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olant—plant interactions

The international PLANTCOM network, Claude Becker, ! Richard Berthomé,? Philippe Delavault,
Timothée Flutre,* Hélene Fréville,® Stéphanie Gibot-Leclerc,® Valérie Le Corre,® Jean-Benoit Morel,
Nathalie Moutier,® Stéphane Mufios,? Céline Richard-Molard,® James Westwood, '°

Pierre-Emmanuel Courty,®'® Alexandre de Saint Germain, ' ''® Gaétan Louarn,

Interactions among plants have been long recognized as a major force driving
plant community dynamics and crop yield. Surprisingly, our knowledge of the
ecological genetics associated with variation of plant-plant interactions remains
limited. In this opinion article by scientists from complementary disciplines, the
international PLANTCOM network identified four timely questions to foster a
better understanding of the mechanisms mediating plant assemblages. We pro-
pose that by identifying the key relationships among phenotypic traits involved in
plant-plant interactions and the underlying adaptive genetic and molecular path-
ways, while considering environmental fluctuations at diverse spatial and time
scales, we can improve predictions of genotype-by-genotype-by-environment
interactions and modeling of productive and stable plant assemblages in wild
habitats and crop fields.

Why study the genetics of plant-plant interactions?

During the course of its life cycle, a plant can interact directly and/or indirectly, sequentially and/or
simultaneously, with multiple neighboring plants. Plant networks include interactions among indi-
viduals of different species (i.e., interspecific interactions) and among individuals from the same
species (i.e., intraspecific interactions). Concepts, ideas, and experiments developed for decades
(Box 1) led plant—plant interactions to be recognized as a major factor shaping plant community
structure and evolution [1]. However, in comparison to ecology, genetics has been rarely considered
for understanding the functioning of plant communities. Yet, deciphering the genetic and molecular
bases of plant—plant interactions would be key for (i) understanding plant community diversity,
productivity, and stability [2,3], and (i) predicting the dynamics of plant communities over several
years [4]. This would be especially relevant in the context of plant community shifts driven by global
changes [5], and the paradigm change whereby diversity is prioritized to develop more sustainable
agro-ecosystems under low input farming systems [6].

However, in comparison with other types of biotic interactions such as plant response to microbial
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nity diversity, productivity, and stability
relies on deciphering the ecological ge-
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tural systems.
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pathogens and symbionts and, to a lesser extent, herbivores, there is still very limited knowledge
about the genetics associated with variation of ecologically realistic plant—plant interactions, a
discrepancy that may originate from the complexity of establishing experiments involving interactions
with neighboring plants (see [7]). There is therefore a need for a thorough understanding of the
genetic and molecular bases underlying diverse categories of plant-plant interactions both at the
intraspecific and interspecific levels, ranging from competitive to positive interactions [e.g., facilita-
tion (see Glossary) and reciprocal helping], through asymmetric interactions (i.e., benefits for one
of the interacting plants at the expense of the other) such as plant-parasitic plant interactions. In
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Box 1. Application of modern genetics to historical concepts and ideas on plant—plant interactions

For decades, immeasurable efforts were made to describe the diversity, structure and dynamics of plant communities. The
resulting descriptive and correlative studies highlighted key patterns of the functioning of plant communities and were
accompanied by theoretical and experimental studies aimed at understanding the processes that generate those patterns
[92-94]. Interspecific competition for resources and niche differences are classically proposed as processes to explain
stable species coexistence at a local scale [93,95], albeit a limited number of experimental studies support the segregation
of plant species along diverse environmental niche axes [96]. Alternatives for explaining species co-existence and hence
species diversity, rely, for instance, on the role of competitive ability [97], which corresponds to ‘components of fitness
defined by differences among neighbors in their abilities to leave descendants when these neighbors make demands
on the same resource units and when the combined demands of these neighbors on resources exceed the supply’
[98]. The main causes of variation in competitive ability, that is, genetic variation and environmental variation and their
interactions, led to several hypotheses on the absence of competitive exclusion over the spatial and time scales under
investigation [98]. Of particular importance for this opinion article are:

(i)  the ‘environmental heterogeneity hypothesis’ assuming that competitive ability is a genetic variable and transitive
among plant species and that this genetically based transitivity depends on environmental conditions under which
a given species has a superior competitive ability over neighboring species [98].

(i)  the ‘circular networks hypothesis’ assuming an environment-independent genetically based intransitivity among plant
species [98].

(i) the ‘competitive combining ability hypothesis’ assuming a genetically based intransitivity among genotypes within
plant species, which crosses taxonomic boundaries [98]. This genetically based intransitivity at the intraspecific
level may be further affected by environmental variation.

Since the 1980s, numerous experimental studies supported the role of genetic variation in competitive ability on community
diversity, structure, and dynamics. Either directly by reporting within-species diversity for competitive ability, GxG interactions
at various spatial scales and biotic specialization [99-105], or indirectly by reporting the identification of QTLs associated with
the response of a focal species to complex plurispecific neighborhoods that cannot be predicted from the identification of
QTLs associated with response of the same focal species to bispecific neighborhoods [4,76]. The constant development
of ever-more powerful next-generation sequencing technologies paired with extensive traditional ecological studies would
certainly help to estimate the relative importance of competitive ability related hypotheses.

line with this, the international PLANTCOM network was set up to gather scientists from complemen-
tary disciplines (molecular and cellular biology, chemistry, ecophysiology, functional genetics, ecology,
evolutionary biology, quantitative genetics, agronomy, modeling, etc.), for dialogue and exchanges of
ideas on the genetics of plant—plant interactions involving wild and crop species. The purpose of
PLANTCOM is to promote the emergence of approaches, models, and tools for better managing
plant communities within agro-ecosystems and optimizing breeding programs. Based on several
brainstorming sessions in 2021, we identified four questions that, in our opinion, deserve particular
attention in the coming years and that require the establishment of interdisciplinary projects.

Which phenotypic traits and which connections between them are relevant for
the study of plant-plant interactions?

Like other categories of biotic interactions, plant-plant interactions are investigated at comple-
mentary observation scales, ranging from single cells to plant communities (Figure 1A), and for
a diverse set of phenotypic traits, including molecular, biochemical, functional, and community
traits (Figure 1B). During the last decades, phenotypic traits used to for studying plant—plant inter-
actions were dominated by functional traits (Figure 1B), in particular in the aboveground parts
of plants such as height [8], owing to the difficulty to access belowground traits [9-11]. However,
manually phenotyping a large number of such traits on a substantial number of individuals is still a
bottleneck. Therefore, it is important to combine accurate trait estimation with nondestructive
methods and automated analysis with high-throughput phenotyping, such as for leaf area [12]
and internode length [13], although this remains challenging in outdoor conditions [14]. In addi-
tion, despite the development of image analysis tools enabling quantitative analysis of root system
architecture [15], high-throughput phenotyping on roots is still rare and usually limited to single
plants early in their life cycle in controlled conditions.
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Figure 1. Identification of key traits involved in plant—-plant interactions and the relationships between them. Left
panel. Observation scales from single cell to plant communities, with Arabidopsis thaliana as a focal plant species. At the
population scale, different genotypes are represented by different shades of green. At the community scale, A. thaliana
interacts with other plant species such as Cardamine hirsuta and a grass species. Right panel. lllustration of five categories
of phenotypic traits measured to study plant-plant interactions, ranging from molecular traits (epigenome, transcriptome and
metabolome) to functional and community traits. Solid straight lines depict the range of observation scales for each category
of phenotypic traits. The size of the black circles on the extremities of the straight lines illustrates the relative importance in
the number of studies on plant-plant interactions reporting results associated with each category of phenotypic traits.
Curved lines illustrate an example of the domino effect of changes in transcriptomic profiles on microbial communities,
through changes in metabolomic profiles. Created with BioRender.com.

Although less studied, other categories of phenotypic traits can shed light on additional and
complementary mechanisms involved in plant-plant interactions (Figure 1). In particular, the rise
of omics technologies made it possible to phenotype plant—plant interactions at the molecular
and biochemical levels. The limited number of transcriptomic studies conducted at the leaf
and root levels revealed several classes of candidate genes involved in the response of a plant
to the presence of a neighboring plant, including photosynthesis and hormones, nutrient
transporters and defense pathways against pathogens [7,16]. Recent progress in single-cell
transcriptomics, such as during lateral root initiation [17], would certainly help to capture the
first molecular events of neighbor perception occurring in a small number of cells. Epigenetics
was recently added to transcriptomics in the quest of individual biomarkers involved in plant—
plant interactions [18,19]. For instance, a bidirectional transfer of mMRNA was reported between
the parasitic plant Cuscuta pentagona and the host plants Arabidopsis thaliana and tomato

¢? CellPress

Glossary

Allelochemicals: specialized
metabolites produced and released by
plants and having allelopathic effects.
Allelopathic interactions: direct or
indirect, positive (growth-promoting) or
negative (growth-inhibiting) effects, of
one plant on another through the release
of chemical compounds into the
environment.

Co-GWAS: joint association analysis
method allowing the description of the
genomic landscape of interactions
between two organisms, by identifying
QTLs associated with genomic regions
in both organisms.

Common mycorrhizal network: a
continuous network formed by
mycorrhizal fungi, which connects
interacting plants via their mycelium

and allows exchanges of nutrients and
other chemical substances between
connected plants.

Competition: simultaneous demand
by two or more individuals/species for a
limiting or non-limiting resource leading
to negative interactions among intra- or
interspecific individuals.
Eco-transcriptomics and eco-
metabolomics: application of
transcriptomics and metabolomics to
biotic interactions in (agro-)ecologically
relevant conditions.

Facilitation: process by which a plant
benefits from the presence of another
plant. Facilitation is achieved when a
genotype alters features of the local
environment to the benefit of neighboring
genotypes at the intra- or interspecific
level.

Functional redundancy: similar
ecosystem functionality among plant
species within communities. For
instance, one plant species with a
specific functional trait may substitute for
another.

Functional traits: morphological,
physiological, and phenological traits
that affect individual performance

(i.e., growth, reproduction, survival).
Functional traits are usually measured at
the individual level, and are widely used
for comparisons across species.
Holobiont: an ecological or a functional
unit, typically a host organism and its
network of microbes living on, near or
within it.

Over-yielding: a phenomenon of
increased community productivity when
species/genotypes are grown in a
mixture, as opposed to a monospecific/
monogenotypic stand.
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[20]. More recently, the transfer of microRNAs has been implicated in both parasitic [21] and non-
parasitic plant interactions [22]. Still within the framework of identifying individual biomarkers of
plant—plant communications, the continuing progress in high-throughput metabolomics revealed
key mediators of plant—plant interactions [23], such as specialized metabolites — called
allelochemicals — including volatile organic compounds [24,25] and root exudates [26]. As an
example of allelopathic interactions, a reciprocal transfer of secondary metabolites at the
root level followed by a root-to-shoot translocation was detected between rye and other crop
and weed species [27].

Beyond the individual level, plant-plant interactions can have consequences on the taxonomic
diversity, taxonomic composition and functionality (at the genetic and transcriptomic level) of
biotic communities such as microbial and arthropod communities, thereby representing
extended taxonomic and/or functional phenotypes (Figure 1). For instance, in line with the con-
cept of holobiont, the diversity and composition of leaf and rhizospheric microbial communities
depend on the identity of interacting plants and whether plants are grown in pure stands or mixtures
[28,29]. Another example of a community trait is related to the effect of plant—plant interactions on
common mycorrhizal networks, which in turn affect nutrient availability for plants growing in
subsequent generations [30].

In our opinion, while phenotyping functional traits remains essential to describe plant-plant inter-
actions, molecular and community traits deserve more attention in the foreseeable future, in order
to improve our understanding of the domino effect of phenotypic variation involved in plant—plant
interactions at complementary integrative levels (Figure 1). This multi-trait analysis requests
establishing connections among the different categories of traits listed above, by phenotyping
them in the same experimental study. For instance, in A. thaliana, combining complementary
omics approaches highlighted that the shade avoidance syndrome upon competition for light
[31] alters the trade-off between plant immunity (by downregulating the expression of defense-
associated genes in leaves [32,33]) and starch/carbon metabolism, which in turn triggers a growth
rescue by root bacterial communities mediated by the host transcriptional regulator MYC2 [34].

What are the molecular pathways and molecular networks governing plant
interactions with neighboring plants?

Beyond using diverse molecules as phenotypic traits to describe plant—plant interactions, a chal-
lenge remains to identify and validate the series of genes and/or molecules that act in concert
to establish the genetic and molecular dialogue between two neighboring plants. So far, our
knowledge of the genetic and molecular pathways underlying plant—-microbe and plant-
macro-organism interactions mainly relies on a substantial number of large-scale transcripto-
mics and metabolomics studies [35-37]. By contrast, as previously mentioned, the number
of studies addressing changes in global gene expression and metabolic profiles in plants
directly challenged by other plants remains limited (Figure 1) [7,16,38,39]. In addition, despite
the rising interest in considering positive interactions to explain plant community composition,
productivity and overyielding [40], most transcriptomics and metabolomics studies on plant—
plant interactions focused on competitive or parasitic interactions [40]. Therefore, conducting
eco-transcriptomics and eco-metabolomics studies on diverse and complementary
categories of plant—plant interactions would undoubtedly help to identify the main genetic
and molecular mechanisms of plant—plant interactions (Figure 2).

Because extensive genotype-by-genotype (GxG) interactions have been detected both at the
inter- and intra-specific levels [41], we stress the need to conduct transcriptomics and metabo-

lomics studies on several pairs of genotypes (Figure 2A). Furthermore, in line with the domino
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Parasitic plant: a plant that obtains
some or all of its nutrients from another
living plant (the host) without contributing
to the benefit of the host.
Phenomenological and mechanistic
models: two possible ways of
describing the relationships among
phenomena, either by empirical
relationships in agreement with a theory,
or by the description of the interactions
among the sub-parts in the studied
system.

Plant assemblages: a group of
interacting plant species populations
that occur together in space and time.
Reciprocal helping: interactions
between two plant partners where each
benefits from the presence of the other.
Strigolactones: plant hormones and
allelochemicals produced by plants and
involved in (i) stimulating germination of
parasitic plants, (i) mediating interactions
between plants and arbuscular
mycorrhizal fungi, and (i) contributing to
the regulation of plant architecture.
Systems biology: an approach for
understanding inter-relationships among
networks of biological processes.
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Figure 2. Combining complementary high-throughput technologies to dissect the genetic and molecular pathways
associated with natural variation of plant-plant interactions in (agro-)ecologically realistic conditions. (A) Diverse
categories of plant-plant interactions, with rice as an example of a focal species, ranging from intraspecific to interspecific
interactions (with Amaranthus sp., Setaria sp. and Phelipanche sp., from top to bottom). Intraspecific interactions range from intra-
genotypic (including various number of neighboring plants as well as density levels) to intergenotypic interactions. Different
genotypes in any neighboring species are represented by different colors. Arrowheads with a circle, a triangle or a T shape,
respectively, represent competitive, positive, and asymmetric interactions by the neighboring plants on the focal plant. (B) A QTL/
gene centric approach to strongly reduce the number of gene, metabolite and microbial candidates selected for functional
validation. This approach consists in comparing genome-wide RNA sequencing expression, metabolic profiles and microbiomes
between isogenic lines differing by a single QTL, a single gene, or a single polymorphism (artificial or natural) associated with plant—
plant interactions. (C) lllustration of ecotranscriptomics, ecometabolomics and microbiome studies performed with an RNA MinlOn
sequencer (Oxford Nanopore Technologies, Oxford, UK), an Orbitrap (Thermo Scientific, Waltham, MA, USA), and an lllumina
MiSeq Sequencer (llumina Inc., San Diego, CA, USA), respectively. (D) Systems biology based on comparative network analysis to
disentangle genetic, molecular, and microbial subnetworks from being specific to a treatment/species/genotype up to being
shared between all categories of plant-plant interactions. Each dot corresponds to a specific gene, metabolite or microbial entity
(either at the taxonomic or functional level). Abbreviation: QTL, quantitative trait locus. Created with BioRender.com.

effect of changes in transcriptomic and metabolomic profiles on microbiota [42], conducting
microbiome studies may ultimately reveal some causal functional links (Figure 2C).

Changes in transcriptomic, metabolomic, and microbiome profiles can be assessed simulta-
neously in multiple vegetative and reproductive organs, down to the tissue or single cell level
(Figure 1) [43], in particular where physical interactions occur between plants [44,45]. Although
the analysis of genome-wide RNA sequencing expression, metabolic profiles and microbiomes
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provides hundreds to thousands of genes, metabolite and microbial candidates, the validation of
causal candidates involved in plant—plant interactions remains scarce [46,47]. An approach to de-
crease the number of candidates is to apply omics approaches on plant lines differing at the func-
tionally validated gene underlying a major quantitative trait locus (QTL) [48] or mutant plants [49]
(Figure 2B), as this has been valuable in dissecting other types of biotic interactions [50]. Such an
approach may be readily applied in plant-plant interactions, albeit a small number of QTLs have
been cloned [7,51]. So far, only five studies led to the identification and functional validation of six
genes, all in response to parasitic plants owing to the underlying oligogenic architecture. Interest-
ingly, these genes encode diverse molecular functions, such as a coiled-coil nucleotide-binding
site leucine-rich repeat [52], a leucine-rich repeat receptor-like kinase [51], a receptor-like protein
[583], two cytochrome P450 genes [54], and a sulfotransferase [55].

Transcriptomics, metabolomics, and microbiome studies generate large data matrices with
thousands of features, which are the basis to build gene regulatory, metabolic, and ecological
networks [56]. A comparative network analysis based on systems biology may help to identify
common signaling and regulatory pathways involved in the response of a plant to a neighbor,
ranging from competitive to positive interactions and across a large set of crop plant species
and their wild relatives (Figure 2D).

How do plant-environment interactions influence plant-plant interactions?

The effects of a particular environmental factor on the net outcome of plant—plant interactions are
well documented [41,57]. However, most observational data involved rough descriptions of the
habitats from which genotypes were sampled, and were made at a single time point during com-
munity dynamics. Hence, the relevance of the imposed abiotic or biotic treatments considered in
experimental studies may be questioned. This in turn leads to a broader question: what are the
abiotic and biotic factors shaping plant-plant interactions and driving their evolution? Addressing
this question in wild species, crop ancestral species, or crop relatives might help identify key
environmental factors that would mediate plant—plant interactions in crop fields.

In the 1990s, the ‘stress gradient hypothesis’ (SGH) emerged as a concept predicting a shift of
plant-plant interactions at the interspecific level from competitive to positive with increasing environ-
mental stress, combining resource-related, physical, and biotic stresses by herbivores (Figure 3A)
[658-60]. While a synthesis of 727 experimental tests supports the validity of the SGH in plant com-
munities [57], the underlying functional and genetic mechanisms remain poorly understood and
deserve deeper investigation in the near future. For instance, an increase of root interactions be-
tween plants through changes in root system architecture was observed at elevated temperature
[61]. In addition, it will be important to test the SGH at the intraspecific level [41]. This may be espe-
cially relevant in the design of varietal mixtures within crop species in the context of global warming.

Beyond the SGH, which has been extensively studied at the interspecific level, we identified from
our brainstorming sessions, two categories of environmental stress emerging as key factors that
can affect the net outcome of plant—plant interactions and the underlying genetic architecture.
Firstly, microbes, as a key part of the biotic environment, can affect the net outcome of plant-
plant interactions [38]. For instance, because microbial pathogens preferentially spillover onto
closely related species, both phylogenetic distances among plant species and host abundance
drive disease pressure in plant communities, thereby modifying the network of plant—plant inter-
actions (Figure 3B) [62]. Also, a computational model recently supported the intriguing hypothesis
that the evolution of host altruistic behavior can be better explained by microbe-induced altruism
than host-centered theories, with microbes manipulating the donating host to favor horizontal
transfer of microbes to the recipient host [63]. In the context of plant—plant interactions, microbes

6  Trends in Plant Science, Month 2022, Vol. xx, No. xx
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Figure 3. Environmental effects on plant-plant interactions. (A) Stress gradient hypothesis (SGH). According to the SGH,
competition in plant communities decreases and positive interactions increases with increasing abiotic/biotic stress. Stress can be
related to resources-related factors (e.g., content of soil in nitrogen and inorganic phosphorus, water), physical factors
(e.g., temperature) and biotic factors (e.g., herbivory). (B) Disease pressure on interactions within plant communities. Hypothetical sce-
nario: pathogen attack on Lotus japonicus (Fabaceae) also reduces abundance of Clover sp. (Fabaceae) owing to a preferential path-
ogen spillover onto closely related species, thereby leading to an increase of abundance of Arabidopsis thaliana (Brassicaceae) and
the grass species (e.g., Poaceag). (C) Evolution of plant altruism driven by microbes. Hypothetical scenario: (1) two genotypes of
A. thaliana, G1 (focal plant) and G2 (neighboring plant), grow in proximity; (2) genotype 1 is colonized by a microbial species at the
rhizospheric and/or root level; (3) microbes induce an altruistic behavior of genotype 1 towards genotype 2; resulting in (4) a horizontal
transfer of microbes from the donating genotype to the recipient genotype during plant-plant interactions, even if the two genotypes
are unrelated. (D) Deficiencies in nitrogen and inorganic phosphorus increase the release of root exudates in the rhizosphere, which in
tum can, for instance, stimulate the germination of seeds from parasitic plants. Here is represented a rapeseed plant interacting with a
Phelipanche sp. Created with BioRender.com. Abbreviations: N, nitrogen; P, inorganic phosphorus; PPI, plant-plant interactions.

from the rhizosphere or root compartments may induce an altruistic behavior of a focal plant
towards a neighboring plant, resulting in a horizontal transfer of microbes from the focal plant
to the neighboring plant, even if the two plants are genetically unrelated (Figure 3C). These strong
experimentally and theoretically documented effects of microbes on plant-plant interactions
could bring a breath of fresh air to the SGH and deserve particular attention.

Secondly, nutrient stress can promote the establishment of certain plant—plant interactions through
triggering the production of signaling chemicals. For instance, in soils depleted in inorganic
phosphorus or nitrogen, many plant species release higher amounts of strigolactones into the
rhizosphere [64], ostensibly to recruit mycorrhizal fungi, but which are also used by parasitic plants

¢ CellP’ress

Trends in Plant Science, Month 2022, Vol. xx, No. xx 7



Image of Figure 3
http://BioRender.com
CellPress logo

¢? CellPress Trends in Plant Science

as cues to germinate and then initiate host infection (Figure 3D). Yet, the intraspecific genetic
variation of inorganic phosphorus and nitrogen regulation of strigolactone biosynthesis and exuda-
tion and the underlying mechanisms remain to be investigated. In addition, nutrient stress can
strongly affect the genetic architecture underlying the competitive response of a plant to the
presence of a neighboring plant. When challenging 195 genotypes of A. thaliana with the presence
of the grass Poa annua in three sails differing in pH and nitrogen concentration, a Genome-Wide
Association Study (GWAS) revealed that the number and identity of QTLs largely differed between
the three soil conditions, for each of the 29 phenotypic traits (including seed production) scored on
A. thaliana plants [65]. Similar experimental studies in other plant species are required to support
the generality of this environment-dependent genetic architecture of plant-plant interactions.

Can a better understanding of the genetics of plant-plant interactions improve
the prediction of plant assemblages?

Considerable progress in modeling has been achieved in our understanding and ability to predict
the most productive and/or stable plant assemblages in controlled experiments. Examples
include the prediction of short-term dynamics of mixtures of two species in contrasting environ-
ments [66] or the assemblage of more diverse communities from subsets of experimental assem-
blages [67] (Figure 4A). However, predicting more complex plant assemblages both at the inter-
and intraspecific levels (i.e., species and genotypic diversity and composition) in more ecologically
relevant conditions (Figure 4B) requires integrating data from three additional major drivers of
plant community dynamics that remain studied separately. Firstly, considering multi-level interac-
tions between plants (Figure 1) would help move from a competition-centric view of plant interac-
tions to embrace other ecological processes including positive interactions, direct trophic effects,
and diverse chemical and physical signaling.

Secondly, improving the prediction of high productive and/or stable assemblages will require con-
sidering within-species genetic diversity [68] and its effects on intra- and interspecific interactions
(Box 1, Figure 4C), as exemplified in wheat fields and temporary grasslands [69,70]. We identified
two complementary approaches to integrate GxG interactions in the modeling of plant—plant interac-
tions. The trait-centric (at the level of genotypes) approach offers quantitative prediction methods
ranging from statistical inference (e.g., multi-trait analyses) [71,72] and phenomenological models
to mechanistic models (Figure 4C). In particular, the development of trait-based models for crop
and weed population dynamics (e.g., FLORSYS, [73] VGL, [74]) appears (i) promising to integrate
phenotypic traits and their connections, (i) suitable to predict the outcome of plant—plant interactions
both in intra- and interspecific plant mixtures, and (i) helpful to prioritize the underlying traits
and driving processes. On the other hand, the QTL-centric approach (at the level of genetic polymor-
phisms) may help resolve the issue of functional redundancy of the trait-centric approach
(Figure 4C). Co-GWAS methodologies have been developed to identify intergenomic QTL-QTL inter-
actions in host—pathogen pairwise interactions [75], but remain to be applied to plant—plant interac-
tions. Because plants interact with a large number of plant species throughout their life cycle, an
alternative method developed in A. thaliana allowed detecting QTLs associated with in situ plant com-
munity descriptors, thereby suggesting that plant community diversity and composition select for
specific genetic variants in the genome of a plant species [4,76].

Thirdly, considering the effects of environmental gradients on the relative extent of intra- and
interspecific phenotypic variability [77] as well as on GxG interactions [41] represents an
additional level of information that may improve plant assemblage predictions (Box 1,
Figure 4D). This means estimating the relative fraction of variance of community functioning
explained by genotype-by-genotype-by-environment (GxGxE) interactions for diverse abiotic
and biotic factors as well as agricultural management practices.
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Figure 4. Predicting the most productive and/or stable plant assemblages. (A) Prediction of one plant assemblage
(absolute and relative abundance of each species) based on pairwise interactions between four species (Arabidopsis
thaliana, Clover sp., Lotus japonicus and a grass species). (B) A complex plant assemblage both at the inter- and
intraspecific levels by considering both species and genotypic diversity as well as composition. (C) Improving predictions
of complex plant assemblages based on a matrix of pairwise interactions between genotypes of four species, a trait-
centric approach (at the aboveground and/or belowground levels) or a QTL-centric approach (i.e., network of
intergenomic QTL-QTL interactions). (D) Testing the effects of abiotic and biotic factors as well as agricultural management
practices on the relative extent of intra- and interspecific phenotypic variability as well as on genotype-by-genotype
interactions. In (B) and (C), each species is represented by a different color and each genotype is represented by different
shades of the color of the corresponding species. Abbreviation: QTL, quantitative trait locus. Created with BioRender.com.

We foresee considerable interest at mixing both trait and QTL-centric approaches to predict the
most productive and/or stable plant assemblages in a target environment. Their current strengths
(combinatorial power, trait-blind approach) and limitations (data availability, polygenic traits) tend
to complement each other.

Concluding remarks and future perspectives

The growing global demand for sustainable food supplies combined with the need to reduce re-
liance on synthesized fertilizers and pesticides in an ever more human-driven multi-stress environ-
ment requires finding the most efficient eco-friendly solutions. Similar to plant-microbiota
interactions, there is therefore growing interest in the potential of harnessing the genetic variation
of plant—plant interactions (in wild and crop species) to achieve conservation and agricultural
goals, especially with an eye towards developing restoration programs to maintain endangered

¢? CellPress

Outstanding questions

Are the major traits identified at a
specific  observation scale still
important at other scales? Are the key
phenotypic traits, revealed under
controlled conditions, still valid under
field or natural conditions? Do the
identity and range of variation of
phenotypic traits relevant to plant—
plant interactions differ between crops
and wild plants? How have plant
domestication and breeding shaped
plant-plant interactions and the pheno-
typic traits driving intra- and interspe-
cific interactions? Were phenotypes
involved in beneficial interactions lost
during domestication and breeding?

What are the main environmental
factors (resource related, physical and
abiotic) driving plant-plant interactions
in natural settings? Does the stress
gradient hypothesis apply to plant-
plant interactions at the intraspecific
level? Can the response of plant—plant
interactions to combined stresses be
predicted from the response of plant—
plant interactions to multiple single
stresses? To which extent does the
environment affect extent genotype-
by-genotype interactions?

Do genetic and molecular pathways
involved in natural variation of plant—
plant interactions differ from competi-
tive to positive interactions and be-
tween intraspecific and interspecific
interactions? Are genetic and molecu-
lar pathways involved in plant-plant
interactions specific to a given plant
species, genus, family etc.? Do genetic
and molecular pathways involved in
plant-plant interactions differ from the
pathways involved in plant-microbe or
plant-herbivore interactions? Do the
gene networks involved include both
specific and common components?

What is the genetic architecture
underlying plant-plant interactions?
Does the genetic architecture depend
on the type of interactions
(e.g., competitive vs. positive interac-
tions, intraspecific vs. interspecific in-
teractions...)? Does a matrix of
intergenomic QTL-QTL interactions
better predict the performance and/or
stability of plant assemblage than a
phenotypic matrix of species/geno-
types interactions?
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species and personalized agricultural practices (e.g., increasing weed suppression and pest reg-
ulation) [78,79]. In addition, a better understanding of beneficial plant—plant interactions can help
predicting the resilience of natural plant communities to anthropogenic-related global changes
[80] and developing more sustainable agriculture by designing optimized species and/or geno-
type mixtures (i.e., ‘ideomixes’) [81]. The mechanisms underlying beneficial plant-plant interac-
tions has been the subject of several recent critical reviews [41,82-85], in particular on the
relative importance of two main nonexclusive hypotheses underlying intraspecific positive interac-
tions, each with opposite relationships between the extent of genetic relatedness among neigh-
bors and the level of positive interactions [86,87]. The first hypothesis is based on one special part
of the kin selection theory assuming the existence of kin recognition mechanisms, which trigger
phenotypic plasticity in competitive traits and reduce competition toward neighboring relatives
[88,89]. On the other hand, the elbow-room hypothesis predicts that resource partitioning allows
avoidance of sibling competition and increases as the intraspecific genetic distance between
neighbors increases [90].

In line with the recent creation of the new field of Function of Evolving Systems, which focuses on
the function of organisms in their communities over periods of time as interactions evolve [91], a
better understanding of the (agro)ecologically relevant genetics of plant—plant interactions would
require more than ever the establishment of interdisciplinary projects. This in turn would require
reinforcing bridges between reductionism and holism (see Outstanding questions).
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