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SUMMARY

Climate change is one of the processes that have already overstepped the safe
planetary boundaries, togetherwith the rate of biodiversity loss and human inter-
ference with the nitrogen and phosphorus cycles. The three processes are related
to agriculture and, as such, to both food safety and food security, and ultimately
to human health. Adaptation to climate change is a difficult breeding objective
because of its complexity, its unpredictability, and its location specificity. Howev-
er, one strategy exists, which is based on a more dynamic use of agrobiodiversity
in agriculture through the cultivation of evolutionary populations. In this review,
we show how the translation into agricultural practice of nearly 100 years of
research on evolutionary populations and mixtures is able to address the
complexity of climate change while stabilizing yield, decreasing the use of most
agrochemicals, thus reducing emissions and producing healthy food.

THE COMPLEXITY OF CLIMATE CHANGE

The concept of ‘‘planetary boundaries’’ was proposed in 2009 to define a ‘‘safe operating space for human-

ity’’ (Rockström et al., 2009). The boundaries include climate change, rate of biodiversity loss, ozone deple-

tion, acidification of the oceans, human interference with nitrogen and phosphorus cycles, global fresh-

water use, change in land use, chemical pollution, and atmospheric aerosol loading. Three of the nine

boundaries, namely, climate change, rate of biodiversity loss, and human interference with nitrogen and

phosphorus cycles, have been already crossed (Steffen et al., 2015), together with the use of fresh water

(Jaramillo and Destouni, 2015).

The three processes affect agricultural productivity, and in fact there has been already a decline in crop

resilience as recently shown in the case of wheat in Europe (Kahiluoto et al., 2019). However, the argument

of resilience is still debated as Piepho (2019) disputed the previous claim and a new methodology to esti-

mate resilience has been recently proposed (Zampieri et al., 2020).

In the case of climate change, it is recognized that projections of future climate change and its impacts are

uncertain (IPCC, 2018), which makes crop adaptation to climate change a difficult breeding objective. The

difficulty is made even greater because changes in temperature and rainfall influence the spread, growth,

and survival of crop pathogens (Rosenzweig et al., 2001). There are several examples of interactions be-

tween climate change, crop development, and both pests and their natural enemies (Heeb et al., 2019).

Zavala et al. (2008) showed how elevated CO2 increases the susceptibility of soybean to an invasive insect,

whereas Deutsch et al. (2018) estimated 10%–25% global yield losses per degree of global mean surface

warming of three staple grains, rice, maize, and wheat: this is because individual insect’s metabolic rate

accelerates with the increase of temperature and an insect’s rate of food consumption must rise accord-

ingly. Furthermore, the number of insects will change because population growth of insects also varies

with temperature. Pollinators such as bumblebees are also affected by climate change as it is shown by

the range shift in bumblebee species (Kerr et al., 2015). Newton et al. (2011) and Pautasso et al. (2012) re-

viewed several studies showing the complexity of the interactions of each component of the host-pathogen

relation, and how these interactions are affected by climate change, thus representing another area of un-

certainty in predicting the effects of climate change. Climate change affects the adaptation and the

spreading of weeds as well as an increased risk for the evolution of herbicide-resistant weeds (Ziska and

Dukes, 2010; Colautti and Barrett, 2013; Matzrafi et al., 2016). The expansion of the geographical ranges
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of several important insects, weeds, and pathogens has been documented in the United States (Rose-

nzweig et al., 2000).

In addition to affecting diseases, insects, and weeds in a largely unpredictable and continuously evolving

way, a further aspect of climate change is represented by the frequency of extreme climatic events such as

spells of very high temperatures, torrential rains, and droughts, which, besides affecting crop yields

directly, may affect the transmission dynamics of insect pests and plant diseases (Rosenzweig et al.,

2001). Tropical storms are additional events, which may contribute to the spreading of diseases (Campbell

and Madden, 1990; Lehmann et al., 2020).

The challenge posed by climate change has led terms such as ‘‘climate-smart agriculture’’ (Lipper et al.,

2018), ‘‘climate-smart crops’’ (Kole, 2020), or ‘‘climate-resilient crops’’ (Kole et al., 2015) to become pop-

ular. However, most of the strategies suggested are based on the identification and incorporation of

traits conferring tolerance or resistance to specific biotic or abiotic stresses, failing to recognize the

evolving nature of the challenge. This applies also to the attempts to stack tolerance to more than

one stress, particularly when this is done in controlled conditions (Menkir et al., 2020). Most of these so-

lutions are ‘‘within the capacity for micro-evolutionary change of the parasite’’ (Robinson, 2009), and

several examples of accelerated evolutionary changes in disease organisms, agricultural pests, and

weeds have been reported (Palumbi, 2001; McDonald and Stukenbrock, 2016; Bøhn and Millstone,

2019). In contrast, spatial and temporal crop diversity can reduce the need to breed for new resistance

or to discover new pesticides, given that ‘‘each defense sows the evolutionary seed to its own demise’’

(Tilman and Clark, 2014).

Setting objectives for a breeding program that aims at adapting a crop to climate change becomes there-

fore a daunting exercise. In fact, it is a case of breeding for multiple objectives. On the one hand, we have

abiotic stresses such as high temperature and drought, and on the other we have biotic stresses affected by

those abiotic stresses: each of these stresses is a separate breeding objective, which in the real word have

to be tackled together. For a situation like this, breeders have standard multi-trait breeding schemes such

as tandem selection, independent culling, and index selection (Falconer, 1960), but whose efficiency de-

pends on the correlations between the traits involved, which can change in space and in time. In fact, cor-

relation coefficients have both a genetic and environmental component and their relative strength affects

selection efficiency. Multi-objective optimized breeding strategies are being considered as a promising

alternative, although based on unrealistic assumptions such as constant heritability (Akdemir et al.,

2019). In addition, as we have seen, those multiple objectives are largely unpredictable. By the time one

breeding cycle is completed, the objectives set at its inception may have already changed.

Climate change also affects human health both directly owing to the occurrence of heat waves, floods, and

fires and indirectly owing to its effects on agriculture, food supply, and diets (Springmann et al., 2016; Cec-

carelli, 2019). One of the paths connecting climate change with human health is through biodiversity loss

(Watts et al., 2018).

Two strategies to cope with climate change are usually discussed in the literature: a mitigation strategy,

which relies on the reduction of greenhouse gas emissions and an adaptation strategy based on adapting

crops to climate change. D’Amato et al. (2011) and IPCC (2014) suggested ways in which the two strategies

can be combined. In this paper, we propose that it is possible to combine the two strategies in crop man-

agement by cultivating diversity.
BIODIVERSITY AND HUMAN HEALTH

Biodiversity, and in particular agrobiodiversity, is a key to food security making production systems more

resilient (FAO, 2019) and is an essential resource for crop improvement to adapt agriculture to a changing

climate and consumer preferences (Hufford et al., 2019). Yet, the very same science, which is based on this

resource, namely, plant breeding, is considered to be one of the causes of its decline (van der Wouw et al.,

2010). The reduction of diversity associated with plant breeding is somewhat controversial: for example,

Landjeva et al. (2006) found that genetic diversity did not decline in Bulgarian winter wheat, whereas Bonnin

et al. (2014), using an integrative indicator of genetic diversity developed by Bonneuil et al. (2012), found a

decline in the genetic diversity of wheat during the 20th century. Reiss and Drinkwater (2018) reached similar

conclusions.
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Already in 1950 there was a warning that the ‘‘concept of purity has not only been carried to unnecessary

length but that it may be inimical to the attainment of highest production’’ (Frankel, 1950).

At farm level, agrobiodiversity can be in the form of different crops, of different varieties within the same

crop, and of heterogeneous (genetically not uniform) varieties. Of 7,000 plant species used for food

through the millennia, over the past 50 years, only six crops, wheat, soybeans, maize, rice, barley, and rape-

seed, have covered 50% of the arable land (Jacobsen et al., 2015).

The decline in agrobiodiversity that contributes to our food is even more striking: rice, wheat, and maize

contribute about 60% of our plant-based calories and 56% of our plant-based proteins (Thrupp, 2000;

FAO, 2013) and use nearly 50% of all the water used for irrigation. The most widely grown varieties of these

crops are genetically uniform, being pure lines or hybrids, making the reduction of agrobiodiversity even

greater.

The decline of agrobiodiversity has two major consequences. First, it makes our crops more vulnerable

because their genetic uniformity makes them unable to respond to both short- and long-term climate

changes (Keneni et al., 2012) and provides an ideal breeding ground for the rapid emergence of fungi-

cide-resistant variants (Fisher et al., 2018). A recent study shows that, globally, climate variability accounts

for roughly a third (32%–39%) of the observed yield variability (Ray et al., 2015). Second, in the last 10 years,

medicine has recognized the association of agrobiodiversity with diet diversity and human health (Heiman

and Greenway, 2016; Ceccarelli, 2019). In fact, the composition and diversity of the microbiota affects both

our physical and mental health (Khamsi, 2015; Hoban et al., 2016), and the diet affects the composition and

diversity of themicrobiota (Singh et al., 2017). Nutritionists recommend a diet as diverse as possible for hav-

ing a healthymicrobiota (Heiman andGreenway, 2016), but a diversified diet remains a challenge, given the

decline in agrobiodiversity described earlier.

Food production is the largest cause of global environmental change being responsible for up to 30% of global

greenhousegasemissionand70%of freshwateruse (Willett etal., 2019).Ourpresent foodsystem leavesalmost 1

billion people hungry; on the other side, almost 2 billion are eating toomuch of the wrong foodwhile unhealthy

diets account for up to 11 million avoidable premature deaths per year (Lucas and Horton, 2019).

Despite global efforts and after years of decline, the number of people who suffer from hunger has been on

the rise again since 2015 (FAO, IFAD, UNICEF, WFP and WHO, 2019).
CULTIVATING DIVERSITY MAY OFFER THE SOLUTION

To cope with the complexity of climate change combined with the need to address heightened demand

due to human population increase, food security, food safety, and human health, there is a need to recon-

sider plant breeding strategies in a way that generates diversity rather than eroding it. One strategy, which

is able to maximize genetic gains and crop genetic diversity is decentralized selection, defined as selection

in the target environment (TE) (Ceccarelli, 2015). Such a strategy emphasizes specific adaptation and there-

fore leads to selecting different varieties, each adapted to a specific TE. In terms of selection theory, this

allows elimination of genotype x location (GL) interactions keeping only genotype x year within location

(GYL) interactions (Allard and Hansche, 1964; Singh et al., 2006). This is important because GYL interactions

are largely unpredictable, and evenmore so because of climate change, whereas GL interactions can be, to

some extent, repeatable and therefore predictable: decentralized selection makes a positive use of GL

interactions by selecting different, locally adapted varieties. However, although this is the solution to GL

interactions, the solution to GYL interactions, namely, building the resilience to the unpredictable year-

to-year variations can be achieved by growing heterogeneous populations. In fact, heterogeneous popu-

lations have the advantage of exploiting both individual and population buffering (Allard and Hansche,

1964). Such a solution responds to the natural selection theory because the fitness of an individual is the

result of the interaction of the phenotype with the environment and not an intrinsic feature of either one

(Wade and Kalisz, 1991).

There are two types of heterogeneous materials: those known as composite crosses (CC) or evolutionary

populations (EP), or bulk populations, are obtained by mixing the F1 or the F2 seed obtained by crossing

in all or several combinations a number of varieties. We will use the term EP throughout the paper. Those

known as mixtures are obtained by mixing the seed of different varieties. Mixtures, in turn, can be either
iScience 23, 101815, December 18, 2020 3



Figure 1. An Evolutionary Population Is Distributed to Different Farmers (Six Farmers Are Shown as an Example)

Representing Different Target Environments

Each farmer can, independently, plant and harvest the evolutionary population using part of the seed harvested in the

same farm. Each farmer can also use the evolutionary population to start a program of selection as shown in Figure 2. The

same would apply to a dynamic mixture.
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static or dynamic (Wolfe and Ceccarelli, 2020). Static mixtures are mixtures that are re-constituted from

their original component varieties at the beginning of each growing season and therefore cannot evolve.

Some farmers, however, prefer to grow mixtures from the seed harvested at the end of the previous crop-

ping season, thus converting them to dynamic mixtures, namely, mixtures that evolve. Because of natural

inter-crossing between plants within the dynamic mixtures, in a few seasons, following segregation, recom-

bination, and natural selection, they become populations. Therefore, some of the literature on mixtures is

relevant to the issues discussed in this paper.

Decentralized selection canmake use of evolutionary populations and of dynamicmixtures as shown in Fig-

ure 1, where the evolutionary population or dynamic mixture is distributed to several farmers in different

target environments. This is the first step of an evolutionary breeding program that will be implemented

as shown below and that has to be based on evolution and decentralized selection in the target environ-

ment to express its full potential.

THE SCIENCE OF EVOLUTIONARY POPULATIONS AND MIXTURES

Research on heterogeneous populations started with the original paper of Harlan and Martini (1929) who

proposed the composite cross method of plant breeding that they implemented by pooling an equal num-

ber of F2 seeds obtained from 378 crosses among 28 superior barley cultivars representing all the major

barley growing areas of the world. They called CCII this first EP. Harlan and Martini (1938) were also the first

to demonstrate evolution by natural selection in dynamic mixtures, with few varieties becoming dominant

in specific locations, while almost disappearing in others; they also showed how rapidly poorly adapted va-

rieties disappeared everywhere.

It was only in 1956 that the method was called evolutionary plant breeding and was suggested as a plant

breeding method by Suneson (1956).
4 iScience 23, 101815, December 18, 2020



Figure 2. Steps, in a Single Farm, that Follow the Distribution of the Evolutionary Population Shown in Figure 1

The evolutionary population in each target environment is left evolving under natural selection pressure (path 1). It can

also be subjected to different modes of artificial selection (path 2) leading to either improved sub-populations (steps 4–7

or 3-6-9) or uniform varieties (steps 3-5-8).
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Suneson (1956) suggested a ‘‘prolonged subjection [of the population] to competitive natural selection in

the area of intended use.’’ This is what is represented as path 1 in Figure 2, which summarizes themain steps

of an evolutionary plant breeding program in one of the environments shown in Figure 1. Like any breeding

program, in Figure 2 it is possible to identify the three main stages typical of a plant breeding program

(Schnell, 1982), namely, generation of genetic variability, selection, and testing to identify superior re-

combinants, and release, distribution, and adoption of new cultivars. As indicated in Figure 2, the popula-

tion is planted and harvested year after year using a portion of the seed harvested the previous year and

hence let evolve under the sole force of natural selection, thus generating new genetic variability. As the

population evolves, it is subjected to natural selection on one side, and like in any breeding program

can be subjected to human selection. In this case, as the population evolves in farmers’ fields, farmers,

alone or in partnership with scientists, can use the population as a source to impose artificial selection lead-

ing to either improved sub-populations or uniform varieties as shown in the various paths, which include the

testing phase of newly selected material.

The third stage (release, distribution, and adoption) is not represented explicitly as it may assume the

connotation of an informal adoption, or of a formal release following the regulations of the country, there-

fore being similar to a more traditional plant breeding program.

In the figure we refer to spikes, but the scheme can be applied to pods (in the case of legumes) or to berries

(in the case, for example, of tomatoes).

One possible drawback is represented by correlations due to genetic linkages that may limit the develop-

ment of new genetic combinations. However, as demonstrated by Allard and Hansche (1964), this can be

overcome using large population size. Indeed, evolutionary plant breeding allows working with much

larger population size than conventional breeding. For example, Raggi et al. (2017) used a population

size of 30,000 individuals to propagate a barley EP to rule out genetic drift and sampling effects. However,

EPs often evolve in farmers’ fields while grown as production crops and, therefore, most often as even

larger populations. The issue of population size has been discussed also by Brumlop et al. (2019) but

with regards to the need of avoiding genetic drift.

One additional concern is selection for competitive ability, which, for example, in the case of cereals, trans-

lated into selection for tall plants (Goldringer et al., 2001; Knapp et al., 2020), thus shifting the population in
iScience 23, 101815, December 18, 2020 5
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a direction opposite to the reduction of plant height, which has been one of the main objectives of modern

plant breeding (Denison et al., 2003). Indeed, under organic no-herbicide conditions, a relatively tall crop

may be of advantage (Knapp et al., 2020) because of its ability to suppress the development of weeds as

often informally reported by the several Italian farmers currently growing these EPs as commercial crops.

When artificial selection is applied, molecular tools ranging frommarker-assisted selection to high-throughput

phenotyping and to genomic selection can be incorporated in the process. Goldringer et al. (2001), Rhoné et al.

(2010), and Raggi et al. (2016) are examples of the potential of EPs to generate interdisciplinary research ranging

from climatology to evolutionary science, plant protection, genetics, seed quality, etc.

So far, there has been a large body of research demonstrating that natural selection in EPs and mixtures is

effective in changing phenology, improving yield, yield stability, and host plant resistance to pathogens.

Most of this research has been reviewed during the past 15 years. Phillips and Wolfe (2005) reviewed the

evidence that EPs may provide useful genetic material in agricultural systems with dynamic selection pres-

sures between and within years, with advantages particularly in low-input systems. Dawson et al. (2008) sug-

gested merging participatory and evolutionary plant breeding to maximize the efficiency of decentralized

selection as a way to address the need of farmers in heterogeneous environments.

A more recent review (Döring et al., 2011) underlines the importance of the resilience of EPs as one of their

most important attributes to cope with the environmental unpredictability. Interestingly, in this review the au-

thors call for a change in legislation to allow the practical use of EPs, anticipating the ‘‘Commission Implement-

ing Decision’’ that the EU Commission issued on March 18, 2014, that we will discuss later in the paper.

Most research on EPs and mixtures has been conducted on small grains, notably the self-pollinated wheat

and barley, and to a less extent rice, likely because these were the crops of interest to those scientists ad-

dressing the issue of diversity in plant breeding. However, there are good reasons to believe that if a tech-

nique that relies on recombination and selection works on a self-pollinated crop, it should work even better

on cross-pollinated crops. Although we are not aware of specific studies on evolutionary populations of

cross-pollinated crops, because of the mating system of these crops, we may extrapolate from studies con-

ducted on mixtures, such as one of the most recent meta-analysis (Reiss and Drinkwater, 2018), in which the

largest positive effect on relative yield was found in the 125 studies of corn.

Evolutionary Populations and Phenology

One of the first demonstrations that EPs can evolve adapting their phenology has been obtained with rice.

A random sample of the F2 deriving from a cross between a late and an early heading rice variety was sent to

20 rice research stations scattered all over Japan and was grown as a bulk from F2 to F5 generations. The

average heading time of the populations grown in northern locations shifted gradually toward earliness,

whereas in those grown in more southern locations shifted gradually toward lateness (Allard and Hansche,

1964).

Similar results were obtained with an EP of bread wheat developed by crossing 16 parents. The population

was grown for 10 generations in seven locations all over France. After 10 generations, the population that

evolved in northern France was significantly later heading than the population that evolved in southern

France with a much warmer climate (Goldringer et al., 2006). The response to selection was found associ-

ated with genes with a strong effect on flowering time (Rhoné et al., 2010).

Evolutionary Populations and Yield

Suneson (1956) was one of the first to show the ability of EPs (four different barley CCs grown in California)

to evolve to produce higher yields than the widely grown variety Atlas 46 (a parent of all the CCs). Another

interesting feature of this experiment was the demonstration of the potential of using artificial line-selec-

tion within an evolving EP: after 12 generations, not a single line selected from the EPs yielded more than

Atlas 46, whereas after 20 generations a line out-yielded Atlas 46 by 37% and, after 24 generations, three

top selections out-yielded Atlas 46 by 56%.

One of the classical experiments throwing lights not only on the effects of natural selection on grain yield

but also on how they can vary with environment and type of heterogeneous populations is the one of Patel
6 iScience 23, 101815, December 18, 2020
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et al. (1987). This experiment showed that (1) natural selection reduced the frequency of low-yielding ge-

notypes and increased mean yield; (2) this effect was higher in the EPs than in the mixtures; and (3) natural

selection improved yield when themethod was used within the intended region of adaptation. This fits with

the original description of the core features of evolutionary breeding by Suneson (1956) as ‘‘a broadly diver-

sified germplasm and a prolonged subjection of themass of the progeny to competitive natural selection in

the area of contemplated use.’’

Experiments showing the evolution of both EPs and mixtures toward higher yields were also reported by Ras-

musson et al. (1967) and Soliman and Allard (1991), and more recently by Raggi et al. (2017) and Bocci et al.

(2020). Murphy et al. (2005) reviewed the yield advantages of EPs and mixtures underlining that the advantage

is evident under drought but tend to disappear under more favorable conditions. The dynamics of yield evolu-

tion in evolutionary populations has beendescribed in detail byDöring et al. (2011). Brumlop et al., 2017 showed

that EPs are comparable with modern cultivars in yielding ability under organic conditions.

Evolutionary Populations and Yield Stability

The buffering ability of heterogeneous populations is expected to be higher than that of uniform material.

One of the most convincing proof that this is indeed the case comes from an experiment conducted in 1961

(Allard, 1961), which showed how the stability of EPs is greater than the stability of mixtures, which in turn is

higher than that of pure lines.

A meta-analysis of 91 studies and more than 3,600 observations concluded that cultivar mixtures are a

viable strategy to increase diversity in agroecosystems, increasing yield and yield stability as well as disease

resistance (Reiss and Drinkwater, 2018).

The genetic background affects yield stability of EPs: those with a wide genetic basis have a better dynamic

stability, whereas those with a narrow genetic basis tend to have a better static stability (Weedon and

Finckh, 2019). Döring et al. (2015) found an advantage of EPs and mixtures over the mean of their compo-

nents in terms of cultivar superiority. Raggi et al. (2017) identified barley EPs combining high yield and sta-

bility across years and locations.

Evolutionary Populations and Pest Resistance

Evolution of resistance to pests and in particular to diseases has been the most widely documented advan-

tage of EPs and mixtures. Simmonds (1962) reported several cases of reduced severity and incidence of

diseases in mixtures of crops. In a review of mixture cultivation in both developing and developed coun-

tries, Smithson and Lenné (1996) suggested more durable resistance to insect and diseases as one of

the perceived advantages of mixtures over their components and possibly one of the reasons for larger

and more stable yields. The most important mechanism to explain the reduction in severity of diseases

in mixtures is the dilution of inoculum that occurs owing to the distance between plants of the same geno-

type (Mundt, 2002). There is also a large variation in the efficacy of mixtures in reducing disease incidence.

A larger than expected number of families resistant to more than one race and a high proportion of segre-

gating families even after several generations of selfing suggested a higher than expected outcrossing rate

or a larger advantage of heterozygotes (Jackson et al., 1982). The frequency of resistance alleles that pro-

tected against themost damaging pathotypes increases sharply in the host populations, indicating that the

evolutionary processes that take place in genetically variable populations propagated under conditions of

cultivation can be highly effective in increasing the frequency of desirable alleles and useful multilocus ge-

notypes (Allard, 1990).

The evolution of resistance to powdery mildew in three subpopulations of the same Composite Cross

showed that (1) there have been large directional shifts toward increased resistance, (2) there are differ-

ences between the three populations in the rate of increase of the frequency of resistant plants, and (c)

there was a strong increase in the frequency of resistant plants at almost the same time in the three pop-

ulations (Ibrahim and Barret, 1991).

Evolution of resistance to powdery mildew was found in populations of bread wheat with the highest level

of adult resistance developed when the populations evolved in sites where powdery mildew pressure is

known to be high (Paillard et al., 2000).
iScience 23, 101815, December 18, 2020 7
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More recently, agricultural diversity measured by the richness in variety diversity has been shown to be

associated with a decrease in the average damage level in banana, plantain, and bean in Uganda (Mulumba

et al., 2012).

The advantage of mixture in reducing the incidence and severity of fungal diseases has been demonstrated

in several studies (McDonald et al., 1988; Finckh and Mundt, 1992; Finckh et al., 2000; Finckh and Wolfe,

2006).
The Speed of Evolution

One of the advantages of EPs is its ability to evolve and adapt to new environments. One question

frequently asked by farmers interested in starting the cultivation of EPs is how quickly they adapt to a

new environment. In selection theory terms the answer to this question depends on the magnitude of ge-

netic diversity available in the population for traits associated with adaptation, the heritability of those

traits, and the magnitude and consistency of directional selection (Kingsolver et al., 2001). In bread wheat

we found evidence of divergent selection after 5 years of evolution in contrasting locations (Bocci et al.,

2020). Goldringer at al. (2006) found that, after 10 years, populations diverged significantly for days tomatu-

rity along a north-south gradient in France.
THE USE OF EVOLUTIONARY POPULATIONS AND MIXTURES

Despite this very rich body of research, and until recently, there has been only one example of large-scale

use of the advantages of heterogeneous populations, and this refers only to mixtures and not to popula-

tions. During the 1970s in the United Kingdom, static mixtures proved highly successful in slowing devel-

opment of diseases, particularly powdery mildew. This approach was taken to the former German Demo-

cratic Republic where it was built up to cover an area of some 350,000 hectares, effectively the whole of the

spring barley area, leading to a massive reduction of the percentage of fields affected by severe mildew

epidemics from 50% to 10% and a 3-fold reduction of the percentage of fields sprayed with fungicides

(Wolfe et al., 1992).

One possible explanation for the very limited practical exploitation of the evidence of the multiple benefits

of cultivating heterogeneous material is that such material does not fit with the requirement for variety

registration. Other reasons that make uniformity desirable is the uniform response of a crop to agronomic

treatments and uniform response to processing and cooking.

In 2008 and 2009, while working at the International Center for Agricultural Research in the Dry Areas

(ICARDA), then in Aleppo, Syria, we made three EPs by mixing 2,000, 700, and 1,600 segregating popula-

tions of bread wheat, durum wheat, and barley, respectively, derived from crosses between widely diverse

parents from all over the world, including old local varieties and, in the case of barley, the wild progenitor of

the crop. The barley EP was sent to Syria, Algeria, Eritrea, Jordan, and Iran, whereas the two wheat EPs were

sent to Syria, Morocco, Algeria, and Jordan. We will refer to these three EPs as ‘‘ICARDA EPs.’’

In Iran, the ICARDA barley EPs were used as an inspiration to constitute a bread wheat EP made with local

breeding material. This EP eventually spread in several provinces as farmers and bakers were pleased with

the bread made from the EP, which was marketed in local artisanal bakeries (Rahmanian et al., 2014).

By the time it was found that the bread obtained from the bread wheat EP was a commercial success in Iran,

the three ICARDA EPs were already spreading in Italy. In fact, beginning in 2010, there has been in Europe a

growing interest in supporting projects with a focus on diversity, and it was within the framework of one of

these European projects that the three populations were introduced in Italy in 2010.

In 2014, perhaps acknowledging that some outputs of the projects the European Union (EU) was financing

could be heterogeneous material, which did not have a legal status, the EU Commission issued on March

18, 2014, a ‘‘Commission Implementing Decision.’’ With such a decision, the EU Commission organized a

‘‘temporary experiment at Union level for the purpose of assessing whether the production, with a view to

marketing, and marketing, under certain conditions, of seed from populations belonging to the species

Oats, Wheat, Barley and Corn, may constitute an improved alternative to the exclusion of the marketing

of seed not complying with the requirements .,’’ which made it possible, in Europe, to market
8 iScience 23, 101815, December 18, 2020



Figure 3. Current Diffusion, Throughout Italy, of the ICARDA Bread Wheat EP Made in Syria and Planted in Sicily

and Tuscany, for the First Time in 2010
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experimentally heterogeneous materials of oats, barley, maize, and wheat up to 29 February, 2021, after

their approval by the designated authors (Petitti et al., 2018).

This had made possible the official certification and authorization to sell and buy seed of the populations,

but most importantly for farmers, to become the producers of their own seed throughout the years. The

possibility of using heterogeneous material, hence populations and mixtures, has been extended to all

crops with the new EU regulations on organic agriculture effective on January 1, 2022.

By 2018, the three ICARDA EPs had spread widely in Italy, particularly the bread wheat EP, which within less

than 10 years reached several regions (Figure 3), as several artisanal bakeries confirmed the quality and the

consumer acceptance of the bread, which had been found earlier in Iran. The two regions where the EP was

first planted (Sicily and Tuscany) are those where the two EPs were cultivated continuously on the same

farms, using part of the seed harvested the previous year.

After a slow rate of diffusion during the first four years, the diffusion accelerated and the major increase

took place after 2017. In that year the sale of the seed of the two populations that evolved continuously

in Sicily and Tuscany was authorized based on the EU Commission Implementing Decision mentioned

earlier. The possibility of legally selling and buying the seed boosted the diffusion that reached 16 regions

out of 20 by the end of 2018.
iScience 23, 101815, December 18, 2020 9



Figure 4. Divergent Evolution of a Bread Wheat Evolutionary Population after Ten Years of Cultivation in Two

Contrasting Locations

The ICARDA evolutionary bread wheat population after 10 years evolution in Sicily (left) and the same population after 10

years evolution in Tuscany (right) grown side by side in March 2020 (courtesy of Pierluigi Valenti).
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The two farms where the populations evolved continuously since 2010 differed in rainfall and temperature,

with Sicily being systematically drier and warmer than the farm in Tuscany (Petitti et al., 2018). The two pop-

ulations, which evolved continuously in the two farms offered therefore the possibility of studying whether

there was evidence of any divergent selection. This was done within the framework of one of the EU pro-

jects, which started in 2014, by comparing the two populations together with other genetic materials in four

contrasting locations, including the two original farms, during four cropping seasons (from 2014/2015 till

2017/2018). The experiment showed that the EP became specifically adapted to the region where they

were cultivated in which they also exhibited a high temporal stability (Bocci et al., 2020). One example

of divergent evolution is shown inFigure 4 where on the left are two hectares of the same original popula-

tion after 10 years of evolution in Sicily (south Italy) and on the right the same population after 10 years of

evolution in Tuscany (Central Italy). A 4-year experiment showed that the same original EP grown contin-

uously in different locations evolved into locally adapted populations with significant differences in impor-

tant quantitative traits such as grain yield and plant height (Bocci et al., 2020).

The experiment continues by addressing the issue of seed circulation and seed sharing among farmers to

define the area of adaptation of each population. The strategy we follow consists in recommending the ex-

change of a sufficient number (rather than quantity) of seed to allow the population to adapt to a new envi-

ronment. Farmers and institutions should monitor these exchanges.

This is a particularly important issue because free seed circulation can easily cause uncontrolled spreading

of seed-borne diseases. This can be avoided not only with training of farmers but also with the involvement

of small seed companies, which assist farmers in producing and maintaining the seed free of seed-borne

diseases and impurities.

CONCLUSIONS

There are a number of points to bemade in relation to using heterogeneous material, either populations or

dynamic mixtures, as farmers’ main crops. The first is that they represent a dynamic response to the

complexity of climate change not only in its physical characteristics (temperature and rainfall) but also in
10 iScience 23, 101815, December 18, 2020



ll
OPEN ACCESS

iScience
Review
its biotic aspects and in its location specificity. EPs andmixtures, with their capacity to evolve in response to

both biotic and abiotic stresses, as long as they maintain sufficient genetic diversity, appears to be the

quickest, cost-effective, and evolving solution to such a complex and evolving problem with the additional

advantage of increasing yield gains resulting from a combination of natural and artificial selection and ge-

netic recombination.

The second is their ability to control pests, which makes them particularly suited to organic systems, rep-

resenting an ecological solution to pest control—because they do not create a selection pressure favoring

the evolution of resistance. This will fill an important gap represented by the scarce availability of varieties

specifically adapted to organic conditions.

The third, which is a consequence of the first two, is that they represent at the same time amitigation and an

adaptation strategy. A mitigation strategy because they reduce considerably the use of chemical inputs,

and an adaptation strategy associated with their ability to continuously evolve to adapt to new combina-

tions of biotic and abiotic stresses.

Finally, as they evolve, they generate a continuous flow of novel cultivated agro biodiversity both in space

(because of divergent evolution in different location) and in time (because of evolution within the same

location) even within the same crop, which will be beneficial in increasing diet diversity and ultimately hu-

man health.

LIMITATIONS OF THE STUDY

One limitation of the study is the difficulty in accurately tracing the spreading of the evolutionary popula-

tions to be able to assess their full impact.
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