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Abstract

:

This review paper addresses the importance of increasing agrobiodiversity to cope with climate change and, at the same time, providing a sufficient amount of healthy food. This is in agreement with the messages from ecology and medicine indicating the advantages of biodiversity in general and agrobiodiversity in particular for the planet and for our health. Plant breeding is considered to be one of the causes of the decline in agrobiodiversity, and therefore, this paper illustrates alternatives to the commonly used approach based on centralized selection. The first alternative is decentralized participatory breeding, which adapts crops to both different agronomic environments and client preferences, representing an “option by context” model of research. The second alternative is evolutionary breeding, which is a more dynamic strategy than participatory plant breeding because it merges the advantages of decentralization with the ability of dynamic mixtures and evolutionary populations to cope with biotic and abiotic stresses and evolve, thus adapting to climate change and to the associated changes in the spectrum of pests. A crop capable of evolving as the environment around it evolves appears to be the most ideal way of responding to climate change and increasing agricultural biodiversity.
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1. Introduction


Modern plant breeding needs to address the most important global challenges, such as climate change, poverty, malnutrition (which includes undernutrition and obesity), water scarcity, and the loss of biodiversity. These are the challenges most frequently debated in international reports [1]. In the plant breeding literature, climate change seems to be the issue most frequently addressed using terminologies such as “climate-resilient crops” [2], “climate-ready crops” [3], and “climate-smart crops” [4]. In our opinion, these are oversimplifications, as climate resilience is a complex breeding objective. The complexity is due to the uncertain quantification of temperature increase [5] or rainfall decrease [6], the location specificity of climate change [7], and the associated changes in the spectrum of diseases, insects, and weeds [8]. An additional element of complexity is that climate change is likely to be a moving breeding objective, as indicated by the progressive increase in the frequency of temperature anomalies in the last 50 years [9].



Climate change has already affected plant breeding by placing resilience as a top priority in breeding [10,11], while at the same time recognizing the unpredictability of the impact of climate change. This has prompted the use of predictive models to inform about breeding priorities [12], including the choice of the right crops to combine climate adaptation and healthy human nutrition [13].



Plant breeding has traditionally responded and continues to respond to this complexity by breeding almost exclusively uniform varieties [14,15], which, depending on the mating system, the objectives, and the crop, range from hybrids, clones, and pure lines. This trend was already criticized by Frankel in the 1950s [16] as follows (quote from pages 97–98): “From the early days of plant breeding, uniformity has been sought after with great determination. For this there are many reasons—technical, commercial, historical, psychological, aesthetic”. “It seems to me that the “concept of purity has not only been carried to unnecessary length but that it may be altogether inimical to the attainment of highest production” since it is “concerned with characters which are readily seen but often of little significance”. Note that Frankel never used terms such as “scientific” or “biological” as reasons to breed for uniformity. Also, Frankel could not have known that he was anticipating what ecology and medicine would recommend years after his publication. Despite these early warnings, which have been echoed more recently [17,18,19,20], and despite its potential benefits, agrobiodiversity was greatly reduced in terms of the number of crops and genetically homogenous varieties within crops [21], while ecology and medicine both emphasized the importance of diversity for resilience and human health.




2. Messages from Ecology


Ecology studies the capacity of the environment to support the requirements of contemporary human societies, namely the interactions between organisms and their environments [22]. Ecological field experiments have shown that greater diversity, expressed as species richness, is associated with greater productivity and greater stability [23,24,25,26]. The question of whether the ecosystems that are biologically more diverse are also more stable, very relevant today in the face of climate change and the need for sustainability, has fascinated ecologists for generations [25] and has been at the center of debate [27].



Before the 1970s, ecologists believed that more diverse communities enhanced ecosystem stability. These early intuitive ideas were challenged by the work of Robert May [28], who, using linear stability analysis, found that diversity tends to destabilize community dynamics. However, the most recent literature indicates a positive relationship between crop diversity, ecosystem stability, and productivity [29,30,31].



A number of experiments on organisms ranging from bacteria, fungi, plants, and animals have shown a positive relationship between species diversity and biomass production [32,33]. This effect, defined as the richness effect, occurs when a mixture (of species, genotypes, functional groups, etc.) performs better than the average performance of its components in monoculture and is also known as non-transgressive overyielding [34]. The phenomena explaining this effect are a combination of complementary effects (when species occupy different niches so that they use resources in a complementary way) and sampling effects; the sampling effect occurs because more diverse communities are more likely to host highly productive species. This also requires that the most productive species become predominant, and this is why the sampling effect is also called selection effects [21]. The main consequence of sampling effects is that a diverse community of plants, such as a mixture, is expected to yield more than the average of its components.



The controversy stems from studies showing that the most diverse communities do not always produce more biomass than their most productive component, suggesting that the results of such experiments are better explained by the sampling effect. However, the analysis of experiments conducted over a long time suggests that both effects occur and that the contribution of the most productive species is equal to or exceeded by species complementarity [25].



If we replace “species” with “genotypes”, the implications of these studies for plant breeding become obvious because they suggest that diversity could become an objective of plant breeding programs that have yield increases as one of their main objectives. What is of interest in relation to plant breeding strategies is that diversity is not the driver of this relationship; rather, ecosystem stability depends on the ability of communities to contain species, or functional groups, which are capable of differential responses [27].




3. Messages from Medicine


Several studies in medicine journals indicate an association between the decline in biodiversity and a number of human health problems. The reference to plant breeding, although not always explicit in these studies, is implicit when the effect of the diet on the composition and diversity of the microbiota—the complex of bacteria, viruses, fungi, yeasts, and protozoa in our intestine—on our physical and mental health are discussed. The prevalent dietary uniformity related to the decline in agrobiodiversity has been associated with the increase in inflammatory diseases in humans, ranging from inflammatory bowel disease to ulcerative colitis, cardiovascular disorders, various liver diseases, and many types of cancer [35]. The increased frequency of inflammatory diseases has been associated with a decreased efficiency of our immune defenses [35,36].



The relationship between agrobiodiversity and dietary diversity is complex, as both are affected by other factors [37]. A review of five databases revealed that agrobiodiversity has a small but consistent association with more diverse household and individual diets, although the magnitude of this association varies with the extent of farm diversification [38]. A study in Nepal revealed significant associations between child dietary diversity and agrobiodiversity [39].



Diet strongly influences the microbiota: a diet modification changes its composition in just 24 h. It takes 48 h after changing the diet back again for the microbiota to return to its initial conditions [40]. A recent study has shown a dramatic reduction in the diversity of the microbiota from more than 700 different species of microorganisms in the microbiota of an average adult of a Tanzanian tribe to less than 300 in the microbiota of an average adult in California [41].



More recently, the microbiota has been shown to regulate both brain and behavior, especially those associated with social functions [42], to be associated with the development of tumors [43] and with our immune system [44] to the point that microbiota transplant has become a focus in medicine.



Given the important roles of the microbiota on one hand, and the fact that it is so strongly and rapidly influenced by diet on the other, it is understandable that there have been many studies on the effect of various diets (western, omnivorous, Mediterranean, vegetarian, vegan, etc.) on its composition and diversity [40]. Recent results have demonstrated that diet diversity is of paramount importance for a healthy microbiota [45,46]. But how can we have a diversified diet if the agriculture that produces our food is predominantly based on uniformity, with three crops providing over 60% of the calories of plant origin we consume [47]?



The reduction in diversity, such as the loss of ancient wheat varieties, has health implications as those varieties have unique flavors and cultural significance to local cuisine [48], have a higher phenolic content [49,50], reduce glycemia [51], and have beneficial effects on various parameters linked to cardio-metabolic diseases such as lipid and glycemic profiles, as well as the inflammatory and oxidative status [49].



A recent review [52] compared the nutritive value of landraces with that of modern varieties in a number of crops ranging from tomato, melon, lettuce, beans, eggplants, garlic, onion, soybean, hazelnut, rice, lentil, chickpea, carrot, apple, grape, and maize. The comparison showed that landraces tend to have a higher content of vitamins (the precursor of vitamin A and vitamins C and E), micronutrients (such as Cu, Fe, Mn, and Zn), and phenolic compounds. Furthermore, a number of papers demonstrated the beneficial dietary effects of a larger agrobiodiversity on child nutrition [39,53,54,55].



More recently, the most extreme cases of biodiversity loss, such as deforestation and species extinction, have been related to an increased risk of pandemics such as COVID-19 [56].




4. Breeding Strategies to Increase Diversity


We have seen in Section 1 that plant breeding has contributed enormously to yield increases in major crops but, at the same time, has also reduced agrobiodiversity; in the following section, and after mentioning the main features of a plant breeding program, we will discuss how plant breeding can combine yield improvement with the maintenance or even the increase in agrobiodiversity.



4.1. Plant Breeding


Plant breeding programs are characterized by three main stages (Figure 1) [57] as follows:




	
Generating genetic variability; this includes the selection of parents, making crosses, choice of type and number of crosses, induced mutation, introduction of accessions from germplasm banks, or material from other breeding programs or from farmers;



	
Selection of the best genetic material within the genetic variability created or acquired in stage one. This stage lasts a number of cropping seasons (5 to 10) depending on the crop and on the methodologies used;



	
Testing of breeding lines; this includes comparisons between existing cultivars and the breeding lines emerging from stage 2 using the appropriate experimental designs and statistical analysis to conduct such comparisons. This stage lasts at least three cropping seasons, and it is followed by the variety registration, the seed production, and, eventually, by farmers’ adoption.








As shown in Figure 1, a characteristic of a breeding program is that the best material that comes out of a breeding cycle returns to the next cycle as parental material.



The most common way of generating genetic variability in stage 1 is to make crosses among parental lines selected for specific traits. The number of crosses generated at the beginning of each cycle can vary from a few hundred in national breeding programs to several thousand in international breeding programs. Using accessions from germplasm banks is another way of bringing genetic variability into a breeding program. The use of material held in gene banks is not carried out often enough [58].



During stages 2 and 3, the genetic variability generated in stage 1 is gradually reduced via selection, and promising breeding lines are identified. While the number of breeding lines decreases, the quantity of available seed per line increases, and therefore, the material can be tested in an increasing number of locations [59]. The amount of material a breeding program handles on a yearly basis is large as a new cycle starts every year (or twice a year).



Molecular tools such as marker-assisted selection and genomic selection are designed to improve the efficiency in identifying useful genetic combinations in stage 2, but they do not necessarily translate into a higher breeding efficiency, i.e., into a higher efficiency of the entire process.



In its most common implementation, the key stage of a plant breeding program, namely the selection stage, takes place in one or a few research stations (centralized selection) under optimum or near-optimum agronomic conditions, including the use of fertilizers and pesticides. In some cases, breeding programs conducted on research stations are managed to simulate specific stress conditions [60]. The breeding philosophy of a breeding program based on centralized selection concerns two fundamental concepts in plant breeding, namely adaptation and stability. Adaptation is defined as the ability of a variety to perform well in a given location, and stability is defined as yield consistency across years [61,62,63]. The philosophy, which in the 1960s became predominant despite a number of critical voices, was that of “wide adaptation” [64], and this philosophy found its international expression in what is known as the “Green Revolution”. The “Green Revolution” model of agricultural development was based on the selection of varieties capable of excelling everywhere and at all times, having lost their sensitivity to photoperiod and the need for vernalization. Moreover, these varieties were short, with very strong culms, and were therefore able to withstand heavy nitrogen fertilization without lodging. The expression Green Revolution was coined in March 1968 by William S. Gaud, the then director of the US Agency for International Development (USAID), to indicate the effect of a development strategy based on (a) new varieties, (b) irrigation, (c) fertilizer, (d) pesticide, and (e) mechanization. Under this strategy, new varieties characterized by “extensive adaptation” were obtained. Not only was this exactly the opposite of what farmers had been carrying out for millennia but it also ran counter to the genetic improvement philosophy of the early part of the 20th century. According to that philosophy, selection had to be performed at the place where the varieties were to be grown, producing varieties with specific adaptations to local conditions [64].



The term “wide adaptation” was misleading because it referred to “geographical” rather than “environmental” adaptation [65]. In fact, the agricultural environments in which these “widely adapted” varieties were successful were very similar (high rainfall, or availability of irrigation water, and good soil fertility), although geographically very distant, or were made similar to each other with the addition of irrigation water, fertilizers, and pesticides.



One consequence of breeding for wide adaptation has been the replacements of landraces in many countries by the widely adapted, genetically uniform, semi-dwarf varieties of relatively few crops, such as rice and wheat [18], with a decrease in diversity both between and within crops. The genetic erosion has been estimated at 72.4% and 72.8%, respectively. For example, the number of rice cultivars declined in Indian farms from about 400,000 before colonialism to 30,000 in the mid-19th century, with unknown thousands more lost after the Green Revolution. Greece lost 95% of its wheat landraces after being encouraged to replace them with modern cultivars [66].



In the last 50 years, recombinant DNA technology has introduced a new dimension into plant breeding, making trait management more targeted and precise, and breaking the barriers between species [67]. The use of GMOs and of gene editing have raised a number of regulatory and ethical issues, and, in the case of GMOs and, more recently, of gene editing, controversy about their actual success [68].



Alternative plant breeding methodologies, such as participatory plant breeding and evolutionary plant breeding, the latter based on the use of non-uniform varieties such as mixtures and evolutionary populations, have shown the possibility of bringing back diversity in agriculture by combining productivity with resilience. The two methodologies can be combined in a participatory evolutionary breeding program.




4.2. Participatory Plant Breeding


Participatory plant breeding (PPB) is, like all breeding programs, characterized by the three stages described above, with three major differences from non-participatory breeding programs, namely:




	
Objectives and type of final product (known as product profile) are discussed and decided in collaboration with the clients—generally, but not exclusively, the farmers;



	
The program is conducted in farmers’ fields and therefore is decentralized, i.e., conducted in the target environment(s) rather than in the research station(s);



	
The clients participate in all the most important decisions, including the choice of parents to be used for crossing and in the selection stage.








One of the main drivers of PPB has been the need to address the farmers bypassed by the Green Revolution and, in general, by the centralized breeding programs inspired by it, and the most marginal agronomic environments for either climatic or socioeconomic reasons or for a combination of the two [69,70,71]. Another important driver has been the exploitation of positive genotype x environment interactions by selecting for specific adaptation rather than for wide adaptation [72]. Using selection theory and the breeder’s equation, it is possible to demonstrate that PPB is more efficient than centralized-non participatory plant breeding when efficiency is measured by adoption, increase in agrobiodiversity, and a higher benefit/cost ratio [73].



When clients are only involved in stage 3, the term participatory variety selection (PVS) has been used. With PVS, clients have many more limited choices to make as compared with PPB, but PVS has been considered an easy-to-be-organized type of participation, which may eventually develop into a PPB program provided it is fully decentralized [72].



There are several examples of PPB programs, which have been reviewed in terms of crops, countries, and institutions globally [74], as well as for countries in the north [71].



The first review [74], which covered up to May 2018, was based on 254 publications on PPB and PVS, dealing with 47 crops, including self-pollinated, cross-pollinated, and vegetatively propagated crops. The crops most frequently addressed in PPB or PVS programs were rice, maize, bean, sorghum, barley, potato, bread wheat, and pearl millet. The countries that hosted PVS and PPB programs and were most frequently cited in the 254 publications were India, Ethiopia, Mali, Nepal, Nicaragua, the USA, Burkina Faso, and Syria.



The two reviews also indicated that the major successes achieved by PPB programs ranged from yield increases, as in the case of barley in Syria, cassava in Ghana, and tomato in Italy, to disease and lodging resistance combined with quality traits as in the case of rice in Nepal, greater yield stability as in the case of wheat in France, and adaptation to organic systems as in the case of several crops, particularly in the USA.



Of particular interest is that as many as 60 universities contributed publications to either PPB or PVS, with 75% of the publications contributed by 11 universities in developed countries, mostly from the USA, UK, and Italy. In those countries, PPB has been mainly implemented in organic agriculture [75]. This is what also emerges from the most recent review [71], which identified 47 projects across the United States, Canada, and Europe, including 22 crops. It is not surprising that a theme common to all these projects is adaptation to organic farming because, from a breeding viewpoint, organic agriculture represents a heterogenous population of target environments, which is very different from the mostly homogenous population of target environments typical of industrial agriculture [76].



We argue that because of this difference, organic and industrial agriculture cannot be served by the same breeding strategies and methodologies and by the same seed system, which is based on the deployment of a small number of uniform varieties over large areas [76].



PPB represents an “options by context” model of research [77], which focuses on local adaptation as a way to find a “basket of options” from which farmers can choose. PPB carries out exactly this in the realm of new varieties.



The major weaknesses, which emerged over the years and prevented a generalized institutionalization of PPB, have been the seed regulatory systems and the unsustainability of the collaborative mode that was often associated with the personal interest of individual managers rather than an institutional commitment.



These weaknesses prompted an interest in a more dynamic, decentralized, farmer-run (without necessarily excluding institutions) breeding strategy, such as evolutionary plant breeding.




4.3. Evolutionary Plant Breeding


Evolutionary plant breeding (EPB) was first proposed in 1956 [78], although the original idea emerged nearly 30 years earlier [79] using the term “composite hybrid mixtures”. This original paper exemplified the method first by describing how 28 barley varieties were chosen among a world collection of about 5000 barley varieties, and then how all 378 possible crosses between 28 barley varieties (excluding reciprocals and selfing) were made, and eventually, how “equivalent quantities” of the F2 seed were mixed. The authors thought that handling such a large number of crosses individually was burdensome and therefore suggested growing the mixtures in several locations and letting natural selection eliminate the “weaker combinations”. After a few years, the mixture would be made largely of homozygotes, and a single plant or head selection could be made to isolate desirable varieties.



The science of EPB has evolved ever since and produced a large body of research initially carried out mostly on self-pollinated crops such as barley, rice, and beans. There is a problem with the terminology in the literature, as mixtures, bulk populations, bulks, composites, composite cross (abbreviated as CC), composite cross populations (abbreviated as CCP), and evolutionary populations (EP, the term we will use thereafter) have been used. All the terms except “mixtures” correspond to the original description of Harlan and Martini [79]. The term mixture, used alone, indicates a physical mixture of seeds of different varieties or accessions. Mixtures are “static” when they are made up by mixing a given number of seeds of each component at the beginning of each cropping season. They are static because, although such physical seed mixtures are genetically more complex than monocultures and can therefore be subjected to natural selection, they do not capture the effects of natural selection occurring in the field. When part of the grain produced from mixtures is used as seed for the following season, thus capturing the effects of natural selection, the mixtures are “dynamic”. A dynamic mixture, over a few generations, becomes a “population” [80] as defined above because of out-crossing, which, even in low percentages, also occurs in self-pollinated crops, leading to segregation and new gene combinations.



The research conducted on mixtures and evolutionary populations (EP) has been summarized recently [81] with the following main findings:




	
EPs and mixtures are able to adapt their phenology to the location in which they are multiplied. This has been shown in barley [82], wheat [83] and rice [84];



	
They evolve, becoming more and more productive. The first indication of a progressive evolution towards a higher yield came from work on barley and lima bean [84], followed by experiments with barley [78,85,86,87]. A recent study on barley shows that EPs are as productive, in terms of grain yield, as commercial varieties under low input conditions [88]. This has been confirmed in a number of studies [87,89,90,91,92,93,94,95,96], indicating a higher resilience of populations and mixtures as expected from ecological studies;



	
EPs, and to a lesser extent mixtures, have a more stable yield over time than uniform varieties, but not over space, i.e., they become specifically adapted to a given location. The original paper on the superior stability of populations over mixtures and of mixtures over pure lines was published in 1961 [91]; the paper reported the results of an experiment with lima beans in which stability was measured as the consistency of ranks. The results showed that while the pure lines were successful in many environments (high frequency of low ranks) and unsuccessful in many others (high frequency of high ranks), the mixtures and the populations were intermediate in any one environment. The higher stability of mixtures and populations has been confirmed in oats [97], wheat [90,93,98,99,100], and barley [88,92,101];



	
EPs and mixtures evolve, becoming more and more resistant to diseases. This effect of populations and mixtures has been by far the most extensively studied by both breeders and pathologists [92,102,103,104,105,106,107,108,109,110]. The most important mechanism to explain the reduction in disease severity in mixtures and EPs is the dilution of inoculum that occurs due to the distance between plants of the same genotype [104]. However, there is also a large variation in the efficacy of mixtures in reducing disease incidence;



	
The ability of EPs and mixtures to control weeds, a particularly important issue in organic farming where options to control weeds are limited, has not been studied as extensively as disease resistance. One hypothesis [111] claimed that communities with more diversity are more resistant to invasive species than communities with less diversity. A study conducted with a perennial species showed that the weed biomass decreased by 32% from a community consisting of a single genotype (thus corresponding to a uniform variety) to a community consisting of 12 different genotypes [112]. This result not only confirms the hypothesis above but also extends it from diversity between species to diversity within species, which is particularly relevant for mixtures and EPs.








A number of studies have suggested that old cereal varieties and landraces control weeds better than modern varieties [113,114,115], and this seems to be associated with a higher biomass accumulation, high tillering ability, and tallness of the old varieties [116].



The ability of mixtures and EPs to control weeds better than modern varieties is likely associated with the fact that the former is much taller than the latter. The increase in plant height during the evolution of EPs was reported in barley [117] and in wheat [118], where the increase in plant height was accompanied by a decrease in the number of kernels per spike and kernel size. An increase in plant height was also found to be associated with late flowering time [119]. The relation between height and weed suppression was studied in spring barley, showing that mixtures of varieties of different heights are more effective in suppressing tall annual weeds than their best component [92].



One of the effects of climate change is a higher frequency of extreme events, including flooding. It is therefore of interest that a study conducted in Germany after the natural flooding of July 2013 showed that, on average, plant species were less affected by flooding when grown in high-diversity plots. Furthermore, soil porosity was higher in high-density plots, which were less affected by flooding, resulting in better plant performance [120].



Until recently, and despite all the proven advantages described above, EPs and mixtures have not been extensively used in agriculture, with the exception of the well-known example of malting barley mixtures [121]. In that case, the malting barley mixtures quickly spread on over 10,000 hectares in Poland, particularly in East Germany, where they were introduced in 1984. They were successful because the mixtures had been formulated specifically for powdery mildew resistance and malting quality. At the end of the 1980s, the mixtures covered almost all the spring malting barley area (over 300,000 hectares) with a reduction in the disease incidence from 50% to 10%, while the use of the fungicide was reduced to just one treatment on over 100,000 hectares. There was no decrease in production, while the malt quality was considered satisfactory. With the unification of the two Germanies, the project was abandoned due to the preference of Western European malters for malt obtained from individual varieties, even if treated with fungicides.



The major obstacle to translating into practice the research findings about the benefits of EPs and mixtures was likely seed legislation, which, in several countries, is based on the principles of variety registration and seed certification. Seeds can be marketed only if they belong to a variety that has been registered and if the seeds have been certified. To be registered, a variety must satisfy distinctness, uniformity, and stability requirements [122] regardless of whether it was obtained by conventional, participatory, or evolutionary breeding.



However, the European Union, recognizing the advantages of EPs and mixtures, has considerably invested in research on diversity in agriculture over the last 10 years. This research was conducted through projects such as “Strategies for Organic and Low-Input Integrated Breeding and Management” (SOLIBAM) from 2010 to 2014, “Embedding Crop Diversity and Networking for Local High Quality Food Systems” (DIVERSIFOOD) from 2015 to 2019, “Boosting Organic Seed and Plant Breeding across Europe” (LIVESEED), and eventually with the new EU “Farm to Fork” initiative. In 2014, likely as a consequence of the growing interest to bringing back diversity into agriculture, the European Commission (EC) started a temporary experiment “providing for certain derogations for the marketing of populations of the plant species wheat, barley, oats and maize” [123]. As a result of that experiment, 46 populations (5 maize, 3 barley, and 38 wheat populations) were authorized, and the seed of 31 populations (5 maize, 2 barley, and 24 wheat) was legally commercialized [124]. In 2018, the EC adopted a new regulation [125], which lays down new rules on the control of organic production and labeling of organic products. It makes available for use in organic production “plant reproductive material that does not belong to a variety, but rather belongs to a plant grouping within a single botanical taxon with a high level of genetic and phenotypic diversity between individual reproductive units” [125]. In this regulation, the material is defined as a heterogeneous material.



Although the regulation applies only to organic agriculture, it obviously paved the way for using EPs in organic breeding programs with the perspective of legally commercializing the seed of the final products, irrespective of their uniformity and stability. At the moment of writing, a number of populations have been notified to the appropriate authorities, but it is still too early to have precise figures.




4.4. Combining Participation with Evolutionary Plant Breeding


Participation can become a component of a breeding program using EPs or dynamic mixtures as a source of genetic diversity (step 1 in Figure 1).



The EPs can be the base of a breeding program, such as the one shown in Figure 2, in which a given EP is the dynamic source of diversity. One of the main advantages of such a breeding program is that it could be implemented in countries where research institutions do not have the capability/expertise to make crosses and to handle segregating populations. A second advantage is that the EP from which the future varieties and/or populations will be derived could be planted in any type of environment to generate varieties specifically adapted to that environment.



At intervals that depend on the flow of the breeding material from one generation to the next, the population can be subjected to selection.



If the population is planted in one or more farmers’ fields representing a sample of the target population of environments, and the selection is carried out by the farmers, the program becomes a decentralized participatory breeding program based on an evolving population.



Depending on the crop, the object of selection can be the plant, as in the case of spaced-planted crops such as maize, sorghum, and most vegetables, or a spike, a panicle, a pod, like in cereals such as wheat, barley, or rice, or several legumes. Even in spaced planted crops, plant selection can be followed by fruit selection, as in tomato or eggplant, or cob selection, as in maize.



In the examples below illustrating the different ways in which selection can be carried out within the EP, given that, at least in Europe, the final product meant for organic farmers does not necessarily need to be uniform, we will use for simplicity the term spike for the unit of selection. This can be generalized to the various crops, as indicated above.



The spikes selected in any one year can be used in one of the following ways:




	
The selected spikes are threshed individually, and the seed of each spike is planted separately in a row. This can be carried out by breeders on stations or, preferably, by farmers in their fields. If, because of technical problems, the head rows are planted on stations, they should only be multiplied, and selection should be delayed until the following year;



	
If the head rows are planted in farmers’ fields, they should be planted under the same conditions (for example, reduced irrigation, shallow soil, or heavy weed infestation) in which they were selected in order to continue the selection;



	
The seed collected on the selected rows can be handled in three different ways (Figure 2, paths 3, 4, and 5).








4.4.1. Spike Selection to Feed a PPB Program (Figure 2, Paths 2–3)


The seed harvested on the selected head rows can be planted in small plots and further selected, as shown in path 3. The seed produced on the selected small plots should be in sufficient amount to establish a Stage 1 PPB trial as described in [126]: each selected row will be an individual entry in the Stage 1 trial. Paths 2 and 3 can be repeated every year, leading to a situation where, in the village or in the research station, there will be short rows and small plots, and in the village, PPB trials at the various stages.



This is how evolutionary populations can feed a participatory breeding program: the participation will first occur with farmers’ selection of spikes from within the evolutionary populations and second with the evaluation by farmers of the plots derived from those spikes in the various stages of the PPB program.



If this is considered difficult to manage, a new cycle of spike selection can be initiated when the material derived from the previous cycle has reached the final stage.



This is not conceptually different from a conventional breeding program of cereal crops as the selection can be conducted in such a way as to also generate pure line varieties. The main difference is that since the original parent is a single spike selected from within an evolutionary population, the pedigree of the final variety indicating the original cross will not be available, and the material can only be genetically identified by molecular tools.




4.4.2. Spike Selection to Create Sub-Populations (Figure 2 Paths 2–4 or 2–5)


Rather than being planted again for another cycle of selection, the seed of the selected rows can be mixed to create a sub-population. Alternatively, the individual spikes can be mixed after harvesting and threshed together, and the resulting seed can be planted as a sub-population.



The two sub-populations resulting from paths 2–4 and 2–5 represent a way to accelerate the process of adaptation—the first is expected to be more efficient because the selection is based on families rather than on individuals. The (improved) sub-population could eventually become the farmers’ crop. However, it is advisable to maintain a sufficiently large area of the base population, which has a much wider genetic base and therefore a higher evolutionary potential.



A critical aspect of the breeding program illustrated in Figure 2, and currently implemented, for example, in the wheat and barley breeding programs conducted by the National Agricultural Research Center (NARC) in Jordan, is the continuous evolution of the EP in the target environments. Because of the combined effect of recombination and natural selection, new genotypes continue to appear that can be exploited via selection.



An example of how quickly artificial selection can change a number of traits in an evolving mixture comes from an experiment on rice in Nepal. The experiment comprised four types of dynamic mixtures: the first was composed of only local varieties from the area, the second was composed of local varieties from all over the country, the third was composed of improved varieties, and finally, the fourth, much more complex, composed of local varieties, improved varieties, and breeding lines. In this last mixture, the most diverse of the four, the farmers (men and women separately) and the technicians selected 100 plants they considered to be the best; the seeds of the 100 plants were mixed, and three newly selected mixtures were formed. The experiment also included a local variety and an improved variety as controls. The results [127] obtained with one cycle of visual selection on eight important traits are shown graphically in Figure 3 and Figure 4.



In a single selection cycle, both farmers and technicians were able, albeit with differences between them, to change flowering and maturity time, plant height, number of tillers (Figure 3), number of panicles (as an effect of increased tillering), panicle length, and seed size (Figure 4). Only the selection made by male farmers resulted in a population as productive as the modern variety and the most productive mixture, and in any case, none of the three selections was statistically higher yielding than the mixture within which the selection was made. This is probably due to the fact that, from a genetic point of view, yield is a very complex character, and more cycles of selection are needed to modify it significantly.



Overall, this experiment demonstrated how quickly and to what extent a number of agronomic and phenological traits can be changed by superimposing artificial selection to natural selection. This is not surprising because, even if the selection was only on a phenotypic basis, it was practiced on a broadly variable population. It also confirmed the “option-by-context” connotation of combining evolution with participation because of its capacity to elucidate gender-based differences in preference.






5. Discussion


One advantage of PPB and EPB is that, depending on the client profile, namely the type of client the breeding program aims to serve, it can produce different types of products. Even if the overall objective is to cultivate more diversity with the associated benefits described earlier, it is possible to reconcile diversity in the field and uniformity in the market for those crops where consumers’ preference is for uniform products. Some cases are described in [71]. For example, for crops and markets requiring uniformity, the breeder can follow the path 1-2-3 in Figure 2 and then use the PPB trials to produce uniform varieties. In a different context, such as organic farming in Europe, the breeder can follow the path 1-2-4 or 1-2-5, depending on the level of heterogeneity he/she wants to maintain in the final product.



It has been argued that PPB can be ineffective as it relies heavily on farmer selection, and therefore, farmer’s feedback is obtained only for those traits visible at the time and place of farmers’ selection and does not incorporate the requirements of millers, urban consumers, and other stakeholders [128]. This criticism does not consider that in PPB, there are a number of stakeholders that can actually be involved in selection. On the other hand, conventional plant breeding does not have to necessarily reduce agrobiodiversity, and this seems to be more the consequence of policies to the point that, although it may be counterintuitive that biodiversity laws will block breeding for diversity, current regulations seem to do exactly that [18]. Participatory plant breeding, besides being recognized as better suited to the needs of smallholder farmers, can be combined with genomics tools and crowdsourced citizen science [129].



A number of molecular tools are available to either provide alternative ways of modifying traits such as transgenics, mutation, and gene editing [2,130] or increase selection efficiency such as gene mapping or genomic selection [130], regardless of whether the selection is centralized or decentralized, participatory or non-participatory.



Recently, gene editing has been introduced as a method to manipulate the genome free of the disadvantages of genetically modified (GM) crops, such as allergic reactions in humans and reduced nutrition, negative environmental impact by releasing toxins into the soil, the development of pest resistance, and the disruption of crop biodiversity [68]. A number of papers have been published describing how modifying one or a few genes via gene editing can result in substantial increases in crop yields ranging from 10% to 68% in crops such as wheat, rice, maize, tobacco, tomato, and soybean [131,132,133,134,135]. However, a concern has been raised because “many studies are the results of tests conducted in greenhouses or in small-scale field trials—the latter typically involving plants grown in small plots [136]. Few, if any, have used the experimental designs needed to evaluate crop performance in real-world environments. And hardly any findings have translated into yield increases on actual farms”. The paper [136] adds that, in the specific case of gene editing, the narrative ignores issues such as the quantitative nature of several traits, including disease resistance and the strong environmental effects on the most important traits. To these concerns, we may add the lack of precision of the technique and the role of epigenetics, which seems to be ignored in the discussion of gene editing.



Concern has also been expressed about the lack of social, political, and economic context in the narrative of using molecular tools [137].



It has been recognized that the most important limitation of genetically modified organisms, which is also common to conventionally bred varieties possessing major resistance genes [138,139] and also to the products of gene editing, and in general to monoculture, is that they represent a solution to the problem of biotic stress resistance that is within the evolutionary capabilities of the organism to be controlled, with several examples, such as the evolution of resistance to Bt maize by western corn rootworm [140] and the evolution of herbicide resistance in weeds [141]. Maintaining the performance of cultivars in monoculture requires an expensive input in genetic resources, plant breeding, and pesticide use [142]. Therefore, and in addition to the limitations described above, the products of gene editing are, like the GMOs and the uniform varieties, a nondurable solution to the problem of biotic stress resistance, which can break down at any moment, damaging particularly organic farmers. Furthermore, their genetic uniformity makes them incapable of responding to the complexity of climatic changes and associated changes in biotic stresses. On the contrary, the implementation of a breeding program, such as the one described above, which combines the advantages of decentralization and participation with the continuous flow of novel genetic materials, is the complex response needed to cope with a complex problem such as climate change.
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Figure 1. The stages of a plant breeding program. 
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Figure 2. A participatory evolutionary breeding program: in path 1, the evolutionary population evolves as it is planted and harvested in each of many sites as the farmer’s crop (here, only one is shown as an example). Path 2 is a single spike (or panicles, or cobs, or pods) selection, which can be followed by head rows (paths 3 and 4) or by the creation of sub-populations (paths 4 and 5). 
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Figure 3. Means over three seasons of the flowering date, maturity date, plant height, and number of tillers per plant of four rice mixtures, a local variety, a modern variety, and the selections made by male farmers (Msel), female farmers (Fsel), and technicians (Tsel) within mixture 4 (Mix4). The columns that have letters in common are not statistically (p < 0.05) different based on the L.S.D. test (modified from [127]). 
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Figure 4. Means over three seasons of a number of panicles/plants, panicle length, 1000 seed weight, and grain yield of four rice mixtures, a local variety, a modern variety, and the selections made by male farmers (Msel), female farmers (Fsel), and technicians (Tsel) within mixture 4 (Mix4). The columns that have letters in common are not statistically (p < 0.05) different based on the L.S.D. test (modified from [127]). 
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