor correlation between research stations and farmers’ fields [65], most national and international public plant breeding programs still conduct several cycles of selection on station, leaving only the final testing of few advanced lines in farmers’ fields. The reluctance of breeders to decentralize is often justified by the perception that on-station trials are more precise, but ignores that the results obtained from those breeding trials are often irrelevant [66] as shown by the low levels of adoption of the varieties obtained. The second reason given to justify on-station selection and testing is that in the early stages of breeding program there are several entries and little amount of seeds per entry. This reason denotes the unawareness of the range of new experimental designs and data analysis available today; this is also shown by the almost “religious” and exclusive use of the randomized block design with three replications, which limits the possibility of testing in a larger number of locations. The use of the partially replicated (p-rep) designs in rows and columns combined with the use of optimized randomization (http://www.austatgen.org/software) and of spatial analysis [28], makes it possible to optimize the use of seed, to test in a larger number of locations with a sufficient precision considering that in the early stages of a breeding program, ranking of genotype is more important than predicting their yields [67].




        
[image: ]


Fig. (1))


        Strategies to increase plant breeding efficiency defined as higher response to selection, higher agrobiodiversity, increased adoption and higher benefit/cost ratio.



        However, even if the use of the best suite of methodologies available today increases response to selection, this does not necessarily increase variety adoption. The most obvious way to increase the efficiency of plant breeding, as defined earlier, is to combine decentralized selection with the participation of farmers [68] in a model of plant breeding known as participatory plant breeding (PPB) [69].


      


    




    

      PARTICIPATORY PLANT BREEDING (PPB)




      Participatory plant breeding is a plant breeding program organized in such a way as to shift the emphasis back to specific adaptation, thus contributing to both an increase in agricultural production at the farm level and to an increase in agro-biodiversity. With PPB, the breeder can exploit the advantages, shown earlier, of selection in the TE such as low input and organic agriculture with those of farmers’(men and women) participation in all the most important decisions [69-71] and with genomic selection.




      Therefore, PPB puts farmers at the center of the process of developing new varieties, including seed production as recommended by the final report of the Special Rapporteur to the United Nations on the right to food (“Fund breeding projects on a large diversity of crops, including orphan crops, as well as on varieties for complex agro-environments such as dry regions, and encourage participatory plant breeding”, pg 22) [72]. It also matches article 6c of the International Treaty on Plant Genetic Resources for Food and Agriculture, pg 7 [73] “…. promoting, as appropriate, plant breeding efforts, which, with the participation of farmers, particularly in developing countries, strengthen the capacity to develop varieties particularly adapted to social, economic and ecological conditions, including marginal areas”.




      The type of participation discussed here is very different from “farmer participation in technology verification and technology transfer”, which is very popular in some international circles today. It rather corresponds to what has been discovered recently by CGIAR as “demand driven innovation” ignoring that the concept has been around for about 35 years.




      PPB involves farmers in the “development” of a new technology (a new variety) and not merely in “verifying” if a technology developed by others, often in a different socio-economic and physical environment, is appropriate to them. The concepts applied in PPB in the case of plant breeding can easily be extended to other types of agricultural technologies.




      One major characteristic of a PPB program is that it makes use of the same scientific principles, including advanced experimental designs and statistical analysis, as conventional plant breeding (CPB). The use of a sound scientific basis in a PPB program is the major responsibility of the participating scientist(s).




      We initially implemented PPB in Syria in 1995 [71, 74], with the support of the German Government; later, with the support of IDRC, we extended PPB to Tunisia, Morocco and Jordan. Eventually, and with the support of a range of donors including IFAD, the Government of Italy, OPEC, the McKnight Foundation, the Government of Norway, FAO, PPB was introduced in Egypt, Eritrea, Algeria, Yemen, Iran, Ethiopia, Uganda, and in Italy with crops such as bread and durum wheat, barley, lentil, chickpea, faba bean, cowpea and tomato. PPB is a combination of modern science with the “local knowledge”, and brings plant breeding back into farmers’ hands – and not farmers back into breeding as suggested by Almekinders and Hardon [75]. PPB also increases agrobiodiversity.




      The model is a typical plant breeding program based on four cycles of testing and selection usually called initial, preliminary, advanced and elite yield trials, or stage 1, stage 2, stage 3 and stage 4. To reduce the number of cycles of selection on station, we include in the initial trials (or stage 1) F3 bulks each derived from a different cross (the F3 bulks were used instead of the F2 because of the greater availability seed to plant the trials (as p-rep) in as many locations as possible). Thus, the method relies on the selection between bulks from the F3 to the F6 generation, and then on the selection of pure lines within the superior bulks when genetic uniformity of the final variety is needed.




      In this model, farmers (both men and women), but also consumers, traders, intermediaries, etc., are involved in all the stages of the development of a variety – not just in testing the final few lines products of a scientific research as done in conventional (non-participatory) research. Therefore, PPB differ substantially from Participatory Variety Selection (PVS) which is often presented as an alternative to PPB but that, in practice, reduces significantly the “quality” of participation by delaying farmers’ involvement to the last stages of a plant breeding program. In a PVS program, farmers are asked to choose among a number of varieties or of breeding lines which is considerably lower than in a PPB program: therefore, their choices are limited.




      There are several differences between CPB and PPB: in CPB – and, with only few exceptions such as Australia, varieties are selected on research stations generally managed with large use of irrigation and inputs by breeders: only the lines candidates for release are tested on farm. In the research station, agronomic management including tillage, type and number of fertilizer applications, weed control, use of irrigation and rotations are different, and sometimes very different, from those used particularly by poor farmers in marginal areas. Adoption occurs at the end of the breeding process and there is usually a wide gap between varieties adopted and varieties released [76]. On the contrary, in a PPB program selection occurs in farmers’ managed trials by both breeders and farmers. During the selection process, farmers start expressing their preferences, thus giving information on potential adoption. To be participatory, the program needs to be inclusive, encouraging the participation of women who, in low-income countries, play an important role in agriculture, and agriculture plays a critical role in their livelihoods [77]. Empowering women and focusing on their unique challenges will decrease poverty and will bring much wider gains in productivity [78].




      CPB and PPB are based on the same scientific principles and they differ in key organizational aspects:




      

        	The objectives are discussed together with farmers, who often decide the type of genetic material (landraces, modern varieties, populations, fixed lines) and the most important traits (seed color, plant height, fodder quality);




        	The breeding material is tested in farmers' fields at a much earlier stage than in a CPB program;




        	Farmers are involved in all major decisions and particularly in deciding which material to select and which material to discard at the end of each cropping season. They also often suggest methodological innovations in the way selection is organized and conducted, or on how the trials are planted and with which seed rate. Details of who participates and how are given in Ceccarelli et al. [69, 79];




        	Locations are chosen to sample as extensively as possible the TPE. Within each TE, the users are chosen to be as representative as possible of the target population of users. Each location is treated, during selection and data analysis, as an independent units by conducting independent selection within each location regardless of how the best breeding lines in that location perform in other locations. Similarly, data analysis is conducted within locations. Therefore PPB implement decentralization and selection for specific adaptation, while in CPB is strongly centralized and is for wide adaptation.




        	The trials, particularly fertilizer applications and weed control, are managed by the farmers, who may decide to plant trials under organic or biodynamic conditions.




        	The objectives of the programs are continuously monitored with the participating farmers.


      




      PPB increases agrobiodiversity because, being based on decentralized selection, produces varieties which are different from country to country, from village to village within a country, and even within the same village responding to the need of different participating farmers. PPB increases agrobiodiversity both in space and in time because the process is continuous and highly dynamic producing a continues flow of new varieties, and an agricultural landscape is created, which is so variable that makes it difficult for insect pests and diseases to spread. The varieties selected by farmers through a PPB program are often not homogenous, – like the landraces – in contrast to the genetic uniformity of the varieties produced by CPB.




      In addition to agrobiodiversity, PPB has had an impact on:




      

        	
Adoption of varieties: many new varieties have been adopted by farmers where PPB has been implemented; in Syria, between 2000 and 2011, farmers named and adopted more than 80 barley lines and/or populations from the PPB trials: these varieties were grown on about 80% of the barley dry areas. During the last 35 years the CPB program conducted by the Ministry of Agriculture only released 7 varieties of which only one had a modest level of adoption. In Jordan and Algeria, varieties obtained from PPB programs are under multiplication; in Eritrea, farmers selected and named three food barley, ten bread wheat and two durum wheat varieties; farmers in Yemen, adopted two barley and two lentil varieties; farmers in the North-West coast of Egypt adopted three barley varieties. In Tigray, a region often affect by drought and famine, two barley varieties were adopted and officially released. In Iran, the farmers selected and named four varieties and are currently testing various types of mixtures [80]. In Italy, three tomato lines were selected in organic conditions and out yielded significantly the commercial F1 hybrids [81]. The best of these families out yielded significantly the commercial hybrid grown in the area. The third family out yielded the commercial hybrid by between 62 and 76%, in two of the four farms, but it was significantly lower yielding (-22%) on the research station. Had we conducted the breeding program only on station, we would have missed such a line. Yield advantages, as high as 50-70% were achieved in dry areas only by changing the variety – in these areas CPB failed at introducing any new variety. In several cases we obtained these yield advantages by using landraces strongly preferred by farmers in dry areas;




        	
Institutional: in a number of countries such as Yemen, Jordan, Algeria, Eritrea, Ethiopia, policy makers and scientists showed interest in PPB as an approach, which generates more relevant results faster and at a lower cost; participatory research and PPB have been and are included in recently announced and/or funded international research projects by the European Commission (www.h2020.net), IFAD (www.ifad.org/operations/projects/regions/pi/ir_all. htm) and the International Treaty on Plant Genetic Resources for Food and Agriculture (http://www.planttreaty.org/content/call-proposals-2010-2011);




        	
Farmers’ skills and empowerment considerably improved because of the interactive nature of PPB. The participation into the process of plant breeding increased their ability to negotiate their dignity and their self-confidence. The skills they developed became very useful once we started evolutionary plant breeding (EP) that will be described later.


      




      One of the advantages of PPB is that is a methodology able to increase agricultural production directly in the farmers’ hands making therefore those increases readily available and accessible. PPB also can address the specific needs of family farms and to make them more productive, thus contributing to alleviate poverty and to meet local and global food demand, including food quality. PPB shifts research themes from those of large-scale farming to those of smallholdings, which are very different because they are based on crop rotation, crop-livestock integration, and the use of animal waste as fertilizer [82].




      PPB is based on selecting for specific adaptation; hence is more efficient than conventional plant breeding [76], and is also able to generate varieties specifically adapted to an agro ecological agricultural model, which can reconcile food safety with food security.


    




    

      EVOLUTIONARY-PARTICIPATORY PLANT BREEDING (EPB)




      There are several examples of successful PPB in as many as 47 different countries with 23 different crops (http://www.solibam.eu/modules/wfdownloads/singlefile. php?cid=12&lid=33) However, despite its successes, PPB has a weakness because it requires a stable and continuous participation of a research institute to make available the breeding material and the scientific support such as experimental designs and statistical analysis. However, even when an institution supports PPB, there is no guarantee that the support will continue: examples of changes in the institutional commitment of an institution comes from Syria [83], where, after 13 years of institutional support, the new ICARDA management prevented the program from accessing external funds, and from Iran. Therefore, a PPB program depends on the long-term participation of a research institution, or, in other words, from its Institutionalization.




      An alternative to PPB that makes farmers independent from Institutional support without excluding it, is Evolutionary (Participatory) Plant Breeding– participatory is in parenthesis because, though desirable, the participation of an Institution is not a limiting factor. The method was proposed back in 1956 [84] and consists in preparing mixtures (evolutionary populations, EP) of very many different genotypes of the same crop. These populations will be planted and harvested year after year following the agronomic practices commonly used for that particular crop in that particular area. Because of natural crosses (higher in cross-pollinated and less in self-pollinated crops), the seed which is harvested will be genetically different from the seed that was planted. Therefore, the population evolves and will become progressively better adapted to the environment (soil type, soil fertility, agronomic practices including organic systems, rainfall, temperature etc.) in which is grown. It will also become gradually adapted to climate change: although the weather conditions changes from year to year, the genetic composition of the population will fluctuate, but if the climate tends towards higher temperatures and lower rainfalls, the genotypes better adapted to those conditions will gradually become more frequent [19].




      Farmers can make their own EPs by purchasing seed of several different varieties (including hybrids) of the same crop, mixing the seed and let the resulting mixture intercross freely: the seed so produced is the EP from which farmers, breeders or both can select.




      When this is done, it is expected that, based on formula (1) given earlier, response to selection will increase because σp and i (which depends on population size) will be much higher than in most breeding programs because of the large population size of an EP.




      This has been done in Italy [85] using a zucchini (summer squash) EP obtained by intercrossing 11 commercial hybrids. The farmer selected two varieties, differing in colour, that had a yield similar to the commercial hybrids. He also has already started selling the fruits of the EP. EPs of different crops (maize, barley, bread and durum wheat, common bean, tomato and summer squash are also grown in Jordan, Ethiopia, Iran, Italy (http://www.semirurali.net/), France, Portugal, and India. Farmers growing these populations report higher yields, lower weed infestation and disease presence, and lower insect damages [80]. The use of pesticides has consequently been reduced.




      Iranian farmers growing an EP of wheat have marketed the bread obtained from the flour of the EP in local artisanal bakeries. The bread can be consumed also by customers allergic to gluten. The EP has a greater yield stability, and bread obtained from its flour has a better aroma and taste, which is now available in several artisanal bakeries in France and Italy.




      EPB is a cheap and dynamic strategy to gradually improve adaption of crops to climatic changes, which include not only an increase in temperature and a decrease in rainfall but also to new insect diseases and weeds. Given that organic agriculture is highly location specific, EPB is precision breeding adapting crops to each specific type of organic agriculture. With EPB farmers can save and replant their seed, and exchange it with neighbours, thus maintaining a high level of agro biodiversity in the field without depending from external inputs. The diversity itself improves the resilience of the crop to short term whether fluctuations and to biotic stresses.




      EPB can become participatory when scientists assist farmers in selecting from EP using genomic tools.


    




    

      CONCLUDING REMARKS




      In discussing about the global problems including the pandemic of obesity and diabetes, seldom it is recognized that the solution of these problems requires a change in the way seed is produced, because seed is related to all these problems. Conventional plant breeding conducted by large private seed companies needs to generate profit, and is difficult to change it from the current emphasis on wide adaptation supported by a consolidation of the seed industry [86, 87] to an emphasis on specific adaptation. This could be conveniently done, to some an extent, by small seed companies, but mostly by public breeding programs such as those conducted by CGIAR using both their large germplasm collections, amounting to about 700.000 seed samples, and their international network of collaborators in developing countries.




      However, the very recent move of CGIAR towards public-private collaboration, is leading to the deployment of some of the public breeding programs to large seed corporations, the transfer of former top managers of some of the largest seed corporations into top-management positions in the CGIAR and the increasing role of private foundations [88] raise questions of weather this might lead in the future to a, at least partial, privatization of the CGIAR gene banks.




      Whether this will happen or not, the EPs may play two important roles: firstly, in the hands of the farmers of developing countries may represent a continuous source of better adapted genetic material for their breeding program as an addition to or a replacement for the genetic material they usually receive from the CGIAR in the case events such as those in Syria prevent an International Centre to continue this service; secondly, in the hands of the farmers around the world, being non-patentable for their continuing evolving nature, they will remain as a unique publicly available genetic resources. ”Once the farmers have the seed, they have the solution” [89].


    


  




  

    

      CONFLICT OF INTEREST




      The author confirms that he has no conflict of interest to declare for this publication.


    




    ACKNOWLEDGEMENTS




    The authors acknowledge several hundred farmers and many scientists, extension workers, seed specialists and non-governmental organizations for their contribution to the development, the refinement and the evolution of this program. We also thank the OPEC Fund for International Development, the Government of Italy, the Government of Denmark, Der Bundesminister für Wirtschaftliche Zusammenarbeit (BMZ, Germany), the International Development Research Centre (IDRC, Canada), the System Wide Program on Participatory Research and Gender Analysis (SWPPRGA), the International Fund for International Development (IFAD), and the Water and Food Challenge Program of the CGIAR for their financial support during the years.




    REFERENCES




    

      

        	



        	

      




      

        	
[1]



        	Save the ChildrenNutrition in the First 1,000 Days. State of the World’s Mothers 2012.

      




      

        	
[2]



        	Nelson GC, Rosegrant MW, Koo J. Climate Change: Impact on Agriculture and Costs of Adaptation. International Food Policy Research Institute 2009.

      




      

        	
[3]



        	Trenberth KE, Fasullo JT, Shepherd TG. Attribution of climate extreme events. Nat Clim Chang 2015; 5: 725-30.


        [http://dx.doi.org/10.1038/nclimate2657]

      




      

        	
[4]



        	Ceccarelli S. Jackson M, Ford-Lloyd BV, Parry ML. Drought. In: Jackson M, Ford-Lloyd BV, Parry ML, eds. Plant Genetic Resources and Climate Change. CABI International 2014. pp. 221-35.

      




      

        	
[5]



        	Bebbe DP, Ramotowski MA, Gurr SJ. Crop pests and pathogens move polewards in a warming world. Nat Clim Chang 2013; 3: 985-8.


        [http://dx.doi.org/10.1038/nclimate1990]

      




      

        	
[6]



        	Myers SS, Zanobetti A, Kloog I, et al. Increasing CO2 threatens human nutrition. Nature 2014; 510(7503): 139-42.


        [http://dx.doi.org/10.1038/nature13179] [PMID: 24805231]

      




      

        	
[7]



        	Tilman D, Clark M. Global diets link environmental sustainability and human health. Nature 2014; 515(7528): 518-22.


        [http://dx.doi.org/10.1038/nature13959] [PMID: 25383533]

      




      

        	
[8]



        	Ehrlich PR, Harte J. Opinion: To feed the world in 2050 will require a global revolution. Proc Natl Acad Sci USA 2015; 112(48): 14743-4.


        [http://dx.doi.org/10.1073/pnas.1519841112] [PMID: 26627228]

      




      

        	
[9]



        	van den Broeck HC, de Jong HC, Salentijn EM, et al. Presence of celiac disease epitopes in modern and old hexaploid wheat varieties: wheat breeding may have contributed to increased prevalence of celiac disease. Theor Appl Genet 2010; 121(8): 1527-39.


        [http://dx.doi.org/10.1007/s00122-010-1408-4] [PMID: 20664999]

      




      

        	
[10]



        	Kissing Kucek L, Veenstra LD, Amnuaycheewa P, Sorrells ME. A Grounded Guide to Gluten: How Modern Genotypes and Processing Impact Wheat Sensitivity. Compr Rev Food Sci Food Saf 2015; 14: 285-302.


        [http://dx.doi.org/10.1111/1541-4337.12129]

      




      

        	
[11]



        	von Hertzen L, Hanski I, Haahtela T. Natural immunity. Biodiversity loss and inflammatory diseases are two global megatrends that might be related. EMBO Rep 2011; 12(11): 1089-93.


        [http://dx.doi.org/10.1038/embor.2011.195] [PMID: 21979814]

      




      

        	
[12]



        	Ng M, Fleming T, Robinson M, et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980-2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancet 2014; 384(9945): 766-81.


        [http://dx.doi.org/10.1016/S0140-6736(14)60460-8] [PMID: 24880830]

      




      

        	
[13]



        	International Diabetes FederationIDF Diabetes Atlas. (6th ed.), Brussels: International Diabetes Federation 2013.

      




      

        	
 [14]



        	Leslie M. The livers weighty problem. Science 2015; 349(6243): 18-20.


        [http://dx.doi.org/10.1126/science.349.6243.18] [PMID: 26138960]

      




      

        	
[15]



        	Good AG, Beatty PH. Fertilizing nature: a tragedy of excess in the commons. PLoS Biol 2011; 9(8): e1001124.


        [http://dx.doi.org/10.1371/journal.pbio.1001124] [PMID: 21857803]

      




      

        	
[16]



        	Gassmann AJ, Petzold-Maxwell JL, Keweshan RS, Dunbar MW. Field-evolved resistance to Bt maize by western corn rootworm. PLoS One 2011; 6(7): e22629.


        [http://dx.doi.org/10.1371/journal.pone.0022629] [PMID: 21829470]

      




      

        	
[17]



        	Lu Y, Wu K, Jiang Y, et al. Mirid bug outbreaks in multiple crops correlated with wide-scale adoption of Bt cotton in China. Science 2010; 328(5982): 1151-4.


        [http://dx.doi.org/10.1126/science.1187881] [PMID: 20466880]

      




      

        	
[18]



        	Baranski MR. Wide adaptation of Green Revolution wheat: international roots and the Indian context of a new plant breeding ideal, 1960-1970. Stud Hist Philos Biol Biomed Sci 2015; 50: 41-50.


        [http://dx.doi.org/10.1016/j.shpsc.2015.01.004] [PMID: 25655670]

      




      

        	
[19]



        	Ceccarelli S. GMO, Organic Agriculture and Breeding for Sustainability. Sustainability 2014; 6: 4273-86.


        [http://dx.doi.org/10.3390/su6074273]

      




      

        	
[20]



        	Baym M, Lieberman TD, Kelsic ED, et al. Spatiotemporal microbial evolution on antibiotic landscapes. Science 2016; 353(6304): 1147-51.


        [http://dx.doi.org/10.1126/science.aag0822] [PMID: 27609891]

      




      

        	
[21]



        	Ceccarelli S. Ceccarelli S, Guimaraes EP, Weltzien E. Main stages of a plant breeding programme. In: Ceccarelli S, Guimaraes EP, Weltzien E, eds. Plant Breeding and Farmer Participation. Rome: FAO 2009. pp. 63-74.

      




      

        	
[22]



        	Maredia MK, Raitzer DA. Estimating overall returns to international agricultural research in Africa through benefit–cost analysis: A “best-evidence” approach. Agric Econ 2010; 41: 81-100.


        [http://dx.doi.org/10.1111/j.1574-0862.2009.00427.x]

      




      

        	
[23]



        	Morris MA, Heisey PW. Estimating the benefits of plant breeding research: Methodological issues and practical challenges. Agric Econ 2003; 29: 241-52.


        [http://dx.doi.org/10.1111/j.1574-0862.2003.tb00161.x]

      




      

        	
[24]



        	Tripp R, Lowaars N, Van der Burg WJ. Alternatives for seed regulatory reform. An analysis of variety testing, variety regulation and seed quality control. Agricultural Administration. London: Overseas Development Institute Network 1997. pp. 69: 1-25.

      




      

        	
[25]



        	Bishaw Z, Turner M. Linking participatory plant breeding to the seed supply system. Euphytica 2008; 163: 31-44.


        [http://dx.doi.org/10.1007/s10681-007-9572-6]

      




      

        	
[26]



        	Singh M, Malhotra RS, Ceccarelli S. Spatial variability models to improve dryland field trials. Exp Agric 2003; 39: 151-60.


        [http://dx.doi.org/10.1017/S0014479702001175]

      




      

        	
[27]



        	Ceccarelli S. Plant breeding with farmers—A technical manual. Aleppo, Syria: ICARDA 2012.

      




      

        	
[28]



        	Cullis BR, Smith AB, Coombes NE. On the design of early generation variety trials with correlated data. J Agric Biol Environ Stat 2006; 11: 381-93.


        [http://dx.doi.org/10.1198/108571106X154443]

      




      

        	
[29]



        	ICARDAICARDA Annual Report. Aleppo, Syria: International Center for Agricultural Research in the Dry Areas 2006. p. vi+ pp 153. ISSN: 0254- 8313

      




      

        	
[30]



        	Ceccarelli S, Grando S, Winge T. Andersen R, Winge T. Participatory barley breeding in Syria. In: Andersen R, Winge T, eds. Realising farmers' rights to crop genetic resources: Success stories and best practices. Abingdon: Routledge 2013. pp. 97-116.

      




      

        	
[31]



        	Aw-Hassan A, Mazid A, Salahieh H. The role of informal farmer-to-farmer seed distribution in diffusion of new barley varieties in Syria. Exp Agric 2008; 44: 413-31.


        [http://dx.doi.org/10.1017/S001447970800642X]

      




      

        	
[32]



        	Li J, Lammerts van Bueren ET, Jiggins J, Leeuwis C. Farmers’ adoption of maize (Zea mays L.) hybrids and the persistence of landraces in Southwest China: Implications for policy and breeding. Genet Resour Crop Evol 2012; 59: 1147-60.


        [http://dx.doi.org/10.1007/s10722-011-9750-1]

      




      

        	
[33]



        	Flower DJ. Physiological and morphological features determining the performance of the sorghum landraces of northern Nigeria. Exp Agric 1996; 32: 129-41.


        [http://dx.doi.org/10.1017/S0014479700026041]

      




      

        	
[34]



        	The African Center for BiodiversityThe expansion of the commercial seed sector in sub-Saharan Africa: Major players, key issues and trends 20151-49.

      




      

        	
[35]



        	Sall S, Norman D, Featherstone AM. Quantitative assessment of improved rice variety adoption: The farmer's perspective. Agric Syst 2000; 66: 129-44.


        [http://dx.doi.org/10.1016/S0308-521X(00)00040-8]

      




      

        	
[36]



        	Jalleta T. Participatory evaluation of the performance of some improved bread wheat (Triticum aestivum) varieties in the Jijiga Plains of eastern Ethiopia. Exp Agric 2004; 40: 89-97.


        [http://dx.doi.org/10.1017/S0014479703001479]

      




      

        	
[37]



        	Byerlee D, de Polanco EH. Farmers' stepwise adoption of technological packages: Evidence from the Mexican Altiplano. Am J Agric Econ 1968; 68: 519-27.


        [http://dx.doi.org/10.2307/1241537]

      




      

        	
[38]



        	Weltzien E, Witcombe JR. Pearl millet improvement for the Thar Desert, Rajasthan, India. Proceedings of the XII Eucarpia Congress 1989; 23-6.

      




      

        	
[39]



        	Ceccarelli S, Acevedo E, Grando S. Breeding for yield stability in unpredictable environments: Single traits, interaction between traits, and architecture of genotypes. Euphytica 1991; 56: 169-85.


        [http://dx.doi.org/10.1007/BF00042061]

      




      

        	
[40]



        	Saade M, Nassif F, Amri A, El Baghati H. Constraints to the adoption of barley varieties in Morocco Expert Report. Aleppo, Syria: ICARDA 1993.

      




      

        	
[41]



        	Brush SB. In situ conservation of landraces in centers of crop diversity. Crop Sci 1995; 35: 346-54.


        [http://dx.doi.org/10.2135/cropsci1995.0011183X003500020009x]

      




      

        	
[42]



        	Legg JP, Thresh JM. Cassava mosaic virus disease in East Africa: a dynamic disease in a changing environment. Virus Res 2000; 71(1-2): 135-49.


        [http://dx.doi.org/10.1016/S0168-1702(00)00194-5] [PMID: 11137168]

      




      

        	
[43]



        	Hossain M, Jaim WM, Paris TR, Hardy B. Adoption and diffusion of modern rice varieties in Bangladesh and eastern India. Los Baños, Philippines: International Rice Research Institute 2012.

      




      

        	
[44]



        	Li J, Lammerts van Bueren ET, Jiggins J, Leeuwis C. Farmers’ adoption of maize (Zea mays L.) hybrids and the persistence of landraces in Southwest China: Implications for policy and breeding. Genet Resour Crop Evol 2012; 59: 1147-60.


        [http://dx.doi.org/10.1007/s10722-011-9750-1]

      




      

        	
[45]



        	Reguieg MM, Labdi M, Benbelkacem A. First experience on participatory barley breeding in Algeria. J Crop Improv 2013; 27: 1-18.


        [http://dx.doi.org/10.1080/15427528.2013.794756]

      




      

        	
[46]



        	Yahiaoui S, Cuesta-Marcos A, Gracia MP. Spanish barley landraces outperform modern cultivars at low-productivity sites. Plant Breed 2014; 133: 218-26.


        [http://dx.doi.org/10.1111/pbr.12148]

      




      

        	
[47]



        	Morris ML, Dubin JH, Pokhrel T. Returns to wheat research in Nepal. CIMMYT Economics Working Paper. Mexico: International Maize and Wheat Improvement Centre (CIMMYT) 1992. pp. 92-04.

      




      

        	
[48]



        	Witcombe JR, Packwood AJ, Raj AG, Virk DS. Witcombe JR, Virk DS, Farrington J. The extent and rate of adoption of modern cultivars in India. In: Witcombe JR, Virk DS, Farrington J, eds. Seeds of choice: Making the most of new varieties for small farmers. London: Oxford and IBH Publishing Co., New Delhi, and Intermediate Technology Group 1998. pp. 53-68.


        [http://dx.doi.org/10.3362/9781780445854.005]

      




      

        	
[49]



        	Adesina AA, Baidu-Forson J. Farmers' perceptions and adoption of new agricultural technology: Evidence from analysis in Burkina Faso and Guinea, West Africa. Agric Econ 1955; 13: 1-9.


        [http://dx.doi.org/10.1016/0169-5150(95)01142-8]

      




      

        	
[50]



        	Falconer DS. Introduction to quantitative genetics. (2nd ed.), London: Longmann Group Ltd. 1981.

      




      

        	
[51]



        	Eberhart SA. Factors affecting efficiencies of breeding methods. Afric Soils 1970; 15: 669-80.

      




      

        	
[52]



        	Allen FL, Comstock RE, Rasmusson DC. Optimal environments for yield testing. Crop Sci 1978; 18: 747-51.


        [http://dx.doi.org/10.2135/cropsci1978.0011183X001800050013x]

      




      

        	
[53]



        	Calhoun DS, Gebeyehum G, Miranda A. Choosing evaluation environments to increase wheat grain yield under drought conditions. Crop Sci 1994; 34: 673-8.


        [http://dx.doi.org/10.2135/cropsci1994.0011183X003400030014x]

      




      

        	
[54]



        	Ceccarelli S. Specific adaptation and breeding for marginal conditions. Euphytica 1994; 77: 205-19.


        [http://dx.doi.org/10.1007/BF02262633]

      




      

        	
[55]



        	Cooper M, Stucker RE, DeLacy IH, Harch BD. Wheat breeding nurseries, target environments, and indirect selection for grain yield. Crop Sci 1997; 37: 1168-76.


        [http://dx.doi.org/10.2135/cropsci1997.0011183X003700040024x]

      




      

        	
[56]



        	Atlin GN, Cooper M, Bjørnstad A. A comparison of formal and participatory breeding approaches using selection theory. Euphytica 2001; 122: 463-75.


        [http://dx.doi.org/10.1023/A:1017557307800]

      




      

        	
[57]



        	Ceccarelli S. Adaptation to low/high input cultivation. Euphytica 1996; 92: 203-14.


        [http://dx.doi.org/10.1007/BF00022846]

      




      

        	
[58]



        	Varshney RK, Terauchi R, McCouch SR. Harvesting the promising fruits of genomics: applying genome sequencing technologies to crop breeding. PLoS Biol 2014; 12(6): e1001883.


        [http://dx.doi.org/10.1371/journal.pbio.1001883] [PMID: 24914810]

      




      

        	
[59]



        	Goulden CH. Problems in plant selection. Proceedings of the Seventh International Genetics Congress 1939; 132-3.

      




      

        	
[60]



        	Ribaut JM, Hoisington D. Marker-assisted selection: New tools and strategies. Trends Plant Sci 1998; 3: 236-9.


        [http://dx.doi.org/10.1016/S1360-1385(98)01240-0]

      




      

        	
[61]



        	Ribaut JM, de Vicente MC, Delannay X. Molecular breeding in developing countries: challenges and perspectives. Curr Opin Plant Biol 2010; 13(2): 213-8.


        [http://dx.doi.org/10.1016/j.pbi.2009.12.011] [PMID: 20106715]

      




      

        	
[62]



        	Alpuerto VE, Norton GW, Alwang J, Ismail AM. Economic impact analysis of marker-assisted breeding for tolerance to salinity and phosphorous deficiency in rice. Rev Agric Econ 2009; 31: 779-92.


        [http://dx.doi.org/10.1111/j.1467-9353.2009.01466.x]

      




      

        	
[63]



        	Windhausen VS, Wagener S, Magorokosho C. Strategies to subdivide a target population of environments: Results from the CIMMYT-led maize hybrid testing programs in Africa. Crop Sci 2012; 52: 2143-52.


        [http://dx.doi.org/10.2135/cropsci2012.02.0125]

      




      

        	
[64]



        	Simmonds NW. Selection for local adaptation in a plant breeding programme. Theor Appl Genet 1991; 82(3): 363-7.


        [http://dx.doi.org/10.1007/BF02190624] [PMID: 24213182]

      




      

        	
[65]



        	Pederson DG, Rathjen AJ. Choosing trial sites to maximize selection response for grain yield in spring wheat. Aust J Agric Res 1981; 32: 411-24.


        [http://dx.doi.org/10.1071/AR9810411]

      




      

        	
[66]



        	Bänziger M, Cooper M. Breeding for low input conditions and consequences for participatory plant breeding: Examples from tropical maize and wheat. Euphytica 2001; 122: 503-19.


        [http://dx.doi.org/10.1023/A:1017510928038]

      




      

        	
[67]



        	Kempton RA, Gleeson AC. Kempton RA, Fox PN. Unreplicated trials. In: Kempton RA, Fox PN, eds. Statistical methods for plant variety evaluation. London: Chapman & Hall 1997. pp. 86-100.


        [http://dx.doi.org/10.1007/978-94-009-1503-9_6]

      




      

        	
[68]



        	Bellon MR. Crop research to benefit poor farmers in marginal areas of the developing world: A review of technical challenges and tools. CAB Rev Persp Agric Vet Sci Nutr Nat Res 2006; 1: 1-11.

      




      

        	
[69]



        	Ceccarelli S, Guimaraes EP, Weltzien E. Plant breeding and farmer participation. Rome: FAO 2009. p. 671.

      




      

        	
[70]



        	Halewood M, Deupmann P, Sthapit B. Participatory plant breeding to promote Farmers' Rights. Biodiversity International, Rome, Italy 2007; 7: 1-7.

      




      

        	
[71]



        	Ceccarelli S, Grando S, Tutwiler R. A Methodological Study on Participatory Barley Breeding. I. Selection Phase. Euphytica 2000; 111: 91-104.


        [http://dx.doi.org/10.1023/A:1003717303869]

      




      

        	
[72]



        	De Schutter O. Final report: The transformative potential of the right to food. Report of the special rapporteur on the right to food. United Nations General Assembly, A/HRC/25/57: Olivier De Schutter 2014. p. 28.

      




      

        	
[73]



        	FAOThe International Treaty on Plant Genetic Resources for Food and Agriculture, FAO, via delle Terme di Caracalla, 00153 Rome, Italy 2009.

      




      

        	
[74]



        	Ceccarelli S, Grando S. Decentralized-Participatory Plant Breeding: An Example of Demand Driven Research. Euphytica 2007; 155: 349-60.


        [http://dx.doi.org/10.1007/s10681-006-9336-8]

      




      

        	
[75]



        	Almekinders C, Hardon J. Bringing Farmers Back into Breeding. Experiences with Participatory Plant Breeding and Challenges for Institutionalization. Agromisa Special 5, Agromisa, Wageningen. the Netherlands 2006. p. 140.

      




      

        	
[76]



        	Ceccarelli S. Efficiency of plant breeding. Crop Sci 2015; 55: 87-97.


        [http://dx.doi.org/10.2135/cropsci2014.02.0158]

      




      

        	
[77]



        	Galiè A. Governance of seed and food security through participatory plant breeding: Empirical evidence and gender analysis from Syria. Nat Resour Forum 2013; 37: 31-42.


        [http://dx.doi.org/10.1111/1477-8947.12008]

      




      

        	
[78]



        	Foresight The Future of Food and Farming Executive Summary. London: The Government Office for Science 2011. p. 211.

      




      

        	
[79]



        	Ceccarelli S, Galiè A, Grando S. Kole C. Participatory breeding for climate change-related traits. In: Kole C, eds. Genomics and breeding for climate-resilient crops. Berlin: Springer-Verlag 2013. pp. Vol. 1: 331-76.


        [http://dx.doi.org/10.1007/978-3-642-37045-8_8]

      




      

        	
[80]



        	Rahmanian M, Salimi M, Razavi K, Haghparast R, Ceccarelli S. Living Gene Banks in Farmers Fields. Farming Matters 2014 : March;12-5.

      




      

        	
[81]



        	Campanelli G, Acciarri N, Campion B. Participatory Tomato Breeding for Organic Conditions in Italy. Euphytica 2015; 204: 179-97.


        [http://dx.doi.org/10.1007/s10681-015-1362-y]

      




      

        	
[82]



        	Godfray HC, Beddington JR, Crute IR, et al. Food security: the challenge of feeding 9 billion people. Science 2010; 327(5967): 812-8.


        [http://dx.doi.org/10.1126/science.1185383] [PMID: 20110467]

      




      

        	
[83]



        	Ceccarelli S. Participatory barley breeding in Syria: policy bottlenecks and responses. Farmers' Crop Varieties and Farmers' Rights Challenges in Taxonomy and Law. Oxon, UK: Routledge, Abingdon 2016. pp. 84-96.

      




      

        	
[84]



        	Suneson CA. An Evolutionary Plant Breeding Method. Agron J 1956; 48: 188-91.


        [http://dx.doi.org/10.2134/agronj1956.00021962004800040012x]

      




      

        	
[85]



        	Campanelli G, De Vita P, Fusari F. Miglioramento genetico partecipativo ed evolutivo su zucchino e frumento duro in agricoltura biologica. Dal Seme 2014; 4: 63-5.

      




      

        	
[86]



        	Howard PH. Visualizing Consolidation in the Global Seed Industry: 1996–2008. Sustainability 2009; 4: 1266-87.


        [http://dx.doi.org/10.3390/su1041266]

      




      

        	
[87]



        	Fuglie KO, Heisey PW, King JL. Research Investments and Market Structure in the Food Processing, Agricultural Input, and Biofuel Industries Worldwide. ERR-130 US Dept of Agriculture, Econ Res Serv 2011 : December;147.

      




      

        	
[88]



        	Martens J, Seitz K. Philanthropic Power and Development. Who shapes the agenda? Brot für die Welt/Global Policy Forum/MISEREOR, Aachen/Berlin/Bonn/New York 2015 : November;

      




      

        	
[89]



        	Gilbert N. Frugal Farming. Nature 2016; 533: 308-10.


        [http://dx.doi.org/10.1038/533308a] [PMID: 27193660]

      




      

        	
[90]



        	Jansen HG, Walker TS, Barker R. Adoption ceilings and modern coarse cereal cultivars in India. Am J Agric Econ 1990; 72: 653-63.


        [http://dx.doi.org/10.2307/1243035]

      




      

        	
[91]



        	Kelley TG, Parthasarathy Rao P, Weltzien E, Purohit ML. Adoption of improved cultivars of pearl millet in an arid environment: Straw yield and quality considerations in western Rajasthan. Exp Agric 1996; 32: 161-71.


        [http://dx.doi.org/10.1017/S0014479700026077]

      




      

        	
[92]



        	Witcombe JR, Joshi A, Joshi KD, Sthapit BR. Farmer participatory crop improvement. I. Varietal selection and breeding methods and their impact on biodiversity. Exp Agric 1996; 32: 445-60.


        [http://dx.doi.org/10.1017/S0014479700001526]

      




      

        	
[93]



        	Ceccarelli S, Grando S, Capettini F. Barley breeding history, progress, objectives, and technology, Near East, North and East Africa and Latin America. Barley: Production, improvement and uses. Wiley-Blackwell: Ames (Iowa) 2011.

      




      

        	
[94]



        	Sthapit BR, Joshi KD, Witcombe JR. Farmer participatory crop improvement. III. Participatory plant breeding, a case study for rice in Nepal. Exp Agric 1996; 32: 479-96.


        [http://dx.doi.org/10.1017/S001447970000154X]

      




      

        	
[95]



        	Pandey S, Gauchan D, Malabayabas M. Patterns of adoption of improved rice varieties and farm-level impacts in stress-prone rainfed areas in South Asia. Los Baños, Philippines: International Rice Research Institute 2012. p. 318.

      


    


  




  




  

    Genetic Tools for Crop Improvement: Past, Present, and Future




    


    Mario Motto1, *




    

      Fondazione Istituto Tecnico Superiore per le nuove Tecnologie della Vita, Bergamo, Italy


    






    

      Abstract




      To respond to the contemporary increasing demand for food, feed, and feedstocks for bioenergy and bio-factory applications, there is an urgent need to improve agricultural plant production and quality-related features. Genetics and plant breeding are powerful strategies for increasing crop productivity. The objectives of this chapter are devoted to summarize i) historical developments of applied plant genetics or plant breeding, ii) fundamental principles affecting the current methods of molecular plant breeding, and iii) key factors that will affect the use of molecular breeding in crop improvement procedures. Additionally, the chapter takes a close look at the current exploitation of molecular plant breeding for the discovery of genes and their functions. These topics would disclose new perspectives for crucial plant biology research that will be beneficial to ensure food security to the rapidly growing world population and to sustainable agricultural systems. Moreover, they would open new doors to improve feedstocks to sustain non-food applications for the synthesis of high-added value products.
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      INTRODUCTION




      A recent report on the world population prospect, elaborated by the United Nations, indicates that people is projected to advance, on a global scale, from the current 7.2 billion to 9.6 billion by the middle of this century [1] (Fig. 1). This trend will approach 11.0 billion by 2100.




      To accommodate the additional demand for food and changing diets in developing nations, it is needed to supplement the global agricultural performance by approximately 100% by mid-century: namely doubling crop yields by 2050 [2]. The increased demand for crop and land derives not exclusively from the growing population and wealth, but also for ensuring non-food applications -e.g. energy
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Fig. (1))


      U.N estimations of human population growth to 2100. Notably, from 1960 to presently, the human population has more than doubled to reach 7.2 billion people; by 2050, the population is forecasted to increase to approximately 9.6 billion and reach 10.9 billion by 2100. (Modified from Popp et al.).



      access and chemicals- and climate changes. Moreover, it is worth noting that globally 805 million people are currently persistently starved and 2 billion are malnourished [3]. To double food yield by 2050, Ray and coworkers [4], have estimated that crop yield should increase at a rate of 2.4% per year. However the contemporary growth rates in global crop productivity of all major crops (i.e. maize, wheat, rice, soybean, roots and tubers) is declining from 2.5% and higher, since the mid-1990s, to less than 1.5% today [5]. This trend points out that the population growth rates have globally bypassed the linear rate of increases in food. In this scenario, raising crop yields to meet the expansion of food demands, rather than extend land for agriculture uses, has been highlighted as the most sustainable solution to meet this objective [4]. As a result, there is a pressing requirement to amplify agricultural productivity. It is also clear, at the same time, the necessity to diminish the contradictory influence of agriculture on the ecosystem stability: shortly a more sustainable and environmental friendly farming systems that will increase production [6, 7]. This may also be accomplished by considering, simultaneously, the tolerance to abiotic and biotic stress factors, the efficiency of nutrient and water use inputs, and the development of crops and cultivars having a broad range of end uses. The vast scientific progress in the last decades may help to accelerate these new challenges. In particular, genetic improvement of crops may assist to give a solution to this multifaceted target [8]. Accordingly, the production and diffusion of high-yielding varieties (HYVs) and the best achievements of biotechnology projects (e.g. pertinent Genetic Modified, GM, and/non-GM features), cultivated on the 1.5 billion hectares of arable land worldwide, will provide, in the near future, a fundamental contribution to sustainable agriculture. In addition, genetic crop interventions are an appealing goal. This approach is particularly ascribable to the potential of fast dissemination of the improved crops- that is seed distribution- and to their contribution in solving diverse features of contemporary crop biology. In this chapter I have briefly summarized i) historical developments of applied plant genetics or plant breeding, ii) fundamental principles affecting the current methods of molecular plant breeding, and iii) key factors that would sway the application of molecular breeding in crop improvement procedures. Additionally, in this chapter I have highlighted how the exploitation of molecular plant breeding is currently contributing to the discovery of genes and their functions. It is thereby predicted that these findings will open new perspectives in contemporary plant biological sciences.


    




    

      CLASSICAL PLANT BREEDING




      There are several approaches for increasing food production. These include: expanding the arable cropland, improving agronomic methods, extending the use of mechanization, as well as making perfect the supply of chemical fertilizers, and pesticides. However, the simple most agreeable factor in enhancing plant productivity is the genetic improvement of the crop plants themselves [9]. Specifically, plant breeding has had a dominant role to increase and safeguard potential, harvestable, and commercial productions. This scope was accomplished, via selecting for yield per se, addressing crop quality attributes, and developing plants exhibiting tolerance/resistance to disease and pest agents. It has also contributed timely to farmers by affording the best seeds of new developed HYVs. This has been implemented, in addition to higher yield, with other profitable features, able to upgrade farming incomes and sustainability. In the following sections, it is given a brief overview of genetic improvement from agricultural invention to present. Even though plant breeding emerged around 10-12,000 years ago, over the course of the human history, the general perception of genetic technology concepts is a relatively recent phenomenon (Fig. 2).




      

        Domestication and Empirical Plant Breeding




        For 10-12,000 years, humankind has modified the genetic architecture of crop plants, initially via simple domestication (i.e. selection of plants having desirable traits to humans) and, in the last 2-300 years, employing more refined procedures.




        For the domestication process, different plant species were selected for peculiar characteristics to satisfy human needs: cereals and pulses for their seeds, other plants for tubers, fruits or leaves. Evidence indicates that domestication or its syndrome incorporate i) combinations of various distinct attributes including: seed retention (non-shattering), enhanced fruit or seed size, alterations in branching and stature of plants, modifications in reproductive strategy, increased harvest index, and variations in secondary metabolite, ii) these features have permeated crop plants with uniformity, predictability, and greater performances in productivity [10]. These outcomes have also suggested that i) domestication and cultivation of plants are inextricably linked and ii) domestication attributes, which made some plants more attractive to the early plant farmers or domesticators, are governed by the expression of few genes. This is an event extremely vital to the early farmers to obtain a very quick selection and/or fixing those attributes within plant populations. Moreover, the history of plant domestication serves as an example to make clear how selection had altered the shape of living organisms
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Fig. (2))


        Historical benchmarks related to key advancements in genetic tools useful for crop improvement.



        Recent molecular studies, on the identification of genes affecting crop domestication and diversification, performed by analyzing diverse set of plant species, have advanced our knowledge of the genetic basis of the evolution of domesticated crops [11, 11a]. Notably, polyploidy is commonly believed to be associated with the domestication process. This is attributable to its concurrence with agriculturally favorable attributes and its widespread among the major plant crops. Evidence has suggested that the genetic consequences of polyploidy have provided genetic preconditions for fruitful domestication on several of these plants to emerge as crops. Other information showed that, out of nine domestication genes, eight are encoding transcriptional regulators. This revealed that transcription factors (TFs) play a central role in the domestication process. Examples in this field include: rice shattering genes sh4 – a Myb TF- and qSH1 –homeodomain motif- , and Rc – containing a βHLH motif- for seed color; maize teosinte branched1 (tb1)- that is a plant-specific TCP (TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL NUCLEAR ANTIGEN FACTOR) member of a family of DNA binding proteins- involved in plant and inflorescence architecture, and teosinte glume architecture1(tga1- that is likely to encode a regulatory protein, belonging to the SBP (SQUAMOSA-pROMOTER BINDING PROTEIN)-domain family of TF- involved in seed casing; AP2 (APETALA2)-like wheat gene Q - a member of a large multi-gene family of TFs- conferring the free-threshing character [12]. Accordingly, these loci play a cardinal function during the plant life cycle, being key regulators of several developmental processes, such as inflorescence structure. Taken together from these investigations it was argued that, because domestication resulted relatively in a very quick life-time, on an evolutionary scale, mutations with great effects were easily detected and selected, and therefore easily fixed in plant genomes [13].




        In agreement with the initially unconscious selection, farmers have finally initiated to systematically select plants consciously. This procedure was based on visible features - e.g. larger and more abundant kernels, types that did not shed from the parent plants, or those that were most responsive, for instance by germinating soon after planting [10, 14]. Furthermore, it has appeared gradually plain that not only observable plant attributes, such as grain size and quantity, are affected by selection, but also other characteristics such as tolerance against pests and diseases, and taste. This form of intentional selection, entirely based on observable evaluations and not on scientific knowledge, resembles what the contemporary plant breeders have largely applied. Therefore, this technology of plant breeding is frequently referred to as pre-scientific or “empirical breeding”: the gene concept was not yet defined at that time [14].


      




      

        Modern Crop Improvement




        Although, plant breeding as a technology derived from simple activities of people belonging to the past, it achieved the status of science, after Mendelian genetic laws were corroborated at the beginning of 1900s [15]. Additionally, Mendel's findings have stimulated, in the 20th century, the foundations for further research on inheritance. Furthermore, they have promoted a profound educational effect by encouraging further research in the field of genetics and biology.




        

          Professional Cross Breeding: Generation of HYVs




          The rediscovery of Mendel's principles on Genetics and the reliable development, on large-scale, of scientific plant breeding elaborated on those laws, were of central relevance in developing crops. Most commercial varieties that have been planted in modern agriculture were produced by applying classical selective breeding methods. These are programs and procedures outlined to change the phenotypes in economically important species of plants- to suitable plant materials. These methods are named classical or conventional to make a distinction from others, like those exploiting genetic engineering tools.




          Briefly, conventional breeding procedures or selective systems (i.e., an experimental technique that increases the recovery of specific - frequently rare- genotypes) can be summarized into three principal activities related to: i) detection of attribute(s) that support genetic yield capacity; ii) evaluation of genetic variability and its origin for suitable feature(s) to assist the detection of parental genetic resources –that is parental identification; and iii) incorporation of genes, controlling the specific trait(s), into varieties equipped with other favorable attributes [16]. Moreover, a breeding program designed to improve specific features in a cultivar cannot be considered as a confined research activity, but demands to be connected to other areas of research concerning that crop and related crops.




          Typically plant breeding programs are expensive and time consuming. However, regardless of this, in the brief history of scientific plant breeding a body of evidence has been reported to corroborate that the classical or traditional selection methods have been effective in bringing about genetic progress in crop plants across years. Particularly, these methods have greatly upgraded crop yields of the dominant cereals (e.g. maize, rice, and wheat), which globally provide two-thirds of the world’s food energy intake, and other crops.




          A superlative example to emphasize Mendelian inheritance is related to the rediscovery of heterosis or hybrid vigor. This is a familiar phenomenon, noted in progenies by crossing distinct strains of diverse species, confined populations, or selected progenies within species or populations, whose exploitation into breeding gave rise to a spectacular agronomic performance in maize [17]. This plant was, and is, both a biological curiosity and a central cereal crop. With the discovery of the inheritance principles, maize gave a pivotal contribution in supporting the genetic laws and in bridging knowledge between theory and application. Specifically, maize hybrids inherit their economically favorable features - i.e. greater yield, resistance to disease and pest agents, and environmental stress tolerance- from two genetically different parental inbred lines. As a result, F1 crosses manifested a considerable increase in yield performances. This outcome has promoted, around the 1930s, an increase in hybrid seed sales, with a remarkable escalation following the introduction of double cross hybrids. The cultivation of maize hybrids in the United States (US) was unprecedented in the history of agricultural innovations: by 1965, over 95% of the total area in US was cultivated with hybrid varieties. Therefore, the development of hybrid varieties is frequently considered one of the most outstanding genetic achievements in agriculture [18]. Nevertheless, when maize hybrids were first recommended in the U.S. cultivation, they experienced criticisms and resistances from farmers analogous to those raised at contemporary GM crops: the hybrids were laborious to put on a public performance and agriculture experimental stations were not interested to develop this type of activity. Furthermore, for this crop the substitution of double cross with single cross hybrids additionally improved yields in the 1960s to present days (Fig. 3). Notably, the main findings emerging from studies [19-21] on the assistance of breeding to favor progresses in maize performance have indicated that i) grain yield is improved by approximately 100 kg ha-1 year-1 or 2% year-1 from the introduction of large-scale hybrids by growers in the late 1930s up to the first decade of the 21st century; ii) genetic improvements is accountable for about 50-60% of the on-farm progresses, while innovations in cultural managements are responsible for the rest; iii) increases in grain yield performances are centrally related with an enhanced kernel number, a persistently improved stay green, and a more protracted grain-filling duration; iv) stress tolerance is significantly enhanced: newer hybrids out-yielded the older hybrids not exclusively in high productive environments, but also when experimental trials are conducted under specific abiotic stress conditions (e.g. heat and drought) or under infestation of biotic stress agents (e.g. pathogens or pest insects); v) performance in actual heterosis for grain yield is improved modestly over the years, particularly when experimental trials are subjected to abiotic stress treatments: the increase is significantly inferior than total genetic progress.




          Similarly to maize, yield in other crops, over the last sixty years, was increased steadily, as a consequence of improving their genetic ability. For example, total yields for rice, wheat, and soybeans, the primary resources, with maize, for human nutrition on a global scale, raised very quickly from 1961 to 2000: wheat grain yield performances increased by 2.6-fold, whereas rice and soybean grain productions grew, respectively, by 2.2- and 2.0-fold [22]. Modeling studies have also shown that crop productions of the main staples nourishing the globe would result 19.5-23.5% lesser at the beginning of the current millennium apart from intentional breeding efforts [23].
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Fig. (3))


          Maize average grain yield in US from 1865 to 2004 in kg ha–1 (0% moisture) and linear regression of grain yield across years from 1866 to 1938 and from 1939 to 2004. Data compiled by the USDA. (From Tollenaar and Lee, 2006).



          Although several other elements -e.g. availability of affordable mineral nitrogen (N) fertilizers, better pest and weed control, more widespread availability of irrigation, improved agronomic managements- have contributed to these gains in yield performance, experimental data have highlighted that genetic technology is responsible for at least 50% of the yield increases in some of the major crops currently cultivated [23, 24].


        




        

          Green Revolution and Other Breeding Tools




          The technological progresses that provided the outstanding goals realized in global food production, during the last 60 years, currently referred to as “Green Revolution”, was related with the cultivation of HYVs of wheat and rice [23, 25]. These cultivars are reactive to fertilizer supplies, are tolerant to lodging, and their production potentiality is 2-3-fold higher that of cultivars planted before the Green Revolution. Moreover, the same cultivars brought about diversified resistances to disease and insect injuries and thereby exhibited a superior stability in production.




          This technology was elaborated by Norman Borlaug, after the Rockefeller Foundation and Mexican government started in 1943 to collaborate to establish a research institution in Mexico that later became the International Maize and Wheat Improvement Center (CIMMYT) [25]. The target of this new institution was to improve local varieties of outstanding food crops to promote food security in Mexico and other developing countries. To Dr. Borlaug, generally credited to be the father of the Green Revolution, was assigned in 1970 the Nobel Peace Prize, for his contributions to human society. In this respect, it must be underlined that in his Nobel Peace Prize Acceptance Speech -December the 11th, 1970- he noted that: “The green revolution has won a temporary success in man’s war against hunger and deprivation; it has given man a breathing space. If fully implemented, the revolution can provide sufficient food for sustenance during the next three decades. But the frightening power of human reproduction must also be curbed; otherwise the success of the green revolution will be ephemeral only” [26]. The concreteness of this forewarning was recognized at the beginning of 2008, when the commercial costs of wheat and maize doubled and that of rice tripled, promoting food turbulences in several developing nations.




          Although, the exploitation of Green Revolution technology was helped by innovations in irrigation devices, accessibility of mineral fertilizers, and favorable government policies, its success was mainly due to the cultivation of HY semi-dwarf varieties of wheat and rice in association with the application of generous volumes of N fertilizers [27]. Notably, the varieties of wheat and rice cultivated before to the Green Revolution were high in stature, leafy with fragile stalks, and exhibited a harvest index of 0.3 - i.e. 30% grain and 70% straw. In fact, the stalks of toll wheat and rice varieties were not vigorous enough to withstand with the massive grain yield performance of the HYVs: consequently, plants were subjected to lodging which ultimately often result in a significant yield reduction. For instance, the presence of wheat mutant dwarfing alleles, at Reduced height-1 (Rht-B1 and Rht-D1) loci, have promoted the significant raises in global grain productions in the 1960s, attributable to progresses in both lodging tolerance and harvest index (~ 0.5) [28]. On account of this effect, Rht-1 dwarfing alleles are currently largely employed in developing contemporary wheat varieties. Further research has shown that the wheat Rht-1 alleles are encoding a mutant of DELLA proteins (a subfamily of the GRAS TF-family) that provides semi-dominant gibberellin (GA) insensitive dwarfism [29]. The GA hormones act throughout the life cycle of plants, influencing several aspects of plant growth and development, including stem elongation. Similarly several short straw varieties of rice which have a mutation in the Semi-Dwarf-1(SD1) locus, encoding for GA 20-oxidase-2, are impaired in GA biosynthesis. Evidence indicated that in barley this gene - termed Denso or Semi-dwarf 1 (Sdw1)- is also mutated in the majority of cultivars currently cultivated [30]. In Fig. (4) is given an example of different plant strains of rice introduced during the Green Revolution.
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Fig. (4))


          Visual representation of distinct plant strains of rice. Left, tall conventional plant strain. Centre, improved high-yielding, high-tillering plant strains. Right, new plant strains (‘Super Rice’) having low tillering but robust stems, and possessing a superior number of grains per panicle. (Reproduced from Khush, 2001 [34]).



          Owing to the Green Revolution, the HYVs of wheat and rice are currently cultivated on 84% and 74% of agriculture land, respectively. As a consequence, rice and wheat global yields were expanded from 127 million tons to above 760 million tons during the time period included from 1960s to 2000 [31]. On the other hand of the balance, the improved crop varieties have additionally expanded the quantities of fertilizers, pesticides, and water employed in agriculture, and generated a substantial reduction in the genetic diversity of crop plants [32]. It must be, however, emphasized that the specialization on the best performing species and varieties has profoundly increased the productivity of agricultural fields. This has reduced the necessity for agricultural expansion of land areas, protecting vulnerable zones from being converted to cropland and permitting biodiversity to persist in natural ecosystems [33].




          Another technique, frequently used in breeding projects, for plant improvement was induced mutagenesis [35]. This task was achieved through chemical or radiation treatment. Although mutation breeding is no as familiar as the most recently refined method of transformation, it has been largely applied. Induced mutation is therefore an established crop improvement approach: there are more than 3, 200 mutant crop varieties and ornamental plants, catalogued in the FAO/ IAEA Mutant Varieties Database, being globally cultivated [36].




          A recent innovation on mutagenesis, named Targeted Induced Local Lesions in Genomes (TILLING), simplify the detection and classification of gene variants underlying commercially relevant features [37]. This technique is an aggregation of typical chemical mutagenesis combined with high-throughput (HTP) molecular biology procedures which are devoted to detect valuable mutant variants. This strategy has been especially exploited for the improvement of under-investigated crop species. For instance, melon mutants that possess an increased shelf life or exhibit unisexual flowers, both of which are able to improve productivity, were isolated by TILLING approaches [38, 39]. It is predicted that this method will become an integral part of breeding programs, whereas more effective and distinct variant mutations may be identified by exploiting TILLING stocks.




          A range of techniques - e.g. micro-propagation, haploid production, protoplast formation, haploid production, embryo and apical cultures, somatic embryogenesis- under the caption of tissue culture and interspecific hybridization, were established in the 1960s and aggregated to the collection of tools useful in crop improvement [40]. These devices and technologies have enabled to achieve considerable progresses in crop improvement during the last twenty years, thanks, in particular, to the development of biotechnology. Moreover, it has been reported that, although plant cell suspension cultures, producing phytochemicals, exhibit various benefits over plant cultivated in fields, have been not yet largely exploited. This event is likely attributable to scarce information concerning plant secondary metabolism and its in vitro control [41]. However, in this respect a positive example is represented in the case of Lavandula vera MM cell suspension [42]. For this plant a successful bioactive compound – that is rosmarinic acid- was obtained by the so-called “green cell factories” technology.


        




        

          Transgenic Breeding




          Biological scientists have established a range of technical protocols for in vitro manipulation of DNA, cells, and organisms. Recombinant DNA techniques and genetic engineering, including transgenic methodology for transferring extraneous genes into plant cells, have become available in the 1980s [43, 44]. Additionally, other devices and techniques were elaborated to introduce genes into plants via the adoption of the soil bacterium Agrobacterium tumefaciens - a natural vector to easily transports a fragment of DNA into a plant cell- or by a number of direct DNA introduction tools, such as particle bombardment (i.e. biolistic or gene gun), electroporation, and microinjection [45]. This combination of transfer methods and biological knowledge has permitted to transport a defined segment of DNA from the native or a related plant species or from a completely foreign entity inside practically any cultivated plant, generating what is commonly called as a “transgenic” plant.




          Transgenic breeding is an attractive approach to plant breeders for generating completely new genetic variability that it is not possible to achieve via traditional methods. This tool has been the most rapid applied biotechnology in agricultural history: the global land area planted with genetically GM crops has raised more than 100-times, ranging from 1.7 million hectares in 1996 up to 180 million hectares in 2014 [46]. According to a recent report [46], in 2014 out of the 28 nations which cultivated biotech crops, 20 were developing and only 8 were industrial nations. The top 10 nations planting GM crops are situated in the Americas (USA, Canada, Argentina, Brazil, Uruguay, and Paraguay), Asia (China, India, and Pakistan), and South Africa. In the European Union (EU) countries, the area covered with GM crops is negligible, except Spain. This is mainly due to public acceptance issues and onerous regulatory legislations. From the previous report, it is also evident that the most popular GM crops are represented by the major commodity plant species, especially maize and soybean. The principal features that have been transferred into these crop plants are herbicide tolerance (HT) and insect resistance (IR). The last intervention is mainly attributable to distinct genes derived from the soil bacterium Bacillus Thuringiensis (Bt).




          The leading technology is HT soybeans, which represent 50% of the total GM crop area and 82% of global soybean grain yield. GM maize is the second-most predominant crop and amounted for about 30% of the land grown worldwide with GM and 30% of maize yield on a global scale. GM maize comprises also HT and IR, partly as independent and partly as stacked technologies. In maize the Bt genes contrast efficiently the diffusion of different insect species (European corn borer, corn root-worm. and various stem-borers) [47, 48]. Interestingly, a GM maize with a 6-10% grain yield improvement, when grown under drought environments, it was recently provided by Monsanto [49]. This transgene exploited a cold shock gene (cspB) from Bacillus subtilis, and was commercialized since 2013. Other GM crop varieties, with sizeable area of cultivation shares, include cotton, canola, and sugar-beet. There are also a few other GM crops such as HT alfalfa and virus-resistant papaya, squash, and tomato that have been planted in specific countries, but they are currently covering only relatively modest areas.




          A meta-analysis, recently reported by Klùmper and Qaim [50], has revealed that, on average, the current GM technology, mainly represented by HT and IR crops, has improved crop yields by approximately 21%. These yield improvements are not attributable to more extended genetic yield ability, but are due to a more powerful pest control that is reflected in a reduction of losses caused by those agents. Simultaneously, GM crops have diminished chemical pesticide applications by 37% and pesticide prices by 39%. In spite of this and of additional scientific efforts, to provide an objective view on this issue, conventional in comparison to biotech breeding is still an argument of discussion in the scientific and the civilian communities, especially in EU countries. Perhaps for GM crops disinformation or propaganda, motivated by political, commercial, and other interests for which scientific validity was at best of secondary relevance, seems to be more effective than scientific evidence.
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