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Plants are typically surrounded by neighboring individuals in
agricultural fields or natural environments. In such circum-
stances, plant-plant interactions (PPI) are ubiquitous and
represent not only important evolutionary forces but also
have consequences on (agro-)ecosystem functioning, such
as increased productivity and resistance. However, many
mechanisms underlying these PPls remain poorly under-
stood. Recently, new genomic technologies and tools, such
as genome-wide association studies, have facilitated genetic
approaches to study PPIs, particularly among conspecific
individuals. Here, we highlight emerging issues and advances
in the field by focusing on three different aspects. First, we
overview the current status of genetic mapping studies on
PPIs and pinpoint that these studies open a new opportunity
thatis relevant to agriculture and breeding. Second, we intro-
duce two proof-of-concept studies in Arabidopsis thaliana, in
which genetic differences among plants improved the func-
tioning of genotype mixtures. Both studies were able to pre-
dict effective mixtures with different experimental designs
applied to different outcomes (productivity increase versus
herbivory mitigation). Third, we discuss implications from
these case studies about how PPIs have cascading effects
that propagate to higher levels of biological organization,
such as populations or communities. At the population level,
plant yield or resistance can be optimized through breed-
ing that achieves reduced competition or push-pull protec-
tion systems, respectively. At the community level, these
population-level changes may have further beneficial effects
on plant-associated organisms. Overall, we suggest that the
increasing availability of genomic resources will improve our
understanding of PPIs and thereby contribute to the manage-
ment of crops or seminatural ecosystems.

Keywords: Agro-ecology e Plant—plant interaction
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Introduction

Plants are usually surrounded by neighboring individuals in
natural and managed environments, and interactions among
neighboring individuals influence both the evolution of plant
populations and the functioning of ecosystems (Harper 1977,
Brooker 2006, Grime and Pierce 2012). Understanding the
mechanisms underlying plant-plant interactions (PPls) can
help us understand natural ecosystems or optimize crop yields
and resistance in agroecosystems. Typically, direct negative
interactions, such as shoot or root competition for light,
water and soil nutrients, predominate among individual plants
(Harper 1977, Keddy 2001). Indeed, competition is a perva-
sive force in the ecology and evolution of plants, and resource
allocation to competitive structures and functions is a major
determinant of crop yield potential (Donald 1968, Jennings and
De Jesus 1968, Reynolds et al. 1994, Zhang et al. 1999, Weiner
et al. 2017, Cossani and Sadras 2021). However, PPls involve a
broad range of processes. Some PPIs are more direct, while oth-
ers are relatively diffuse or indirect (Brooker 2006, Pélissier et al.
2023), or they may affect population and ecosystem functions
in complex ways. For example, herbivore or pathogen damage
can induce defense responses in neighbors (Dahlin et al. 2018,
Erb 2018), leading to increased community-wide defense. Inter-
actions between individuals can therefore propagate to higher
levels of biological organization, such as populations and com-
munities (Fig. 1A). One such phenomenon, which has been
of great interest among community ecologists, is that species
or genotype diversity results in cascading effects on terres-
trial ecosystems (Whitham et al. 2008, Naeem et al. 2009), e.g.
resulting in increased functioning and stability of a plant com-
munity (Tilman and Downing 1994, Tilman et al. 1996, Hector
etal. 1999).

While it is well recognized that PPIs are the main underly-
ing driver of ecosystem functioning, the specific processes are
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Fig. 1 Relevance of plant-plant interactions to the levels of biological systems from genes to the community. (A) Cascading effects of plant—plant
interactions on the population- and community-level properties. Overyielding and associational resistance may occur as a result of interactions
between key genotype pairs (A, left), which further affect the community structure of plant associated organisms (A, right). (B) Typical workflow
of the genetic method; genetics provides reductionist approaches to resolve PPl and their effects on populations to specific causal drivers, e.g.

from benefits of a genetically diverse population to those at a single locus.

also complex and likely include resource use complementarity
or facilitation among plants (Naeem et al. 2009, Li et al. 2014,
Brooker et al. 2021). It is also possible that the productivity or
functioning of more diverse communities or populations are
driven by dominant species with specific traits, though it has
been shown that this is not the typical case (Loreau and Hector
2001, Barry et al. 2019). Beyond this, a multitude of mecha-
nisms may contribute, e.g. greater taxonomic and microclimatic
complexity can increase vegetation resistance to natural ene-
mies, through so-called associational resistance (Tahvanainen
and Root 1972, Barbosa et al. 2009, Jactel et al. 2021). Increases
in plant yield and resistance can further exert wider effects
on arthropods, microbes and other plant-associated organisms,
which in turn would maintain species diversity at the commu-
nity level (Crutsinger et al. 2006, Ebeling et al. 2008, Whitham
et al. 2008, Bustos-Segura et al. 2017). These cases not only
exemplify the rich and interesting nature of PPIs and their cas-
cading effects on populations and communities but also pro-
vide a taste of the challenges to study them by means of a
scientific method.

Despite their importance in evolution, ecology and agri-
culture, studying PPIs is complicated by a number of factors
(see also Becker et al. 2023). First, these interactions cover a
wide array of mutually non-exclusive processes, such as resource
competition, facilitation or indirect defense signaling (Brooker
2006). Second, we often observe only the net outcome of several
types of simultaneously operating interactions on the perfor-
mance of plant individuals, populations or communities, but

without reference to the underlying specific mechanisms (Sub-
rahmaniam et al. 2018). Third, the strength and relative impor-
tance of these processes typically depend on environmental
context (e.g. Callaway et al. 2002, Bronstein 2009). Finally,
empirical studies of PPIs require relatively complex experimen-
tal designs (see ‘Case studies’ section further). For all these
reasons, PPls remain a major research focus in ecology and
evolutionary biology, but have so far received relatively little
attention from geneticists (Subrahmaniam et al. 2018). The
genetics of PPIs could help us understand the biochemical, cel-
lular and physiological processes involved, and would be of
considerable interest in agriculture as they help design bet-
ter crops. This applies particularly to intraspecific PPIs because
modern agronomic practices focus on single-crop stands. For
instance, earlier breeders attempted to achieve ideotypes that
were weak competitors and reallocated resources from com-
petitive structures to yield components (Jennings 1964, Don-
ald 1968). Beyond the traditional monocultural practices, new
breeding perspectives have proposed quantitative genetic stud-
ies on intercrops (Bourke et al. 2021). Within this outlook,
intraspecific mixtures of multiple varieties, also known as vari-
ety mixtures, may enhance plant resistance or yield with min-
imal impacts on agronomically important trait variation such
as flowering time (Zeller et al. 2012, Sato et al. 2024, Huang
et al. 2024). Studying intraspecific PPIs also has the advantage
that once variation in interactions or their effects on popu-
lations or communities have been identified, crosses between
genotypes can be used as an effective way to further investigate
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the underlying genetic bases (Fig. 1B and case studies). Genetic
studies of intraspecific PPls may facilitate agroecosystem man-
agement and innovative breeding (Wuest et al. 2021). They
may also provide good starting points and serve as models for
studies that expand the focus from intraspecific interactions to
interactions between species (Subrahmaniam et al. 2018, Becker
et al. 2023).

Over the last decade, high-throughput sequencing
technology has increased the availability of high-resolution
and population-wide polymorphism data. This technological
advancement has enabled genome-wide association studies
(GWAS) in the model plant species Arabidopsis thaliana (Atwell
et al. 2010, Alonso-Blanco et al. 2016) and crops (Kikuchi et al.
2017, Pang et al. 2020, Montazeaud et al. 2022) [see also
Clauw et al. 2024 for a review]. In A. thaliana, GWAS has been
enabled by the RegMap (Horton et al. 2012) and 1001 Genomes
(Alonso-Blanco et al. 2016) projects. Importantly, such genomic
resources also provide functional annotations of genes, which
mean that, in many cases, the biochemical, cellular or physi-
ological functions affected by specific genes can be predicted
or inferred. Resources provided by the 1001 Genomes Project
allow scientists to study evolutionary processes by assessing
the abundance or phylogenetic and geographic distributions of
sequence polymorphisms (Exposito-Alonso et al. 2019, Mon-
tazeaud et al. 2023). Many researchers have also utilized these
rich genomic resources to conduct GWAS of biotic interactions
with microbes (Horton et al. 2014, Wang et al. 2018) and herbi-
vores (Brachietal. 2015, Nallu et al. 2018, Groux et al. 2021) in A.
thaliana. However, the genetic basis of PPIs has been less studied
than other types of biotic interactions (reviewed by Subrahma-
niam et al. 2018, Becker et al. 2023). In this paper, we review
recent progress and current challenges in studying the genetics
of PPIs. This review comprises of three parts. First, we outline the
current status of, and provide examples for, the genetics of PPls.
We note that PPIs have so far been understudied, despite the
notion that they have become amenable to forward and reverse
genetics, and despite their utility for breeding. Second, we intro-
duce two recent studies on A. thaliana that showcase ways to
dissect the genetic architecture of intraspecific PPls. Third, we
discuss how PPIs exert cascading effects on higher levels of bio-
logical systems, such as populations and communities, and how
this knowledge could be transferred to agronomy or breeding.
Throughout the present review, we suggest that modern tools
of quantitative genetics enhance our understanding of PPIs and
their potential applications in agriculture and nature.

Current Status and Issues

Plant-plant interactions involve various mechanisms, and are
affected by variation in morphology and growth, phenologi-
cal shifts, chemical signaling and so on (Becker et al. 2023).
Quantitative genetics has often adopted a phenomenological
approach to dissect complex mechanisms and diverse out-
comes of PPIs. In other words, published studies have often
measured the outcomes of PPls on plant performance. In this

paragraph, we provide specific examples of genetic studies that
examine PPIs, while also highlighting some complications that
arise in such studies. Table 1 presents a list of original research
examples of the quantitative genetics of PPIs, highlighting the
focus on various interaction types and the use of different
methods. Earlier to the emergence of GWAS, PPIs were stud-
ied using conventional quantitative trait locus (QTL) mapping.
For instance, Wolf and colleagues reported 13 QTLs underly-
ing indirect genetic effects in intraspecific competition in A.
thaliana and attributed some of these effects to a well-known
flowering locus, FRIGIDA (Mutic and Wolf 2007, Wolf et al.
2011). Although this QTL overlapped with that of flowering
time, its mapping resolution remained insufficient to gain fur-
ther functional insights. Later studies used GWAS to examine
PPIs, a method that typically has better genetic resolution than
QTL mapping. For example, Frachon et al. (2017) studied inter-
specific PPIs between A. thaliana and the grass Poa annua,
and detected the well-studied flowering regulator FLOWERING
LOCUS C as a pleiotropic candidate gene at which natural varia-
tion affects plantinteraction strength. These examples highlight
the challenge of linkage disequilibrium or pleiotropy. Both may
complicate the interpretation of genetic studies on PPIs (see
also Case Study 1 and Wuest et al. 2022), either because the
specific genes are not known, or because the multiple func-
tions that genes exert in an organism make it difficult to spec-
ify the physiological or morphological characteristics relevant
to PPIs.

In addition to quantitative genetics, single-gene studies have
identified functional genes involved in PPIs in growth and
defense. Shindo et al. (2008) reported that the outcome of
intraspecific competition was modulated by the BREVIS RADIX
(BRX) gene in A. thaliana. Loss of function of BRX results in a
compact root system through disruption of several hormonal
pathways, such as auxin, cytokinin and abscisic acid (Li et al.
2009, Rodrigues et al. 2009, Marhava et al. 2018), which resulted
in plants that exhibited lower competitive abilities when grown
with those that carried a functional BRX-allele (Shindo et al.
2008). At the same time, the loss-of-function allele of BRX has
been proposed to represent an adaptation to acidic soils (Gujas
et al. 2012), making it likely that the effects described ear-
lier depend on environmental context, in particular soil pH.
In studies that examine defense responses, LIPOXYGENASEs
(LOXs) often play a key role in wound-induced jasmonic acid
accumulation, which affects the production of plant volatiles
that can attract insects and induce defense responses in neigh-
boring plants (Takabayashi 2022). Schuman et al. (2015) have
shown that LOX2 and LOX3 together with TERPENE SYNTHASE
10 (TPS10) alter the volatile-mediated effects of neighboring
plant genotypes on herbivores and other organisms in the wild
tobacco Nicotiana attenuata. Such work on single genes and
their effect on PPIs demonstrate that both reverse genetic stud-
ies can complement forward genetic studies, though in such
cases, the roles of these genes in natural or managed popula-
tions or under different environmental contexts need further
examination.
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Table 1 Original research on the quantitative genetics of plant—plant interactions in growth and defense

Publication Study species Inter/intraspecific Phenotype Methods

Mutic and Wolf (2007) A. thaliana Intra Growth QTL mapping

Wolf et al. (2011) A. thaliana Intra Growth QTL mapping

Costa E Silva et al. (2017) Eucalyptus globulus Intra Growth & defense BLUP w/o mapping
Wauest and Niklaus (2018) A. thaliana Intra Growth QTL mapping

Frachon et al. (2017) A. thaliana Inter Growth GWAS

Frachon et al. (2019) A. thaliana Inter Growth GWAS

Libourel et al. (2021) A. thaliana Inter Growth GWAS

Turner et al. (2020) A. thaliana Intra Growth GWAS

Sato et al. (2021b) A. thaliana Intra Defense GWAS

Montazeaud et al. (2022) Triticum turgidum ssp. Durum Intra Growth & defense GWAS

Wauest et al. (2022) A. thaliana Intra Growth GWAS & QTL mapping
Montazeaud et al. (2023) A. thaliana Intra Growth GWAS

Wuest et al. (2023) A. thaliana Intra Growth GWAS & QTL mapping
Sato et al. (2024) A. thaliana Intra Defense GWAS

Related to this review on the genetics of (intraspecific) plant—plant interactions, see also Subrahmaniam et al. (2018) for more examples of conventional QTL mapping;
Becker et al. (2023) for a broader opinion including interspecific examples; Wuest et al. (2021) for evolutionary and ecological viewpoints of variety mixtures.

Abbreviation: BLUP, best-linear unbiased predictor.

While several studies have examined variation in interspe-
cific PPIs in wild and crop species (reviewed by Becker et al.
2023), major limitations are context-dependence (Frachon et al.
2019) and a lack of general insights that can be gained in them.
Context dependence may not only refer to modulation of PPls
by environmental factors but also to epistasis between genetic
variation at different loci (the ‘genomic context’ or background
of an allele; Tsuchimatsu et al. 2020). In addition to scien-
tific issues, outdoor cultivation of transgenic plants is legally
prohibited in many countries, often restricting functional tests
in a variety of environments. Therefore, despite the above-
mentioned examples showing that PPls are amenable to genetic
study and manipulation, they have only received limited atten-
tion or application so far. We argue in this review, that PPIs are
important for understanding natural processes and improving
cropping methods. Contributing to this perspective, the model
plant species A. thaliana provides an excellent test case for the
ecological and functional genomics of PPls. We also argue that
one of the main challenges in studying PPIs is the relatively com-
plicated design and difficulty in interpreting the outcomes of
genetic studies. Below, we present two recent case studies on
A. thaliana, which focus on intraspecific PPIs and their effects
on population-level properties. These studies have employed
different approaches to address the identified challenges. One
case study adopted systematic pairing designs of genotypes in
binary mixtures and investigated the complementary growth
between genotypes under controlled conditions. Another case
study planted genotypes randomly arranged in a regular grid
in the field to study increased resistance to herbivore dam-
age. These two cases revealed different genetic architectures,
i.e. oligogenic versus polygenic bases, but both were able to pre-
dict effective genotype mixtures and detect plausible candidate
genes with important roles in the interactions studied. We also
highlight the potential consequences that the two case studies
may have, either for furthering our understanding of ecological
or evolutionary processes, or for devising new predictive tools
for crop improvement.

Case Study 1—Increased Biomass Production
in Systematically Paired Genotype Mixtures
in a Greenhouse

Effective designs to study PPIs can be based on systematic pair-
ing of genotypes, for example in diallel designs (all-with-all
combinations among a sample of genotypes, Fig. 2A) or in fac-
torial designs (a sample of genotypes combined with another
sample of genotypes). These designs are traditionally also used
in hybrid breeding schemes to evaluate the performance of F1
offspring from crosses (Griffing 1956), so a wide range of analyt-
ical methods have been developed for them. Wuest and Niklaus
(2018) and Wuest et al. (2023) used natural accessions of A.
thaliana and their recombinant inbred lines (RILs), and diallel
or factorial systematic pairing designs to study diverse aspects
of PPIs. The primary focus was on variation in biomass produc-
tion in greenhouse pot experiments, and asking how specific
genetic differences between plants in A. thaliana model popu-
lations increased overall productivities of mixtures—an effect
that is likely mediated by reduced competition among plants.
The first step in these studies was the identification of two geno-
type combinations that overyield when mixed. Combining the
natural accession Bay-0 and Sha into such mixtures resulted in
overyielding only on a specific, sand-rich substrate, while com-
bining the accessions Sav-0 and Uk-1 resulted in overyielding
across various pot sizes and substrate types. In both studies,
these genotype pairs and 18 of the respective RILs (i.e. Bay-
0 X Sha RILs in the first study, and Sav-0 x Uk-1 RILs in
the second study) were used to establish new mixture com-
binations according to diallel designs. The advantage of these
designs is that variation in the quality of mixtures (i.e. ‘better’
or ‘worse’ genotype mixtures) can be determined by partition-
ing the mixture biomass yields into general combining abili-
ties of genotypes and specific combining abilities of genotype
pairs (Griffing 1956, Norrington-Davies 1967, Forst et al. 2019).
Subsequently, variation in specific combining ability among
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mixtures was genetically mapped, employing either molecular
markers or whole-genome resequencing followed by genotype
reconstruction of the RILs. Both Wuest and Niklaus (2018)
and Wuest et al. (2023) found that substantial portions of the
positive mixture effects could be attributed to between-plant
genetic differences at specific regions in the genome (quantita-
tive trait loci, QTLs), albeit the regions differed among studies
and genotype pair examined. This was not necessarily expected,
since variation in biomass production among individuals is con-
sidered a complex trait, with a complicated genetic basis (Lynch
and Walsh et al. 1998). These and other recent studies showed,
however, that PPIs and their complex effects on higher organi-
zational levels can be strongly influenced by variation at a few
genes (Barbour et al. 2022, McGale and Sanders 2022, Mon-
tazeaud et al. 2022). Wuest and Niklaus (2018) also showed that
positive mixture effects between the Bay-0 and Sha accessions
can be largely reproduced in mixtures of near-isogenic lines, i.e.
in genotypes with identical genetic backgrounds that only dif-
fered at the chromosomal region identified by QTL mapping.
At the same time, without resolution to specific genes, such a
genetic approach falls short of providing more detailed insights
into the mechanisms underlying positive mixture effects.
GWAS and QTL mapping can provide complementary
approaches to study mixtures, whereby association studies have
the potential to strongly narrow down genomic regions of inter-
est, e.g. one identified in a QTL study. In order to do that
for positive mixture effects, Wuest et al. (2023) performed
an association study for specific combining ability in mixtures.
They again analyzed variation in biomass productivity of A.
thaliana genotype mixtures grown in pots, where 98 acces-
sions were combined with each of the 10 tester genotypes in
a full factorial design. Through an association analysis focus-
ing on the previously identified QTL region, it was possible to
narrow down the locus responsible for overyielding in Sav-0
and Uk-1 mixtures. Specifically, the strongest association was
within SUCROSE PROTON SYMPORTER 8 (AtSUCS8) gene, which
codes for a root-expressed proton-sucrose symporter. Sanger
sequencing and sequence comparisons among natural acces-
sions of A. thaliana identified several potential polymorphisms
within the coding sequences of AtSUC8 that may affect pro-
tein sequence and therefore protein function. Further analy-
ses of the identified genetic polymorphisms are necessary to
establish clear causal links, and to identify the respective physi-
ological or morphological traits responsible for positive mixture
effects. Genetic and biochemical analyses, however, suggested
that variation at the AtSUC8 locus may be important for adap-
tation to soils that exhibit differences in pH. This observation
supports a hypothesis that evolutionary divergence and special-
ization along (abiotic) environmental factors could have led to
genetic differences that now cause overyielding within mixtures.
This shows that genetic studies may reach beyond identifying
specific genes and ‘knowing their names”: they can reveal pos-
sible links between ecological observations and evolutionary
processes. Alternatively, they could also provide new ideas on

how to devise simple predictive methods for crop mixtures (see
Wauest et al. 2021 for details).

While systematic pairing can facilitate genetic studies of PP,
such designs also come with some drawbacks (Fig. 2). For
example, due to their combinatorial nature, experiments can
quickly become very large, which is likely a problem for field
crop research. This issue could be solved by sub-sampling, i.e.
by only growing a subset of all possible combinations (Forst
et al. 2019). At the same time, systematic pairing designs also
generate datasets with whose several different aspects of PPIs
can simultaneously be examined. For example, the study of
Montazeaud et al. (2023) was also based on the data from
the factorial combinations of 98 A. thaliana genotypes with
10 tester lines, but the analytical emphasis was on the ques-
tion of how individual plant genotypes exert influences on their
neighbors. They applied an existing quantitative genetic frame-
work for this analysis, quantifying so-called indirect genetic
effects (IGEs), i.e. the effect of neighboring genotypes and their
genes on focal plant’s growth. Even though the fraction of total
phenotypic variance explained by IGEs was small (2.7% of the
total phenotypic variance in above-ground plant biomass), a
GWAS analysis revealed significant associations of IGE with 11
loci, together explaining 85% of the total IGE variability. Fur-
thermore, population genetic analyses could identify potential
demographic and ecological factors that determine variation in
IGEs. In another instance, the same dataset was used to com-
pare the performance of genotypes across different mixtures
with their performance in a monoculture, to identify poten-
tially cooperative alleles (Wuest et al. 2022). Cooperative alleles
improve monoculture productivity particularly under planting
high densities, where increased resource allocation to compet-
itive traits normally maximizes individual fitness but reduces
the performance of the population as a whole (Denison et al.
2003, Weiner et al. 2017). In the genetic study, a GWAS identi-
fied a chromosomal region where allelic variation had a large
effect on cooperation, and consequently on the productivity
under high densities. At the same time, the authors found that
genotypes carrying the more cooperative allele were also more
pathogen-resistant, suggesting a possible evolutionary scenario
about why this allele may be maintained in natural populations.
In summary, the systematic combination of genotypes in diallel
or factorial designs represents effective ways to analyze various
aspects of PPl and the underlying genetics, even though such
designs quickly become very large.

Case Study 2—Reduced Herbivore Damage in
a Randomized Mixture of Plant Genotypes in
the Field

Instead of systematic pairing, a widely applicable way is to focus
on neighbor interactions in a spatially randomized arrangement
of many accessions (Fig. 2B). The advantage of randomized
pairing lies in its scalability to any randomized cultivation that

481

o
(]
H
2
o
o
a
(0]
o
=
o
3
=3
=
©
7]
<
o
Q
]
aQ
@
3
o
(]
c
©
Q
o)
3
=
°
)
ke
=
o
=
Q
[]
2
[e2)
o
22
=
=
=
~
~
N
3
<
&)
N
N
~
~
=2
<
@
=2
5
e
=2
@
o
)
3
()
=%
%)
o)
=)
o
)
=X
N
c
17
]
=
o
5
w
o
<
]
<
N
o
)
&)



482

Y. Sato and S. E. Wuest

arranges many accessions on a large spatial scale. The applica-
tion of GWAS to spatially randomized arrangements of geno-
types may be feasible in crops and plantations, because breeders
often perform extensive field trials where new breeding varieties
are cultivated in a spatially randomized manner, such as a ran-
domized block design. These randomized cultivations are often
conducted at an individual level in perennial fruit trees such as
apples and grapevines (Flutre et al. 2022, Jung et al. 2022) or
at a population level for cereal crops such as barley and wheat
(Ordon and Friedt 2019, Zhao et al. 2021). While designed to
score genetic differences among individuals, such trials can be
analyzed to determine inter-individual or inter-plot interactions
to identify potential mixing partners.

Based on the randomized arrangement design, Sato et al.
(2021b) proposed a novel GWAS method named ‘Neighbor
GWAS' thatincorporated the effects of neighbor genotypic sim-
ilarity on a focal plant’s trait. This method was inspired by the
Ising model of magnetics, which has been widely applied to spa-
tial patterns in ecology such as forest gap dynamics (Schlicht
and lwasa 2004) and habitat fragmentation (Bascompte and
Sole 1996). The Neighbor GWAS method (Sato et al. 2021b)
employed the Ising model to quantify neighbor allelic interac-
tions at each locus in a randomized mixture of plant genotypes.
In this method, GWAS of neighbor interactions can be per-
formed by mapping the locus-wise effect of allelic similarity on
target traits. This estimated effect of allelic similarity on target
traits distinguishes between positive and negative interactions
between two alleles (Sato et al. 2021b). In addition to the sign
of allelic interactions, symmetric and asymmetric interactions
infer how balanced dimorphism i.e. allelic mixture increases
population-level yield or resistance (Sato et al. 2023). With com-
binations of positive or negative and symmetric and asymmetric
interactions, the total effects of allelic mixtures on population-
level yield can be partitioned into those from complementarity
or from the probability of having high-yielding genotypes (Taka-
hashi et al. 2018). This line of theoretical basis is given by
frequency-dependent selection on one locus with two alleles
(Schutz et al. 1968, Schutz and Usanis 1969, Schneider 2008,
Sato et al. 2023) and evolutionary game theory (Takahashi et al.
2018). This evolutionary theory of allelic interactions among
neighboring individuals is relevant to various population-level
properties, such as overyielding (Takahashi et al. 2018) and
associational resistance (Underwood et al. 2014).

In field trials, researchers usually score multiple traits, such as
herbivore damage, disease infection, flowering time and yield,
and estimate the heritability of these traits before conducting
GWAS (Zhao et al. 2011, Horton et al. 2014, Pang et al. 2020,
Flutre et al. 2022, Jung et al. 2022, Sato et al. 2024). As a test case,
Sato et al. (2024) recorded all insect herbivores that harbored
200 A. thaliana accessions grown in eight replicated blocks in
a field garden. Similar to the analysis of SNP heritability (Yang
et al. 2010), they analyzed neighbor interactions and quantified
the genetic variation explained by neighbor genotype effects
on herbivore damage and abundance. This variance compo-
nent analysis revealed that a 6% variation in herbivore damage

was explained by incorporating the genotypes of the nearest
neighbors. Such an influence of the nearest neighbors on the
abundance of mobile herbivores was also significant, whereas
that of sedentary herbivores was not (Sato et al. 2024). Even
when the effective range of these neighbor interactions differs
among target traits and their responsible agents, the Neighbor
GWAS model allows us to estimate the optimal spatial scales
by repeatedly calculating the proportion of phenotypic varia-
tion explained by neighbor genotypes within a certain range
(Sato et al. 2021b). The variance component analysis of neigh-
bor genotypic effects provides a way to identify promising traits
and an effective spatial scale to be analyzed using GWAS in a
randomized arrangement.

While the Neighbor GWAS distinguishes between positive
and negative interactions at a single SNP level, this can also be
applied for a multi-locus analysis of polygenic traits that are
often used in crops and field-grown plants (e.g. Brault et al. 2021,
Scott et al. 2021, Riehl et al. 2023). In field-grown A. thaliana,
Sato et al. (2024) did not find any large-effect SNPs responsi-
ble for neighbor genotypic effects on the herbivore damage,
but could narrow down key SNPs using genome-wide sparse
regression. These key SNPs included genes involved in jasmonic
acid biosynthesis LOX2 and LOX6 as candidates. LOXs are known
to affect volatile production (Matsui and Engelberth 2022),
which play multifunctional roles in plant-plant communica-
tions and herbivore attraction (Schuman et al. 2015, Dahlin et al.
2018, Takabayashi 2022). These results highlight the capability
of quantitative genetic analysis of polygenic traits that exhibit
significant heritability without large-effect QTLs. The applica-
bility of the Neighbor GWAS method to polygenic traits and
large-scale field experiments would be suitable for the study of
field-grown cultivars.

In randomized pairing, potential interactions among all
genotype pairs can be estimated using the genotype of each
pair. Using key SNPs, Sato et al. (2024) applied genomic pre-
diction to estimate the best and worst pairs. This idea is based
on the concept of genomic selection, wherein the genetic abil-
ity of each variety is predicted using genome-wide polymor-
phism data (Meuwissen et al. 2001). Such a genomic selection
approach enables the prediction of elite varieties prior to actual
phenotyping for breeding (Jannink et al. 2010, Yabe et al. 2018).
By applying the idea of genomic selection for PPIs, Sato et al.
(2024) estimated the effects of mixed planting for genotype
combinations that were missing in a randomized mixture. To
validate the estimation, they planted three candidate pairs of A.
thaliana in a mixture and monoculture, and indeed detected an
18-30% reduction in herbivore damage in the mixture. These
results show that the genomic prediction of PPIs helps iden-
tify key pairs out of many genotypes (the process on the left
of Fig. 1B) in a randomized arrangement.

The potential limitation of randomized pairing is that only
a certain fraction of all possible combinations is realized in
randomized cultivation. This problem might make genomic
prediction less reliable and lead us to overlook important geno-
type pairs. Once candidate pairs are identified, their actual
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Fig. 2 Experimental design for GWAS of intraspecific plant-plant interactions. (A) Systematic pairing adopted to study complementary growth
in controlled environments (Wuest et al. 2022, 2023, Montazeaud et al. 2023). (B) Randomized pairing adopted to study reduced pest damage in
field environments (Sato et al. 2021b, 2024). (C) Summary of the advantages and disadvantages of each approach.

effects should be verified by comparing phenotypes between
the monoculture and mixture. These key pairs can then be
subjected to QTL mapping in the same manner as that used
by Wuest et al. (2023). To enable QTL mapping of intraspe-
cific PPls, an interval mapping method called ‘Neighbor QTL is
available for the randomized pairing design (Sato et al. 2021a).
Given that systematic and randomized pairings have both
advantages and disadvantages (Fig. 2C), we need to validate
the results based on further field and laboratory experiments,
such as transplant experiments, QTL mapping and mutant
analysis.

Perspective

PPIs are ubiquitous in nature and in crop fields. Despite their
importance, relatively few genetic studies have examined them
due to the many challenges in studying such complex traits by
means of quantitative genetics. Thus far, we have shown two
case studies in which GWAS and relevant methods have been
applied to study intraspecific PPls in the model plant A. thaliana.
We have shown that PPIs and their consequences on popula-
tions need not be irreducibly complex, and that some designs
can be very effective for such purposes. In this section, we dis-
cuss how the genetics of plant-plant interactions can reveal
important insights into higher levels of biological systems, such
as populations and communities, and drive new applications in
agriculture and nature.

Population-level: cooperative crops or mixtures for
increased yield and resistance in agriculture

The quantitative genetic approaches to intraspecific PPls are
particularly applicable to agricultural fields where humans cul-
tivate and manage a single plant species over a large space.
In this agricultural practice, breeders and farmers can increase
yield by reducing competition, whereby we could draw lessons
from crop breeding, e.g. as performed by breeding efforts that
fueled the Green Revolution in rice and wheat. Hereby, high-
yielding cultivars were developed by optimizing plant popu-
lations grown under new management practices that rely on
increased applications of fertilizers (Vogel et al. 1956, De Datta
et al. 1968). The breeding of less competitive ideotypes con-
tributed to the optimization of crop productivity per area by
making plants more cooperative (Tsunoda 1959, Jennings 1964,
Donald 1968), which was inspired by the eco-physiological the-
ory of optimal canopy structure and function (Monsi and Saeki
1953; reviewed by Hirose 2004). Breeders therefore reduced
plant stature and made leaf angles more vertical by introducing
semi-dwarfing alleles to rice and wheat cultivars, which reduced
light competition under dense planting conditions. Since then,
selecting genotypes for optimal yield in monoculture popula-
tions has affected multiple plant traits that are consistent with
the idea that reducing competitive allocation improves yield
and stress tolerance of plant populations (Duvick et al. 2003,
Feng et al. 2023, Xi et al. 2023). This approach holds the poten-
tial for further yield increases, even in crops that have been
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intensively bred for higher yields over a century and using mod-
ern techniques (Tian et al. 2019, Weiner 2019). Following this
idea and while studying multiple PPIs through factorial pairing
designs and genetics, Wuest et al. (2022) found that a QTL in
A. thaliana at which the less competitive allele was also asso-
ciated with increased disease resistance, suggesting a potential
trade-off between competitive ability and disease resistance.
The yield maximization achieved through weak competition
might therefore shift a balance from competition to defense,
thereby leading to increased disease resistance and yield simul-
taneously. The relatively direct molecular links that determine
a trade-off between neighbor detection/shade avoidance and
plant immunity (Ballaré and Pierik 2017) seem to support this
notion.

Reducing competitive interference among crop plants could
also be achieved by increasing within-field crop diversity, as
discussed in Case Study 1. This would be implemented by geno-
type mixtures that exhibit some degree of complementarity
(e.g. different resource requirements, root foraging behavior,
light acquisition strategies, etc.) among plants to reduce com-
petition. This proof-of-concept study highlights an avenue for
increasing crop productivity while maintaining genetic diver-
sity. Beyond that, plants incur negative effects from pest organ-
isms as well as competitors in field environments. Pest out-
breaks are another serious problem in monocultural fields, in
which pesticide treatments impose a huge environmental bur-
den on agricultural lands (Pimentel 1996). Variety mixtures
provide a possible solution to the vulnerability of monocultural
cultivars to pest organisms, such as disease (Finckh et al. 2000,
Zhu et al. 2000, Zeller et al. 2012) and herbivory (Dahlin et al.
2018). Compared with the agents of plant disease, herbivores
move more actively between individual plants. The joint use of
repellent and attractant semiochemical volatiles, also known
as push-pull systems, is successful for maize protection from
insect herbivores (Pickett et al. 2014). Such a push-pull sys-
tem is currently achieved between different plant species, but
volatile-mediated pest suppression is also known among cul-
tivars within a crop species (Dahlin et al. 2018). To deal with
the different underlying processes among pest organisms, a
genomic prediction approach, similar to the one outlined in
Case Study 2, would be effective as the initial step to identify
key genotype pairs responsible for increased pest resistance in
mixtures.

Beyond the work outlined in Case Studies 1 and 2 that uti-
lized A. thaliana as a model to set up designs and methods,
there have also been attempts to apply GWAS of PPIs to crops
(Kikuchi et al. 2017, Montazeaud et al. 2022). For example,
using 170 inbred lines, Montazeaud et al. (2022) investigated
the yield and disease of durum wheat, Triticum turgidum ssp.
durum, in monocultures and randomly paired mixtures. Mix-
tures of these durum varieties were more productive and less
damaged than monocultures overall. Furthermore, they con-
ducted a GWAS using 117,888 SNPs and detected a significant
QTL responsible for a negative effect of allelic richness on yield

and disease. These results suggest that QTLs with negative mix-
ture effects should be homogeneous over variety mixtures. This
example also illustrates that GWAS of intraspecific PPIs is feasi-
ble and useful for crop breeding and management, but the crop
genome resources may not be as well suited as the model plant
species, specifically for functional studies. In turn, A. thaliana
provides an excellent study system that can connect field stud-
ies and molecular or evolutionary genetic approaches and be
used to devise and test experimental methods or designs.

Community-level: cascading effects of plant-plant
interactions on pest organisms

Alterations in plant yield or resistance can exert cascading
effects on the community of plant-associated organisms, such
asarthropods and microbes. Over past decades, the rise of com-
munity genetics posited this perspective from genes to commu-
nity levels (Johnson and Agrawal 2005, Crutsinger et al. 2006,
Whitham et al. 2008). While trees and perennial herbs have been
intensively studied (Johnson and Agrawal 2005, Crutsinger et al.
2006, Schweitzer et al. 2008, Barker et al. 2019), the concept
of community genetics can also be applied to crop species. In
this context of community genetics, the genetics of PPls and
A. thaliana-insect interactions provide transferable knowledge
to pest management in Brassicaceae crops as A. thaliana pro-
duce major secondary metabolites shared across Brassicaceae
linages, i.e. glucosinolates (Brachi et al. 2015, Barbour et al. 2022,
Jing et al. 2023). For example, glucosinolate variation within
Brassica oleracea is known to underpin insect communities,
including herbivores and their natural enemies (Poelman et al.
2008). These herbivore communities include specialist pests
of Brassicaceae crops, such as the diamondback moth Plutella
xylostella, the small white butterfly Pieris rapae and the cabbage
aphid Brevicoryne brassicae (Poelman et al. 2009). These herbi-
vore species are further attacked by carnivorous insects such as
parasitoid wasps and aphidophabous ladybirds (Poelman et al.
2008), shaping a multitrophic food web of the insect com-
munity. Notably, mixtures of B. oleracea genotypes increased
herbivore diversity but decreased herbivore damage compared
with monocultures (Bustos-Segura et al. 2017). This benefi-
cial effect of the mixture on plant resistance was conferred
through the diversification of glucosinolate profiles per popu-
lation (Bustos-Segura et al. 2017). In addition to herbivory and
glucosinolates, plant size in these genotype mixtures was larger
than that in monocultures (Bustos-Segura et al. 2017), suggest-
ing simultaneous optimization of plant growth and damage by
mixed planting. These cascading effects of genotype mixtures
on pest communities will be reassessed by means of the genetics
of intraspecific PPIs.

The community structures of plant-associated organisms
are often considered extended phenotypes of individual plants
(Whitham et al. 2003), which can be subjected to quantita-
tive genetic analyses (Johnson and Agrawal 2005). Specifically,
these extended phenotypes can be quantified as a diversity
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index of associated organisms, such as species richness, Shan-
non entropy, and other diversity indices of community ecology
(Johnson and Agrawal 2005), for each individual plant. Once
measured as quantitative traits, extended phenotypes can be
analyzed following our scheme of quantitative genetic analy-
ses. Using a randomized pairing approach, Sato et al. (2024)
quantified arthropod community composition as an extended
phenotype of A. thaliana accessions and tested whether the
extended phenotypic variation could be explained by genome-
wide neighbor effects. This study revealed that the genotypes
of neighboring plants significantly influenced the total number
of insect species (i.e. species richness), including herbivores and
carnivores. Some herbivores among these species were influ-
enced by neighboring genotypes while others were not (Sato
et al. 2024), indicating species-specific effects of neighboring
genotypes on herbivores. To obtain functional insights, nor-
mal GWAS can be performed on the component species of
the community. Xu et al. (2023) performed a GWAS of aphid
abundance and found an association with a putative riboso-
mal gene (AT3G13882) that was also linked to delayed growth
in A. thaliana. These findings showcase a way to understand
the cascading effects of intraspecific PPIs on the community
composition and diversity of associated organisms. While these
examples again show that the genome resources of A. thaliana
provide a rich platform for genetic studies on PPIs, they also
underline the notion that we are only beginning to realize their
potential.

The cascading effects of intraspecific PPIs are expected to
be prominent in crop fields, but these effects are also likely
to occur in any terrestrial ecosystem where one or a few plant
species governs a food web and biomass flow. Such ecosys-
tem functioning of plant genetic diversity has been reported in
the dominant plant species called foundation species, including
perennial herbs (Crutsinger et al. 2006, Johnson et al. 2006) and
trees (Whitham et al. 2008). Examples of ecosystem function-
ing include significant changes in soil conditions (Schweitzer
et al. 2008), biomass production (Genung et al. 2012) and food
web structures (Barbour et al. 2016). When positive PPls occur
within a foundation species, these impacts are profound at the
ecosystem level in nature or agriculture. In natural ecosystems,
tree species produce a large fraction of biomass and harbor
diverse organisms and exert large impacts of intraspecific PPIs,
if any, on surrounding ecosystems (Whitham et al. 2008). In the
context of indirect genetic effects, for example, studies on Pop-
ulus trees reported the impacts of neighboring genotype-by-
genotype interactions on the biomass of plants and associated
microorganisms (Shuster et al. 2006, Schweitzer et al. 2008). In
managed ecosystems, crops and plantations can be considered
foundation species that are artificially cultivated across a large
area. Cascading effects of crop intraspecific PPIs are therefore
expected to be substantial and range from the population to
the ecosystem level. When our strategy is applied for foundation
species, these analyses may illustrate the ecological significance
of PPIs at the ecosystem level in nature and agriculture. This
way of ecosystem management will become feasible owing to

the increasing availability of functional genomics in community
ecology (Stange et al. 2021).

Future challenges

The proof-of-concept using A. thaliana illuminates further
issues as well as potential solutions when applying our strate-
gies to crops and other plant species. Specifically, we anticipate
two obstacles in the contexts of ecology and genetics. First, the
ecological obstacle is the size and generation time of individual
plants. Although thousands of individual plants were cultivated
in our case studies, cultivating large crops and trees requires
much larger space than A. thaliana. In addition to plant size,
generation time should be longer in crops than in A. thaliana.
These practical issues require much more effort in field tri-
als to conduct GWAS of PPIs than standard GWAS, although
this problem could be partly solved by the randomized pairing
approach proposed in this review. Second, the genetic obstacle
lies in the complex genomic structure of crops and other plant
species. It is well-known that many species of cultivated plants
are polyploids that possess parental homeologs (in allopoly-
ploids: Shimizu 2022) and duplicated genes (in autopolyploids:
Parisod et al. 2010). The genomes of these cultivated plants
are much larger than those of A. thaliana, such as an allo-
hexaploid wheat cultivar with a 15-Gb genome (Shimizu et al.
2021). Unlike GWAS, genomic prediction may be feasible as
longas SNP-based pedigree can be estimated, but its reliability is
based on the quality and resolution of genotyping (Meuwissen
et al. 2001). We expect that this genetic issue will be resolved by
emerging sequencing and bioinformatics technologies, which
will enable GWAS and genomic prediction of PPIs.

Concluding remarks

Our review presents a strategy to understand the genetic basis
of PPIs and their outcomes at higher levels of biological sys-
tems. We have shown that effective designs exist to study
intraspecific PPIs in particular, and that such studies provide
ideas for more widely applicable genetic studies on molecu-
lar mechanisms and ecological outcomes of PPls in general.
The rich genomic resources and molecular genetic data avail-
able for the model plant A. thaliana contribute to integrating
reductionist and holistic studies in a single species (Fig. 1), in
which GWAS helps identify key genotype pairs or loci respon-
sible for positive ecological outcomes (Fig. 2). Further experi-
ments that include crosses and functional analyses can dissect
the genetic architecture of PPIs at the single-gene level. Now
that genome resources are increasingly available for crops and
other plant species (Mochida and Shinozaki 2010, Sundell et al.
2015, Shimizu et al. 2021), future studies may apply similar
strategies in cultivated species. At the same time, developing
a better picture of the many aspects of PPls and their wider
impacts on ecological and evolutionary processes will require
interdisciplinary research across biological scales, ranging from
genes to processes occurring at the level of communities and
ecosystems.
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