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1  |  INTRODUC TION

In natural ecosystems, plants interact with their physical and chem-
ical environment (e.g., temperature, water, light, day length, atmo-
spheric CO2, nutrients, soil acidity, soil texture), which effects on 

ecosystem composition have been thoroughly studied (Begon et al., 
2005). For instance, widespread changes in phenology have been 
documented in many plant populations as a result of climate change 
(Franks et al., 2014). In addition, plants are part of a rich network of 
interacting organisms. Such biotic interactions include intraspecific 
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Abstract
Plant domestication can be viewed as a form of co-evolved interspecific mutualism 
between humans and crops for the benefit of the two partners. Here, we ask how this 
plant–human mutualism has, in turn, impacted beneficial interactions within crop spe-
cies, between crop species, and between crops and their associated microbial part-
ners. We focus on beneficial interactions resulting from three main mechanisms that 
can be promoted by manipulating genetic diversity in agrosystems: niche partitioning, 
facilitation, and kin selection. We show that a combination of factors has impacted ei-
ther directly or indirectly plant–plant interactions during domestication and breeding, 
with a trend toward reduced benefits arising from niche partitioning and facilitation. 
Such factors include marked decrease of molecular and functional diversity of crops 
and other organisms present in the agroecosystem, mass selection, and increased use 
of chemical inputs. For example, the latter has likely contributed to the relaxation 
of selection pressures on nutrient-mobilizing traits such as those associated to root 
exudation and plant nutrient exchanges via microbial partners. In contrast, we show 
that beneficial interactions arising from kin selection have likely been promoted since 
the advent of modern breeding. We highlight several issues that need further inves-
tigation such as whether crop phenotypic plasticity has evolved and could trigger 
beneficial interactions in crops, and whether human-mediated selection has impacted 
cooperation via kin recognition. Finally, we discuss how plant breeding and agricul-
tural practices can help promoting beneficial interactions within and between species 
in the context of agroecology where the mobilization of diversity and complexity of 
crop interactions is viewed as a keystone of agroecosystem sustainability.
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interactions as well as interspecific interactions (with e.g., pollina-
tors, pests, microorganisms, and other plant species), either positive 
or negative, and are important driving forces in shaping plant com-
munities (Bardgett & Wardle, 2010; Begon et al., 2005).

Agricultural practices have reduced the complexity of crop abi-
otic and biotic interactions, a trend exacerbated since the Green 
Revolution. Before the advent of modern breeding, agricultural 
settings were made of multispecies multigenotype combinations 
(Harlan, 1992). An emblematic example is the milpa farming sys-
tem, where maize is intercropped with common beans (Phaseolus 
spp.) and squashes (Cucurbita spp.), three-sister species forming the 
backbone of pre-Columbian agriculture (Lopez-Ridaura et al., 2021). 
Modern agriculture has highly reduced the network of interactions 
within and between plant species by (i) progressively abandoning 
intercropping and crop rotation, (ii) removing weeds from the field, 
and (iii) eroding genetic diversity within crops with the adoption of 
monogenotypic varieties grown in pure stands. Intensive agriculture 
has further diminished abiotic and biotic interactions through the 
standardization of environments at the expense of fossil energy. 
For example, practices such as ploughing and fertilization have con-
tributed to buffer physical and chemical heterogeneities of the en-
vironment. In addition, chemical protection against weeds, insects, 
and microorganisms have excluded targeted species, and most likely 
other untargeted species, from the network of species interacting 
with crops.

In this context, agroecology aims at designing agroecosystems 
that benefit from abiotic and biotic interactions in place of fossil 

energy and chemical inputs (Altieri, 1989). To do so, we need to 
better understand how domestication and breeding have shaped 
crop interactions with their abiotic and biotic environment, and 
have potentially eroded useful genetic variation. The loss of genetic 
variation associated with the ability of crops to interact with abiotic 
factors has been documented for many traits, including the loss of 
seed dormancy (Wang et al., 2018) and the loss of responsiveness to 
photoperiod (Cortinovis et al., 2020) and to vernalization (Comadran 
et al., 2012; Iqbal et al., 2020; Yan et al., 2004). For instance, while 
seed dormancy allows nonsimultaneous seed germination in natu-
ral environments, it has been highly counter-selected by humans to 
facilitate crop management and harvest as shown in rice, tomato, 
and soybean (Wang et al., 2018). Yet, how domestication and breed-
ing have affected crop interactions with biotic factors is much less 
documented.

Among biotic interactions, beneficial interactions result from 
mechanisms acting both at the intraspecific and the interspecific 
levels such as niche partitioning (Macarthur & Levins, 1967) and 
facilitation (Callaway et al., 2002). Niche partitioning (Figure 1) 
concerns spatial complementarity of canopy and roots—that max-
imize exploitation of light and soil resources (Brooker et al., 2015), 
temporal complementarity (Yu et al., 2015), as well as comple-
mentarity in resource types (Bedoussac et al., 2015). Facilitation 
(Figure 1) is achieved when a genotype alters features of the local 
environment to the benefit of neighboring genotypes of the same 
or different species (Callaway et al., 2002), and includes posi-
tive interactions between plants and microorganisms. Beneficial 

F I G U R E  1  Illustration of the three main mechanisms resulting in crop beneficial interactions: niche partitioning, facilitation, and kin 
selection. Prototypes of plants are illustrated with non-N fixing species represented by maize and squash, and N-fixing species represented 
by bean. For the sake of clarity, only complementarity of root architecture is illustrated for niche partitioning; as for facilitation we are 
illustrating bean nodules responsible for N-fixation as well as conservation of soil moisture by squash leaves; kin selection relies on the 
relatedness among interacting plants
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interactions arising from niche partitioning and facilitation are 
fueled by genetic and functional diversity. Beneficial interac-
tions can also result from kin selection (Figure 1), a mechanism 
acting exclusively at the intraspecific level (Hamilton, 1964). Kin 
selection refers to the evolutionary process by which selection 
favors a cooperative phenotype because of the fitness benefit it 
provides to a genetically related interacting individual (Hamilton, 
1964; West et al., 2007). Compared with niche partitioning and 
facilitation, kin selection is thus promoted by genetic similarity 
among interacting individuals (Biernaskie, 2022; Hamilton, 1964; 
Montazeaud, Rousset, et al., 2020). In addition, while kin selec-
tion occurs within species, niche partitioning and facilitation can 
result from natural selection leading to beneficial interactions 
both within or among species (Meilhac et al., 2020; Zuppinger-
Dingley et al., 2014). Beneficial interactions can also emerge in-
cidentally by assembling a diverse set of phenotypes selected in 
different contexts; this is nowadays the rationale when growing 
species or genotype mixtures in agriculture. Note that the rela-
tive role of incidental by-products benefits and benefits driven 
by natural selection can be hard to distinguish.

In contrast to negative biotic interactions involving pathogens, 
herbivores, and weeds, beneficial interactions within and among 
species have received much less attention in crops. Yet, they are par-
ticularly relevant to face the need of developing more sustainable 
agriculture (Altieri, 1989; Barot et al., 2017). In this review, we focus 
on beneficial interactions resulting from the three main mechanisms 
cited above, that is, niche partitioning, facilitation, and kin selection, 
which are all potentially relevant for improving agriculture sustain-
ability (Figure 1). We first review the impact of domestication and 
subsequent breeding on beneficial interactions within and between 
species. We then build on these historical patterns to discuss how 
they could be used as agroecological levers and targeted in future 
breeding programs.

2  |  BENEFICIAL INTER AC TIONS ARISING 
FROM NICHE PARTITIONING

In crowded environments, plants compete for light, water, and 
nutrients. The niche partitioning theory states that communi-
ties made of organisms which differ in their ecological niches 
are more productive than communities in which organisms have 
similar niches, notably because competition is reduced when indi-
viduals differ in their resource requirements and use (Macarthur 
& Levins, 1967). Initially developed in ecology to explain species 
co-existence in natural ecosystems, this theory was further used 
for explaining the positive relationship often observed between 
species richness and ecosystem functioning (Chase & Leibold, 
2003), such as increased productivity (Loreau & Hector, 2001) 
and increased temporal stability (Tilman, 1999) in species-rich 
ecosystems. In agronomy, niche partitioning has been proposed 
as a central mechanism to explain overyielding, that is, increased 
productivity in intercropping systems where multiple species are 

grown in association compared to the productivity of their respec-
tive components grown alone (Fukai & Trenbath, 1993).

Niche partitioning can result from differences in the architecture 
of aerial parts and/or root systems (spatial complementarity), from 
differences in plant development such as phenology and therefore 
timing in resource use (temporal complementarity), and from differ-
ences in plant resource needs (for instance, NO3

−-N versus NH4+-N). 
Spatial complementarity has been described in trees where can-
opy stratification—significant height difference—in mixtures of 
Eucalyptus globulus and Acacia mearnsii reduces competition for 
light in comparison with monocultures, as shown by an increase of 
diameter growth and above-ground biomass in mixtures compared 
to sole-stands (Forrester et al., 2004). In annual plants, simulations 
of nutrient uptake and resource use in assemblages of the three-
sister species constituting the milpa (maize-bean-squash) indicate 
that root architecture complementarity results in increased biomass 
production on N-deficient soils (Postma & Lynch, 2012). Differences 
in root architecture among these crops reflect a diversity of nutrient 
foraging strategies, with shallow, more vertical, and deep soil explo-
ration soil for maize, bean, and squash, respectively. These differ-
ences translate into a more equal root distribution within soil (Zhang 
et al., 2014), corroborating results found for maize–wheat intercrop-
ping (Li et al., 2006).

At the intra-specific level, agroecology has stimulated many 
calls to benefit from complementarity between genotypes (Barot 
et al., 2017; Hajjar et al., 2008; Litrico & Violle, 2015). It has been 
shown that variety mixtures, that is, the simultaneous cultivation 
of multiple genotypes of the same species within fields, have a 
small yield advantage over mono-genotypic stands, with over-
yielding ranging from +2% to +5% (Borg et al., 2018; Kiaer et al., 
2009; Reiss & Drinkwater, 2018; Smithson & Lenne, 1996). Yet, 
while this result is consistent with niche partitioning, experimental 
evidence testing for this mechanism are still lacking. For example, 
niche partitioning has been shown to play a limited role in the ove-
ryielding achieved by rice varietal mixtures in Chinese traditional 
systems (Revilla-Molina et al., 2009). At a lower-scale, mixtures 
of near-isogenic lines of rice chosen to only differ in their root 
depth showed no yield advantage over mono-genotypic stands 
(Montazeaud et al., 2018).

The strong loss of genetic and phenotypic diversity that crops 
experienced during domestication and breeding (Glemin & Bataillon, 
2009; Milla et al., 2018) has undoubtedly impacted the potential for 
niche complementarity to be mobilized from modern genetic pools 
(Figure 2). At the interspecific level, in agreement with this idea, 
overyielding is stronger in species mixtures made of crop ancestors 
than in mixtures made of their domesticated counterparts, likely 
as an effect of stronger aboveground trait variation in the ances-
tors (Chacon-Labella et al., 2019). Moreover, it has been shown that 
trait differences increase over time when species evolve in mixture, 
which enhance complementarity effects compared to communities 
made of species that evolved in monoculture (Meilhac et al., 2020; 
Zuppinger-Dingley et al., 2014). In elite germplasm, it is very unlikely 
that such trait divergence evolved in the recent history of modern 
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breeding since most species have been selected and cultivated in 
monospecific and monogenotypic stands. Reduced potential for 
niche complementarity also holds true at the intraspecific level. For 
instance, compared with organic varieties and landraces, modern 
wheat varieties display a reduced capacity of ammonium (NH4

+) up-
take. Such specialization reduces the opportunities for complemen-
tarity between varieties using different forms of nitrogen (Cantarel 
et al., 2021). Evaluation of eleven functional traits in modern and 
ancient wheat varieties revealed an average level of variability 
among varieties <30% of that observed among wild Pooideae spe-
cies. Although reduced compared to wild progenitors, remaining 
variation for those traits among wheat varieties is potentially useful 
for exploitation of functional complementarity in mixtures (Cantarel 
et al., 2021; Montazeaud, Violle, et al., 2020). High variation was also 
found in wild emmer and emmer compared to durum wheat variety 
for shoot and root traits (Gioia et al., 2015).

Complementarity can arise from phenotypic plasticity when co-
occurrence of species and genotypes promote trait differentiation 
that leads to stable coexistence (Turcotte & Levine, 2016). At the 
interspecific level, such pattern has been shown within grassland 
communities as a result of plasticity in plant height (Meilhac et al., 
2020). Phenotypic plasticity has also been shown to enhance light 
acquisition in mixed stands of wheat and maize (Zhu et al., 2015, 
2016). At the intraspecific level, a convincing example comes from 
sunflower where shifts in stem inclinations at high density stand 
increase spatial complementarity for light and lead to increased oil 
yield per unit area (Lopez Pereira et al., 2017). Such response is part 
of the shade-avoidance syndrome describing phenotypic plasticity 

on morphological and physiological traits involved in competitive 
interactions in response to a change in light quantity and quality 
(Schmitt & Wulff, 1993). Few studies suggest that phenotypic plas-
ticity triggering stronger niche complementarity might have been 
counter-selected during crop evolution (Figure 2). For instance, the 
teosinte allele of the TB1 gene introgressed in a modern maize back-
ground confers greater phenotypic plasticity and responsiveness to 
light than the maize allele (Lukens & Doebley, 1999). In wheat, re-
cent results suggest that Green Revolution genes introduced in the 
1960s to improve fertilizer responsiveness might also have reduced 
plant height plasticity (Colombo et al., 2022). Similarly, in barley and 
wheat, wild versus domesticated forms, and landraces versus mod-
ern cultivars, display greater plasticity in root traits in response to 
heterogeneous nutrient availability (Grossman & Rice, 2012). Yet, 
how phenotypic plasticity on traits involved in plant–plant interac-
tions has evolved during crop domestication and breeding and how 
plastic responses promote beneficial interactions still deserve much 
more investigation.

3  |  BENEFICIAL INTER AC TIONS ARISING 
FROM FACILITATION

Facilitative interactions describe the effect of a species on its local 
environment in such a way that it improves the growth and develop-
ment of other species (Callaway, 1995). Facilitation can be direct, 
for example, through modifications of the physicochemical environ-
ment (increased temperature, enhanced soil moisture), or indirect, 

F I G U R E  2  Impact of domestication and breeding on intra- and interspecific biotic interactions. Prototypes of wild plants/traditional 
landraces/elite varieties are illustrated. A non-N fixing species, here represented by maize, is represented in monospecific stand (left of 
each panel) and in mixture with a N-fixing species, here represented by bean. Note that in the former, distance between plants is reduced 
in landraces and even further reduced in elite varieties. Evolution toward modern crops include an overall reduction of phenotypic (and 
genetic) diversity, a reduction of tillering/branching, and selection for larger edible parts (ears, pods, and grains) as well as modification of 
root architecture. In addition, there is a trend toward plasticity reduction in roots (illustrated by dashed roots in wild forms) and in aerial 
parts (illustrated here with leaf orientation in response to shade avoidance = SA). Loss of genetic diversity and plasticity have likely both 
contributed to reduce potential complementarity within- and between species. Belowground, impoverishment of the soil compensated by 
increased inputs is accompanied by a reduction of AMF and atmospheric nitrogen (N2) fixation by rhizobia in root nodules, with a decrease in 
the diversity of rhizobia strains colonizing nodules (as shown by the colored points on the soybean root). In addition, facilitation occurring via 
secretion of root exudates is impacted as illustrated here with a reduced production of phytosiderophores (an in turn of iron and zinc) and 
availability of inorganic phosphorus (Pi)
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for example, through the attraction of mutualistic species such as 
soil bacteria or mycorrhizal fungi (Brooker et al., 2008).

Beneficial interactions through direct facilitation can occur 
in crops when one component of the mixture provides a physical 
support to the others, reducing the risk of lodging. This has been 
demonstrated in variety of mixtures in barley (Creissen et al., 2016) 
and rice (Revilla-Molina et al., 2009), and in species mixtures, for 
instance in the milpa system where maize provides a support to 
climbing bean (Lopez-Ridaura et al., 2021). Direct facilitation can 
also be achieved when one species increases the phytoavailability 
of water, nutrients (e.g., P or N), or micronutrients for other spe-
cies (Li et al., 2014; Shen et al., 2005; White, George, Dupuy, et al., 
2013; White, George, Gregory, et al., 2013; Zhang et al., 2010), or 
when one genotype increases the availability of resources for other 
genotypes at the intraspecific level (Barot et al., 2017; Brooker 
et al., 2016; Hajjar et al., 2008). This pattern has been documented 
in crops for a wide range of resources (Figure 2). Facilitation for 
water availability can be illustrated by the example of “hydrau-
lic lift,” a process by which some species increase soil moisture 
on the upper soil layers by releasing water from their own roots 
(Caldwell et al., 1998; Prieto et al., 2017). Increase water use ef-
ficiency in the Milpa (Figure 1) results from conservation of soil 
moisture by squash leaves covering the soil surface (Zhang et al., 
2014). Likewise, facilitation for phosphorus (P) availability occurs 
in many crop species assemblages. In intercropping agrosystems 
of maize and faba bean, the uptake of phosphorus (P) by the bean 
results in rhizosphere soil acidification through the production of 
root exudates, which in turn enhances inorganic P availability in the 
soil and facilitates subsequent uptake by maize (Li et al., 2014). In 
P-deficient soil, overyielding of intercropped maize and faba bean 
reached 26% and 43% compared with monocropped faba bean and 
maize, respectively, part of it being attributable to belowground 
interactions (Li et al., 2007; Zhang, Zhang, et al., 2016; Zhang, Liu, 
et al., 2016). A similar pattern has been documented in associations 
of chickpea/maize (Li et al., 2004), lupin/wheat (Cu et al., 2005), 
common bean/wheat (Li et al., 2008), and faba bean/wheat (Li et al., 
2016). Similarly, Fe or Zn can hardly be assimilated by some spe-
cies, which then benefit from the presence of phytosiderophore-
producing species able to extract these micronutrients from soil 
organic complexes (Li et al., 2014). For example, graminoid species 
secrete more phytosiderophores that bind Fe3+ in the rhizosphere 
when there is Fe deficiency, enhancing Fe availability for other in-
tercropped species (Dai et al., 2019).

Indirect evidence suggests that human selection might have 
shaped belowground facilitative interactions among plants (Figure 2). 
For instance, phytosiderophore exudation has been shown to be 
around four times higher in wild Aegilops accessions than in Triticum 
aestivum cultivars (Neelam et al., 2010), and the chemical nature of 
root exudates has changed between wild and domesticated tetra-
ploid wheat species (Iannucci et al., 2017). This might come from 
relaxed selection on nutrient-mobilizing traits due to strong shifts 
in soil conditions associated with sedentarization and increased nu-
trient inputs.

4  |  BENEFICIAL INTER AC TIONS ARISING 
FROM MICROORGANISMS-TRIGGERED 
FACILITATION

Many crops benefit from positive interactions with soil microbes 
that can indirectly trigger synergies within and among plant spe-
cies. For instance, legumes benefit from the capacity of fixing 
atmospheric N through symbiosis with a group of soil bacteria col-
lectively called rhizobia. The association of non-N-fixing crops with 
legumes triggers facilitation processes resulting in increased N 
availability for the former via rhizobial N fixation in the latter. For 
instance, root exudates from maize promotes faba bean nodula-
tion and N2 fixation (Li et al., 2016), hence increasing N availability 
for maize. Likewise, wheat intercropped with faba bean increases 
nodulation compared with monocropped faba bean (Liu et al., 2017). 
Positive interactions with micro-organisms also include fungi, the 
most prevalent mutualistic partners in plants, including obligate 
biotrophic arbuscular mycorrhizal fungi (AMF). Such fungi rely on 
carbon provided by their hosts and furnish nutrients such as N and 
P—following solubilizing of mineral forms as well as biotransforma-
tion of organic compounds—and can also provide better resistance 
to stress to their hosts (Berruti et al., 2016). There is now evidence 
that the stability of this mutualism is based on a reciprocal regula-
tion of carbon exchanges so that the reward of the most beneficial 
partners among different mycorrhizal strains enforces cooperation 
between the host plant and its associated AMF (Kiers et al., 2011; 
but see Walder & Heijden, 2015). Interestingly, the presence of AMF 
can increase below-ground complementarities between varieties as 
shown in maize, where mycorrhizal mixtures showed overyielding 
and nonmycorrhizal mixtures did not (Wang et al., 2020). Note that 
domesticated plants exhibit contrasted capacity to benefit from the 
common mycorrhizal network (CMN). For example, in flax/sorghum 
association, sorghum invests twice as much as flax into the CMN but 
gets little in return (Walder et al., 2012). In contrast, in rice/mung 
bean association, intercropping improves AM fungal colonization of 
roots with shared benefits for the two crops in P and N uptake, and 
N transfer from the bean to the rice (Li et al., 2009).

Responsiveness of crops to their micro-organism partners may 
have been affected by agronomic practices and/or selection on do-
mesticated traits (Figure 2). Indeed, plant growth and health heav-
ily rely on fertilizers and pesticides in modern agrosystems, such 
that selective pressures for plant-microbial exchanges of nutrients 
might have been relaxed (Philippot et al., 2013). Moreover, human-
mediated selection has affected many traits such as root morphol-
ogy and physiology (e.g., exudates) that are essential components of 
plant-microbial symbioses (Sawers et al., 2018). Several studies sug-
gest a negative impact of human selection on the diversity of rhizo-
spheric microbial communities (Brisson et al., 2019; Mutch & Young, 
2004; Spor et al., 2020) but, more importantly, on the strength of 
beneficial interactions with bacteria. For instance, it has been shown 
that old cultivars of soybean have a higher yield response to sym-
biosis and a higher proportion of effective strains in their nodules 
than recent ones when inoculated with a mixture of effective and 
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ineffective N2-fixing bacteria (Kiers et al., 2007). Likewise, modern 
wheat cultivars are less capable than ancient cultivars of interact-
ing with multiple strains of a growth-promoting rhizobacterium that 
enhances plant growth under water-stress conditions and nutrient 
deprivation (Valente et al., 2020).

Studies documenting plant interactions with fungi indicate 
that domestication has impacted more strongly the composition 
of fungal communities than bacterial ones (Leff et al., 2017). A 
comparison of wild and domesticated forms in 14 crops indicates 
that wild relatives engage in mutualistic interactions with my-
corrhizal fungi irrespective of P availability, while P-fertilization 
reduces mycorrhizal engagement in domesticated forms (Martin-
Robles et al., 2018). Compared with modern cultivars, older wheat 
cultivars display enhanced benefit from fungal symbiosis translat-
ing into greater plant growth and dry weight (Hetrick et al., 1992). 
Note that modern cultivars sometimes display enhanced coloni-
zation as in maize (An et al., 2010; Sangabriel-Conde et al., 2014), 
oat (Koide et al., 1988) and tomato (Bryla & Koide, 1990)—but have 
evolved a loss of dependence/responsiveness to AMF (Zhu et al., 
2001). They indeed capture P more efficiently directly from the 
soil than do older cultivars.

5  |  BENEFICIAL INTER AC TIONS ARISING 
FROM KIN SELEC TION

Increase in frequency over generations of competitive phenotypes 
is a frequent outcome of natural selection within populations. Yet, 
groups of competitive phenotypes of the same species may have a 
low productivity due to stronger competitive interactions among 
plants and higher investment in resource harvesting at the expense 
of seed production. Such a negative correlation between individual 
competitiveness and seed production of the group is a classic pre-
diction of evolutionary game theory (see Anten and Vermeulen 
(2016) for a review, and Cabal et al. (2020) for a recent example). 
It has been empirically well documented by agronomists for plant 
height (Jennings & Dejesus, 1968; Khalifa & Qualset, 1974; Suneson, 
1949; Suneson & Wiebe, 1942): tall plants invest extra in acquir-
ing light resources at the expense of short plants, lowering field 
grain production (Falster & Westoby, 2003). Promoting coopera-
tion among plants by targeting weak competitor phenotypes has 
thus been around since the Green Revolution (Donald, 1968). The 
evolution of cooperative phenotypes is at the core of the kin selec-
tion (KS) theory, which aims at understanding the evolution of social 
traits in response to intraspecific interactions (Hamilton, 1964). The 
KS theory predicts that a cooperative phenotype can be favored by 
kin selection if the performance of conspecific individuals is suffi-
ciently increased by the focal individual's phenotype, and if these 
“recipient” individuals are genetically related to the focal individual. 
Multiple theoretical studies have already discussed the relevance 
and applicability of KS principles in plant breeding (Biernaskie, 
2022; Montazeaud, Rousset, et al., 2020). In the following, we dis-
cuss whether human-mediated selection may have acted as KS to 

promote cooperation in crops either through unconscious or delib-
erate selection.

The very few studies investigating phenotypic variation on plant 
height along a domestication gradient suggest that tall competitive 
phenotypes have first increased in frequency in emerging crop spe-
cies (Figure 2). Such temporal pattern was documented in maize, 
barley, sunflower (Milla et al., 2014), and durum wheat (Roucou et al., 
2018). Recent theoretical work suggests that mass selection has re-
inforced this pattern (Montazeaud, Rousset, et al., 2020; Murphy, 
Swanton, et al., 2017; Murphy, Van Acker, et al., 2017), thereby 
contributing to the loss of interesting phenotypes for promoting co-
operation within species. During the evolutionary history of seed 
crops, farmers have not only selected within field by picking plants 
that fitted best with their phenotypic criteria, but have also selected 
for yield—the seed production of the group (Donald, 1968). The 
most productive fields may thus have contributed the most to the 
next generation, leading to selection among fields, a necessary but 
insufficient condition for KS to occur. Indeed, high genetic related-
ness among interacting plants is another necessary condition for co-
operation to evolve (Biernaskie, 2022; Hamilton, 1964; Montazeaud, 
Rousset, et al., 2020).

Promoting high relatedness requires dedicated selection 
schemes that are unlikely to have been mobilized before the onset 
of pedigree selection at the end of the 19th century (Allard, 1960; 
Gayon & Zallen, 1998; Hamilton, 1964; Montazeaud, Rousset, et al., 
2020). The pedigree method operates first at the individual-level and 
subsequently on single-plant progenies, and is thus characterized by 
a shift from individual-level to group-level selection accompanied by 
an increase in relatedness over generations (Murphy, Swanton, et al., 
2017; Murphy, Van Acker, et al., 2017). This selection method might 
have contributed to trait-blind selection for cooperation (Gayon & 
Zallen, 1998). Potential examples include decreased leaf area in Pima 
cotton (Lu & Zeiger, 1994) and more erect leaves in maize (Duvick 
& Cassman, 1999), two phenotypes associated with reduced com-
petitiveness (Anten & Vermeulen, 2016) and have likely emerged as 
a by-product of selection for yield. Likewise, smaller root systems 
with fewer roots per plant and shorter roots have been observed in 
modern varieties compared to older forms (Figure 2; Fradgley et al., 
2020, but see Gioia et al., 2015). This can be viewed as a reduced 
investment in resource-harvesting organs, compatible with indirect 
selection for increased group performance. Human selection has 
also promoted cooperation in crops by directly targeting coopera-
tive phenotypes. This was the cornerstone of the “weak competitor” 
crop ideotype assumed to achieve high yield in high-planting densi-
ties (Biernaskie, 2022; Donald, 1968). In agreement with Donald's 
idea, the introduction of dwarfing genes to reduce lodging in high 
inputs (nitrogen, weed, and pathogen controls) supply conditions in-
duced a spectacular yield improvement in wheat and rice (Hedden, 
2003).

Cooperation arising from kin selection can be facilitated by the 
existence of kin recognition that allows cooperative behaviors to 
be directed preferentially toward kin (Hamilton, 1964; Lehmann & 
Perrin, 2002). Kin recognition implies that plants display phenotypic 
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plasticity toward reduced competition for resources when grow-
ing with kin, leading to increased fitness in kin groups. Preferential 
helping to relatives might hamper the efficiency of varietal mixtures 
(Fréville et al., 2019), an advocated practice for mobilizing mecha-
nisms such as niche partitioning and facilitation that may drive posi-
tive biodiversity effects on productivity. Convincing evidence of kin 
recognition is still rare in wild species (Karban et al., 2013; Pennisi, 
2019) and in crops. Although crops can indeed display phenotypic 
plasticity in response to relatedness in cultivated plants (Fang et al., 
2013; Murphy, Swanton, et al., 2017; Murphy, Van Acker, et al., 2017; 
Zhang, Zhang, et al., 2016; Zhang, Liu, et al., 2016), how such plastic 
response affects fitness remains to be more thoroughly explored, by 
paying special attention to other confounding effects such as those 
arising from differences in competitive ability among genotypes 
(Fréville et al., 2019; Masclaux et al., 2010). Assessing whether inter-
actions mediated by kin recognition might have shifted during do-
mestication and breeding needs further work. Indeed, we first need 
to test for the existence of kin recognition both in crops and their 
wild relatives. Then, whenever such kin recognition mechanism does 
exist, we need to assess whether genetic variation at kin recognition 
loci might have shifted during crop evolutionary history.

6  |  CONCLUSION, CHALLENGES,  AND 
FUTURE DIREC TIONS FOR PROMOTING 
BENEFICIAL INTER AC TIONS IN 
AGRICULTURE

Modern agriculture faces the need to maintain high quantity and 
quality production in a context of increasing food demand, while 
reducing the environmental costs due to massive use of chemical 
inputs (Altieri, 1989; Tilman et al., 2011). Promoting beneficial in-
teractions within and between species is a promising avenue to ad-
dress those challenges, by taking better advantage of biological and 
ecological processes occurring in agroecosystems. In this review, we 
showed that beneficial interactions arising from niche partitioning 
and facilitation have been reduced during crop evolution and breed-
ing. Such trend likely results from a combination of multiple factors, 
such as the loss of functional diversity and plasticity through genetic 
bottlenecks and selection, and a relaxation of selective pressures 
on nutrient-mobilizing traits through increased chemical inputs. In 
contrast, beneficial interactions arising from kin selection have likely 
been promoted in the recent crop evolutionary history since the ad-
vent of pedigree selection in the late 19th century, and even more 
recently since the Green Revolution for direct targeting of coop-
erative phenotypes. We summarize below and in Table 1 future re-
search directions to help promoting beneficial interactions to meet 
the challenge of more sustainable agriculture.

Promoting beneficial interactions in agrosystems will be facili-
tated by the identification of the traits that underlie them. This has 
been a central focus in ecology (Navas & Violle, 2009; Violle et al., 
2009), and has also become a major issue in agronomy since breed-
ing has aimed at reducing intraspecific competition to increase crop 

yield (Donald, 1968). Still, how to promote beneficial interactions 
within and between species based on plant phenotypes remains 
very challenging.

First, we still know very little about both above and belowground 
traits involved in beneficial interactions within and among species. 
In particular, root traits that have been largely neglected in breeding 
programs might offer new opportunities to develop more beneficial 
crops.

Second, mechanisms underlying beneficial interactions are likely 
to be dependent on environmental conditions. Indeed, we might 
expect niche partitioning and facilitation to play a stronger role 
in more limiting conditions, as described in the framework of the 
Stress Gradient Hypothesis—SGH (Maestre et al., 2009). At the in-
traspecific level, the recent meta-analysis of Reiss and Drinkwater 
(2018) showed that the yield benefit of mixing cultivars was strong 
under low levels of soil organic matter and nutrient availability. At 
the interspecific level, intercropping of cereal and legume species 
improve soil phosphorus use efficiency, especially at low soil P levels 
(Betencourt et al., 2012; Darch et al., 2018). Likewise, a compilation 
of 29 studies indicates that grain–legume and cereal intercropping 
enhances nitrogen use efficiency by stimulating N2 fixation in the 
former and soil N acquisition in the latter, a complementarity ef-
fect that disappears with the application of N fertilizers (Rodriguez 
et al., 2020). We thus expect favorable trait combinations to differ 
depending on environmental conditions. Linking agronomy and ecol-
ogy could thus help identifying relevant trait combinations that pro-
mote beneficial interactions in low-input agriculture.

Third, traits involved in plant-resource acquisition, and there-
fore potentially important for complementarity and facilitation, can 
display trade-offs between them. For example, root diameter cor-
relates positively with the amounts of carboxylates and phosphatase 
activity in the rhizosheath as well as with AMF colonization across 
16 crop species in limiting soil P (Wen et al., 2019). Describing those 
tradeoffs could help guiding species and variety mixtures, and better 
predicting correlated selection responses when targeting interesting 
phenotypes in plant breeding programs.

Fourth, our current understanding on plant–plant interactions 
mediated by microorganisms is still very limited. A recent study 
suggests that maize plants trigger AM fungal colonization in mutant 
neighboring plants displaying deficiency in the mycorrhizal Pi uptake 
pathway, through nutrient delivery to the CMN (Fabianska et al., 
2020). This example opens interesting perspectives for the selection 
of genotypes that invest in the CMN.

Finally, it is likely that favorable trait combinations will differ 
depending on the objectives targeted by farmers. For instance, the 
traits affecting durum wheat mixture performance were different 
when considering yield or grain quality (Montazeaud, Violle, et al., 
2020). Similarly, the favorable trait combinations in species mixtures 
depend on the targeted objectives for each species (Haug et al., 
2021).

Niche partitioning, facilitation, and kin selection all depend 
on genetic similarity among interacting plants and can thus be 
promoted by manipulating genetic diversity. Yet, whereas niche 
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complementarity and facilitation are promoted by genetic dissim-
ilarity among plants, kin selection relies on high genetic similarity 
among interacting plants and often leads to monomorphic stands 
with only one cooperative phenotype maximizing group productiv-
ity (Montazeaud, Rousset, et al., 2020). There is thus a need to jointly 
mobilize multiple mechanisms by growing plant communities with 
high phenotypic variability for traits triggering niche complementar-
ity and facilitation, and low variability for traits which for kin selec-
tion promotes only one cooperative phenotype.

Such idea fits with the many ecological and agronomic stud-
ies showing that phenotypic diversity can have both positive and 
negative effects depending on the trait. For instance, the relative 
performance of durum wheat genotype mixtures was positively im-
pacted by between-genotypes differences in seminal root branching 
intensity, but negatively impacted by differences in tiller number 
(Montazeaud, Violle, et al., 2020). Similarly, recent studies suggest 
that multiple mechanisms can jointly be at play. For instance, root 
exudates that trigger plastic responses to kin also trigger plant-
microbial symbiotic associations and affect interactions between 
plant species (Xu et al., 2021). Results in the Douglas fir indicate 
that carbon transfer via ectomycorrhizal fungi could be significantly 

greater among kin than nonkin pairs as a result of greater inter-
root fungi biomass and/or increased inter-root signaling among kin 
(Pickles et al., 2017). Along this line, Anten and Chen (2021) have 
proposed the interesting idea of kin recognition offering an added 
selective advantage for investing into a CMN shared with kin. 
Overall, these results call for solving the equation of how to com-
bine favorable trait values of crops for boosting beneficial intra- and 
interspecific interactions by promoting phenotypic diversity or phe-
notypic uniformity depending on the trait (Barot et al., 2017; Haug 
et al., 2021; Litrico & Violle, 2015; Montazeaud, Rousset, et al., 
2020; Montazeaud, Violle, et al., 2020).

Promoting beneficial interactions arising from niche partitioning 
and facilitation within and between species calls for extending the 
genetic and functional diversity currently used in agrosystems. The 
evolutionary history of crops has been characterized by recurrent 
bottlenecks and directional selection on genes that determine desir-
able phenotypes, leading to massive loss of genetic diversity (Gaut 
et al., 2018). As a result of genetic diversity loss, the diversity of 
traits related to resource acquisition and use that can be mobilized 
to promote niche partitioning and facilitation has also been reduced, 
either directly because they were targeted by selection, or indirectly 

Source of benefits Action/Research needed to promote beneficial interaction

Niche partitioning Identify the traits and genes involved in resource-use or 
resource-acquisition

Conduct diversifying selection on these traits and genes to promote 
niche partitioning between genotypes/species

Conduct the selection directly in mixtures instead of monocultures
Investigate further the role of trait plasticity in promoting 

phenotypic divergence and niche complementarity
Look for unexploited variation in secondary gene pools (landraces, 

early domesticated forms, wild relatives)

Facilitation Better characterize the facilitative potential of known traits such as 
hydraulic lift, root exudates, phytosiderophore production, etc

Identify other traits and genes involved in facilitative interactions
Conduct directional selection on these traits to create facilitative 

varieties/species
Look for unexploited variation in secondary gene pools (landraces, 

early domesticated forms, wild relatives)

Microorganism-
triggered 
facilitation

Select for genotypes that invest into symbiotic associations (rhizobia 
or AMF)

Select for genotypes able to differentiate among sheeters and true 
mutualists

Select for root morphologies favorable to microorganism symbiosis 
(e.g., thin roots)

Select for genotypes that invest in the CMN
Look for unexploited variation in secondary gene pools (landraces, 

early domesticated forms, wild relatives)

Kin selection Identify the traits and genes involved in a trade-off between 
individual competitiveness and group performance

Conduct a directional selection on these traits to target cooperative 
phenotypes that favor group performance

Select directly on group performance early in the pedigree selection 
schemes

Investigate the existence of kin recognition in cultivated species and 
their wild relatives

Look for unexploited variation in secondary gene pools (landraces, 
early domesticated forms, wild relatives)

TA B L E  1  Future research directions 
to promote beneficial interactions in 
agroecosystems
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as a result of loss of adaptive genetic diversity accompanying do-
mestication and breeding. There is a clear need to both reintro-
duce functional diversity from wild gene pools for traits related to 
resource acquisition and use, and to select genotypes better able 
to recruit soil compounds in low-input settings. In addition, sustain-
ability would greatly benefit from breeding for genetic factors in-
volved in plant interactions with microorganisms, such as nodulation 
capacities, root exudates (Preece & Penuelas, 2020), carbon delivery 
to fungi, and those impacting the cost-benefit balance of AMF col-
onization (Sawers et al., 2008). This could include the engineering 
of symbiosis pathways by transferring specific genetic innovations 
from distant plant lineages to improve crops (Delaux & Schornack, 
2021).

An alternative approach to promote beneficial interactions is 
the use of trait-blind approach. This has been the rationale of the 
“mixing ability” approach, where mixing ability of the mixture com-
ponents are estimated based on their observed performances, and 
used to assemble relevant components (see Barot et al. (2017) for 
additional details, Forst et al. (2019) for an application in wheat, and 
Haug et al. (2021) for mixtures of barley and pea). This is also the 
rationale of trait-blind selection schemes that create the conditions 
for cooperation to evolve as a result of kin selection (Biernaskie, 
2022; Montazeaud, Rousset, et al., 2020). Promoting cooperative 
phenotypes by kin selection can be achieved by strengthening the 
degree of among-groups selection in selection schemes (Biernaskie, 
2022; Montazeaud, Rousset, et al., 2020; Murphy, Swanton, et al., 
2017; Murphy, Van Acker, et al., 2017). Current pedigree selection 
relies on selection at the individual level in the first generations and 
could thus be even more efficient in improving yield by selecting 
at the group level from the very beginning. Such selection schemes 
have proved very efficient in poultry breeding to increase egg pro-
duction in multiple-bird cages while reducing aggressive behaviors 
among individuals (Muir, 1996, 2005). Trait-blind approaches have 
also been developed at the genomic level to investigate how allelic 
and genotypic diversity affects crop performance under different 
environmental conditions (Subrahmaniam et al., 2018). For instance, 
allelic diversity at specific DNA regions in experimental stands of 
Arabidopsis thaliana has been shown to promote stand-level produc-
tivity, through an effect on plant-soil interactions (Wuest & Niklaus, 
2018) and flowering time (Turner et al., 2020). Although very prom-
ising in the context of mixtures, such genomic approaches have only 
been recently applied in crops (Montazeaud et al., 2022).

ACKNOWLEDG MENTS
HF and JD were supported by the Agence Nationale de la Recherche 
(ANR) project “Selecting for cooperative crops to develop sustain-
able agriculture” (SCOOP, grant no. ANR-19-CE32-0011). EF, RP, and 
MIT were supported by European Union’s Horizon 2020 research 
and innovation programme, grant agreement No. 862862. MIT has 
benefited from the support of the Saclay Plant Sciences-SPS (ANR-
17-EUR-0007). We are grateful to Katie Tenaillon for the original 
drawings and design of Figures 1 and 2. We thank Nicolas Bierne 
and two anonymous reviewers for their insightful comments.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

ORCID
Hélène Fréville   https://orcid.org/0000-0003-4212-0097 
Germain Montazeaud   https://orcid.org/0000-0002-5249-3404 
Emma Forst   https://orcid.org/0000-0001-9557-3589 
Jacques David   https://orcid.org/0000-0002-2925-2258 
Roberto Papa   https://orcid.org/0000-0001-9598-3131 
Maud I. Tenaillon   https://orcid.org/0000-0002-0867-3678 

R E FE R E N C E S
Allard, R. W. (1960). Principles of plant breeding, 2nd ed. John Wiley & 

Sons, Inc.
Altieri, M. A. (1989). Agroecology - A new research and development par-

adigm for world agriculture. Agriculture Ecosystems & Environment, 
27(1–4), 37–46. https://doi.org/10.1016/0167-8809(89)90070​-4

An, G. H., Kobayashi, S., Enoki, H., Sonobe, K., Muraki, M., Karasawa, T., 
& Ezawa, T. (2010). How does arbuscular mycorrhizal colonization 
vary with host plant genotype? An example based on maize (Zea 
mays) germplasms. Plant and Soil, 327(1–2), 441–453. https://doi.
org/10.1007/s1110​4-009-0073-3

Anten, N. P. R., & Chen, B. J. W. (2021). Detect thy family: Mechanisms, 
ecology and agricultural aspects of kin recognition in plants. Plant 
Cell and Environment, 44(4), 1059–1071. https://doi.org/10.1111/
pce.14011

Anten, N. P. R., & Vermeulen, P. J. (2016). Tragedies and crops: 
Understanding natural selection to improve cropping sys-
tems. Trends in Ecology & Evolution, 31(6), 429–439. https://doi.
org/10.1016/j.tree.2016.02.010

Bardgett, R. D., & Wardle, D. A. (2010). Aboveground-belowground link-
ages: Biotic interactions, ecosystem processes, and global change. 
Oxford University Press.

Barot, S., Allard, V., Cantarel, A., Enjalbert, J., Gauffreteau, A., Goldringer, 
I., Lata, J.-C., Le Roux, X., Niboyet, A., & Porcher, E. (2017). Designing 
mixtures of varieties for multifunctional agriculture with the help 
of ecology. A review. Agronomy for Sustainable Development, 37, 13. 
https://doi.org/10.1007/s1359​3-017-0418-x

Bedoussac, L., Journet, E. P., Hauggaard-Nielsen, H., Naudin, C., Corre-
Hellou, G., Jensen, E., Prieur, L., & Justes, E. (2015). Ecological prin-
ciples underlying the increase of productivity achieved by cereal-
grain legume intercrops in organic farming. A review. Agronomy for 
Sustainable Development, 35(3), 911–935. https://doi.org/10.1007/
s1359​3-014-0277-7

Begon, M., Townsend, C. R., & Harper, J. L. (2005). Ecology: From individ-
uals to ecosystems. Wiley-Blackwell.

Berruti, A., Lumin, E., Balestrini, R., & Bianciotto, V. (2016). Arbuscular 
mycorrhizal fungi as natural biofertilizers: Let’s benefit from 
past successes. Frontiers in Microbiology, 6, 1559. https://doi.
org/10.3389/fmicb.2015.01559

Betencourt, E., Duputel, M., Colomb, B., Desclaux, D., & Hinsinger, 
P. (2012). Intercropping promotes the ability of durum wheat 
and chickpea to increase rhizosphere phosphorus availability in 
a low P soil. Soil Biology & Biochemistry, 46, 181–190. https://doi.
org/10.1016/j.soilb​io.2011.11.015

Biernaskie, J. M. (2022). Kin selection theory for cooperative crops. 
Evolutionary Applications.

Borg, J., Kiaer, L. P., Lecarpentier, C., Goldringer, I., Gauffreteau, A., Saint-
Jean, S., Barot, S., & Enjalbert, J. (2018). Unfolding the potential 
of wheat cultivar mixtures: A meta-analysis perspective and iden-
tification of knowledge gaps. Field Crops Research, 221, 298–313. 
https://doi.org/10.1016/j.fcr.2017.09.006

https://orcid.org/0000-0003-4212-0097
https://orcid.org/0000-0003-4212-0097
https://orcid.org/0000-0002-5249-3404
https://orcid.org/0000-0002-5249-3404
https://orcid.org/0000-0001-9557-3589
https://orcid.org/0000-0001-9557-3589
https://orcid.org/0000-0002-2925-2258
https://orcid.org/0000-0002-2925-2258
https://orcid.org/0000-0001-9598-3131
https://orcid.org/0000-0001-9598-3131
https://orcid.org/0000-0002-0867-3678
https://orcid.org/0000-0002-0867-3678
https://doi.org/10.1016/0167-8809(89)90070-4
https://doi.org/10.1007/s11104-009-0073-3
https://doi.org/10.1007/s11104-009-0073-3
https://doi.org/10.1111/pce.14011
https://doi.org/10.1111/pce.14011
https://doi.org/10.1016/j.tree.2016.02.010
https://doi.org/10.1016/j.tree.2016.02.010
https://doi.org/10.1007/s13593-017-0418-x
https://doi.org/10.1007/s13593-014-0277-7
https://doi.org/10.1007/s13593-014-0277-7
https://doi.org/10.3389/fmicb.2015.01559
https://doi.org/10.3389/fmicb.2015.01559
https://doi.org/10.1016/j.soilbio.2011.11.015
https://doi.org/10.1016/j.soilbio.2011.11.015
https://doi.org/10.1016/j.fcr.2017.09.006


10  |    FRÉVILLE et al.

Brisson, V. L., Schmidt, J. E., Northen, T. R., Vogel, J. P., & Gaudin, A. 
C. M. (2019). Impacts of maize domestication and breeding on 
rhizosphere microbial community recruitment from a nutrient 
depleted agricultural soil. Scientific Reports, 9, 15611. https://doi.
org/10.1038/s4159​8-019-52148​-y

Brooker, R. W., Bennett, A. E., Cong, W. F., Daniell, T. J., George, T. S., 
Hallett, P. D., Hawes, C., Iannetta, P. P. M., Jones, H. G., Karley, A. 
J., Li, L., McKenzie, B. M., Pakeman, R. J., Paterson, E., Schob, C., 
Shen, J. B., Squire, G., Watson, C. A., Zhang, C. C., … White, P. J. 
(2015). Improving intercropping: A synthesis of research in agron-
omy, plant physiology and ecology. New Phytologist, 206(1), 107–
117. https://doi.org/10.1111/nph.13132

Brooker, R. W., Karley, A. J., Newton, A. C., Pakeman, R. J., & 
Schoeb, C. (2016). Facilitation and sustainable agriculture: 
A mechanistic approach to reconciling crop production and 
conservation. Functional Ecology, 30(1), 98–107. https://doi.
org/10.1111/1365-2435.12496

Brooker, R. W., Maestre, F. T., Callaway, R. M., Lortie, C. L., Cavieres, 
L. A., Kunstler, G., Liancourt, P., Tielboerger, K., Travis, J. M. J., 
Anthelme, F., Armas, C., Coll, L., Corcket, E., Delzon, S., Forey, E., 
Kikvidze, Z., Olofsson, J., Pugnaire, F. I., Quiroz, C. L., … Michalet, R. 
(2008). Facilitation in plant communities: The past, the present, and 
the future. Journal of Ecology, 96(1), 18–34.

Bryla, D. R., & Koide, R. T. (1990). Role of mycorrhizal infection in the 
growth and reproduction of wild vs cultivated plant. Oecologia, 
84(1), 82–92.

Cabal, C., Martinez-Garcia, R., Aguilar, A. D., Valladares, F., & Pacala, 
S. W. (2020). The exploitative segregation of plant roots. Science, 
370(6521), 1197–1199. https://doi.org/10.1126/scien​ce.aba9877

Caldwell, M. M., Dawson, T. E., & Richards, J. H. (1998). Hydraulic lift: 
Consequences of water efflux from the roots of plants. Oecologia, 
113(2), 151–161. https://doi.org/10.1007/s0044​20050363

Callaway, R. M. (1995). Positive interactions among plants. Botanical 
Review, 61(4), 306–349. https://doi.org/10.1007/BF029​12621

Callaway, R. M., Brooker, R. W., Choler, P., Kikvidze, Z., Lortie, C. J., 
Michalet, R., Paolini, L., Pugnaire, F. I., Newingham, B., Aschehoug, 
E. T., Armas, C., Kikodze, D., & Cook, B. J. (2002). Positive interac-
tions among alpine plants increase with stress. Nature, 417(6891), 
844–848.

Cantarel, A. A. M., Allard, V., Andrieu, B., Barot, S., Enjalbert, J., Gervaix, 
J., Goldringer, I., Pommier, T., Saint-Jean, S., & Le Roux, X. (2021). 
Plant functional trait variability and trait syndromes among wheat 
varieties: The footprint of artificial selection. Journal of Experimental 
Botany, 72(4), 1166–1180. https://doi.org/10.1093/jxb/eraa491

Chacon-Labella, J., Palacios, P. G., Matesanz, S., Schob, C., & Milla, R. 
(2019). Plant domestication disrupts biodiversity effects across 
major crop types. Ecology Letters, 22(9), 1472–1482. https://doi.
org/10.1111/ele.13336

Chase, J. M., & Leibold, M. A. (2003). Ecological niches. University of 
Chicago Press.

Colombo, M., Montazeaud, G., Viader, V., Ecarnot, M., Prosperi, J.-M., 
David, J., Fort, F., Violle, C., & Fréville, H. (2022). A genome-wide 
analysis suggests pleiotropic effects of Green Revolution genes on 
shade avoidance in wheat. Evolutionary Applications, 1–11. https://
doi.org/10.1111/eva.13349

Comadran, J., Kilian, B., Russell, J., Ramsay, L., Stein, N., Ganal, M., 
Shaw, P., Bayer, M., Thomas, W., Marshall, D., Hedley, P., Tondelli, 
A., Pecchioni, N., Francia, E., Korzun, V., Walther, A., & Waugh, R. 
(2012). Natural variation in a homolog of antirrhinum centroradialis 
contributed to spring growth habit and environmental adaptation 
in cultivated barley. Nature Genetics, 44(12), 1388–1392. https://
doi.org/10.1038/ng.2447

Cortinovis, G., Di Vittori, V., Bellucci, E., Bitocchi, E., & Papa, R. (2020). 
Adaptation to novel environments during crop diversifica-
tion. Current Opinion in Plant Biology, 56, 203–217. https://doi.
org/10.1016/j.pbi.2019.12.011

Creissen, H. E., Jorgensen, T. H., & Brown, J. K. M. (2016). Increased 
yield stability of field-grown winter barley (Hordeum vulgare L.) 
varietal mixtures through ecological processes. Crop Protection, 
85, 1–8.

Cu, S. T. T., Hutson, J., & Schuller, K. A. (2005). Mixed culture of wheat 
(Triticum aestivum L.) with white lupin (Lupinus albus L.) improves 
the growth and phosphorus nutrition of the wheat. Plant and Soil, 
272(1–2), 143–151.

Dai, J., Qiu, W., Wang, N., Wang, T., Nakanishi, H., & Zuo, Y. (2019). From 
leguminosae/gramineae intercropping systems to see benefits of 
intercropping on iron nutrition. Frontiers in Plant Science, 10, 605. 
https://doi.org/10.3389/fpls.2019.00605

Darch, T., Giles, C. D., Blackwell, M. S. A., George, T. S., Brown, L. K., 
Menezes-Blackburn, D., Shand, C. A., Stutter, M. I., Lumsdon, D. 
G., Mezeli, M. M., Wendler, R., Zhang, H., Wearing, C., Cooper, P., 
& Haygarth, P. M. (2018). Inter- and intra-species intercropping of 
barley cultivars and legume species, as affected by soil phosphorus 
availability. Plant and Soil, 427(1–2), 125–138.

Delaux, P.-M., & Schornack, S. (2021). Plant evolution driven by interac-
tions with symbiotic and pathogenic microbes. Science, 371(6531), 
796.

Donald, C. M. (1968). The breeding of crop ideotypes. Euphytica, 17(3), 
385–403. https://doi.org/10.1007/BF000​56241

Duvick, D. N., & Cassman, K. G. (1999). Post-green revolution trends 
in yield potential of temperate maize in the north-central united 
states. Crop Science, 39(6), 1622–1630.

Fabianska, I., Pesch, L., Koebke, E., Gerlach, N., & Bucher, M. (2020). 
Neighboring plants divergently modulate effects of loss-of-
function in maize mycorrhizal phosphate uptake on host physiology 
and root fungal microbiota. PLoS One, 15(6), e0232633. https://doi.
org/10.1371/journ​al.pone.0232633

Falster, D. S., & Westoby, M. (2003). Plant height and evolutionary 
games. Trends in Ecology & Evolution, 18(7), 337–343. https://doi.
org/10.1016/S0169​-5347(03)00061​-2

Fang, S., Clark, R. T., Zheng, Y., Iyer-Pascuzzi, A. S., Weitz, J. S., Kochian, 
L. V., Edelsbrunner, H., Liao, H., & Benfey, P. N. (2013). Genotypic 
recognition and spatial responses by rice roots. Proceedings of the 
National Academy of Sciences of the United States of America, 110(7), 
2670–2675. https://doi.org/10.1073/pnas.12228​21110

Forrester, D. I., Bauhus, J., & Khanna, P. K. (2004). Growth dynamics in 
a mixed-species eucalyptus globulus and acacia mearnsii. Forest 
Ecology and Management, 193(1–2), 81–95.

Forst, E., Enjalbert, J., Allard, V., Ambroise, C., Krissaane, I., Mary-Huard, 
T., Robin, S., & Goldringer, I. (2019). A generalized statistical frame-
work to assess mixing ability from incomplete mixing designs using 
binary or higher order variety mixtures and application to wheat. 
Field Crops Research, 242, 107571. https://doi.org/10.1016/j.
fcr.2019.107571

Fradgley, N., Evans, G., Biernaskie, J. M., Cockram, J., Marr, E. C., Oliver, 
A. G., Ober, E., & Jones, H. (2020). Effects of breeding history and 
crop management on the root architecture of wheat. Plant and 
Soil, 452(1–2), 587–600. https://doi.org/10.1007/s1110​4-020-
04585​-2

Franks, S. J., Weber, J. J., & Aitken, S. N. (2014). Evolutionary and plas-
tic responses to climate change in terrestrial plant populations. 
Evolutionary Applications, 7(1), 123–139. https://doi.org/10.1111/
eva.12112

Fréville, H., Roumet, P., Rode, N. O., Rocher, A., Latreille, M., Muller, 
M.-H., & David, J. (2019). Preferential helping to relatives: A po-
tential mechanism responsible for lower yield of crop variety 
mixtures? Evolutionary Applications, 12(9), 1837–1849. https://doi.
org/10.1111/eva.12842

Fukai, S., & Trenbath, B. R. (1993). Processes determining inter-
crop productivity and yields of component crops. Field Crops 
Research,  34(3–4), 247–271. https://doi.org/10.1016/0378-4290​
(93)​90117​-6

https://doi.org/10.1038/s41598-019-52148-y
https://doi.org/10.1038/s41598-019-52148-y
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/1365-2435.12496
https://doi.org/10.1111/1365-2435.12496
https://doi.org/10.1126/science.aba9877
https://doi.org/10.1007/s004420050363
https://doi.org/10.1007/BF02912621
https://doi.org/10.1093/jxb/eraa491
https://doi.org/10.1111/ele.13336
https://doi.org/10.1111/ele.13336
https://doi.org/10.1111/eva.13349
https://doi.org/10.1111/eva.13349
https://doi.org/10.1038/ng.2447
https://doi.org/10.1038/ng.2447
https://doi.org/10.1016/j.pbi.2019.12.011
https://doi.org/10.1016/j.pbi.2019.12.011
https://doi.org/10.3389/fpls.2019.00605
https://doi.org/10.1007/BF00056241
https://doi.org/10.1371/journal.pone.0232633
https://doi.org/10.1371/journal.pone.0232633
https://doi.org/10.1016/S0169-5347(03)00061-2
https://doi.org/10.1016/S0169-5347(03)00061-2
https://doi.org/10.1073/pnas.1222821110
https://doi.org/10.1016/j.fcr.2019.107571
https://doi.org/10.1016/j.fcr.2019.107571
https://doi.org/10.1007/s11104-020-04585-2
https://doi.org/10.1007/s11104-020-04585-2
https://doi.org/10.1111/eva.12112
https://doi.org/10.1111/eva.12112
https://doi.org/10.1111/eva.12842
https://doi.org/10.1111/eva.12842
https://doi.org/10.1016/0378-4290(93)90117-6
https://doi.org/10.1016/0378-4290(93)90117-6


    |  11FRÉVILLE et al.

Gaut, B. S., Seymour, D. K., Liu, Q. P., & Zhou, Y. F. (2018). Demography 
and its effects on genomic variation in crop domestication. Nature 
Plants, 4(8), 512–520. https://doi.org/10.1038/s4147​7-018-0210-1

Gayon, J., & Zallen, D. T. (1998). The role of the Vilmorin company in the 
promotion and diffusion of the experimental science of heredity in 
France, 1840–1920. Journal of the History of Biology, 31(2), 241–262.

Gioia, T., Nagel, K. A., Beleggia, R., Fragasso, M., Ficco, D. B. M., 
Pieruschka, R., De Vita, P., Fiorani, F., & Papa, R. (2015). Impact 
of domestication on the phenotypic architecture of durum wheat 
under contrasting nitrogen fertilization. Journal of Experimental 
Botany, 66(18), 5519–5530. https://doi.org/10.1093/jxb/erv289

Glemin, S., & Bataillon, T. (2009). A comparative view of the evolution 
of grasses under domestication. New Phytologist, 183(2), 273–290. 
https://doi.org/10.1111/j.1469-8137.2009.02884.x

Grossman, J. D., & Rice, K. J. (2012). Evolution of root plasticity re-
sponses to variation in soil nutrient distribution and concen-
tration. Evolutionary Applications, 5(8), 850–857. https://doi.
org/10.1111/j.1752-4571.2012.00263.x

Hajjar, R., Jarvis, D. I., & Gemmill-Herren, B. (2008). The utility of 
crop genetic diversity in maintaining ecosystem services. 
Agriculture Ecosystems & Environment, 123(4), 261–270. https://doi.
org/10.1016/j.agee.2007.08.003

Hamilton, W. D. (1964). The genetical evolution of social be-
haviour. I. Journal of Theoretical Biology, 7(1), 1–16. https://doi.
org/10.1016/0022-5193(64)90038​-4

Harlan, J. R. (1992). Crops and man. American Society of Agronomy-Crop 
Science Society.

Haug, B., Messmer, M. M., Enjalbert, J., Goldringer, I., Forst, E., Flutre, T., 
Mary-Huard, T., & Hohmann, P. (2021). Advances in breeding for 
mixed cropping—Incomplete factorials and the producer/associate 
concept. Frontiers in Plant Science, 11, 620400.

Hedden, P. (2003). The genes of the green revolution. Trends in Genetics, 
19(1), 5–9. https://doi.org/10.1016/S0168​-9525(02)00009​-4

Hetrick, B. A. D., Wilson, G. W. T., & Cox, T. S. (1992). Mycorrhizal 
dependence of modern wheat-varieties, landraces, and ances-
tors. Canadian Journal of Botany, 70(10), 2032–2040. https://doi.
org/10.1139/b92-253

Iannucci, A., Fragasso, M., Beleggia, R., Nigro, F., & Papa, R. (2017). 
Evolution of the crop rhizosphere: Impact of domestication on root 
exudates in tetraploid Wheat (Triticum turgidum L.). Frontiers in Plant 
Science, 8, 2124. https://doi.org/10.3389/fpls.2017.02124

Iqbal, M. M., Erskine, W., Berger, J. D., & Nelson, M. N. (2020). Phenotypic 
characterisation and linkage mapping of domestication syndrome 
traits in yellow lupin (Lupinus luteus L.). Theoretical and Applied Genetics, 
133(10), 2975–2987. https://doi.org/10.1007/s0012​2-020-03650​-9

Jennings, P. R., & Dejesus, J. (1968). Studies on competition in rice. I. 
Competition in mixtures of varieties. Evolution, 22(1), 119.

Karban, R., Shiojiri, K., Ishizaki, S., Wetzel, W. C., & Evans, R. Y. (2013). Kin 
recognition affects plant communication and defence. Proceedings 
of the Royal Society B: Biological Sciences, 280(1756), 20123062. 
https://doi.org/10.1098/rspb.2012.3062

Khalifa, M. A., & Qualset, C. O. (1974). Intergenotypic competition be-
tween tall and dwarf wheats. Crop Science, 14(6), 795–799.

Kiaer, L. P., Skovgaard, I. M., & Ostergard, H. (2009). Grain yield in-
crease in cereal variety mixtures: A meta-analysis of field trials. 
Field Crops Research, 114(3), 361–373. https://doi.org/10.1016/j.
fcr.2009.09.006

Kiers, E. T., Duhamel, M., Beesetty, Y., Mensah, J. A., Franken, O., 
Verbruggen, E., Fellbaum, C. R., Kowalchuk, G. A., Hart, M. M., 
Bago, A., Palmer, T. M., West, S. A., Vandenkoornhuyse, P., Jansa, 
J., & Bucking, H. (2011). Reciprocal rewards stabilize cooperation in 
the mycorrhizal symbiosis. Science, 333(6044), 880–882.

Kiers, E. T., Hutton, M. G., & Denison, R. F. (2007). Human selection and 
the relaxation of legume defences against ineffective rhizobia. 
Proceedings of the Royal Society B: Biological Sciences, 274(1629), 
3119–3126.

Koide, R., Li, M., Lewis, J., & Irby, C. (1988). Role of mycorrhizal infec-
tion in the growth and reproduction of wild vs cultivated plants.1. 
Wild vs cultivated oats. Oecologia, 77(4), 537–543. https://doi.
org/10.1007/BF003​77271

Leff, J. W., Lynch, R. C., Kane, N. C., & Fierer, N. (2017). Plant domestica-
tion and the assembly of bacterial and fungal communities associ-
ated with strains of the common sunflower, helianthus annuus. New 
Phytologist, 214(1), 412–423.

Lehmann, L., & Perrin, N. (2002). Altruism, dispersal, and phenotype-
matching kin recognition. The American Naturalist, 159(5), 451–468. 
https://doi.org/10.1086/339458

Li, C., Dong, Y., Li, H., Shen, J., & Zhang, F. (2016). Shift from complemen-
tarity to facilitation on P uptake by intercropped wheat neighboring 
with faba bean when available soil P is depleted. Scientific Reports, 
6, 18663. https://doi.org/10.1038/srep1​8663

Li, H., Shen, J., Zhang, F., Clairotte, M., Drevon, J. J., Le Cadre, E., & 
Hinsinger, P. (2008). Dynamics of phosphorus fractions in the rhi-
zosphere of common bean (Phaseolus vulgaris L.) and durum wheat 
(Triticum turgidum durum L.) grown in monocropping and intercrop-
ping systems. Plant and Soil, 312(1–2), 139–150.

Li, L., Li, S.-M., Sun, J.-H., Zhou, L.-L., Bao, X.-G., Zhang, H.-G., & Zhang, 
F.-S. (2007). Diversity enhances agricultural productivity via rhi-
zosphere phosphorus facilitation on phosphorus-deficient soils. 
Proceedings of the National Academy of Sciences of the United 
States of America, 104(27), 11192–11196. https://doi.org/10.1073/
pnas.07045​91104

Li, L., Sun, J. H., Zhang, F. S., Guo, T. W., Bao, X. G., Smith, F. A., & Smith, S. 
E. (2006). Root distribution and interactions between intercropped 
species. Oecologia, 147(2), 280–290. https://doi.org/10.1007/
s0044​2-005-0256-4

Li, L., Tilman, D., Lambers, H., & Zhang, F.-S. (2014). Plant diversity and 
overyielding: Insights from belowground facilitation of intercrop-
ping in agriculture. New Phytologist, 203(1), 63–69. https://doi.
org/10.1111/nph.12778

Li, S. M., Li, L., Zhang, F. S., & Tang, C. (2004). Acid phosphatase role 
in chickpea/maize intercropping. Annals of Botany, 94(2), 297–303. 
https://doi.org/10.1093/aob/mch140

Li, Y. F., Ran, W., Zhang, R. P., Sun, S. B., & Xu, G. H. (2009). Facilitated 
legume nodulation, phosphate uptake and nitrogen transfer by ar-
buscular inoculation in an upland rice and mung bean intercropping 
system. Plant and Soil, 315(1–2), 285–296. https://doi.org/10.1007/
s1110​4-008-9751-9

Litrico, I., & Violle, C. (2015). Diversity in plant breeding a new concep-
tual framework. Trends in Plant Science, 20(10), 604–613. https://
doi.org/10.1016/j.tplan​ts.2015.07.007

Liu, Y. C., Qin, X. M., Xiao, J. X., Tang, L., Wei, C. Z., Wei, J. J., & Zheng, Y. 
(2017). Intercropping influences component and content change of 
flavonoids in root exudates and nodulation of faba bean. Journal of 
Plant Interactions, 12(1), 187–192. https://doi.org/10.1080/17429​
145.2017.1308569

Lopez Pereira, M., Sadras, V. O., Batista, W., Casal, J. J., & Hall, A. J. 
(2017). Light-mediated self-organization of sunflower stands in-
creases oil yield in the field. Proceedings of the National Academy 
of Sciences of the United States of America, 114(30), 7975–7980. 
https://doi.org/10.1073/pnas.16189​90114

Lopez-Ridaura, S., Barba-Escoto, L., Reyna-Ramirez, C. A., Sum, C., 
Palacios-Rojas, N., & Gerard, B. (2021). Maize intercropping in the 
milpa system. Diversity, extent and importance for nutritional se-
curity in the Western Highlands of Guatemala. Scientific Reports, 11, 
3696. https://doi.org/10.1038/s4159​8-021-82784​-2

Loreau, M., & Hector, A. (2001). Partitioning selection and complemen-
tarity in biodiversity experiments. Nature, 413(6855), 548.

Lu, Z. M., & Zeiger, E. (1994). Selection for higher yields and heat-
resistance in pima cotton has caused genetically-determined 
changes in stomatal conductances. Physiologia Plantarum, 92(2), 
273–278. https://doi.org/10.1111/j.1399-3054.1994.tb053​37.x

https://doi.org/10.1038/s41477-018-0210-1
https://doi.org/10.1093/jxb/erv289
https://doi.org/10.1111/j.1469-8137.2009.02884.x
https://doi.org/10.1111/j.1752-4571.2012.00263.x
https://doi.org/10.1111/j.1752-4571.2012.00263.x
https://doi.org/10.1016/j.agee.2007.08.003
https://doi.org/10.1016/j.agee.2007.08.003
https://doi.org/10.1016/0022-5193(64)90038-4
https://doi.org/10.1016/0022-5193(64)90038-4
https://doi.org/10.1016/S0168-9525(02)00009-4
https://doi.org/10.1139/b92-253
https://doi.org/10.1139/b92-253
https://doi.org/10.3389/fpls.2017.02124
https://doi.org/10.1007/s00122-020-03650-9
https://doi.org/10.1098/rspb.2012.3062
https://doi.org/10.1016/j.fcr.2009.09.006
https://doi.org/10.1016/j.fcr.2009.09.006
https://doi.org/10.1007/BF00377271
https://doi.org/10.1007/BF00377271
https://doi.org/10.1086/339458
https://doi.org/10.1038/srep18663
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1007/s00442-005-0256-4
https://doi.org/10.1007/s00442-005-0256-4
https://doi.org/10.1111/nph.12778
https://doi.org/10.1111/nph.12778
https://doi.org/10.1093/aob/mch140
https://doi.org/10.1007/s11104-008-9751-9
https://doi.org/10.1007/s11104-008-9751-9
https://doi.org/10.1016/j.tplants.2015.07.007
https://doi.org/10.1016/j.tplants.2015.07.007
https://doi.org/10.1080/17429145.2017.1308569
https://doi.org/10.1080/17429145.2017.1308569
https://doi.org/10.1073/pnas.1618990114
https://doi.org/10.1038/s41598-021-82784-2
https://doi.org/10.1111/j.1399-3054.1994.tb05337.x


12  |    FRÉVILLE et al.

Lukens, L. N., & Doebley, J. (1999). Epistatic and environmental interac-
tions for quantitative trait loci involved in maize evolution. Genetical 
Research, 74(3), 291–302.

Macarthur, R., & Levins, R. (1967). Limiting similarity, convergence and 
divergence of coexisting species. The American Naturalist, 101(921), 
377–385.

Maestre, F. T., Callaway, R. M., Valladares, F., & Lortie, C. J. (2009). 
Refining the stress-gradient hypothesis for competition and facili-
tation in plant communities. Journal of Ecology, 97, 199–205. https://
doi.org/10.1111/j.1365-2745.2008.01476.x

Martin-Robles, N., Lehmann, A., Seco, E., Aroca, R., Rillig, M. C., & Milla, 
R. (2018). Impacts of domestication on the arbuscular mycorrhizal 
symbiosis of 27 crop species. New Phytologist, 218(1), 322–334. 
https://doi.org/10.1111/nph.14962

Masclaux, F., Hammond, R. L., Meunier, J., Gouhier-Darimont, C., Keller, 
L., & Reymond, P. (2010). Competitive ability not kinship affects 
growth of Arabidopsis thaliana accessions. New Phytologist, 185(1), 
322–331.

Meilhac, J., Deschamps, L., Maire, V., Flajoulot, S., & Litrico, I. (2020). Both 
selection and plasticity drive niche differentiation in experimental 
grasslands. Nature Plants, 6(1), 28–33. https://doi.org/10.1038/
s4147​7-019-0569-7

Milla, R., Bastida, J. M., Turcotte, M. M., Jones, G., Violle, C., Osborne, 
C. P., Chacon-Labella, J., Sosinski, E. E., Kattge, J., Laughlin, D. C., 
Forey, E., Minden, V., Cornelissen, J. H. C., Amiaud, B., Kramer, K., 
Boenisch, G., He, T. H., Pillar, V. D., & Byun, C. (2018). Phylogenetic 
patterns and phenotypic profiles of the species of plants and mam-
mals farmed for food. Nature Ecology & Evolution, 2(11), 1808–1817. 
https://doi.org/10.1038/s4155​9-018-0690-4

Milla, R., Morente-Lopez, J., Alonso-Rodrigo, J. M., Martin-Robles, N., 
& Chapin, F. S. (2014). Shifts and disruptions in resource-use trait 
syndromes during the evolution of herbaceous crops. Proceedings 
of the Royal Society B-Biological Sciences, 281(1793), 9. https://doi.
org/10.1098/rspb.2014.1429

Montazeaud, G., Flutre, T., Ballini, E., Morel, J.-B., David, J., Girodolle, 
J., Rocher, A., Ducasse, A., Violle, C., Fort, F., & Freville, H. (2022). 
From cultivar mixtures to allelic mixtures: Opposite effects of al-
lelic richness between genotypes and genotype richness in wheat. 
New Phytologist, 233(6), 2573–2584. https://doi.org/10.1111/
nph.17915

Montazeaud, G., Rousset, F., Fort, F., Violle, C., Fréville, H., & Gandon, 
S. (2020). Farming plant cooperation in crops. Proceedings of the 
Royal Society B: Biological Sciences, 287(1919), 20191290. https://
doi.org/10.1098/rspb.2019.1290

Montazeaud, G., Violle, C., Freville, H., Luquet, D., Ahmadi, N., Courtois, 
B., Bouhaba, I., & Fort, F. (2018). Crop mixtures: Does niche com-
plementarity hold for belowground resources? An experimental 
test using rice genotypic pairs. Plant and Soil, 424(1–2), 187–202. 
https://doi.org/10.1007/s1110​4-017-3496-2

Montazeaud, G., Violle, C., Roumet, P., Rocher, A., Ecarnot, M., Compan, 
F., Maillet, G., Fort, F., & Fréville, H. (2020). Multifaceted functional 
diversity for multifaceted crop yield: Towards ecological assembly 
rules for varietal mixtures. Journal of Applied Ecology, 57, 2285–
2295. https://doi.org/10.1111/1365-2664.13735

Muir, W. M. (1996). Group selection for adaptation to multiple-hen 
cages: Selection program and direct responses. Poultry Science, 
75(4), 447–458. https://doi.org/10.3382/ps.0750447

Muir, W. M. (2005). Incorporation of competitive effects in forest tree or 
animal breeding programs. Genetics, 170(3), 1247–1259. https://doi.
org/10.1534/genet​ics.104.035956

Murphy, G. P., Swanton, C. J., Van Acker, R. C., & Dudley, S. A. (2017). 
Kin recognition, multilevel selection and altruism in crop sus-
tainability. Journal of Ecology, 105(4), 930–934. https://doi.
org/10.1111/1365-2745.12787

Murphy, G. P., Van Acker, R., Rajcan, I., & Swanton, C. J. (2017). Identity 
recognition in response to different levels of genetic relatedness 
in commercial soya bean. Royal Society Open Science, 4(1), 160879. 
https://doi.org/10.1098/rsos.160879

Mutch, L. A., & Young, J. P. W. (2004). Diversity and specificity of 
Rhizobium leguminosarum biovar viciae on wild and cultivated 
legumes. Molecular Ecology, 13(8), 2435–2444. https://doi.
org/10.1111/j.1365-294X.2004.02259.x

Navas, M. L., & Violle, C. (2009). Plant traits related to competition: 
How do they shape the functional diversity of communities? 
Community Ecology, 10(1), 131–137. https://doi.org/10.1556/
ComEc.10.2009.1.15

Neelam, K., Tiwari, V. K., Rawat, N., Tripathi, S. K., Randhawa, G. S., & 
Dhaliwal, H. S. (2010). Identification of Aegilops species with higher 
production of phytosiderophore and iron and zinc uptake under 
micronutrient-sufficient and -deficient conditions. Plant Genetic 
Resources-Characterization and Utilization, 8(2), 132–141.

Pennisi, E. (2019). Do plants favor their kin? Science, 363(6422), 15–16.
Philippot, L., Raaijmakers, J. M., Lemanceau, P., & van der Putten, W. H. 

(2013). Going back to the roots: The microbial ecology of the rhi-
zosphere. Nature Reviews Microbiology, 11(11), 789–799. https://doi.
org/10.1038/nrmic​ro3109

Pickles, B. J., Wilhelm, R., Asay, A. K., Hahn, A. S., Simard, S. W., & Mohn, 
W. W. (2017). Transfer of c-13 between paired douglas-fir seedlings 
reveals plant kinship effects and uptake of exudates by ectomycor-
rhizas. New Phytologist, 214(1), 400–411.

Postma, J. A., & Lynch, J. P. (2012). Complementarity in root architec-
ture for nutrient uptake in ancient maize/bean and maize/bean/
squash polycultures. Annals of Botany, 110(2), 521–534. https://doi.
org/10.1093/aob/mcs082

Preece, C., & Penuelas, J. (2020). A return to the wild: Root exudates 
and food security. Trends in Plant Science, 25(1), 14–21. https://doi.
org/10.1016/j.tplan​ts.2019.09.010

Prieto, I., Litrico, I., Violle, C., & Barre, P. (2017). Five species, many gen-
otypes, broad phenotypic diversity: When agronomy meets func-
tional ecology. American Journal of Botany, 104(1), 62–71. https://
doi.org/10.3732/ajb.1600354

Reiss, E. R., & Drinkwater, L. E. (2018). Cultivar mixtures: A meta-analysis 
of the effect of intraspecific diversity on crop yield. Ecological 
Applications, 28(1), 62–77. https://doi.org/10.1002/eap.1629

Revilla-Molina, I. M., Bastiaans, L., Van Keulen, H., Kropff, M. J., Hui, F., 
Castilla, N. P., Mew, T. W., Zhu, Y. Y., & Leung, H. (2009). Does re-
source complementarity or prevention of lodging contribute to the 
increased productivity of rice varietal mixtures in Yunnan, China? 
Field Crops Research, 111(3), 303–307. https://doi.org/10.1016/j.
fcr.2009.01.003

Rodriguez, C., Carlsson, G., Englund, J.-E., Flohr, A., Pelzer, E., Jeuffroy, 
M.-H., Makowski, D., & Jensen, E. S. (2020). Grain legume-cereal in-
tercropping enhances the use of soil-derived and biologically fixed 
nitrogen in temperate agroecosystems. A meta-analysis. European 
Journal of Agronomy, 118, 126077. https://doi.org/10.1016/j.
eja.2020.126077

Roucou, A., Violle, C., Fort, F., Roumet, P., Ecarnot, M., & Vile, D. (2018). 
Shifts in plant functional strategies over the course of wheat do-
mestication. Journal of Applied Ecology, 55(1), 25–37. https://doi.
org/10.1111/1365-2664.13029

Sangabriel-Conde, W., Negrete-Yankelevich, S., Eduardo Maldonado-
Mendoza, I., & Trejo-Aguilar, D. (2014). Native maize landraces from 
Los Tuxtlas, Mexico show varying mycorrhizal dependency for P 
uptake. Biology and Fertility of Soils, 50(2), 405–414. https://doi.
org/10.1007/s0037​4-013-0847-x

Sawers, R. J. H., Gutjahr, C., & Paszkowski, U. (2008). Cereal mycorrhiza: 
An ancient symbiosis in modern agriculture. Trends in Plant Science, 
13(2), 93–97. https://doi.org/10.1016/j.tplan​ts.2007.11.006

https://doi.org/10.1111/j.1365-2745.2008.01476.x
https://doi.org/10.1111/j.1365-2745.2008.01476.x
https://doi.org/10.1111/nph.14962
https://doi.org/10.1038/s41477-019-0569-7
https://doi.org/10.1038/s41477-019-0569-7
https://doi.org/10.1038/s41559-018-0690-4
https://doi.org/10.1098/rspb.2014.1429
https://doi.org/10.1098/rspb.2014.1429
https://doi.org/10.1111/nph.17915
https://doi.org/10.1111/nph.17915
https://doi.org/10.1098/rspb.2019.1290
https://doi.org/10.1098/rspb.2019.1290
https://doi.org/10.1007/s11104-017-3496-2
https://doi.org/10.1111/1365-2664.13735
https://doi.org/10.3382/ps.0750447
https://doi.org/10.1534/genetics.104.035956
https://doi.org/10.1534/genetics.104.035956
https://doi.org/10.1111/1365-2745.12787
https://doi.org/10.1111/1365-2745.12787
https://doi.org/10.1098/rsos.160879
https://doi.org/10.1111/j.1365-294X.2004.02259.x
https://doi.org/10.1111/j.1365-294X.2004.02259.x
https://doi.org/10.1556/ComEc.10.2009.1.15
https://doi.org/10.1556/ComEc.10.2009.1.15
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1093/aob/mcs082
https://doi.org/10.1093/aob/mcs082
https://doi.org/10.1016/j.tplants.2019.09.010
https://doi.org/10.1016/j.tplants.2019.09.010
https://doi.org/10.3732/ajb.1600354
https://doi.org/10.3732/ajb.1600354
https://doi.org/10.1002/eap.1629
https://doi.org/10.1016/j.fcr.2009.01.003
https://doi.org/10.1016/j.fcr.2009.01.003
https://doi.org/10.1016/j.eja.2020.126077
https://doi.org/10.1016/j.eja.2020.126077
https://doi.org/10.1111/1365-2664.13029
https://doi.org/10.1111/1365-2664.13029
https://doi.org/10.1007/s00374-013-0847-x
https://doi.org/10.1007/s00374-013-0847-x
https://doi.org/10.1016/j.tplants.2007.11.006


    |  13FRÉVILLE et al.

Sawers, R. J. H., Rosario Ramirez-Flores, M., Olalde-Portugal, V., & 
Paszkowski, U. (2018). The impact of domestication and crop im-
provement on arbuscular mycorrhizal symbiosis in cereals: Insights 
from genetics and genomics. New Phytologist, 220(4), 1135–1140. 
https://doi.org/10.1111/nph.15152

Schmitt, J., & Wulff, R. D. (1993). Light spectral quality, phytochrome and 
plant competition. Trends in Ecology & Evolution, 8(6), 227. https://
doi.org/10.1016/0169-5347(93)90157​-K

Shen, J., Li, H., Neumann, G., & Zhang, F. (2005). Nutrient uptake, clus-
ter root formation and exudation of protons and citrate in Lupinus 
albus as affected by localized supply of phosphorus in a split-root 
system. Plant Science, 168(3), 837–845. https://doi.org/10.1016/j.
plant​sci.2004.10.017

Smithson, J. B., & Lenne, J. M. (1996). Varietal mixtures: A viable strat-
egy for sustainable productivity in subsistence agriculture. Annals 
of Applied Biology, 128(1), 127–158. https://doi.org/10.1111/
j.1744-7348.1996.tb070​96.x

Spor, A., Roucou, A., Mounier, A., Bru, D., Breuil, M.-C., Fort, F., Vile, D., 
Roumet, P., Philippot, L., & Violle, C. (2020). Domestication-driven 
changes in plant traits associated with changes in the assembly of 
the rhizosphere microbiota in tetraploid wheat. Scientific Reports, 
10, 12234. https://doi.org/10.1038/s4159​8-020-69175​-9

Subrahmaniam, H. J., Libourel, C., Journet, E. P., Morel, J. B., Munos, S., 
Niebel, A., Raffaele, S., & Roux, F. (2018). The genetics underlying 
natural variation of plant-plant interactions, a beloved but forgot-
ten member of the family of biotic interactions. Plant Journal, 93(4), 
747–770. https://doi.org/10.1111/tpj.13799

Suneson, C. A. (1949). Survival of four barley varieties in a mixture. 
Agronomy Journal, 41(10), 459–461.

Suneson, C. A., & Wiebe, G. A. (1942). Survival of barley and wheat var-
ities in mixtures. Journal of the American Society of Agronomy, 34, 
1052–1056.

Tilman, D. (1999). Global environmental impacts of agricultural expan-
sion: The need for sustainable and efficient practices. Proceedings 
of the National Academy of Sciences of the United States of America, 
96(11), 5995–6000. https://doi.org/10.1073/pnas.96.11.5995

Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food demand 
and the sustainable intensification of agriculture. Proceedings of the 
National Academy of Sciences of the United States of America, 108(50), 
20260–20264. https://doi.org/10.1073/pnas.11164​37108

Turcotte, M. M., & Levine, J. M. (2016). Phenotypic plasticity and species 
coexistence. Trends in Ecology & Evolution, 31(10), 803–813. https://
doi.org/10.1016/j.tree.2016.07.013

Turner, K. G., Lorts, C. M., Haile, A. T., & Lasky, J. R. (2020). Effects of 
genomic and functional diversity on stand-level productivity and 
performance of non-native Arabidopsis. Proceedings of the Royal 
Society B: Biological Sciences, 287(1937), 20202041. https://doi.
org/10.1098/rspb.2020.2041

Valente, J., Gerin, F., Le Gouis, J., Moenne-Loccoz, Y., & Prigent-
Combaret, C. (2020). Ancient wheat varieties have a higher abil-
ity to interact with plant growth-promoting rhizobacteria. Plant 
Cell and Environment, 43(1), 246–260. https://doi.org/10.1111/
pce.13652

Violle, C., Garnier, E., Lecoeur, J., Roumet, C., Podeur, C., Blanchard, 
A., & Navas, M. L. (2009). Competition, traits and resource deple-
tion in plant communities. Oecologia, 160(4), 747–755. https://doi.
org/10.1007/s0044​2-009-1333-x

Walder, F., Niemann, H., Natarajan, M., Lehmann, M. F., Boller, T., & 
Wiemken, A. (2012). Mycorrhizal Networks: Common goods of 
plants shared under unequal terms of trade. Plant Physiology, 159(2), 
789–797. https://doi.org/10.1104/pp.112.195727

Walder, F., & van der Heijden, M. G. A. (2015). Regulation of resource 
exchange in the arbuscular mycorrhizal symbiosis. Nature Plants, 
1(11). https://doi.org/10.1038/nplan​ts.2015.159

Wang, M., Li, W., Fang, C., Xu, F., Liu, Y., Wang, Z., Yang, R., Zhang, M., 
Liu, S., Lu, S., Lin, T., Tang, J., Wang, Y., Wang, H., Lin, H., Zhu, B., 
Chen, M., Kong, F., Liu, B., … Tian, Z. (2018). Parallel selection on a 
dormancy gene during domestication of crops from multiple fam-
ilies. Nature Genetics, 50(10), 1435–+. https://doi.org/10.1038/
s4158​8-018-0229-2

Wang, X.-X., Hoffland, E., Feng, G., & Kuyper, T. W. (2020). Arbuscular 
mycorrhizal symbiosis increases phosphorus uptake and pro-
ductivity of mixtures of maize varieties compared to monocul-
tures. Journal of Applied Ecology, 57(11), 2203–2211. https://doi.
org/10.1111/1365-2664.13739

Wen, Z., Li, H., Shen, Q., Tang, X., Xiong, C., Li, H., Pang, J., Ryan, M. H., 
Lambers, H., & Shen, J. (2019). Tradeoffs among root morphology, 
exudation and mycorrhizal symbioses for phosphorus-acquisition 
strategies of 16 crop species. New Phytologist, 223(2), 882–895. 
https://doi.org/10.1111/nph.15833

West, S. A., Griffin, A. S., & Gardner, A. (2007). Social semantics: 
Altruism, cooperation, mutualism, strong reciprocity and group se-
lection. Journal of Evolutionary Biology, 20(2), 415–432. https://doi.
org/10.1111/j.1420-9101.2006.01258.x

White, P. J., George, T. S., Dupuy, L. X., Karley, A. J., Valentine, T. A., 
Wiesel, L., & Wishart, J. (2013). Root traits for infertile soils. Frontiers 
in Plant Science, 4, 193. https://doi.org/10.3389/fpls.2013.00193

White, P. J., George, T. S., Gregory, P. J., Bengough, A. G., Hallett, P. D., 
& McKenzie, B. M. (2013). Matching roots to their environment. 
Annals of Botany, 112(2), 207–222. https://doi.org/10.1093/aob/
mct123

Wuest, S. E., & Niklaus, P. A. (2018). A plant biodiversity effect resolved 
to a single chromosomal region. Nature Ecology & Evolution, 2(12), 
1933–1939. https://doi.org/10.1038/s4155​9-018-0708-y

Xu, Y., Cheng, H.-F., Kong, C.-H., & Meiners, S. J. (2021). Intra-specific 
kin recognition contributes to inter-specific allelopathy: A case 
study of allelopathic rice interference with paddy weeds. Plant 
Cell and Environment, 44(12), 3479–3491. https://doi.org/10.1111/
pce.14083

Yan, L. L., Loukoianov, A., Blechl, A., Tranquilli, G., Ramakrishna, W., 
SanMiguel, P., Bennetzen, J. L., Echenique, V., & Dubcovsky, J. 
(2004). The wheat VRN2 gene is a flowering repressor down-
regulated by vernalization. Science, 303(5664), 1640–1644.

Yu, Y., Stomph, T. J., Makowski, D., & van der Werf, W. (2015). Temporal 
niche differentiation increases the land equivalent ratio of annual 
intercrops: A meta-analysis. Field Crops Research, 184, 133–144. 
https://doi.org/10.1016/j.fcr.2015.09.010

Zhang, C., Postma, J. A., York, L. M., & Lynch, J. P. (2014). Root foraging 
elicits niche complementarity-dependent yield advantage in the 
ancient ‘three sisters’ (maize/bean/squash) polyculture. Annals of 
Botany, 114(8), 1719–1733. https://doi.org/10.1093/aob/mcu191

Zhang, D., Zhang, C., Tang, X., Li, H., Zhang, F., Rengel, Z., Whalley, W. R., 
Davies, W. J., & Shen, J. (2016). Increased soil phosphorus availabil-
ity induced by faba bean root exudation stimulates root growth and 
phosphorus uptake in neighbouring maize. New Phytologist, 209(2), 
823–831. https://doi.org/10.1111/nph.13613

Zhang, F., Shen, J., Zhang, J., Zuo, Y., Li, L., & Chen, X. (2010). Rhizopshere 
processes and management for improving nutrient use efficiency 
and crop productivity: Implications for China. In D. L. Sparks (Ed.), 
Advances in agronomy, (Vol. 107, pp. 1–32).

Zhang, L., Liu, Q., Tian, Y., Xu, X., & Ouyang, H. (2016). Kin selection or 
resource partitioning for growing with siblings: Implications from 
measurements of nitrogen uptake. Plant and Soil, 398(1–2), 79–86. 
https://doi.org/10.1007/s1110​4-015-2641-z

Zhu, J., van der Werf, W., Anten, N. P. R., Vos, J., & Evers, J. B. (2015). The 
contribution of phenotypic plasticity to complementary light cap-
ture in plant mixtures. New Phytologist, 207(4), 1213–1222. https://
doi.org/10.1111/nph.13416

https://doi.org/10.1111/nph.15152
https://doi.org/10.1016/0169-5347(93)90157-K
https://doi.org/10.1016/0169-5347(93)90157-K
https://doi.org/10.1016/j.plantsci.2004.10.017
https://doi.org/10.1016/j.plantsci.2004.10.017
https://doi.org/10.1111/j.1744-7348.1996.tb07096.x
https://doi.org/10.1111/j.1744-7348.1996.tb07096.x
https://doi.org/10.1038/s41598-020-69175-9
https://doi.org/10.1111/tpj.13799
https://doi.org/10.1073/pnas.96.11.5995
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1016/j.tree.2016.07.013
https://doi.org/10.1016/j.tree.2016.07.013
https://doi.org/10.1098/rspb.2020.2041
https://doi.org/10.1098/rspb.2020.2041
https://doi.org/10.1111/pce.13652
https://doi.org/10.1111/pce.13652
https://doi.org/10.1007/s00442-009-1333-x
https://doi.org/10.1007/s00442-009-1333-x
https://doi.org/10.1104/pp.112.195727
https://doi.org/10.1038/nplants.2015.159
https://doi.org/10.1038/s41588-018-0229-2
https://doi.org/10.1038/s41588-018-0229-2
https://doi.org/10.1111/1365-2664.13739
https://doi.org/10.1111/1365-2664.13739
https://doi.org/10.1111/nph.15833
https://doi.org/10.1111/j.1420-9101.2006.01258.x
https://doi.org/10.1111/j.1420-9101.2006.01258.x
https://doi.org/10.3389/fpls.2013.00193
https://doi.org/10.1093/aob/mct123
https://doi.org/10.1093/aob/mct123
https://doi.org/10.1038/s41559-018-0708-y
https://doi.org/10.1111/pce.14083
https://doi.org/10.1111/pce.14083
https://doi.org/10.1016/j.fcr.2015.09.010
https://doi.org/10.1093/aob/mcu191
https://doi.org/10.1111/nph.13613
https://doi.org/10.1007/s11104-015-2641-z
https://doi.org/10.1111/nph.13416
https://doi.org/10.1111/nph.13416


14  |    FRÉVILLE et al.

Zhu, J., van der Werf, W., Vos, J., Anten, N. P. R., van der Putten, P. E. 
L., & Evers, J. B. (2016). High productivity of wheat intercropped 
with maize is associated with plant architectural responses. Annals 
of Applied Biology, 168(3), 357–372. https://doi.org/10.1111/
aab.12268

Zhu, Y. G., Smith, S. E., Barritt, A. R., & Smith, F. A. (2001). Phosphorus 
(P) efficiencies and mycorrhizal responsiveness of old and modern 
wheat cultivars. Plant and Soil, 237(2), 249–255.

Zuppinger-Dingley, D., Schmid, B., Petermann, J. S., Yadav, V., De Deyn, 
G. B., & Flynn, D. F. B. (2014). Selection for niche differentiation 

in plant communities increases biodiversity effects. Nature, 
515(7525), 108–111. https://doi.org/10.1038/natur​e13869

How to cite this article: Fréville, H., Montazeaud, G., Forst, 
E., David, J., Papa, R., & Tenaillon, M. I. (2022). Shift in 
beneficial interactions during crop evolution. Evolutionary 
Applications, 00, 1–14. https://doi.org/10.1111/eva.13390

https://doi.org/10.1111/aab.12268
https://doi.org/10.1111/aab.12268
https://doi.org/10.1038/nature13869
https://doi.org/10.1111/eva.13390

	Shift in beneficial interactions during crop evolution
	Abstract
	1|INTRODUCTION
	2|BENEFICIAL INTERACTIONS ARISING FROM NICHE PARTITIONING
	3|BENEFICIAL INTERACTIONS ARISING FROM FACILITATION
	4|BENEFICIAL INTERACTIONS ARISING FROM MICROORGANISMS-­TRIGGERED FACILITATION
	5|BENEFICIAL INTERACTIONS ARISING FROM KIN SELECTION
	6|CONCLUSION, CHALLENGES, AND FUTURE DIRECTIONS FOR PROMOTING BENEFICIAL INTERACTIONS IN AGRICULTURE
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES


