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% Check for updates Plant diversity is shaped by trade-offs between traits related to competitive

ability, propagule dispersal, and stress resistance. However, we still lack a clear
understanding of how these trade-offs influence species distribution and
population dynamics. In Arabidopsis thaliana, recent genetic analyses revealed
a group of cosmopolitan genotypes that successfully recolonized Europe from
its center after the last glaciation, excluding older (relict) lineages from the
distribution except for their north and south margins. Here, we tested the
hypothesis that cosmopolitans expanded due to higher colonization ability,
while relicts persisted at the margins due to higher tolerance to competition
and/or stress. We compared the phenotypic and genetic differentiation
between 71 European genotypes originating from the center, and the south
and north margins. We showed that a trade-off between plant fecundity and
seed mass shapes the differentiation of A. thaliana in Europe, suggesting that
the success of the cosmopolitan groups could be explained by their high
dispersal ability. However, at both north and south margins, we found evi-
dence of selection for alleles conferring low dispersal but highly competitive
and stress-resistance abilities. This study sheds light on the role of ecological
trade-offs as evolutionary drivers of the distribution and dynamics of plant
populations.

The range of a species often encompasses a wide diversity of habitats,
each exerting distinct selection pressures and ultimately resulting in
different phenotypes among populations'. In plants, phenotypic
diversity is constrained by major trade-offs between traits related to
contrasting functions, such as stress tolerance, competitive ability, and
reproductive investment. These trade-offs collectively define alter-
native ecological strategies**, which differ among populations
according to geographical location and evolutionary history>®.

However, the role of ecological trade-offs in delineating species dis-
tribution and population dynamics remains unclear.

Because populations experience contrasted climatic conditions,
phenotypic traits often correlate with major climatic gradients, such as
latitude. For instance, leaf size has been shown to globally increase in
low latitudes with hot and wet environments’, while plant size tends to
increase at high latitudes®. However, phenotypic differentiation can
also follow a center-to-margin gradient, as observed in different
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species’ ™. This is explained by different ecological and evolutionary
mechanisms. First, it has been suggested that populations located at
the peripheries of a species’ distribution will encounter the most
challenging environmental conditions that the species can endure™™.
Peripheral populations are thus expected to display traits related to
stress tolerance and resource conservation. In addition, population
demography is expected to differ between the center and the margins
of the distribution range. For instance, smaller population sizes at the
range margins should increase the effect of genetic drift on pheno-
typic divergence™". Moreover, intraspecific competition shows
reduced intensity and exerts smaller fitness effects at the range mar-
gins in contrast to the range center'®”. However, we still lack a com-
prehensive understanding of how traits related to stress response and
competitive abilities vary across a species distribution range, notably
between the center and the margins.

In plant species that release their seeds within a limited area and
timeframe, competition among related seedlings can be particularly
intense, as they compete for finite resources within a restricted
space’® ., Tolerance and avoidance are two commonly adopted stra-
tegies by plants to cope with competition” . The tolerance strategy
involves minimizing the negative impacts of competition from neigh-
boring plants by producing large well-supplied seeds that increase the
future competitive capacity of the seedlings**. In contrast, the
avoidance strategy aims to reduce proximity to competitors through
the production of many small seeds, which disperse more easily and
limit their spatial aggregation”*%, Accordingly, the competition-
colonization trade-off suggests a plant cannot excel simultaneously
at being both a strong competitor and an efficient disperser®. More-
over, traits that influence competitive ability, such as plant growth and
seed mass, are also expected to play a significant role in determining
plant’s responses to abiotic stresses, thereby creating a related trade-
off known as the colonization-stress tolerance trade-off">*. For
instance, populations at the range margins, as opposed to those at the
center, are expected to experience stronger selection for stress tol-
erance and survival, associated with a lower investment in reproduc-
tion. However, empirical evidence of the competition-colonization
trade-off (as well as the colonization-stress tolerance trade-off)
remains ambiguous and is mostly limited to large comparative studies
across diverse plant species® (but see*).

In the genomic era, intraspecific analysis of genetic sequences
serves as compelling evidence for understanding past evolutionary
processes and providing hypotheses regarding population adaptation,
demography, and range expansion. This approach has been success-
fully applied to the widely distributed species Arabidopsis thaliana to
trace the dynamics of its European populations®*°, The research
conducted by Lee and colleagues*® suggested that approximately
20,000 years ago, while an ice cap covered the central and northern
parts of Europe, ancestral populations of A. thaliana, referred to as
“relicts”, were confined to southern Europe. As the ice cap began to
melt and the geographical barrier dissolved, populations from these
relict groups expanded northwards, reaching what is today northern
Sweden and Russia. In a second phase, at 10 ka (or maybe earlier, as
suggested by a recent study*), a group originating from central Europe
(Balkans or Caucasus*) emerged as the dominant one, surpassing all
the other genetic groups. It has been estimated that around 95% of the
present-day European genotypes, called “cosmopolitan” hereafter, are
descended from this second colonization wave. Genetic analyses of the
1001 genomes dataset™ have unveiled that the present representatives
of the relict group are currently confined to the Mediterranean basin,
with a notable concentration in Spain*>*’, In contrast, cosmopolitan
genotypes are dispersed throughout Europe, organized into eight
distinct genetic clusters®.

The distribution and phenotypic diversity of cosmopolitan
groups across Europe is constrained by climate-associated factors
associated with latitude*. The most suitable habitats are found in

central and western Europe. In contrast, low suitability is observed in
northern and southern Europe, which is explained by winter cold and
summer heat, respectively. Accordingly, phenotypic traits differ
between south, center, and north genotypes®®**. For instance, there
is strong evidence for a latitudinal gradient of flowering time and
resource-use traits****>', Genotypes from the Mediterranean basin,
which have evolved in peculiar climatic conditions and under partial
isolation (e.g., Iberian Peninsula separated by the Pyrenees mountains,
Italian Peninsula separated by the Alps), display early flowering, fast
growth, and resource-acquisitive traits. By contrast, populations from
the Scandinavian Peninsula (which also evolved under specific condi-
tions and partial isolation) display late flowering, slow growth, and
resource-conservative traits. However, whether this latitudinal gra-
dient observed in cosmopolitan genotypes extends to relict genotypes
remains unclear. For instance, most Iberian relics show late flowering®
in contrast to Iberian cosmopolitans®. Interestingly, a genetic cluster
of cosmopolitan genotypes from North Sweden, ie. situated at the
opposite end of the range compared to current relicts, showed high
genetic similarities to Iberian relict genotypes*®*. This suggests that
phenotypic variation in A. thaliana could follow a center-to-margin
gradient, related to the genetic divergence from the cosmopolitan
origin (central Europe) towards relict refugia at opposite latitudes
(north and south Europe). Accordingly, there is genomic evidence for
hybridization between relicts and cosmopolitans in both north and
south Europe™, although it is still unclear how genetic exchanges
between the two groups have contributed to phenotypic evolution and
adaptation at the margins.

Although the initial colonization of Arabidopsis thaliana in Europe
by relicts can be traced back to the gradual melting of the ice cap, the
success of the cosmopolitan group’s expansion across Europe remains
enigmatic, as does the preservation of relictual genetic variations
solely at the peripheries of its range. In the present study, we investi-
gated three questions: (i) do traits differentiate between A. thaliana
populations according to a center-to-margin gradient, with northern
lines displaying similar trait variations as their genetic relatives at the
opposite southern margin? (ij) does trait variation among geo-
graphical and genetic groups relate to major ecological trade-offs
between stress resistance, competition tolerance, and dispersal abil-
ity? and (iii) how does trait variation account for the maintenance of
relictual, genetic variation at the opposite margins of the distribution
range? To address these questions, we conducted experiments using
71 natural genotypes from three geographical areas (center, south, and
north) within the European range of A. thaliana. We investigated
phenotypic and genetic correlations between traits and explored
whether phenotypic differentiation toward the range margins could be
explained by adaptive introgressions following hybridization between
cosmopolitans and relicts.

In this work, we show evidence that a trade-off between compe-
tition- and colonization-related traits modulates the demography of
European populations of Arabidopsis thaliana. In cosmopolitan
populations, increased fecundity has facilitated their successful colo-
nization after the last glaciation in Europe. Conversely, marginal
populations have managed to survive in the most southern and
northern of Europe by beneficiating from alleles with ancestral origins,
which confer advantages in stress resistance and competitive ability.
Accordingly, our study suggests the presence of adaptive introgres-
sions following hybridization between cosmopolitans and relicts at the
range margins.

Results

A center-to-margins differentiation of A. thaliana populations
across the European distribution range

To study the diversity and distribution of plant traits across Europe, we
used 71 European genotypes of A. thaliana, including seven genotypes
previously described as relicts®. Trait measurements on plants grown
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Fig. 1| Genetic and phenotypic differentiation among A. thaliana biogeo-
graphical groups. The 71 genotypes (n =11 for North relict, n =13 for North cos-
mopolitan, n =23 for Center cosmopolitan, n =17 for South cosmopolitan,and n=7
for South relict group) selected for experimentation in this study are depicted
according to geographical and genetic clustering (A). Phenotypic differences in
seed mass (B), fecundity under control, intraspecific competition and water stress

conditions (C), and plant height (D) among biogeographical groups. Plot boxes
(B-D) show the minimum, first quartile, median, third quartile, and maximum
value. Reaction norms of fecundity in response to intraspecific competition (E) and
water stress (F) among biogeographical groups. Data in E, F panels are presented as
mean values +/- SEM. Different letters indicate significant differences in the mean
trait between groups after Tukey’s HSD test.

under non-stressing conditions (no competition and well-watered, i.e.
‘control’ hereafter; Supplementary Fig. 1) revealed non-linear rela-
tionships with latitude (Supplementary Fig. 2) for fecundity (number of
seeds produced), seed mass, and plant height. This suggested that
traits related to dispersal and competition abilities displayed a center-
to-margin differentiation. Accordingly, measurements of the differ-
ences in the genotypic mean fecundity between individuals grown in
intraspecific competition or under water stress and those in control
(‘fecundity response to competition’ and ‘fecundity response to water
stress’, respectively, hereafter) showed similar latitudinal trends
(Supplementary Fig. 2). Overall, genotypes from intermediate latitudes
were taller, produced more but smaller seeds, and were more impac-
ted by competition and water stress, than genotypes from low and
high latitude.

To further investigate the distribution of plant traits, we grouped
genotypes according to their geographical and genetic origins. We first
defined three geographical areas representative of center, south, and

north Europe, which are separated by natural barriers that partially
isolate plant populations. We used the latitude threshold of 45°, which
corresponds to the Pyrenees and Alps mountains, to delineate the
south area, and the latitude threshold of 55° that separates the Scan-
dinavian Peninsula® (Fig. 1A). We then employed ADMIXTURE to
explore the genetic structure of the sample. This analysis revealed that
the 71 genotypes can be classified into two genetic clusters (displaying
the lowest cross-validation error when k ranges from 1 to 9 clusters;
Supplementary Fig. 3). The first genetic cluster (n=53 genotypes)
included all genotypes from the central Europe area and a portion of
those located at the south and north regions. All these genotypes
belonged to one of the eight cosmopolitan groups identified in the
1001 genomes™ (Supplementary Table 1), and are henceforth referred
to as the cosmopolitan group. The second genetic cluster (n=18)
comprised all relict genotypes from the Iberian Peninsula, as well as all
genotypes from North Sweden. This second cluster confirmed the high
genetic relatedness between relicts and North Sweden lines previously
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Fig. 2 | Competition vs. colonization trade-off and genetic differentiation
among biogeographical groups of A. thaliana. A Relationship between seed
mass, estimated from seeds (n =10-30 air-dried seeds) produced by 4-5 individuals
per A. thaliana genotype, and fecundity measured as the total number of fruits per
genotype multiplied by the average fruit length (n =8 individual plants per geno-
type). Each point represents the mean trait value of one genotype (In total n=71
genotypes; n =11 for North relict, n =13 for North cosmopolitan, n =23 for Center
cosmopolitan, n =17 for South cosmopolitan, and n =7 for South relict group).
Pearson’s correlation coefficient (r) and statistical significance (P) are shown. B Qs
Fsr test in a multivariate framework using the method of Ovaskainen and
colleagues®® and testing seed mass and fecundity trait divergence expected by
genetic drift only among biogeographical groups. Solid ellipses show the pheno-
typic divergence expected by neutral processes only to the estimated ancestral

state (noted by the A label). Labels represent the observed phenotypic divergence
of each biogeographical group (NR: North relict; SR: South relict; NC, SC, and CC
represent North, South, and Center cosmopolitan, respectively). North relicts
showed higher directional selection to fecundity-seed mass trade-offs in compar-
ison to the other groups. C Pairwise Fsrq / Fsr ratio comparisons between South
relict and North relict and cosmopolitan groups using 1% top-SNPs related to
fecundity, plant height, seed mass, fecundity response to water stress and intras-
pecific competition. The significance of the Fsrq / Fsr ratio was tested with a linear
model through comparing Fsr in non-coding regions versus Fsz in top-SNPs of a
trait. Student’s ¢ tests were applied to detect significant differences in Fsrq/ Fsrratio
for each trait between the South relict and the rest of the biogeographical groups.
NS: not significant; *: P<0.05; **: P< 0.01; **: P< 0.001. The exact P-values can be
seen in the ‘Source Data file’.

reported*®*?, and was henceforth termed the relict group. Following
the ADMIXTURE analysis, we classified the 71 genotypes into five bio-
geographical groups, considering the intersection of geographical
origin and genetic clustering (Fig. 1A and Supplementary Table 1).
Accordingly, there was a single group in the center: the ‘Center cos-
mopolitan’ group (n=23); but two groups in both the south area
(‘South cosmopolitan’, n=17, and ‘South relict’, n=7) and the north
area (‘North cosmopolitan’, n =13, and ‘North relict’, n =11) (Fig. 1A).
Seed mass, fecundity, and plant height varied significantly
between biogeographical groups (all P<0.001; 0.17 <marginal-
R?<0.34; Fig. 1B-D; Supplementary Fig. 4; Supplementary Table 2).
Specifically, we observed that Center cosmopolitans had 3-fold higher
fecundities and produced significantly lighter seeds than South and
North relicts (Fig. 1B, C). Moreover, Center cosmopolitans had an
average height of 12 cm taller than the South relicts, but it did not
display a significant difference from the North relicts (Fig. 1D). In
between, South and North cosmopolitans exhibited a similar seed
mass and plant height to Center cosmopolitans, except for their
intermediate values of fecundity that spanned between the peripheral
and central groups (Fig. 1B-D). In addition, fecundity measurements of
plant response to competition and water stress’, respectively, here-
after) revealed that the fecundity of Center cosmopolitans significantly
decreased under competition compared to peripheral ones (up to
3-fold reduction), but not under water stress (Fig. 1E, F and Supple-
mentary Table 2). Comparison between observed mean trait values
and values obtained by resampling within biogeographical groups

confirmed that the phenotypic patterns were not the result of chance
(Supplementary Fig. 5).

Phenotypic variation is associated to the competition-
colonization trade-off

Across the 71 genotypes under control conditions, fecundity was
negatively correlated with seed mass (Pearson’s r=-0.51, P<0.001;
Fig. 2A and Supplementary Fig. 6). Interestingly, this trend was also
observed within some biogeographical groups, such as South relicts
and North cosmopolitans (Supplementary Fig. 7). Across the 71 gen-
otypes, fecundity under control conditions was also positively corre-
lated with plant height (r=0.51, P<0.001; Supplementary Fig. 6) and
negatively correlated with the fecundity response to competition (i.e.
competition tolerance; r=-0.98, P < 0.001; Supplementary Fig. 6) and
to water stress (i.e. water stress tolerance; r=-0.54, P<0.001; Sup-
plementary Fig. 6). Notice that stress response was calculated based on
fecundity measurements under water limitation or competition, thus
fecundity and stress response variables were non-independent.

Seed mass was positively correlated to the fecundity response to
competition (r=0.45, P<0.001; Supplementary Fig. 6), but not to
water stress (r=0.12, P=0.30; Supplementary Fig. 6). We also found
that a large part of phenotypic variance was due to genetic variability,
as measured by broad-sense heritability (0.40 < H < 0.63; the lowest
value corresponding to fecundity under competition and the highest
value to seed mass; Supplementary Table 3). Together, these results
suggest that phenotypic diversity in A. thaliana is influenced by a
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trade-off between maximizing fecundity and dispersal (numerous light
seeds and tall inflorescences) or maximizing competitive ability and
stress tolerance.

To examine if the observed trait differences between groups were
explained by natural selection, we estimated the quantitative genetic
differentiation (Qsy) of traits among biogeographical groups and
compared it to the distribution of allelic differentiation along the
genome among biogeographical groups (Fs7). The QsrFsr approach
aims to compare the degree of phenotypic differentiation (i.e. Qs7) to
the degree of genetic differentiation at neutral markers (i.e. Fs7)
between populations”~%, The Qs values of seed mass, fecundity, plant
height, and the response of fecundity to competition were sub-
stantially extreme in the distribution of Fsr across the genome (Sup-
plementary Fig. 8), suggesting that these traits are under directional
selection.

Using the method of Ovaskainen and colleagues®*°, we further
examined Qsr-Fsr in a multi-trait framework to test whether biogeo-
graphical groups have diverged more strongly in quantitative traits
than expected solely due to genetic drift. This method estimates a
statistic, denoted as S, which describes the phenotypic divergence of
trait pairs among groups resulting from drift only (S=0.5), directional
selection (S =1), or stabilizing selection (S = 0). The divergence among
groups in the relationship between seed mass and fecundity was high
and explained by directional selection (S = 0.92). Specifically, we found
that the North relicts exhibited the highest divergence along the
relationship between seed mass and fecundity (Fig. 2B). Likewise, we
showed that divergence among groups in the relationship between
height and seed mass, as well as between fecundity and height, was
explained by the effects of directional selection (§=0.94 and S =0.83,
respectively). Finally, we also observed high S values when examining
the divergence in covariations between fecundity under control vs
fecundity under competition (§=0.82), as well as fecundity under
control vs fecundity under water stress (S = 0.81). This pattern exten-
ded to large S values for the covariations between fecundity under
control and the fecundity response (i.e. the difference of fecundity to
water stress, S=0.80, and to competition, S=0.81, respectively).
Together, these results suggest that trait differences between bio-
geographical groups cannot be only explained by neutral processes
such as genetic drift.

59,60

Genetic convergence between peripheral populations at genes
involved in dispersal and competitive ability

The large sequencing effort of A. thaliana has provided an opportunity
to identify the single nucleotide polymorphisms (SNPs) involved in
trait variation through genome-wide association studies (GWAS)®.. No
significant SNP associations were found here, which could be attrib-
uted in part to the limited number of genotypes used for GWAS
(n=71), resulting in reduced statistical power, and part to the poly-
genic nature of the traits used here. Using a polygenic GWAS
approach®, we calculated the quantitative effect of 474,708 SNPs
along the genome on each studied trait. At the whole-genome level, we
observed negative correlations between SNP effects on fecundity in
control conditions and SNPs related to seed mass (r=-0.01, P< 0.001;
Supplementary Fig. 9A), as well as between SNP effects on the
fecundity in control and SNPs related to fecundity responses to com-
petition and water stress (r=-0.28, P<0.001 and r=-0.07, P<0.001,
respectively; Supplementary Fig. 9A). In addition, SNPs related to plant
fecundity in control also had a positive effect on plant height (r=0.08,
P <0.001; Supplementary Fig. 9A). Overall, this suggests that the trade-
offs observed between traits related to dispersal, stress tolerance, and
competition tolerance are supported by pleiotropic effects of genes
influencing trait values. We then extracted the top 1% (i.e. 4748) SNPs
evenly distributed between the strongest positive and negative effects
on each trait (i.e. 0.5 % of the SNPs having the most negative effects,
and 0.5% of the SNPs having the most positive effects). Interestingly,

we observed similar directions in the correlations between SNP effects
linked to traits using the 1% top-SNPs and the whole-genome SNPs
(Supplementary Fig. 9A, B). The strongest negative correlations were
found between 1% top-SNP effects on fecundity and plant height and
SNP effects on fecundity response to competition and water stress
(-0.29 <r<-0.46; P<0.001; Supplementary Fig. 9B); and the stron-
gest and significant positive correlations were found between SNP
effects related to competition response and seed mass (r=0.33;
P <0.01; Supplementary Fig. 9B) and competition response and water
stress response (r=0.35; P<0.001 Supplementary Fig. 9B). The mag-
nitude of the correlation coefficients was higher for the 1% top-SNPs
than at whole-genome level (Supplementary Fig. 9A, B). Furthermore,
many SNPs from the 1% top-SNPs were common to different traits, in
particular for fecundity-related traits (Supplementary Fig. 10). How-
ever, some correlations were found significant at the whole-genome
level but not among 1% top-SNPs (seed mass vs fecundity and plant
height, and fecundity vs plant height).

To determine the genomic level Qsr, we calculated the SNP-level
Fsr between geographical groups using different subsets of top SNPs
(0.5%, 1%, 2%, and 5%) for each trait. This measurement allowed us to
estimate trait Fsrq (sensu ref. 58), contrasting it with Fsr at neutral
markers derived from non-coding SNPs. At all cutoff values, the Fsrq/
Fsrratio, i.e. the divergence of quantitative traits from neutral mole-
cular markers at the genomic level, for seed mass revealed that this
trait diverged between all biogeographical groups, more strongly
between South relicts and all cosmopolitan groups (Fig. 2C, Supple-
mentary Figs. 11, 12 and Supplementary Table 4), which pointed again
to a strong effect of directional selection on seed mass. Specifically,
pairwise comparisons of Fsyo/Fsr ratio between biogeographical
groups showed that South relicts were comparatively (at genes related
to seed mass) closer to North relicts, and farther from Center cos-
mopolitans (Fig. 2C). The Fsro/Fsr ratio for other traits, including
fecundity, plant height and the fecundity response to competition and
water stress, were relatively close to 1 (Fig. 2C). Interestingly, pairwise
comparisons of the Fsro/Fsrratio for plant height among geographical
groups revealed a significant genetic distance between South and
North relicts compared to Center cosmopolitans at the 1%, 2%, and 5%
top-SNPs thresholds (Supplementary Figs. 11, 12 and Supplementary
Table 4). Conversely, while no significant genetic disparities in
fecundity were observed between South relicts and Center cosmopo-
litans, notable differences were apparent between North relicts and
Center cosmopolitans (Supplementary Fig. 12 and Supplementary
Table 4).

The genetic relatedness between some northern and southern
genotypes has been explained by their higher abundance in common
outlier haplotypes (measured through 10kb windows along the
genome®’). Accordingly, the 71 genotypes used here displayed a
similar pattern of genome-wide increase in outlier haplotypes at both
north and south margins (Supplementary Fig. 13). We then examined
whether the 1% top-SNPs involved in dispersal, competition, and stress
tolerance traits were enriched or impoverished (compared to a ran-
dom subset of non-coding SNPs representative of the genome-wide
variation) in outlier haplotypes, particularly in populations located
near the range margins. There was a strong enrichment of outlier
haplotypes in SNPs having a positive effect on seed mass for South and
North relicts. Conversely, these same SNPs were depleted in outlier
haplotypes in cosmopolitan groups (Fig. 3A, B). On the contrary, the
SNPs hurting seed mass were significantly depleted for outlier haplo-
types in North relicts, while they were enriched in outlier haplotypes in
South, Center, and North cosmopolitans (Fig. 3C, D). Surprisingly, we
observed that relicts had enrichment of outlier haplotypes with a
negative effect on seed mass, but it represented a percentage sub-
stantially lower than the percentage of enrichment of haplotypes with
a positive effect (0.6% vs. 8.5%, Fig. 3A, C), perhaps reflecting the high
diversity within the relict group. The percentage of outlier haplotypes
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Fig. 3 | Enrichment in relict haplotypes (%) among biogeographical groups.
Enrichment (%) in outlier (i.e. relict) haplotypes with a positive (A and B) and
negative (C and D) effect on each trait studied for each biogeographical group. A
bootstrap approach was applied with 50 permutations, each taking 1000 SNPs
among the 0.5% positive effect and others 1000 SNPs among the 0.5% negative
effect on a trait, and 1000 SNPs randomly chosen among non-coding SNPs (to
represent the neutral genomic background). The enrichment was calculated as the
ratio between the proportion of outlier haplotypes in top-SNPs and those in non-
coding regions. Data are presented as mean values +/— SEM.

with a positive effect on fecundity and plant height decreased at both
opposite margins, together with the enrichment of outlier haplotypes
hurting fecundity in North relicts. Similarly, the percentage of outlier
haplotypes with a negative effect on stress and competition responses
decreased at both the opposite margins (Fig. 3C, D). Together, these
results suggest a strong genetic convergence between South and
North relicts in genes related to dispersal traits such as seed mass and
fecundity, as well as in genes associated with competition and stress
responses.

Discussion

In evolutionary ecology, a significant focus is directed towards
understanding the factors influencing plant species distribution and
the dynamics of their populations®’. Given that every species faces the
challenge of coexistence with others®, many studies have focused on
interspecific interactions to explain species distribution®*®*, Specifi-
cally, the trade-off between competitive and colonization abilities is
considered as a fundamental mechanism for species coexistence®**’.
However, for species that live and disperse their seeds in patches,
neighbors are more likely to be conspecifics than representatives of
other species’**%. Consequently, intraspecific competition and colo-
nization mechanisms are thought to significantly influence population
dynamics. Despite this, only a limited number of studies have investi-
gated competition/colonization relationships at the intraspecific
scale’*”, and even fewer have considered them from a biogeo-
graphical perspective. In this study, we investigated the intraspecific
variability of competition- and colonization-related traits in European

populations of Arabidopsis thaliana, shedding light on the species’
demographic and evolutionary history. We observed a clear differ-
entiation in traits such as seed mass, fecundity, plant height, and
competition response between peripheral and central populations.
These variation patterns directly align with recent genetic findings
about the history of A. thaliana®*°. Cosmopolitan genotypes repre-
sent 95% of the species’ European diversity, resulting from the demo-
graphic success of a former cosmopolitan group originally from the
Balkans or Caucasus*®*. This group outperformed all others, occu-
pying central Europe until that point. One of the main hypotheses
explaining this demographic success suggested that genotypes from
this central group were more competitive*®. This assumption is likely
derived from the theoretical peripheral-core hypothesis, which pro-
poses that dispersal ability would be more advantageous in peripheral
populations for favoring colonization of novel environments and
range expansion. Conversely, competitive ability might be expected to
prevail in central populations®®. Instead, our results suggest that cen-
tral cosmopolitan genotypes exhibit a highly ruderal strategy’ char-
acterized by a high fecundity, light seeds, and tall inflorescence. This
trait combination might have enabled genotypes from the Balkan
group (i) to avoid intraspecific competition with neighboring seed-
lings, and thus have a greater chance of survival®® and/or (ii) to dis-
perse further and thus colonize new patches of vegetation®**. This
latter aligns with Francois and colleagues’ hypothesis® about the
parallelism between the entrance of the cosmopolitan eastern Eur-
opean source of A. thaliana and the creation of a dynamic and per-
turbed landscape with the diffusion of agriculture starting from the
east of Europe. Supporting this argumentation, Williams and
colleagues® demonstrated a more than threefold increase in dispersal
distance for evolved A. thaliana populations in highly-fragmented
landscapes after six generations. Moreover, they showed that the
coefficient of variation for spread was four times greater in the
patchiest landscapes (12 times the mean dispersal distance) than in the
continuous landscapes.

Many studies have revealed consistent patterns in the traits of
Arabidopsis thaliana populations along the European latitudinal gra-
dient, such as flowering time, plant height, and rosette size’*”". These
variations are likely influenced by environmental factors associated
with latitude, including temperature and day length. For example,
populations at higher latitudes may exhibit delayed flowering to avoid
late spring frost, while those at lower latitudes may have adaptations
for coping with higher temperatures*‘. Here, we observed a center-to-
margin trait differentiation rather than latitudinal clines, which was
reflected in U-shape, or inverse U-shape, relationships between traits
and latitude (Supplementary Fig. 2). Colonization-related traits
decreased from central toward both northern and southern peripheral
groups, illustrated by the reduction in fecundity values and, to a lesser
extent, plant height. This differentiation between the north and south
was explained by the presence of relict genotypes at the opposite
margins. For instance, peripheral groups (South and North relicts)
were more competitive, i.e. higher seed mass values, than their central
counterparts. Consistent with these findings, Estarague and
colleagues’ recently showed phenotypic differentiation in leaf traits
associated with competitive ability (leaf area, C-scores in CSR strategy)
between central and north/south A. thaliana populations across Eur-
ope. Moreover, Clauw and collaborators’ showed that northern per-
ipheral genotypes took advantage of their big seeds to deal with cold
temperatures and survive winter stress. Their research revealed that
big seeds in northern populations were associated with lower growth
rates, potentially aiding survival in harsh environments. This is con-
sistent with other studies indicating a prevalence of slow-growing and
long-lived plants at the geographical margins, contrasted by the pre-
valence of fast-growing and short-lived species in central habitats*®”,
While studying traits offers essential explanatory hypotheses, the next
challenge lies in experimentally testing the greater dispersal ability of

Nature Communications | (2024)15:5185



Article

https://doi.org/10.1038/s41467-024-49267-0

cosmopolitan populations and assessing the subsequent perfor-
mance gain.

Beyond uncovering the evolutionary and ecological history of A.
thaliana, our study shows evidence of the competition-colonization
trade-off as a mechanism structuring phenotypic divergence at the
intraspecific level. As a plant model species, A. thaliana offers a wealth
of molecular background information to delve into evolutionary
mechanisms that shape phenotypic relationships. Here, polygenic
GWAS analysis evidenced that SNPs positively linked to colonization
function had a pleiotropic and negative effect on fecundity response
to competition and water stress (see SNPs correlations on the involved
traits; Supplementary Fig. 9)’*. In other words, our study suggests that
both colonization and competition functions could not be selected for
the same genetic background. Other plant studies have also evidenced
that the competition-colonization trade-off is under selection. For
example, Fakheran and collaborators® found A. thaliana populations
grown at high-density and in disturbed environments diverged in both
competitive and dispersal abilities in only five generations.

Our study highlighted that seed mass is a key adaptive component
to survive and persist in peripheral areas’*’>7>’¢, Indeed, we detected a
high difference in Fsrq-Fsr ratio between groups for seed mass, as well
as an enrichment of outlier haplotypes with a positive effect on seed
mass in both South and North relicts. Furthermore, we observed an
increased occurrence of outlier haplotypes negatively influencing
stress tolerance traits (competition and water stress) as we moved
from peripheral to central groups. In other words, less adaptability to
stressful conditions for Center cosmopolitans is also demonstrated
under intraspecific competition through phenotypic evidence. In
contrast, Center cosmopolitans showed the highest value in enrich-
ment of outlier haplotypes with a positive effect on fecundity; but not
on plant height as we expected. Plant height is a major trait related to
dispersal distance””’%; however, it can be constrained by many other
unmeasured aspects of species life-history strategies like species
longevity”. Interestingly, South and North cosmopolitans showed an
intermediate pattern between central and peripheral, both at the
phenotypic (mainly fecundity) and genetic levels. These results sug-
gest a potential introgression of outlier haplotypes from groups with a
high amount of outlier haplotypes (south and north relict groups) to
cosmopolitan groups in areas where both coexist (e.g., the Iberian
Peninsula and Sweden). Admixture and genetic introgressions
between groups have already been documented in A. thaliana. This
may have allowed more recent colonizers to obtain locally adaptive
alleles, aiding their survival and persistence in regions where the spe-
cies faces environmental constraints*®***, Consistently, evidence of
genetic admixture between relict and cosmopolitan groups has been
found in genes linked to flowering traits and resource-use strategies™.
However, the extent to which such hybridization might contribute to
local adaptation in contrasting environmental conditions warrants
further in-depth investigation.

Methods

Plant material and genotype classification

We used a total of 71 natural genotypes of A. thaliana from three
geographical areas representative of center, south, and north Europe,
which are separated by natural barriers that partially isolate plant
populations. We used the latitude threshold of 45°, which corresponds
to the Pyrenees and Alps mountains, to delineate the south area, and
the latitude threshold of 55° that separates the Scandinavian Peninsula
(Fig. 1A). We excluded genotypes originating from sites with an alti-
tudinal distribution above 1000 m.a.s.l. to avoid confounding factors
associated to elevation (Supplementary Table 1). All genotypes were
included in the initial germplasm of the 1001 Genomes project (http://
1001genomes.org/*), and seeds were supplied by the Nottingham
Arabidopsis Stock Center (NASC) and the Arabidopsis Biological
Resource Center (ABRC).

We downloaded full genomic sequences from the 1001 Genomes
Project available and filtered SNPs with minor allele frequencies (MAF)
superior to 5% among the 71 genotypes. Genetic clustering was per-
formed with ADMIXTURE®® after linkage disequilibrium pruning
(P <0.1in a 50 kb window with a step size of 50 SNPs) with PLINK*?,
resulting in 47,213 independent SNPs used for subsequent analyses. A
cross-validation (CV) for different numbers of clusters (k=1to k=9)
showed that the set of studied genotypes was best separated into two
groups (k=2 presented the lowest CV error = 1.00, Supplementary
Fig. 3). Following the same approach as the 1001 genomes project®, we
assigned each genotype to a group if more than 50% of its genome
derived from the corresponding cluster. Thus, we classified the 71
initially selected genotypes into five biogeographical groups, con-
sidering the interplay between geographical origin and genetic clus-
tering (Fig. 1A and Supplementary Table 1). There was a single group in
the center: the ‘Center cosmopolitan’ group (n = 23); and two groups in
the south area (‘South cosmopolitan’, n=17, and ‘South relict, n=7)
and in the north area (‘North cosmopolitan’, n=13, and ‘North
relict’, n=11).

Greenhouse experiment and treatments

The experiment was carried out in two adjacent compartments of a
greenhouse, where plants were sown and grown in individual pots
(7x7x6.5cm) filled with a 1:1 mixture of commercial peat moss
(Neuhaus N2) and vermiculite (medium grain 3-6 mm). In the control
treatment (non-stressful conditions), three to eight seeds per pot were
sown, and the first germinated plant was kept and grown at the pot
center under well-watered conditions (regular irrigation every 4-5 days
during the experiment). In the intraspecific competition treatment, we
sowed between 3-4 seeds at the pot center and at the four-pot corners
to assure a germinated plant in each position. If several seeds germi-
nated per position, we kept the only first germinated one and the
others were thinned. Therefore, a focal A. thaliana plant was grown at
the pot center surrounded by four individuals of the same genotype,
under similar well-watered conditions as the control treatment. In the
water stress treatment, the first germinated plant was selected at the
pot center, ie. without competing neighbors, and grown in water
stress conditions - regular irrigation every 10-11 days along the
experiment since plants reached three - four true leaves (Supplemen-
tary Fig. 1). For the first 40 days from sowing (from end of January to
mid-March 2020), we kept all plants in cold temperature (-10 °C)
under well-watered conditions to ensure establishment and vernali-
zation of all genotypes (i.e. breaking the genetic suppression of flow-
ering). After the vernalization period, we raised the room temperature
(20 °C day / 15°C night) and applied different watering treatments.
Plants were consistently exposed to the natural light-dark cycle from
sowing to the end of the experiment.

We used eight pot replicates of each genotype and treatment,
resulting in a total of 71 genotypes x 8 replicates x 3 environments =
1704 pots (Supplementary Fig. 1). Plants were equally distributed in
the two adjacent compartments, with three large tables each con-
taining one treatment per table and compartment. Each table was
divided into four similar blocks, that included one replicate per gen-
otype randomly placed. The tables were rotated within the compart-
ments and turned around themselves every two days to minimize
putative microclimate heterogeneity in each compartment.

Trait measurements

We harvested plants as each one reached maturity, ie. at plant
senescence when fruits started to dry (from mid-April to mid-August
2020), to avoid bias in resource allocation in vegetative or reproduc-
tive organs between late and early flowering plants, and then per-
formed a set of phenotypic measurements. For each focal individual,
we measured the maximum reproductive height (cm) from the rosette
base to the apex of the longest flowering stem’””. We counted the total
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number of fruits produced for each focal individual and measured the
average fruit length from four fruits chosen randomly along the main
inflorescence. We then calculated plant fecundity by multiplying the
total number of fruits at the whole-plant level by the average fruit
length to generate an estimate of the total number of seeds per plant®,
On the other hand, we measured the seed mass (BALCO MCS5, mg) of
focal individuals (n=4-5 per genotype) by weighing air-dried seeds
(n=10-30 per individual) and then dividing the total air-dried weight
by the number of seeds in the sample. Finally, we measured the
fecundity response to competition or water stress as the absolute
difference in the mean fecundity of genotype i in stress treatment
(intraspecific competition or water stress) and mean fecundity of
genotype i in control conditions. Although there is an active debate in
the literature about the use of relative versus absolute fitness, with no
clear consensus®**, we consider that this is the absolute “amount of
progeny lost” that is relevant for population demography in an evo-
lutionary perspective since it might impact the demographic success
of a given genotype. Notice that there is a lack of independence
between fecundity and stress response traits, which is reflected with a
high correlation between both (Supplementary Fig. 6).

Statistical analyses

Phenotypic analyses. From the initial 1,704 individuals, we finally
conducted analyses over a total of 1595 individuals, after discarding
plants that did not complete their life cycle at the end of the experi-
ment or died during the experiment. In total, 544 plants grew under
control, 507 grew under intraspecific competition, and 544 were under
water stress conditions. In the competition treatment, we did not
consider in our analyses the focal plants with the absence of one or
more of their four neighbors to avoid potential bias linked to neigh-
boring plant density. Further, we removed 32 individuals due to human
errors in plant identification and 23 individuals, which were truly
measured but showed extreme values within genotype and treatment
after applying the Hampel filter, ie. the median, plus or minus 3
median absolute deviations®**°,

We first ran genotypic mean correlations among measured phe-
notypic traits, without the assumption of causal effect. To assess dif-
ferences in plant dispersal, colonization, and competition abilities
among A. thaliana geographical groups, we ran linear mixed-effects
models for plant height, fecundity, and seed mass on individuals in
control conditions. We used the geographical group as a fixed factor
and genotype identity (nested within the geographical group) and
blocks (nested in a table and these, in turn, nested in the compartment)
as random factors. With the same fixed structure, we ran linear models
to quantify differences in genotypic mean responses in fecundity to
intraspecific competition and water stress among geographical groups.
When the variable geographical group was significant, we contrasted
mean phenotypic differences among geographical groups through post
hoc Tukey’s tests. We also plotted each genotypic mean trait against
latitude using loess regressions. Moreover, we ran null models on
genotypic mean trait by randomly shuffling labels (100 replicates) on
biogeographical groups for each genotype, while keeping sample sizes
fixed for each geographical group. We then plotted the observed vs null
mean trait values for each genotype to test whether a phenotypic pat-
tern can be considered by chance or not. All analyses were performed in
Rv. 3.5.1”, using Ime4°> and emmeans” R packages.

Genetic analyses. For all traits, we ran Bayesian sparse linear mixed
models (BSLMM) implemented in the software package GEMMA®,
BSLMM is a polygenic model that assesses the contribution of multiple
SNPs to phenotypic variation, accounting for relatedness via the
inclusion of a kinship matrix as a covariate. From the BSLMMs, we
obtained a dataset with 471,453 SNPs, which was subsequently used to
estimate the join effect of these SNPs on each studied phenotypic trait.
The total effect size Ei of each SNPi on every single trait was

determined as Ei = ai + Bi*6i, where ai corresponded to the estimate of
small SNP effects, i corresponded to the estimate of large SNP effects,
and &i corresponded to the probability of non-zero effect of a locus
when accounting for the effects of all other loci****. We computed a
linear correlation matrix between all SNP effects Ei associated with
each phenotypic trait to assess whether ecological trade-offs were
embedded at the genetic level.

To test whether phenotypic differentiation among geographical
groups departed from neutral processes, we compared the structure
of genetic variance of traits among populations (Qs7) to their neutral
genetic differentiation. To proceed, we first estimated Weir and
Cockerham Fg;”” between each pair of geographical groups for all SNPs
across the genome using PLINK software®. Qg of each trait was then
calculated as the ratio of genetic variance of each trait within and
among geographical groups from genotypic means. We tested if Qsr
values were extreme in the distribution of Fsrin a bootstrapped and
non-parametric approach. Second, we tested in a multi-trait frame-
work if the divergence of trait values across populations was merely
explained by drift or natural selection by using the method of Ovas-
kainen and colleagues®. This method estimates a statistic S, which
describes the phenotypic divergence of trait pairs among groups by
drift only (§=0.5), by directional selection (§=1), or by stabilizing
selection (S=0)%. To do so, we first estimated a neutral co-ancestry
matrix with RAFM?® package, by using 22,307 non-coding SNPs (i.e.
outside genes), for which at least 95% of genotypes were genotyped.
We then used DRIFTSEL package®® to compare the phenotypic diver-
gence of pairs of traits to genetic neutral divergence. We fitted both
the RAFM and DRIFTSEL models with 5000 MCMC iterations, dis-
carded the first 1000 iterations as transient, and thinned the remaining
by 4 to provide 1000 samples from the posterior distribution. Third,
we extracted from BSLMMs the 0.5% SNPs with the strongest positive
effect and the 0.5% SNPs with the strongest negative effect on every
trait, making a total of the 1% top-SNPs (i.e. 4,748 SNPs per trait). The
Fsrq parameter was estimated for each trait as the mean Fsr of the 1%
top-SNPs for the given trait (Fsrq/ Fs7)”’. We estimated the significance
of Fsrq / Fsr ratio with a Student’s t test (Fsy in non-coding regions
versus Fsrin top-effect-SNPs of a trait). Finally, we quantified the Fsrq/
Fsr ratio differences between all cosmopolitan groups and the ‘South
relict’ group for every trait. In addition, we tested the sensitivity to
changes in our Fsrq / Fsrratio depending on top-SNPs cutoff value. To
do so, we re-calculated the Fsrq / Fsr ratio using three different top-
SNPs cutoffs values, 0.5%, 2%, and 5% top-SNPs, for every trait. Finally,
we calculated the broad-sense heritability (H?) for each study trait with
a linear mixed-effects model, considering the genotype identity as a
random factor. H? was calculated at the proportion of genotypic var-
iance (0%;) over the total variance (0°g + 0%).

Enrichment of outlier haplotypes. Using the calculation of the
genomic proportion of relict ancestry for a 10 kb window for each
genotype previously quantified by Lee and collaborators®, we first
plotted the number of outlier haplotypes for each one of our geo-
graphical groups and then estimated the proportion of outlier haplo-
types among our selection of 1% top-SNPs with the strongest positive
and negative effect on each studied trait, and among SNPs randomly
sampled in non-coding regions. We applied a bootstrap approach with
50 permutations, each taking 1000 SNPs among the 0.5% positive
effect and others 1000 SNPs among the 0.5% negative effect on a trait,
and 1000 SNPs randomly chosen among non-coding SNPs (to repre-
sent the neutral genomic background). Then, we estimated the aver-
age proportion of outlier haplotypes for these three categories (top-
positive, top-negative, and non-coding) among all genotypes within
each geographical group. The ‘enrichment in outlier haplotypes (%)’
for every trait and geographical group was calculated as the difference
between the proportion in outlier haplotypes in top-SNPs and those in
non-coding regions.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mean functional trait and genetic data generated in this study have
been deposited and are freely available in the Figshare Digital Repo-
sitory database under accession code https://doi.org/10.6084/m9.
figshare.23807346.v2%%. Accessions used in this study had been pre-
viously described by the 1001 Genomes project (http://1001genomes.
org/) and their codes can be seen in the Supplementary material file
(Supplementary Table 1). Source data are provided as a Source Data
file. Source data are provided with this paper.

Code availability

The codes supporting the plots within this paper and other study
findings are available from the corresponding author upon reasonable
request.
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