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Abstract

The phenotype of an individual can be affected by the genes of its conspecifics through Indirect
Genetic Effects (IGEs). IGEs have been studied across different organisms including wild and
domesticated animals and plants, but little is known about their genetic architecture. Here, we show in
a large-scale intraspecific interaction experiment that the contribution of IGEs to the biomass
variation of Arabidopsis thaliana is comparable to values classically reported in animals. Moreover,
we identify eleven loci explaining 85.1% of the variability in IGEs. We find that positive IGE alleles
(i.e., with positive effects on neighbour biomass) occur both in Relict accessions from southern
Eurasia and in post-glacial colonizers from northern Scandinavia, and that they most likely have two

divergent origins: for nine loci, they evolved in the post-glacial colonizers independently from the
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Relicts, while the two others were introgressed in the post-glacial colonizer from the Relicts. Finally,
we find that variation in IGEs most likely reflects divergent adaptations to the contrasting
environments of the edges and the centre of the native range of the species. These findings reveal a
surprisingly tractable genetic basis of IGEs in A. thaliana that is shaped by the ecology and the

demographic history of the species.

Introduction

Interactions between biological organisms shape the diversity and functioning of ecosystems'> and
influence evolutionary processes®. Despite their importance for the evolutionary dynamics of
populations, biological interactions do not feature explicitly in the classical paradigm of evolutionary
genetics because they are hidden in the environmental component of the phenotype, and thus
considered as unaffected by natural selection®. Griffing challenged this view by extending the
classical formalism of quantitative genetics to account not only for the effect that genes have on the
phenotype of their bearer (Direct Genetic Effects, DGEs), but also for the effect that genes exert on
other individuals (Indirect Genetic Effects, IGEs)’. His work and later theoretical extensions have
shown that IGEs can significantly alter both the magnitude and the direction of response to individual
selection*®. For example, when IGEs are negatively correlated with DGEs, they can reverse the

response to selection in the opposite direction to the direction of individual selection®.

Griffing’s work was motivated by a practical problem faced by plant breeders: plants selected for high
individual yield usually produce low yields when cultivated at high density in monoculture due to

5:9-11 This problem was solved by the development of

intense competition between individuals
selection methods such as pedigree selection where crop varieties are selected based on stand (group)
performance instead of individual performance!>!3. Similar problems led to similar solutions in
animal breeding where selection at the group level was shown to decrease aggressiveness between

individuals and increase productivity and animal well-being!'*!3.

While stand selection has remained the main approach to improve productivity in plants, animal

breeding has built from Griffing’s original models and developed quantitative genetics approaches
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that allow the quantification of individual’s IGEs, which can then be used as a direct selection
criterion®!¢, These quantitative genetics approaches allow to quantify the relative contribution of
DGEs and IGEs on phenotypic variation, and to predict the response to selection for traits that are
affected by intraspecific interactions'®'. More recently, these methods have been applied to non-
farmed animals to better understand the genetic basis of inter-individual interactions. These studies

showed that IGEs affect many behavioural, morphological, and physiological traits®*!

, including in
humans??, and even identified genes involved in interactions such as stress coping strategies and

wound healing in mice®.

2425 and allelopathy?®

Plants engage in many types of interactions, including competition®*, facilitation
which can be modulated by the degree of relatedness between individuals*’3!. However, contrary to
animals, very few studies have analysed intraspecific plant-plant interactions with the quantitative
genetic framework of IGEs**3%. Because IGE models partition the phenotypic variance into the direct
and the indirect effects of the genes, they provide a relevant framework to assess the evolutionary
consequences of intraspecific interactions. Moreover, they could help dissecting the genetic basis of
plant-plant interactions, which currently remain largely unknown®**’. Finally, as shown in animals,

the IGE framework could open new perspectives for plant breeding and help to identify and select

genes that have positive effects on stand-level performance (e.g., biomass or grain yield).

Arabidopsis thaliana has long been the model species for plant genetics and molecular biology.
Recently, it has also attracted the interest of ecologists and evolutionary biologists*® following a
massive international effort to collect, characterize, and sequence large collections of natural
accessions®>*, These large-scale genomic data helped to reconstruct the recent demographic history
of the species, showing that the current distribution of A. thaliana in Eurasia results from two
consecutive waves of colonization that followed the last glacial maximum (~ 10 kya)**4!, First, plants
from several glacial refugia in southern Eurasia spread northwards as the glaciers retreated. After this
first wave of expansion, a second colonization happened from a population near the northern Balkan
and eastern Europe. This post-glacial colonizer, referred to as “non-Relict”, expanded mainly along

the east-west axis and replaced most populations in the middle part of the range, leaving some of the
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first colonizers referred to as “Relicts” only at the northern and southern edges. While Relicts are only
found at the southern end of the range in present days, segments of Relict genomes are still present in
northern and southern non-Relicts, potentially carrying adaptations to local abiotic environments*!*2,
Non-Relicts and Relicts differ not only in their evolutionary histories, but also in their preferred
habitats: while Relicts are associated with relatively stable natural plant communities, non-Relicts
exhibit a classical ruderal plant strategy adapted to disturbed habitats and anthropized
environments***, The rapid and widespread colonization of Europe by a single population and the
current wide geographic distribution of 4. thaliana have motivated many studies to investigate the
ecological and genomic basis of climate adaptation* %, While most of these studies focused on

interactions between plants and their abiotic environments, plant-plant interactions and their

underlying genetic determinisms remain understudied*®.

In the present study, we combine large-scale genomic data and IGE models to identify the genetic
basis of intraspecific plant-plant interactions and investigate how they have been shaped by evolution
in Arabidopsis thaliana. We first use data from a published experiment*’ based on 98 natural
accessions from the RegMap?® panel to estimate the contribution of IGEs to phenotypic variation in
three important traits (flowering time, rosette diameter, and aboveground biomass). We then use a
genome-wide association study (GWAS) to identify the genomic regions associated with IGEs.
Finally, we use the most up-to-date genomic data*® to map the distribution of IGE alleles in the natural

range of the species and to investigate the evolutionary forces that may have shaped this distribution.

Results

Plant biomass is affected by IGEs

In the experiment, 98 accessions from the RegMap? panel were each grown with 10 different
neighbours, referred to as testers (Fig. 1a and b, see also ref*’). Testers were chosen among the 98
accessions. They had different plant sizes which allowed to maximize the range of competitive
environments faced by the 98 accessions (see Methods). Each accession was also grown as a

monoculture (i.e., with a neighbour of the same genotype). Paired plants were grown in the same pot,
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allowing to share both light and soil resources (Fig. 1a and b). Plants were harvested eight weeks after
sowing, and three traits were recorded: flowering time, rosette diameter, and aboveground biomass.
We fitted three models for each trait: Model 1 only accounted for direct genetic effects, Model 2
accounted for both direct and indirect genetic effects, and Model 3 accounted for both direct and
indirect genetic effects as well as their covariance. All three traits showed significant direct genetic
variance (Fig. 1c). Model 1 was the best model for both flowering time and rosette diameter
(Supplementary Table 1), indicating that these two traits were not significantly affected by IGEs in
the experiment. For these two traits, direct genetic variance accounted for 58.2% and 25.5% of the
total phenotypic variance, respectively (Fig. 1¢). Model 3 was the best model for aboveground
biomass (Supplementary Table 1), indicating significant IGEs and significant DGE-IGE covariance
on this trait. Direct and indirect genetic variances accounted for 22.0% and 2.7% of the total
phenotypic variance of plant biomass, respectively (Fig. 1¢). The genetic correlation between DGEs
and IGEs on biomass was strongly negative (» = -0.88 £ 0.03, p < 0.001, Fig. 1d, Supplementary
Table 2), indicating that the alleles that increased the biomass of their bearer decreased the biomass of

their neighbours.

Eleven loci are associated with IGEs

To investigate the genetic basis of IGEs, we conducted a Genome-Wide Association Study (GWAS)
on plant biomass using 206,416 bi-allelic SNPs distributed along the A. thaliana genome (all
accessions were homozygous at all SNPs). For each SNP, we fitted a linear model with biomass as the
response variable and two fixed effects: the allele carried by the focal individual, which was the DGE
of the SNP, and the allele carried by the neighbour individual, which was the IGE of the SNP (see
Methods). The GWAS detected eleven genomic regions with significant IGEs (Fig. 2a and
Supplementary Fig. 1). All eleven loci had DGEs and IGEs of opposite sign on plant biomass (i.e., the
allele associated with increased biomass in the neighbour (positive IGE) was systematically
associated with decreased biomass in the focal (negative DGE)) (Supplementary Fig. 2 and 3).
However, these DGEs were not significant when correcting for multiple testing at the genome-wide

level, and thus not detected by the GWAS (Supplementary Fig. 4). For all eleven IGE loci, the
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positive IGE allele (i.e., the allele with a positive effect on neighbour biomass) was the rarest allele
among the 98 accessions (Supplementary Fig. 2). Individual IGE loci explained between 22.1 and
52.9% of the IGE variance (Fig. 2b), and as much as 85.1% jointly which accounts for 2.3% of the
total phenotypic variance (Fig. 2c). There was a strong positive linear relationship between the
biomass of a focal plant and the number of IGE loci bearing a positive IGE allele in its neighbour

(Fig. 2d, F14170=157.27, p < 0.001), showing that the IGEs of the different loci are cumulative.
Positive IGE alleles are enriched at extremal latitudes

Naively, we would expect alleles that increase the biomass of neighbours but decrease the biomass of
their bearers to be outcompeted and lost from natural populations. To investigate where and why these
alleles are maintained, we first localized IGE variants in the Eurasian range of 4. thaliana using
genomic data from 972 accessions from the 1001 Genomes project®’. We considered nine non-Relict
ancestry groups (incl. one admixed) that diverged from each other after the last-glaciation, and one
group of Relicts that diverged from the non-Relicts before the last-glaciation*®*! (Fig. 3a). Among
these accessions, linkage disequilibrium was moderate between IGE loci (0 < 7 < 0.29,
Supplementary Fig. 5). Across all eleven loci, positive IGE alleles were much more frequent in the
non-Relicts from North Sweden than in all other non-Relicts (Fig. 3b, average frequency in North
Sweden = 0.76 vs 0.11 in all other non-Relicts). Positive IGE alleles were also present at intermediate
frequency in the Relicts (= 0.33). This pattern was consistent for all IGE loci, except for three loci

where positive IGE alleles were absent from the Relicts (Supplementary Fig. 6).
Two IGE alleles were introgressed from Relicts

Genomic analyses indicate that non-Relicts admixed with resident Relicts when they colonized the
northern and southern edges of Europe, leading to the introgression of Relict alleles adapted to the
local environments*>*!. The presence of positive IGE alleles in North Sweden could therefore be the
result of introgressions from past Scandinavian Relicts into Scandinavian non-Relicts. This hypothesis
was supported by the presence of similar positive IGE alleles, sometimes at high frequency, in present

day Relicts (Fig. 3b and Supplementary Fig. 6). Near two IGE loci (chr1:6301080 and chr5:2838468),
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the non-Relicts from North Sweden and the Relicts also shared similar haplotypes that were absent or
rare in all the other ancestry groups (Fig. 4a and Supplementary Fig. 7). We thus tested if these two
IGEs loci were introgressed from the Relicts into the non-Relicts from North Sweden using ABBA-
BABA statistics (Patterson’s D statistic®®, Fig. 4b and d; and f statistic®!, Fig. 4c and €) computed
with the following topology: (((Western Europe, North Sweden), Relicts), 4. lyrata) (see Methods).
As expected under the hypothesis that these two loci were introgressed from the Relicts into the non-
Relicts from North Sweden, both the D and f; statistics were significantly higher in genomic windows
surrounding IGE loci than in background windows (chr1:6301080: D = 0.40 vs 0.05, 3 =-3.30, p =
0.011, Fig. 4b; fa=10.23 vs 0.09, g =-2.42, p = 0.042, Fig. 4c) and chr5:2838468 (D = 0.31 vs 0.05,
ti =-2.34, p =0.040, Fig. 4d; fa=0.20 vs 0.09, t;; = -1.81, p = 0.098, Fig. 4¢). For all other IGE loci,
the D and f; values were not significantly higher in the genomic windows surrounding IGE loci
compared to background windows, providing no evidence for genomic introgression (Supplementary

Fig. 8 and 9).
Two IGE loci are associated with local soil properties

To investigate whether the maintenance of positive IGE alleles could be explained by adaptations to
the local environment, we ran Genome-Environment Association (GEA) studies using 196 climatic
variables measured at the collection site of each accession®?. We considered that an IGE SNP was
associated with an environmental variable whenever a GEA SNP (i.e., a SNP significantly associated
with an environmental variable) was close to and in high linkage with that IGE SNP (see Methods and
Supplementary Fig. 10). These analyses revealed significant associations between IGE loci
chr2:19614933 and chr5:2838468 and local soil properties (Fig. 5). 18 SNPs close (~ 700 bp to 80 kb
to chr2:19614933, and ~70 kb to 400 kb to chr5:2838468) to and in high linkage (0.51 <’ < 0.66
with chr2:19614933, 0.52 < * < 0.74 with chr5:2838468) with these two loci were significantly
associated with soil organic carbon content (Fig. 5a-c). At these two loci, the positive IGE allele was
most common in environments with high levels of organic carbon in the soil (Fig. 5d: organic carbon
content = 2.9% vs 1.02%, F'1 904 = 65.90, p < 0.001; Fig. 5e: organic carbon content 3.5% vs 1.1%,

Fi904=68.09, p <0.001). 1 SNP ~25 kb away from and in high linkage with chr5:2838468 (+* = 0.64)
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was also significantly associated with the amount of water extractable by plants in the soil (Fig. 5f-g).
At this locus, the positive IGE allele mostly occurred in environments with low amounts of water

available (Fig. Sh: plant extractable water = 10.12 cm/cm vs 13.01 cm/cm, F 353 = 15.33, p < 0.001).
IGE loci are linked to plant growth strategies

Overall, positive IGEs alleles mostly occurred at the northern and southern ends of the Eurasian range
of A. thaliana (Fig. 3b and Supplementary Fig. 6). These habitats are characterized by limited human
activity and more stable plant communities compared to the central part of the range. Previous studies
have indeed shown that the southern Relict accessions tend to occur in old oak and pine forests**+
while the non-Relicts from North Sweden, too, live in tree-covered environments (Supplementary Fig.
11). This raises the possibility that IGE alleles could be favoured in habitats with contrasting
disturbance regimes and plant community types. This hypothesis is supported by the genetic
association between some IGE loci and soil organic carbon content (Fig. Sa-¢), a variable expected to
be strongly affected by vegetation cover and perturbation regimes. Ecological theory predicts that
habitats with stable plant communities and high vegetation cover should select for a slower growth
rate and a more conservative resource-use strategy than disturbed environments®*—3, We thus tested
this hypothesis by comparing the effect of IGE alleles on biomass production in the absence of
intraspecific interactions. To do so, we grew a single plant per pot of a subset of 83 accessions from
the initial set of 98. As predicted, positive IGE alleles were associated with lower biomass production
for nine of the eleven IGE loci, and this was also the case for the two other IGE loci, although the
effect was not significant (Supplementary Fig. 12). Moreover, biomass production was negatively
correlated with the number of positive IGE alleles across the eleven IGE loci (Fig. 6a). These findings

corroborate the negative correlation between IGEs and DGEs (Fig. 1d, Supplementary Fig. 2 and 3)

and support an association between IGEs and growth rate.

We also searched for genes close to IGE loci that had at least one non-synonymous, nonsense, or
frameshift mutation in high linkage (* > 0.5) with these loci (see Methods). We obtained 128 genes,
among which 107 had functional annotations available (Supplementary Data 1). Among these 107

genes, there was a significant enrichment of biological functions related to the metabolism of salicylic
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acid (SA), a key hormone involved in plant growth regulation®**’ (Fold Enrichment = 34.03, p =
0.0277). SA has notably been shown to be a major regulator of the shade-avoidance syndrome
(SAS)*¥, a set of competitive responses (e.g., stem elongation or reduction of branching) expressed
by plants when grown in shaded or crowded environments®. Eleven genes related to light responses
and shade-avoidance were close to and in high linkage with five IGEs loci including chr5:2838468,

the locus with the strongest IGE (Fig. 6b-f).

To further test the hypothesis that these eleven genes could be subject to divergent selection in
different ecological habitats, we compared their fixation index (Fsr) values between the non-Relicts
from North Sweden (northern edge, low disturbance, high vegetation cover), the Relicts from
southern Eurasia (southern edge, low disturbance, high vegetation cover), and all other non-Relict
groups from central Eurasia (centre, high disturbance, low vegetation cover). Apart for two genes
which had low Fsr values between the non-Relicts from North of Sweden and Germany, the Fsr
values between the non-Relicts from North Sweden and all other non-Relicts were greater for the
eleven light-related genes than the median Fsr values for all the other annotated genes (n = 27,005
annotated genes, Fig. 6g). Moreover, the Fst values for light-related genes between the non-Relicts
from North Sweden and the Relicts were on average lower than the Fsr values between the non-
Relicts from North Sweden and the other non-Relicts (Fig. 6h), showing that the North Swedish non-
Relicts are more similar to the Relicts than to the other non-Relicts at these genes. Altogether, these
results further support the view that natural variation at IGE loci is associated with differences in
growth rates and light responses, two life-history traits expected to be under differential selection in

different ecological habitats.

Discussion

Using a representative sample of the natural variation of 4. thaliana, our study showed that plant
biomass production was significantly influenced by intraspecific interactions mediated through IGEs.
We identified eleven loci explaining 85.1% of the IGE variation corresponding to 2.3% of phenotypic

variation. At all loci, the rarest alleles had a positive effect on neighbour biomass. We found that these
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positive IGE alleles mostly occurred in non-Relicts from Northern Sweden and in Iberian Relicts. Our
analyses showed that most of these alleles (i.e., nine out of eleven) seem to have evolved
independently in these two groups, while the two others were most likely introgressed from
Scandinavian Relicts into the non-Relicts. Allelic variation at two IGE loci, including one
introgressed from the Relicts, was associated with soil organic carbon content and soil water
availability, suggesting that positive IGE alleles could provide adaptations to the environments of the
northern and southern ends of the species ‘range. Consistent with this, we found genetic associations
between IGE loci and both growth rates and growth responses to light stimulus, two traits expected to
be under divergent selection between the ecological habitats found at the margins (high environmental
stress, low disturbance, stable plant communities) and at the centre of the range (low environmental

stress, higher disturbance linked to human activities, and less stable plant community).

In our experiment, the additive contribution of neighbour’s genes to the biomass of the focal plant
accounted for 2.7% of the phenotypic variance. Although this proportion appears small, it is
comparable to social effects classically observed in animals. For example, the contribution of IGEs to
aggressive behaviours in crickets (Gryllus bimaculatus) or mink (Neovison vison) has been shown to
account for about 3% of the total phenotypic variance'®?!. In larger-scale studies, IGEs have been
shown to account on average for 2.9% of the phenotypic variance in 170 behavioural, physiological,
and morphological traits in laboratory mice (Mus musculus) and 1.5% of the phenotypic variance in
51 dietary, mental health, and disease related traits in humans (Homo sapiens)***2. This does not mean
that some traits may be more strongly affected by intraspecific interactions. For example, IGEs have
been shown to account for 22% and 25% of the phenotypic variance in LDL cholesterol levels in mice
and shoot number in the clonal herb Sedum album, respectively?’3*. However, the IGE estimate of the
Sedum study is difficult to compare with our own because it combines the additive and non-additive
components of IGEs, whereas here we have quantified only the additive component (i.e., the only

component that directly affects the response to selection).

The strong negative correlation between DGEs and IGEs on biomass suggests that IGEs contribute

mainly to competitive plant-plant interactions. Competition can explain both positive and negative
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interactions: competitive individuals increase their biomass at the expense of their neighbour (positive
DGEs, negative IGEs), while weaker competitors leave a greater proportion of local resources
available for their neighbour (negative DGEs, positive IGEs). This interpretation is consistent with the
fact that IGE loci are associated with growth rates and growth responses such as shade-avoidance. A
previous IGE study in A4. thaliana found positive DGE-IGE correlations for most traits**. However,
this study relied on Recombinant Inbred Lines derived from only two accessions and therefore may
have examined only a small subset of the natural variation in plant-plant interactions. In addition, the
authors did not correct for non-genetic sources of correlation between paired plants in their analysis.
Because paired plants share a similar pot, positive DGE-IGE correlations might arise from similar
environmental effects on the phenotype of the two interaction partners. Consistent with our results,
most IGE studies conducted on trees (Eucalyptus globulus and Pinus taeda) also found strong

32,33,61

negative DGE-IGE correlations for growth-related traits , which has also been attributed to the

effect of competition between adjacent trees.

Eleven loci in low-to-moderate linkage disequilibrium with each other accounted for 85.1% of the
IGEs variance. There was a strong linear relationship between the number of positive IGE alleles in a
focal plant and the biomass of its neighbour, meaning that the effects of the eleven loci are cumulative
Previous studies that investigated the genetic basis of IGEs in A. thaliana generally found a lower
number of QTLs than in our study. For example, Mutic and Wolf only found two QTLs with major
effects on neighbour biomass**, and Baron et al. found a single GWAS peak associated with the effect
of A. thaliana on the biomass of another competitor species (Trifolium arvense)®*. A possible
explanation is that these two studies used a smaller number of genotypes obtained from laboratory
crosses or a single regional population whereas we combined many genotypes from different
environments. Despite the high number of IGE QTLs identified in our study, we did not identify a
locus that was previously found to be associated with cooperative plant traits using the same
experimental data®. This can be explained by a difference in the analytical approaches used in the two
studies: while the previous study corrected for size differences between genotypes, our IGE analyse

did not, and because the allele associated with cooperative traits happened to be found -most likely by
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sampling effect- in genotypes that were slightly larger on average, the positive effect of cooperation is

masked by the negative effect of competition (caused by size differences) in our analysis.

Our results suggest that the positive IGE alleles have two distinct evolutionary origins. For nine of the
eleven loci, the positive IGE alleles most likely evolved once in the Relicts from Iberia that were
present in southern edge of the range before the last glaciation, and another time in the non-Relicts
that colonized northern Europe after the last glaciation. For the two remaining IGE loci, positive
alleles were most likely introgressed from a local Relict population into the post-glacially spreading
lineage during the colonization of Scandinavia. Previous studies have already shown that non-Relict
genomes at the northern and southern edges of the range harbour many haplotypes that were
introgressed from the local Relicts during colonization, and it has been suggested that these
haplotypes could have provided the post-glacial colonizer with locally adapted alleles*'. Our results
partly support this hypothesis, as one of the introgressed IGE locus is associated with local soil

properties.

Because positive IGE alleles seem to have a cost for their bearer (i.e., reduced biomass), one would
naively expect them to be lost from natural populations. Based on our results, we can advance two
hypotheses to explain how they could be maintained despite this cost. First, positive IGE alleles could
either provide adaptations to the habitats found at the edges of the range or be genetically linked to
variants that have a fitness advantage in these habitats (which is more likely in a highly selfing species
such as A. thaliana because selfing reduces the effective rate of recombination®®). These adaptations
could in turn affect plant-plant interactions because they involve changes in growth forms and growth

responses to light stimulus (i.e., photomorphogenesis). Previous studies have already reported

46-48 64-67

variation in growth strategies and light responses along latitudinal gradients in A. thaliana.
Latitudinal variation in light responses has classically been attributed to adaptation to the latitudinal
gradient in light intensity (i.e., higher light intensity selects for lower light sensitivity at lower
latitudes, and vice versa). Our results suggest that such variation could also be linked to plant-plant

interactions. Second, positive IGE alleles could be selected and maintained by kin selection (i.e.,

costly traits can be selected if the cost (¢) for the bearer of the trait is lower than the benefit (b)
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received by the other interacting partners, weighted by the relatedness between the bearer of the trait
and the other interacting individuals (r): ¢ < rb®). According to this hypothesis, we would expect a
higher r, or a greater effect of the trait on b, or a weaker effect on c, in populations of 4. thaliana from

North Sweden and Southern Iberia than in populations from the central part of the range.

In conclusion, our study reveals significant IGEs in an annual plant. Theoretical work has shown that
strong negative DGE-IGE correlations, as observed in our study, may gradually reduce heritable
variation and eventually suppress evolutionary potential®3*%7°. Biomass evolution could then be or
could have been constrained by plant-plant interactions in 4. thaliana. The fact that genetic variation
exists for plant-plant interactions also suggests that these interactions should be considered in plant
breeding programs, as has been done in animals. This would allow the selection for less competitive

and more cooperative crop varieties.

METHODS

Plant material

The experiment is already described in ref*” and was conducted with a subset of 98 natural accessions
from the RegMap panel. The RegMap panel consists of 1,310 worldwide accessions, including
several regional panels, that have been genotyped with a 250K SNP (Single Nucleotid
Polymorphisms) chip and for which high-quality geographic coordinates have been collected®. It
constitutes one of the largest genetic resource available for non-human species, and it has already
been used to investigate the genetic basis of many ecologically important traits in 4. thaliana’"*. The
98 accessions used in the experiment are a subset of the panel for which a comprehensive set of
phenotypic traits has been collected’. The geographic distribution of these 98 accessions covers most

of the Eurasian range of the species (Supplementary Fig. 13).
Experimental design

Pairs of individual plants were grown in 6 X 6 x 5.5 cm pots. A pair was composed of one accession

and one tester genotype. Each accession was grown with ten different testers (Bay-0, C24, Col-0, Cvi-
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0, Ler-1, Sav-0, Sf-2, Shahdara, St-0, Uk-1) following a full factorial design. Each accession was also
grown as a monoculture with two plants of the same genotype in the same pot (Fig. 1a and b). Testers
were a subset of the 98 lines. They constitute the parents of different publicly available recombinant
inbred line populations, which facilitate more advanced genetic studies (e.g., see ref*). They also had
different plant sizes which allowed to maximize the range competitive environments faced by the 98
accessions. A PCA (Principal Component Analysis) based on 206,416 SNPs (Single Nucleotide
Polymorphisms) confirmed that the ten testers were representative of the overall genetic variation
present in the 98 accessions (Supplementary Fig. 14, PERMANOVA comparing testers vs other
accessions: F196 = 1.13, p =0.1196). The overall design was replicated in two blocks. The initial set
of genotypes comprised 97 accessions, but the lack of seeds for one accession led to its replacement in
the second block with another accession, resulting in a total of 98 accessions each grown with ten
testers. This gave a total of 2134 pots containing two plants each. A second experiment was
conducted to measure plant biomass in the absence of intraspecific interactions. This experiment was
conducted with a subset of 83 accessions with a single plant per accession per pot (7 x 7 x 8 cm), and

no replication, as described previously®.
Plant growth conditions

Seeds of all accessions were sown directly in soil (four parts Einheitserde ED73, Gebriider Patzer,
Germany; one part quartz sand) in February 2016. Pots of a given block were randomly placed into
trays covered with plastic lids for germination. To ensure the growth of two plants per pot, multiple
seeds were sown (approx. 5-20 seeds) per position in a pot, and the two genotypes (and all
monocultures) were sown approximately 3-4 cm apart. Once seeds had germinated, surplus seedlings
were removed, such that only one (two for monocultures) healthy seedling remained per genotype per
pot. Block 1 was sown on February 17" and block 2 on February 18" 2016, and pots were placed in
trays in a greenhouse compartment. Additional light was provided if necessary to achieve a
photoperiod of 14 hours. Day-time and night-time temperatures were maintained around 20-25 °C
and 1620 °C, respectively. Trays were randomly re-arranged within the greenhouse every 3-5 days.

After 5-5.5 weeks, pots were transferred from trays onto three tables with automated watering and
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randomly re-arranged weekly. Flowering shoots of individual plants were tied to wooden sticks as
they grew taller than approx. 10 cm. Plants received no vernalization treatment, so accessions with
strict vernalization requirement never flowered. For this reason, aboveground plant biomass (instead
of fecundity) was measured destructively as a performance trait, and at a time when most accessions
were still in their active growth phase. Plants were harvested on April 14" (Block 1) and April 15%
(Block 2) 2016, approx. eight weeks after sowing. For the experiment with single individuals per pot,

plants were grown for 43 days on a mixture of one part ED73 and four parts quartz sand.

Trait measurements

At harvest, each plant was cut below the rosette and individually dried at 65°C for 4-5 days and then
stored at room temperature until weighing to measure aboveground dry biomass. Flowering time was
measured over the course of the experiment by scoring all individuals that had a flowering bolt of >
0.5 cm every 2-3 days. Rosette diameter was measured on day 34 and 35 after sowing with a precision

of 0.5 cm.
Statistical analysis

Unless otherwise stated, all statistical analysis were conducted with R v. 4.2.37°,

Quantification of Indirect Genetic Effects: To estimate the contribution of IGEs to the total

phenotypic variance, we followed the quantitative genetic models described in ref®. For each of the
three traits (flowering time, rosette diameter, and aboveground biomass), we fitted three linear mixed
models. Model 1 only accounted for direct genetic effects:
@) y=1u+Z,b+Zpap + ¢,
Where y is the vector of phenotypic observations, Z; and Z, are known incidence matrices, y is the
mean phenotype, b~N (0, I 05) ("~" meaning "distributed as") is the random block effect,
ap~N (0, AofD) is the random additive direct genetic effect, and e~N (0, Ra?) is the random error.

2

o}, JfD, and o2 are the block variance, additive direct genetic variance, and residual variance,

respectively. The vector of phenotypic observations, y, concatenates the phenotypes of both the 98
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accessions and the ten testers. I, is an identity matrix, 4 is a matrix of additive genetic relationships
among all accessions, and R is a matrix of correlation between residuals such that R;; = 1, R;; = p
when plants i and ; are in the same pot, and R;; = 0 when plants i and j are in different pots. p €
[—1,1] is the correlation between the residuals of two plants that share the same pot. It is included in
the model to account for sources of non-genetic covariance between the phenotypes of two interacting
plants. Such non-genetic covariance can arise if, for example, pots differ slightly in their soil
composition or microclimates, which may create some correlation between the phenotypes of the two
interacting plants and bias estimates of genetic variances®. Model 2 has an additional random term to

account for indirect (sometimes also referred to as “social”) genetic effects:
2) y=1u+Z,b+Zpap + Zsas + &,
where Zs is a known incidence matrix, and ag~N (0, Aafs) is the random additive indirect (or

“social”’) genetic effect with ajs being the additive indirect genetic variance. Model 3 has the same

equation as model 2 (equation (2)) but ap and as are assumed to covary such that:

ap
(3) | as] ~MVN(0,C ® A),
with
GZAD O4ps
4) C= 2 |s
Oaps 0 4g

in which MV'N is the multivariate normal distribution, g, . is the covariance between additive direct

and indirect genetic effects. g, was used to compute the genetic correlation between direct and

indirect genetic effects, 1y, ., with 1, . = UUAZ_S (see Supplementary Table 2 and Fig. 1d).
ApPAg

The three models were fitted using Restricted Maximum Likelihood (REML) and then compared
using likelihood ratio tests. Results from these comparisons are reported in Supplementary Table 1.
Raw variance estimates from the best models for each trait are reported in Supplementary Table 2.

Mixed model fitting and comparison were done with ASReml-R”’. We computed the direct and
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indirect heritabilities of the traits by dividing their estimated direct genetic variance (62,,) or indirect

genetic variance (024 ;) by the total phenotypic variance.

Genome-Wide Association Study: To identify the SNPs associated with IGEs, we conducted a

t* and

Genome-Wide Association Study (GWAS) using the plant biomass data from the experimen
SNP data at 206,416 sites® (sites with minor allele frequency < 5% were preliminary removed). The
GWAS was conducted by fitting a linear mixed model recursively for each SNP. We used Model 3 as
a baseline model, to which we added the fixed effect of the IGE of the tested SNP (i.e., the effect of
the allele carried by the neighbour individual at the tested SNP). This model allowed us to account for
population structure, the variance of the random genetic terms being structured with the additive
relationship matrix A (see previous section)’. Because previous work showed that not accounting for
the DGEs of the SNPs when running GWAS on IGEs can increase the number of false positives in
settings like ours where both accessions and testers are included in the model and DGEs are strongly
correlated to IGEs (Fig. 1d, see Supplementary Note in ref?’), we included the fixed effect of the DGE
of the SNP (i.e., the effect of the allele carried by the focal individual at the tested SNP) before the
IGE fixed effect in the model. We obtained two vectors of p-values (i.e., one for DGEs, one for IGEs)
on which we independently applied multiple testing corrections to detect the SNPs significantly
associated with DGEs and IGEs. We used a genome-wide False-Discovery Rate (FDR”) of 5% for
both effects. We fitted the GWAS models and tested fixed effect significance with ASReml-R””. We

then computed the indirect additive genetic variance of individual top GWAS SNPs with the

following formulae:
(5) 0245 = Bs, X 2MAF,(1 — MAF))

Where E;lz is the squared estimated marginal effect size of SNP i of the neighbour on the biomass of

the focal plant and is obtained from the single-locus GWAS model, and MAF; is the minor allele

frequency of SNP i. The proportion of IGE variance explained by a given SNP was computed as
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25t % 100. We also computed the joint IGE variance of the p top SNPs from different GWAS loci

2
O'AS

accounting for LD between the p variants:
ZA _ —*T -1 —
(6) o = Bs R Bs,

Asjomt

Where B}*is the vector of estimated scaled marginal effect size of the p SNPs (,E’S\L* =

ES\L X \/ 2MAF;(1 — MAF;))) and R is the LD-matrix (Pearson correlations) of the p SNPs. The

2a

o
proportion of IGE variance jointly explained by a set of p SNPs was computed as % x 100. To
As

further test the combined effect of the different IGE loci, we checked the linear relationship between
plant biomass and the number of loci with a positive IGE allele across the p top SNPs in the

neighbour.

Localization of IGEs variants: To locate IGE variants within the native range of 4. thaliana, we used

genomic data from the 1001 Genomes project*

. We kept 972 accessions with latitudes comprised
between 25°N and 72°N, and longitudes comprised between 20°W and 75°E (i.e., removing
accessions outside Eurasia). We compared the frequency of positive IGE alleles among ancestry

groups identified by the 1001 Genomes project®’. We estimated Linkage Disequilibrium (LD)

between the top IGE SNPs in the 972 accessions using the snpStats package®® (Supplementary Fig. 5).

Introgression tests: To test whether IGE loci could have been introgressed from Relicts into

Scandinavian accessions, we first visually compared haplotypes around IGE sites between the
different ancestry groups using the GenotypePlot package®'. We then computed ABBA-BABA
statistics, again using genomic data of 972 Eurasian accessions from the 1001 Genomes project*.
These statistics are aimed to test for deviation from strict bifurcating evolutionary history and are thus
commonly used to detect introgressions. Given a phylogenetic topology with three populations and an
outgroup such as (((P1,P2),P3,)0), and calling the ancestral alleles (the ones present in the outgroup)
A and the derived alleles B, we expect to observe two discordant genealogies across the genome :
ABBA patterns, which group P2 and P3 together, and BABA patterns, which group P1 and P3

together. These discordant genealogies are expected to occur in roughly equal proportions due to
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incomplete lineage sorting. An excess of ABBA relative to BABA patterns, however, is indicative of
gene flow between P2 and P3, and vice versa. The Patterson’s D statistic is the difference in the sum
of ABBA and BABA patterns across the entire genome or a given genomic region®. A positive D
value is thus indicative of introgression between P2 and P3. D was initially developed to detect
introgression at the genome-wide level, and it has been shown that D values can be inflated when
computed over small genomic regions’!. The f; statistic was thus developed as an alternative to D to
detect introgression in particular genomic regions’!. Here, we computed both D and f3 in non-
overlapping 20 kb genomic windows using custom Python scripts from

https://github.com/simonhmartin/genomics_general. We only included windows with at least 250

SNPs. To test for introgression between the Relicts and the non-Relicts from North Sweden, we used
the following tree topology: (((Wester Europe, North Sweden), Relicts), A. lyrata). We used 4. lyrata
as an outgroup because it is the sequenced species the most closely related to 4. thaliana. We
retrieved genomic data for 10 A. /yrata accessions from NCBI BioProject PRJIEB30473. We then
compared ABBA-BABA statistics between IGE windows (window midpoint located in the + 115 kb
interval around top IGE SNPs) and background genomic windows (window midpoint located outside

the £ 115 kb interval around top IGE SNPs) using a two-sided Welch’s #-tests.

Genome-Environment Association study: To test whether IGE loci could be linked to climatic

adaptations, we ran a Genome-Environment Association (GEA) study using 196 climatic variables
extracted from the CLIMtools database®® and SNP data for the 1,135 accessions available in the 1001
Genomes project®. This analysis tests for statistical associations between SNPs and climate at site of
origin using a similar approach to GWAS, except that climatic variables are used as response
variables instead of phenotypic traits. We ran this analysis at the genome-wide level, i.e., blind to
IGEs loci. We first removed all SNPs with minor allele frequencies < 5%, which left us with 441,192
SNPs. We then computed the additive relationship matrix between the 1,135 accessions which was
used in the GEA model to account for population structure’. We computed the additive relationship
matrix and conducted the GEA with the gemma program®?. We used a False-Discovery Rate (FDR™)

of 5% to determine which SNPs were significantly associated with a given climatic variable (hereafter
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called GEA SNPs). We considered that an IGE SNP was associated with a climatic variable whenever
a GEA SNP for that variable was close to and in high linkage with that IGE SNP. More precisely, IGE
SNPs had to have at least one significant GEA SNP located within their half LD decay distance and
with a LD value higher than 0.5. Pairwise LD between individual SNPs was measured with 7 across
the complete 1001 genomes dataset using plink-ng (v. 1.9.20200712)%. To compute the half LD
decay distance (i.e., the distance at which LD has halved), we first removed all SNPs with LD values
lower than the quadratic mean of the pairwise interchromosomal LD. Because LD values were highly
skewed towards zero, we applied a second filter by computing the 0.95 percentile LD () value in
non-overlapping 2500 kb distance bins. With the remaining LD values, we then modelled the LD vs
distance relationship with a non-linear regression following equations by Hill and Weir (1988)3, and
we used the fitted values of the regression to compute the half LD distance. We repeated this
operation for each IGE SNP, which gave us window sizes adjusted for local LD decay
(Supplementary Fig. 10). We also compared land cover types between A. thaliana accessions using

the Global Land Cover 2000 database® accessed through CLIMtools*2.

Single-plant biomass analysis: We compared biomass production between IGE alleles in the absence

of intraspecific interactions using the second experiment with 83 accessions grown with one plant per
pot. We fitted a mixed model with biomass as the response variable, allelic value at IGE locus (“+ +”
vs “- -”) as a fixed effect, and accession as a random effect. We accounted for covariance between
accessions using an additive relationship matrix for the random term. We fitted the model and

assessed significance of the fixed effect using the ASReml-R program”’.

Candidate gene investigation: To investigate candidate genes underlying IGEs, we used genomic data

of the 1,135 accessions from the 1001 Genome project*’. We first identified all non-synonymous,
nonsense, or frameshift polymorphisms that were close to and in high LD with the SNPs associated
with IGEs using the R package VariantAnnotation v3.17%. We used the same criteria of proximity
and LD than for the GEA analysis, i.e., polymorphisms had to be in the half LD decay distance and to
have a 7 value higher than 0.5 with IGE SNPs. Candidate genes were the ones with at least one

polymorphism meeting these two criteria. We also computed Fsr*’ over all annotated genes using
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EggLib v3.1.0%. Finally, we checked the biological functions of the candidate genes using
annotations from the TAIR10 genome release (https://www.arabidopsis.org/). We used these
annotations to perform GO (Gene Ontology)-enrichment analysis with the TAIR online tool for GO

Term Enrichments for Plants (powered by PANTHER).
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Figure captions

Fig. 1: Overview of the experimental design and quantification of Indirect Genetic Effects
(IGEs). a: Schematic representation of the experimental design. G1, G2, ... G98: focal genotypes,
natural A. thaliana accessions sampled from the RegMap panel. T1, T2, ... T10: one of ten tester
genotypes chosen to capture a large portion of the genetic variation present within A. thaliana and to
represent different plant sizes, M: monocultures. Plant illustrations from BioRender.com. b: Picture of
the experimental setup (credit: S.E. Wuest). ¢: Bar plots showing the estimated variance components
(top of the bar, center of error bars) + standard errors (error bars). For each trait, we obtained one
estimate of each variance components from mixed model solving (see Methods). Variance estimates
were divided by the total phenotypic variance and multiplied by 100. DGE: direct genetic variance,
IGE: indirect genetic variance, cov(DGE, IGE): covariance between direct and indirect genetic
effects. All raw variance estimates are reported in Supplementary Table 2. d: Relationship between
DGEs and IGEs on aboveground biomass. Points correspond to the direct and indirect breeding values
of each accession (n = 98, see Methods). Direct and indirect breeding values are expressed as
deviation from the population mean. The reported p-value refers to the simple linear regression
between IGE and DGE breeding values (two-sided F-test, F'19s = 942.35, p < 2.2e-16). r: genetic

correlation between direct and indirect breeding values (Supplementary Table 2).

Fig. 2: Genome-Wide Association Study (GWAS) of Indirect Genetic Effects (IGEs) on plant
biomass. a: Manhattan plot reporting p-values (-log10 transformed) for the association tests between
IGEs on biomass and allelic variation at 206,416 SNPs distributed along the genome of 4. thaliana.
The p-values correspond to a per SNP two-sided Wald-test corrected for multiple comparison using a

False Discovery Rate (FDR) of 5% (10%), here represented with a solid red (blue) line. The points
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highlighted in red are the most significant SNPs and the surrounding SNPs at = 300 kb. b: Proportion
of IGE variance explained by each of the eleven top IGE SNPs. ¢: Proportion of IGE variance
explained by the eleven top IGE SNPs jointly (i.e., accounting for their respective effect sizes and
linkage disequilibrium between them). d: Violin plots showing the distribution of plant biomass of a
focal plant as a function the number of loci bearing a positive IGE allele in the neighbour. Points and
error bars represent means + standard deviation. The reported p-value refers to the simple linear
regression between biomass and positive IGE allelic count in the neighbor (two-sided F-test, Fj 4170 =

157.27, p < 2.2e-16). The number of accessions in each category is reported below each violin plot.

Fig. 3: Geographic distribution of IGE variants. a: Localization of 972 A. thaliana accessions from
the 1001 Genomes project. Accessions are colored according to ancestry groups. Ancestry groups
include the non-Relicts (North Sweden, South Sweden, Germany, Asia, Western Europe, Admixed,
Central Europe, Spain, Italy-Balkans-Caucasus), and the Relicts. b: Frequency of positive IGE alleles
in each ancestry group, averaged across the eleven IGE loci. Points and error bars represent means +
standard deviation (North Sweden, n = 64; South Sweden, n = 156; Germany, n = 61; Asia, n = 48;
Western Europe, n = 110; Admixed, n = 128; Central Europe, n = 64; Spain, n = 61; Italy-Balkans-

Caucasus, n = 92; Relicts, n = 24.).

Fig. 4: Admixture between non-Relicts from North Sweden and Relicts at IGE loci. a: Patterns of
haplotype sharing between ancestry groups in an 80kb region surrounding chr5:2838468 (red arrow).
Each row corresponds to an individual, individuals are grouped by ancestry groups, and ancestry
groups are separated by black horizontal lines. Each column corresponds to a SNP, with the reference
allele colored in yellow, the alternative allele colored in black (all individuals are homozygous), and
missing genotypes colored in white. A ~ 80 kb haplotype block shared between the non-Relicts from
North Sweden and the Relicts is highlighted in red. b-e: ABBA-BABA statistics (b & d: Patterson’s
D, ¢ & e: f;) compared between background genomic windows (grey, n = 5549 windows) and IGE
windows (red) for the two IGE loci chr1:6301080 (n = 9 windows) and chr5:2838468 (n =12
windows). D and f; were both computed in 20 kb sliding windows along the genome with the

following population relationships: ((P1,P2),P3),0) with Western Europe as P1, North Sweden as P2,
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Relicts as P3, and 4. [yrata as the outgroup (O). Points correspond to mean values across genomic
windows and error bars to standard deviations. Background windows and IGE windows were
compared with two-sided Welch’s t-tests (“.”: p < 0.1, “*”: p <0.05; Exact p-values: b: 3 =-3.30, p =

0.011, ¢: t8=-2.42, p=0.042, d: t11 = -2.34, p = 0.040, e: t;; = -1.81, p = 0.098).

Fig. 5: Association between IGE loci and environmental variables. a & f: Manhattan plots
reporting p-values (-log10 transformed) for the association tests between allelic variation at 441,192
SNPs and the content of organic carbon in the topsoil (log transformed, a), and the amount of water
extractable by plants in the soil (f). The p-values correspond to a per SNP two-sided Wald-test
corrected for multiple comparison using a False Discovery Rate (FDR) of 5%, here represented with a
solid red line. The points highlighted in red are SNPs in a window of + 500 kb around the SNP with
the most significant association with the environmental variable. b-g: Zoomed Manhattan plots
showing local linkage disequilibrium (LD) between environmental SNPs and the closest top IGE SNP
(chr2:19304933 in b, and chr5:2838468 in ¢ and g). LD was measured with 7 and is represented with
a color gradient going from blue (low LD) to red (high LD). d-h: Distribution of soil variables of the
two alternative IGE alleles (“+ +” in red, “- -” in grey) at the top IGE SNPs associated with soil
organic carbon content (log transformed, d & e), and the amount of water extractable by plants in the
soil (h). The local environments of the non-Relicts from North Sweden and the Relicts are reported
below the distributions with blue and red dots, respectively. Environmental variables were compared
between the two IGE alleles using a two-sided F-test (d: Fi 904 = 157,37, p <2.2e-16; e: F1 904 =

190,83, p < 2.2e-16; h: Fy 53 = 15,33, p = 9.754¢-05).

Fig. 6: Association between IGE loci and plant growth. a: Relationship between single plant (i.e.,
grown without neighbours) biomass and allelic composition at the eleven IGE loci. Allelic
composition is characterized by the number of loci bearing a positive IGE allele (going from 0, when
all loci bear negative IGE alleles, to 11 when all loci bear positive IGE alleles). All accessions are
inbred lines, i.e., fully homozygous, and all SNPs are bi-allelic. Points and error bars represent means
+ standard deviation. The reported p-value refers to the simple linear regression between biomass and

allelic composition (two-sided F-test, Fi 51 = 30.32, p = 4.207¢-07). The number of accessions per
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allelic composition is given. b-f: Zoomed GWAS peaks (cf Fig. 2a) reporting the p-values (-log10
transformed) for the association test between IGE on plant biomass and allelic variation around
significant IGE SNPs. SNPs with significant associations using a 5% False-Discovery Rate (FDR)
threshold are colored in red. Black boxes below the plots represent the annotated genes in the region
(positive strand genes above, negative strand genes below). Genes related to light response,
photomorphogenesis, and shade-avoidance are represented with colored points. g: Allele frequency
differentiation between the non-Relicts from North Sweden and the other groups. Differentiation was
measured with Fst computed on gene sequences. Grey distributions represent Fst values on all
annotated genes. Vertical black bars represent the median of the Fsr distribution over all genes. The
upper 10th percentile is colored in red. Values for individual genes related to light responses are
plotted with colored points below each distribution. WEU: Western Europe, SSW: South Sweden,
SPA: Spain, REC: Relicts, IBC: Italy-Balkans-Caucasus, GER: Germany, CEU: Central Europe, ASI:
Asia. h: Distribution of Fsr values at the eleven light-related genes. The red curve represents Fst
values between the non-Relicts from North Sweden and the Relicts, whereas the grey distribution
represents Fst values between the non-Relicts from North Sweden and all other non-Relicts. Dashed
lines represent the medians of the distributions, and the p-value refers to the two-sided Welch #-test

comparing the means of the two distributions (¢12.64 = 2.91, p = 0.013).
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SUPPLEMENTARY INFORMATION



Supplementary Table 1: Model comparison. For each trait, we compared three models of increasing
complexity. Model 1 only accounts for direct genetic effects (DGEs). Model 2 accounts for both direct and
indirect genetic effects (DGEs + IGEs). Model 3 accounts for both direct and indirect genetic effects as well
as for their covariance (DGEs + IGEs + cov(DGEs, IGEs)). The three models were compared using a one-
sided Likelihood ratio tests. Here we report degrees of freedom (D.f.), Likelihood ratio statistics (L-R
statistics), and associated p-values.

Trait Comparison D.f. L-R statistic p-value
Rosette diameter (cm) Model 2 vs Model 1 1 0.19 0.3309
Model 3 vs Model 2 1 -0.05 0.5000
Flowering time (days after sowing) Model 2 vs Model 1 1 1.88 0.0851
Model 3 vs Model 2 1 1.87 0.0856
Aboveground biomass (mg) Model 2 vs Model 1 1 813.17 <2.2e-16
Model 3 vs Model 2 1 95.68 <2.2e-16




Supplementary Table 2: Mixed model estimations. Variance components (+ standard errors) estimated from the best model for each trait. 63 p: direct
genetic variance, 64 ¢ indirect genetic variance, 7, .: correlation between direct and indirect genetic effects, 62: variance of the block effect, 2: residual
variance, p,: correlation between the residuals of plants that share the same pot.

Trait Best model o5 o5, Paps G 62 Pe
Rosette diameter (cm) Model 1 0.39 +0.06 - - 0.09 +£0.12 0.76 £ 0.02 0.22+0.02
Flowering time (days after sowing) Model 1 22.34+4.04 0.02 +0.03 5.35+0.14 0.04 +0.03

Aboveground biomass (mg) Model 3 7285.33 +£1084.04 895.32 £ 155.60 -0.88 + 0.03 2153.67 £ 3050.33 8285.33 £ 188.73 -0.18 £ 0.02
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Supplementary Figure 1: Genome-Wide Association Study (GWAS) of Indirect Genetic
Effects (IGEs) on plant biomass. A: Manhattan plot reporting p-values (-log10 transformed) for
the association tests between IGE on biomass and allelic variation at 206,426 SNPs distributed
along the genome of A. thaliana. The p-values correspond to a per SNP two-sided Wald-test
corrected for multiple comparison using a False Discovery Rate (FDR) of 5% (10%), here
represented with a solid red (blue) line. The points highlighted in red are the most significant SNPs
and the surrounding SNPs at + 300 kb, B: Distribution of the 206,426 p-values obtained with the
genome-wide association test. The dotted line represents the theoretical uniform p-value
distribution under Hy (all SNPs effects are null), C: Q-Q plot representing the observed vs expected
quantiles of the p-value distribution. Solid lines show the expected quantiles under the null
hypothesis (red) and their 95% confidence interval (black).
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Supplementary Figure 2: Indirect Genetic Effects (IGEs) of the top 11 SNPs associated with
IGEs on plant biomass. For each locus (A-K) biomass is compared between plants that had a
neighbor bearing the negative IGE allele (“- -”, grey plot) vs the positive IGE allele (“+ +7, red plot).
All accessions are diploid inbred lines. Points and error bars represent the mean + standard deviation.
The number of accessions in each category are reported below each violin plot.
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Supplementary Figure 3: Direct Genetic Effects (DGEs) of the top 11 SNPs associated with IGEs
on plant biomass. For each locus (A-K) biomass is compared between plants bearing the negative
IGE allele (“- -, grey plot) vs the positive IGE allele (“+ +”, red plot). All accessions are diploid
inbred lines. Points and error bars represent the mean + standard deviation. The number of accessions
in each category are reported below each violin plot.
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Supplementary Figure 4: Genome-Wide Association Study (GWAS) of Direct Genetic Effects
(DGESs) on plant biomass. A: Manhattan plot reporting p-values (-log10 transformed) for the
association tests between DGEs on biomass and allelic variation at 206,426 SNPs distributed along
the genome of A. thaliana. The p-values correspond to a per SNP two-sided Wald-test corrected for
multiple comparison using a False Discovery Rate (FDR) of 5% (10%), here represented with a
solid red (blue) line. The points highlighted in red are the most significant SNPs and the
surrounding SNPs at + 300 kb, B: Distribution of the 206,426 p-values obtained with the genome-
wide association test. The dotted line represents the theoretical uniform p-value distribution under
Ho (all SNPs effects are null), C: Q-Q plot representing the observed vs expected quantiles of the
p-value distribution. Solid lines show the expected quantiles under the null hypothesis (red) and
their 95% confidence interval (black).
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Supplementary Figure 5: Linkage Disequilibrium (LD) between IGE loci. LD was estimated
with the 77 statistic using 972 accessions from the Eurasian native range of 4. thaliana. The color
gradient goes from white to red to indicate low to high LD, respectively.



chr2:2258764

D

chr1:22826979

Cc

chr1:20005888

chr1:6301080

<

(=] o wn (=]
O M~ v N O
-~ 6 © o o
s9|9|[e 39| aAnisod
10 Asushbai4

s|a|[e 39| aAnisod
Jo Aouanbaig

saja|le 39| aAnisod
jo Aouanbaiy

sej8|le 39| eanisod
Jo Aousnbalq

Ancestry groups

Ancestry groups
chr2:19614933

10T @ -

Ancestry groups
chr2:18070141

Ancestry groups
chr2:16917776

chr3:188830

G H

F

w

1

I
—t
0 o
NS
o o

100+ -===--------
0.75-

s9|9|[e 39| aAnisod
10 Asushbai4

Q

'
1
+
=1
=]

0.75+
0.504
254

s o
s|a|[e 39| aAnisod
Jo Aouanbaig

0.754 O

0.504
0.254

1
+
=1
<
[=]

100t ------------

saja|le 39| aAnisod
jo Aouanbaiy

T T T
n o W
~ n N

100 -------ooo -
0,00+ -

S o o
sej8|le 39| eanisod
Jo Aousnbalq

% M&,
LR

Ancestry groups Ancestry groups Ancestry groups
chr5:26039853

chr5:2838468

Ancestry groups
chr3:16035190

K

J

@
S -

1,00+
@

0.75+
0.504
0.25+
0.00+ -

s|a|[e 39| aAnisod
Jo Aouanbaig

0.754 O

0.50+

1
1
1
1
1
1
1
1
1
1
| |
o © o
= =
- (=)
saja|le 39| aAnisod
jo Aouanbaiy

{

o

1
1
1
1
1
1
1
1
1
1
1
O
|
o b o
I
— O O O o
sej8|le 39| eanisod
Jo Aousnbalq

Ancestry groups Ancestry groups

Ancestry groups

h ancestry group for the eleven IGE

1n eac

Frequency of positive IGE alleles i

Supplementary Figure 6

loci (A-K).



Position on Chromosome 1 (Mb)

6.3

chr1:6301080
m—

Germany | ;
Asia: |

W. Europe : |

Admixed |

C. Europe
spain’
It-Balk-Cauc. | | :

Supplementary Figure 7: Haplotype sharing between north Sweden and relict ancestry groups at
chr1:6301080. Patterns of haplotype sharing between ancestry groups in an 80kb region surrounding
chr1:6301080 (red arrow). Each row corresponds to an individual, individuals are grouped by ancestry
groups, and ancestry groups are separated by black horizontal lines. Each column corresponds to a SNP,
with the reference allele colored in yellow, the alternative allele colored in black (all individuals are
homozygous), and missing information colored in white. Haplotypes shared between the non-Relicts from
north Sweden and the relicts are highlighted in red.
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Supplementary Figure 8: Admixture between non-relicts from north Sweden and relicts at IGE loci.
B-E: Patterson’s D statistics are compared between background genomic windows (grey) and IGE
windows (red). D was computed in 20 kb sliding windows along the genome with the following population
relationships: ((P1,P2),P3),0) with western Europe as P1, north Sweden as P2, relicts as P3, and 4. lyrata
as the outgroup (O). Points correspond to mean values across genomic windows and error bars to standard
deviations. Background windows and IGE windows were compared with two-sided Welch’s #-tests (“NS”:
non-significant, “.”: p <0.1, “*”: p <0.05). A: all IGE windows are grouped together (n = 123 windows)
and compared with the genomic background (n = 5549 windows): #2591 = 1.297, p = 0.1971. B-L: IGE
windows for each individual IGE locus are compared with the genomic background (n = 5549 windows).
chr1:6301080: n = 9 windows, #3.00=-3.288, p = 0.0110; chr1:20005888: n = 11 windows, t10.03= 0.985, p
=0.3479; chr1:22826979: n = 11 windows, t10.04= 1.126, p = 0.2865; chr2:2258764: n = 12 windows, #11.03
=1.080, p = 0.3029; chr2:16917776: n = 12 windows, t11.0s= 1.180, p = 0.2628; chr2:18070141: n =11
windows, t10.06 = 2.738, p = 0.0208; chr2:19614933: n = 10 windows, 903 = 1.485, p =0.1717;
chr3:188830: n =11 windows, t0.00=-0.438, p = 0.6706; chr3:16035190: n = 12 windows, t11.14= 0.743, p
=0.4730; chr5:2838468: n =12 windows, t11.03=-2.329, p = 0.0399; chr5:26039853: n = 12 windows, t11.02
=1.490, p =0.1642.
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Supplementary Figure 9: Admixture between non-relicts from north Sweden and relicts at IGE loci.
B-E: f; statistics are compared between background genomic windows (grey) and IGE windows (red). fu
was computed in 20 kb sliding windows along the genome with the following population relationships:
((P1,P2),P3),0) with western Europe as P1, north Sweden as P2, relicts as P3, and 4. lyrata as the outgroup
(O). Points correspond to mean values across genomic windows and error bars to standard deviations.
Background windows and IGE windows were compared with two-sided Welch’s ¢-tests (“NS”: non-
significant, “.”: p <0.1, “*”: p < 0.05). A: all IGE windows are grouped together (n = 123 windows) and
compared with the genomic background (n = 5549 windows): f126.79 = 0.420, p = 0.6754. B-L: IGE windows
for each individual IGE locus are compared with the genomic background (n = 5549 windows).
chr1:6301080: n = 9 windows, t3.01=-2.412, p = 0.0423; chr1:20005888: n = 11 windows, t10.14=2.139, p =
0.0578; chr1:22826979: n = 11 windows, t10.0s= 1.099, p = 0.2975; chr2:2258764: n = 12 windows, #11.04 =
0.223, p = 0.8279; chr2:16917776: n = 12 windows, t11.04= 0.474, p = 0.6451; chr2:18070141: n =11
windows, ti0.70=7.589, p = 1.261e-05; chr2:19614933: n = 10 windows, f925= 3.794, p = 0.0040;
chr3:188830: n =11 windows, ti0.06=-0.073, p = 0.9435; chr3:16035190: n = 12 windows, t11.15= 1.529, p
=0.1542; chr5:2838468: n =12 windows, t11.00=-1.799, p = 0.0994; chr5:26039853: n = 12 windows, t11.06
=0.930, p =0.3725.
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Supplementary Figure 10: Linkage Disequilibrium (LD) decay around the eleven top SNPs
associated with IGEs. For each of the eleven SNPs (A-K), LD (here measured with 7?) was plotted against
the physical distance between the IGE SNPs and all other SNPs in a 2Mb window (grey points). We
removed all SNPs with LD values lower than the interchromosomal LD, which was computed as the
quadratic mean of the LD between the top IGE SNP and all other SNPs located on different chromosomes.
We then fitted a non-linear regression model (red line) following the equation provided by Hill and Weir
(1988). To fit the model, we first computed # in 2.5kb sliding windows, and we only retained the 0.95
percentile 72 value in each window. We then computed the half-LD decay distance (i.e., the distance at
which LD has halved), using the fitted values of the regression (vertical blue dashed line). We used this
distance to investigate associations between IGE loci and environmental variables (i.e., Genome-
Environment Associations) and to investigate candidate genes. For these two analyses, we only considered
SNPs with distance lower than the half-LD decay distance and with ° > 0.5 (horizontal blue dashed line).
The set of SNPs left after these two filters are in the top left unshaded quarter of the plots.
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Supplementary Figure 11: Distribution of A. thaliana accessions per land cover types (top) and
average topsoil organic carbon content per land cover types (bottom). 4. thaliana accessions were
clustered in three groups: Relicts (red), non-Relicts from North Sweden (blue), and other Non-Relict
groups (grey). Land cover types were obtained from the Global Land Cover 2000 database®® accessed

through CLIMtools™.
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Supplementary Figure 12: Association between the eleven top SNPs associated with IGEs and
biomass measured at the single plant level and in the absence of intraspecific interactions. For
each locus (A-K) biomass is compared between plants that had the negative IGE allele (“- -7, grey
plot) vs the positive IGE allele (“+ +”, red plot). All accessions are diploid inbred lines. Points and
error bars represent the mean + standard deviation. The number of accessions in each category are
reported below each violin plot. For each locus, “- -” vs “+ +” comparisons were tested using a two-
sided Wald-test (“.”: p <O0.1, “**”: p <0.01, “***”: p <0.001). chr1:6301080: W;=15.88, p =6.761e-
05; chr1:20005888: W1 =1.00, p = 0.3174; chr1:22826979: W= 15.22, p = 9.56e-05; chr2:2258764:
Wi =7.88, p=0.0050; chr2:16917776: W, ="7.27, p =0.0070; chr2:18070141: W;=9.28, p = 0.0024;
chr2:19614933: W, =20.72, p = 5.32e-06; chr3:188830: W;=3.31, p = 0.0690; chr3:16035190: W, =
6.71, p = 0.0096; chr5:2838468: W= 12.02, p = 0.0005; chr5:26039853: W;=6.98, p = 0.0082.
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Supplementary Figure 13: Geographic distribution of the 98 A. thaliana natural accessions used in
the experiment.
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Supplementary Figure 14: PCA (Principal Component Analysis) of the 98 accessions used in the
experiment. PCA was performed with 206,416 SNPs. The ten testers are colored in red.
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