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Speciation, the process through which new reproductively isolated species emerge
from ancestral populations, occurs due to the gradual accumulation of barri-
ers to gene flow within genomes. To date, the notion that interspecific genetic
exchange occurs more frequently between plant species than animals species
has gained a strong footing in the scientific discourse. By examining the dy-
namics of gene flow across a continuum of divergence in both kingdoms, we
observe the opposite relationship: plants experience less introgression than
animals at the same level of genetic divergence, suggesting that species bar-
riers are established more rapidly in plants. This pattern raises questions

about which differences in microevolutionary processes between plants and
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animals influence the dynamics of reproductive isolation establishment at the

macroevolutionary scale.

One Sentence Summary

Genetic exchange is more frequent between animal species than plants, challenging historical

Views.



Introduction

Introgression, the genetic exchange between populations or between speciating lineages has
long been considered an important evolutionary process (/). The number of genetic novelties
brought by introgression in a population can exceed the contribution of mutation alone, thus
increasing both neutral and selected diversity, which can be the source of major evolutionary
advances (2). One of the consequences of such introgression events is to facilitate the dif-
fusion on a large scale (geographical and/or phylogenetic) of mutations that were originally
locally beneficial (3). Evidently, genetic exchange across the Tree of Life is not unrestricted but
is interrupted by specific mutations, known as species barriers, that reduce hybrid fitness and
progressively accumulate in the genome as evolutionary lineages diverge (4). These genetic
barriers to gene flow contribute to reproductive isolation by either reducing hybrid produc-
tion or diminishing hybrid fitness. The consequences of reproductive isolation can therefore
be captured through the long-term effect of barriers on reducing introgression locally in the
genomes, which provides a useful quantitative metric applicable to any organism (5). Thus,
the genomes of speciating lineages go through a transitional stage, the so-called ‘semi-isolated
species’, where they form mosaics of genomic regions more or less linked to barriers to gene
flow (6). The consideration of this ‘semi-isolated’ status is key to better understanding the dy-
namics of the speciation process: i) When does the transition from populations to semi-isolated
species occur? ii) At what level of molecular divergence do species become fully isolated?
Historically, reproductive isolation has been studied using complementary approaches. From
an “organismal” perspective, it is evaluated using controlled crosses that measure reductions
in hybrid viability or fertility, typically over one or two generations (5). In contrast, a “ge-
netic” perspective focuses on reductions in gene flow between populations driven by natural

selection acting on barrier genes over longer evolutionary timescales (5). While laboratory-



based approaches offer valuable insights into the genomic architecture of reproductive isolation
-such as the number of loci involved, their individual phenotypic effects, and the extent of ge-
netic interactions- they have inherent limitations in detecting species barriers as they occur in
natura (7). To overcome these limitations and investigate the dynamics of reproductive iso-
lation, we examine patterns of gene flow in natural populations, where introgression leaves
detectable genomic signatures. Metrics such as Fis7 (8) and derivatives of the ABBA-BABA
test (9, 10) are widely employed to assess whether divergence occurred under strict allopatry;
however they cannot estimate the timing of gene flow or determine the current isolation status.
Recent computational methods explicitly test evolutionary scenarios, including ongoing gene
flow and semi-permeable species barriers (//—13). Applied to 61 pairs of animal taxa across a
continuum of molecular divergence, these methods revealed frequent introgression up to 2% net
divergence (/4) and cases of gene flow between lineages 14 times more divergent than humans
and chimpanzees (15).

The role of hybridisation and introgression in evolution benefited enormously from the
efforts of botanists during the mid-20th century, but the patterns of speciation dynamics de-
scribed above in animals, specifically the reduction of effective migration between populations
or species in natura, are still unknown in plants. A historical overview of the literature sug-
gests that plants would be more susceptible to hybridisation, and even introgression, than ani-
mals (2, 16—20). Despite a lack of comparative studies, this notion has been extensively adopted
by the scientific community and is supported by some shortcuts. Primarily, the few empiri-
cal investigations comparing the dynamics of speciation in plants versus animals solely rely
on morphological traits to arbitrarily define species (/9). The emergence of molecular data
has now rendered this issue surmountable, as it enables substituting the human-made species
concept with genetic clusters that quantitatively vary in their level of genetic distance (27) and

level of reproductive isolation (5). Secondly, the assertion of a higher magnitude of gene flow in



plants relative to animals was established without any indication that comparable levels of diver-
gence have been studied. Here, we undertake a comparative genomic approach using molecular
datasets from the literature to challenge, with a unified statistical framework, the view that gene

flow would be more prevalent in plants than animals for a given level of divergence.

Results

The present investigation examines the decrease in ongoing gene flow between lineages as a
function of their genetic divergence, and compares its dynamics between two kingdoms of the
Tree of Life: plants and animals. For this purpose, we empirically explore a continuum of
genetic divergence represented by 61 animal pairs and 280 plant pairs. Genomic data from
each pair allows the quantification of molecular patterns of polymorphism and divergence by
measuring 39 summary statistics commonly used in population genetics and the joint Site Fre-
quency Spectrum (JSFS). For each observed dataset, we then tested whether the observed set
of summary statistics was better reproduced by scenarios of speciation with or without migra-
tion by using an approximate Bayesian computation framework (ABC; (/7)). The same ABC
methodology for demographic inferences was employed for both the animal dataset (analyzed
in (/4)) and the plant dataset. The new plant dataset was produced from sequencing reads pub-
licly available for 25 genera distributed in the plant phylogeny (212 pairs of eudicots, 45 of
monocots, 21 of gymnosperms, 1 lycophyte and 1 magnoliid; Table S1) and were not chosen
on the basis of a preconceived idea of their speciation mode (see supplementary materials A.2).
The posterior probability of models with ongoing migration computed by the ABC framework
is used to assign a status of isolation or migration to each pair along a continuum of divergence
(Fig.1-A), allowing the comparison of speciation dynamics between plants and animals. In con-

trast to the expected outcomes reported in previous studies (2, 16—20), our findings suggest that



in comparison to animals, plants exhibit a more rapid cessation of genetic exchange at lower
levels of genetic divergence. This is characterized by a swifter transition from population pairs
that are best-supported by migration models to those that are best described by isolation models
(P <1 x 107*; Fig.1-A and table S2). Therefore, by fitting a generalized linear model for the
migration/isolation status to the plant and animal datasets, as a function of the net molecular
divergence, we determined that at a net divergence of =~ 0.3% (95% CI: [0.26%-0.36%]), the
probability that two plant lineages are connected by gene flow falls below 50%, while in animals
this inflection point occurs at higher levels of divergence close to 1.8% (95% CI: [1.1%-2.7%];
Fig.1-A and table S2). The plant dataset comprises genomic data derived from diverse sequenc-
ing methodologies, including RAD-sequencing (n = 117 pairs), RNA-sequencing (n = 111)
and whole genome sequencing (n = 52), while the animal dataset predominantly consists of
RNA-sequencing data (n = 52). To control for potential bias in sequencing technologies, we
restricted our analysis solely to plant and animal datasets acquired through RNA-sequencing.
The key result of a faster cessation of gene flow in plants than in animals is still supported
(P < 1 x 107 and table S3), allowing us to reject the idea that our conclusions are derived
from such a methodological bias. The number of pairs within a genus showing robust statis-
tical support for either ongoing migration or current isolation in plants ranged from one to 28
pairs. Therefore, we also investigated a possible effect of sampling bias within the plant dataset.
Through random sub-sampling involving a single pair of lineages per plant and animal genus,
we demonstrate that the contrast in speciation dynamics between plants and animals consis-
tently persists, also rejecting the idea that our result stems from the over-representation of a
genus of plants with highly reproductively isolated lineages (Fig. S9).

To investigate the build-up of species barriers within the genomes of both plant and animal
species, we now focus towards pairs supported by ongoing gene flow. Within the range of

speciation scenarios considered, the rate of gene flow can be uniform across genomes (i.e.,



homogeneous) or it can vary locally from one genomic region to another (i.e., heterogeneous;
see Fig. S7), contingent, respectively, upon the absence or presence of barrier genes that are
expressed (6). The ABC framework described earlier allows us to classify animal and plant pairs
as experiencing either genomically homogeneous or heterogeneous introgression (22). We find
that plants experience a faster shift from the absence of barriers to semi-permeable barriers,
the latter occurring at a net divergence of ~ 0.2% (compared to ~ 0.6% in animals; Fig.1-B).
These findings demonstrate that, in plants, the initial species barriers that generate genomic
heterogeneity of introgression rates, as well as the establishment of complete isolation between
species, manifest at relatively lower levels of divergence than in animals. This suggests that
the speciation process may require fewer mutations in plants than in animals for reproductive
isolation to be both initiated and completed, as evidenced by previous experimental crosses
unraveling the genomic architecture of reproductive isolation in plants (23-25).

Finally, we conducted a comparative analysis of the temporal patterns of gene flow during
divergence in plants vs animals. We specifically examine whether ongoing gene flow predomi-
nantly arises from a continuous migration model, initiated since the subdivision of the ancestral
population (as illustrated in Fig. 2), or if it is a consequence of secondary contact following
an initial period of geographic isolation and divergence. This model comparison using ABC is
restricted to pairs for which we previously found a strong statistical support for ongoing gene
flow. Our analysis shows that plants and animals differ in their primary mode of historical di-
vergence, specifically in the extent of gene flow during the initial generations after the lineage
split. Indeed, among animals, roughly 80% of the pairs that exhibit robust statistical evidence of
ongoing migration diverged in the face of continuous gene flow since the initial split from their
ancestor (Fig. 2). A minority of animal pairs (20%) underwent primary divergence in allopatry
before coming into secondary contact. Conversely, in the case of plants, pairs that display on-

going gene flow have more frequently experienced secondary contacts (=~ 52%; Fig. 2), in line



with what is commonly assumed in plants (26). To ensure that the observed pattern of reduced
gene flow in plants compared to animals is not merely a consequence of greater geographic
distances between plant pairs, we calculated the minimum geographic distance between taxa
within each pair using the GPS coordinates of the sampled individuals (Fig. S1). Strikingly,
our analyses reveal that ongoing migration is less frequent in pairs of plant lineages despite
their closer average minimum geographic distance (=~ 488 km) than in animals (~ 2, 230 km),
confirming that current geography is a poor predictor of genetic introgression in the history of

sister species both in plants (P = 0.936) and animals (P = 0.688).

Discussion

The historical literature on hybridisation defined hybrids as the offspring of crosses between
individuals from genetic lineages “which are distinguishable on the basis of one or more her-
itable characters” (27). Within this conceptual framework, examinations of numerous wild
species have demonstrated a greater incidence of interspecific hybridization in plants than in
animals (/9), thus supporting the original assumption that plants are indeed more likely to hy-
bridize than animals (2, /6). However, the advent of molecular markers to measure genetic dif-
ferentiation in the early 2000s provided results in contrast to morphological studies, particularly
by illuminating the higher Fsr values within plant species relative to animals (28, 29), indicat-
ing higher gene flow at the intraspecific level in the latter. Moreover, Morjan and Rieseberg (28)
showed that this difference between kingdoms persists regardless of the mating system (from
outcrossing to selfing) or the geographical distribution (local, regional, or biregional ranges). In
our methodological approach, we depart from the human-made conception of ‘species’ and in-
stead focus on genetic clusters that exhibit varying degrees of divergence and varying degrees of
connectivity due to gene flow (Fig. S4). We could only attain this level of resolution because our

methodology explicitly models the divergence history between lineages and captures the effect



of species barriers on genomic patterns of gene flow. In doing so, we unravel the apparent para-
dox between studies of reproductive isolation between morphologically differentiated entities
that suggest more frequent hybridization events in plants than in animals, and the greater ge-
netic differentiation observed within plant species with molecular markers. Indeed, our explicit
comparisons of ongoing migration models support the idea that scenarios of secondary contact
are particularly frequent among the surveyed lineages in plants (26), whereas pairs of closely
related animal species tend to experience gene flow more continuously over time. Secondary
contact scenarios involve a preliminary phase of allopatry which affects the divergence of sis-
ter lineages across all markers: molecular and morphological. Such a historical context may
thus engender the misconception that plants undergo hybridization events more frequently than
animals, simply because these events are more conspicuous in plants, as introgression happens
more often between morphologically distinct lineages experiencing secondary contact. This
result suggests, conversely, that genetic introgression in animals may often be overlooked, par-
ticularly if it occurs more frequently between species lacking clear morphological differences
compared to plants. However, we strongly emphasize that our findings should not be inter-
preted as evidence that speciation in animals frequently occurs in the presence of gene flow.
The gene flow inferred here is a proxy for reproductive isolation, reflecting barriers that, on
average, accumulate more slowly across animal genomes.

The speciation process clearly does not follow a universal molecular clock, although certain
molecular constraints inevitably make the process irreversible once a certain level of diver-
gence is reached (4, 79). While light has recently been shed on the rarity of hybrid zones found
in plants (26), another mystery has now been added: why is the probability of being repro-
ductively isolated greater in plants than in animals given identical genomic divergence? The
speciation process is inherently multifactorial, involving a combination of factors such as eco-

logical, genetic, geographical, and cytological, among others. Our study relies exclusively on a



comparative population genomics approach, which is insufficient to provide an integrative ex-
planation for why plants appear to accumulate reproductive isolation more rapidly than animals.
Addressing this complex question will require future studies that combine diverse approaches
across multiple models (30, 31). Here, we propose non-exclusive and non-exhaustive hypothe-
ses to explain why reproductive isolation appears to accumulate faster in plants than in animals,

with further details provided in the supplementary material (section B):

1. Chloroplast as an additional source of barriers: The plant-specific chloroplast organelle
drives species-specific co-evolution with the nuclear genome, accumulating compensatory mu-
tations necessary for nucleo-cytoplasmic interactions (32). In hybrids, mismatched nuclear
and chloroplast genomes can cause developmental disruptions that reduce gene flow between

closely related plant species (33).

2. Mitochondrial mutation rates: Mitochondrial mutation rates are generally higher in ani-
mals than in plants (34). However, higher mutation rates tend to relax compensatory selection
on nuclear mutations. As a result, plants may accumulate more mito-nuclear incompatibilities

than animals, contributing to their reproductive isolation (35).

3. Selfing rates and reproductive isolation: Plants display diverse mating systems, from high
selfing to high outcrossing (36). Selfing species exhibit greater speciation rates (37), likely
due to reduced gene flow, smaller effective population sizes, and higher linkage disequilibrium
(38). These factors may facilitate faster reproductive isolation in selfing plants compared to
outcrossers (39). In our dataset, we do not observe a strong effect of the reproductive system on
the dynamics of reproductive isolation establishment (Fig. S13; Table S4), primarily due to the
bias toward outcrossers, which does not adequately reflect the variance in selfing rates among

plants (Fig. S12).
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4. Pollinator shifts and reproductive isolation: Shifts in pollinator preferences, particularly
among allopatric plant lineages, can drive pre-zygotic isolation and reduced hybridization rates
(40). This is reflected in higher diversification rates in plants with fewer specialized pollinators

(41).

5. Dispersal modalities: Plant dispersal through passive vectors (e.g., pollen and seeds) leads
to higher genetic differentiation among populations compared to the active mobility of many an-
imals (28). This differentiation can promote partial reproductive isolation through outbreeding

depression (42).

6. Haploid selection: Plants may experience stronger haploid selection during pollen develop-
ment compared to the limited haploid selection in animals (43). This difference could amplify

the effects of recessive reproductive isolation barriers in plants (44, 45).

7. Parental conflicts during seed development: Polyandrous reproduction in plants creates
intragenomic conflicts during seed development, leading to co-evolution of selfish elements
and their suppressors (46). These conflicts can create severe hybrid seed development issues,

contributing to species barriers (47).

8. Genetic architecture of reproductive isolation: Quantitative genetic studies reveal that
reproductive isolation in plants often involves simpler genetic interactions compared to animals,
with fewer loci exhibiting strong individual effects (23-25, 48). Additionally, alleles associated
with reproductive isolation in plants frequently exhibit intraspecific polymorphism, indicating
that stochastic processes often maintain these alleles in populations until their fixation or loss.
In contrast, speciation genes in animals are more likely to show signatures of positive selection,
suggesting stricter conditions for the establishment of barriers in animals (49).

The proposed factors presented here are evidently not mutually exclusive, and it would be

misleading to assert that the differences in speciation dynamics between plants and animals
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can be attributed to a single, easily testable factor. Understanding which properties of plants
and animals, acting at the micro-evolutionary scale, lead to such a great disparity in speciation
patterns at the macro-evolutionary scale, would benefit from a long-term community-based ini-
tiative for integrative speciation research across fields and taxa. Finally, we propose that the
methodology employed herein to scrutinize variations in speciation dynamics between plants
and animals could be extended to examine other contrasts encompassing diverse life-history
traits, such as distinctions between external and internal fertilization, reproductive modes in-
volving self-fertilization versus allo-fertilization, or variations in life cycles (haplobiontic ver-
sus diplobiontic), among others. Such prospective studies would be extremely valuable to better
understand the respective roles of these various biological factors in influencing the establish-

ment and maintenance of reproductive isolation.
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Figure 1: Genomic patterns of introgression along a divergence continuum in plants versus
animals.

Average genomic divergence and migration/isolation status were estimated for 280 plant pairs
(green) and 61 animal pairs (orange) using ABC (/4).

A. x-axis: net divergence. y-axis: best-supported model (ongoing migration vs isolation).
Points: population/species pairs. Curves: logit fits for plants and animals.

B. Net divergence distributions for plant (green) and animal (orange) pairs under homogeneous
(homo. M), heterogeneous (hetero. M), or isolation models. Bars along the y-axis: homologous
chromosomes (blue, brown), gene flow (arrows), or barriers (black bars).

Statistical significance (Mann—Whitney U test): ns (P > 0.05), * (P < 0.05), ** (P < 0.01),
Rk (P <0.001), #*#F (P < 0.0001).
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Figure 2: Temporal models of ongoing migration in plants and animals.

Strong statistical support of ongoing migration was observed in 69 pairs of plants and 30 pairs
of animals. For every pair supported by ongoing gene flow, sub-models were compared to
distinguish between continuous migration (dark blue) versus secondary contact (light blue).
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A Materials and Methods
A.1 Animal dataset

The animal data come from the Roux et al. (2016) study (/4). They consist essentially of non-
model animal populations/species, initially selected without any particular knowledge about the
demographic history, and were sampled from natural populations. These data were produced

by RNA sequencing, and only synonymous positions were retained for statistical inferences.

A.2 Plant sampling

Raw data used in this work comes from previously published studies (5/-76). The following

criteria were applied to identify datasets in plants:
1. Currently diploid genomes.
2. High-throughput sequencing, i.e, RNA-seq, RAD-seq or whole genome sequencing (WGS).
3. Freely available from NCBT.

4. Individuals sampled from natural populations (geographic distribution represented in Fig.

S1).
5. A minimum of two sampled populations/species per genus.
6. A minimum of two sequenced individuals per sampled population/species.

Datasets fitting these criteria were examined through exploration of literature found via
Google Scholar (https://scholar.google.com), NCBI (https://www.ncbi.nlm.

nih.gov/Traces/study/)and DDBJ (https://ddbj.nig.ac. jp/search).
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Finally, 118 different plant species/populations from 25 different genera were retained for
the demographic analysis according to our criteria (Table S1), allowing 280 pairwise demo-
graphic analyses to be carried out. These comparisons cover all possible pairs within each
genus. No comparisons are made between different genera, with the exception of comparisons
within the Laccospadicinae (Howea and Linospadix) due to their relatively small genetic dis-

tance.

A.3 Assembly, read mapping and genotype calling

For the plant datasets: reads and metadata were downloaded using SRA-Toolkit, version 2.11.0
(https://github.com/ncbi/sra-tools/wiki/01.-Downloading—-SRA-Toolkit).
Here we separate plant projects for which we worked with synonymous positions (from RNA-
seq: n=7 genera and WGS: n=4) from those for which we could not (from RAD sequencing:

n=13):
A.3.1 Reads from RNA-seq and WGS.

In line with the animal dataset (/4), the bioinformatic strategy applied to the plant data is
to retain synonymous positions. Reads for a given population/species pair were therefore
mapped to a reference transcriptome with the bowtie2 program version 2.4.2 (77): either taken
from the 1KP project (78) if a species of the same genus is represented there (https:
//db.cngb.org/onekp/search/), or taken from the data associated with the original
articles when available (Table SS1). Every position (variants and invariants) were called with a
minimum of 8 reads using Reads2SNP 2.0, the uncalled low-quality positions were then coded
as “N”. The resulting fasta file was used for each population/species as the input file for the

demographic inferences.
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A.3.2 Reads from RAD-seq.

Loci were assembled for each RAD-seq dataset using Stacks 2.6 (79, 80). Combinations of
parameters were explored following Paris et al. 2017 (81) to maximise the amount of biolog-
ical information retained. Using the two or four samples with the highest amount of available
data per lineage, assemblies were built using denovo_map.pl (St acks) with different combi-
nations of parameters: the minimum depth for a stack to be valid (-m, ranging from 3 to 5),
the number of mismatches allowed between stacks within individuals (-M, ranging from 1 to
6) and the number of mismatches allowed between stacks between individuals (-n, set to M or
M + 1), for a total of 36 combinations. In addition, loci that were missing in at least 20% of
the samples per population were withdrawn with the argument —min-samples-per-pop 0.80 (i.e.
only loci with the information for all samples were kept, as populations were composed of two
or four samples). The number of polymorphic loci was plotted as a function of the different
combinations of parameters using a homemade R script. For each dataset, a combination was
selected in function of the trade-off between maximising the number of polymorphic loci and
minimising the parameter values to produce a reference set of loci for each species/population
pair. Reads were mapped on this reference with bowtie2 version 2.5.1, and variants were called

with Reads2SNP 2.0 in the same way as “RNA-seq and WGS” datasets.

A.4 Demographic inferences

A.4.1 Choice of the method

Several methods exist to test introgression between evolutionary lineages, which can broadly
be categorized into population genomic approaches (e.g., FastSimCoal (82), dadi (83), Mo-
ments (84), DILS (/7)) and phylogenetic methods (e.g., QuIBL (85); Dsuite (86)). All these
methods are effective within the contexts for which they were designed. The goal here is not

to demonstrate the superiority of one approach over another but to justify why DILS was cho-
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sen as a relevant tool for addressing the specific question posed in this study: whether there is
ongoing gene flow between two populations or whether they are currently isolated. The choice
of method also depends on the properties of the sampling (i.e., number of sampled individuals,
number of sampled populations in the genus, assumptions about demography for certain popu-
lation pairs, etc.) as well as on the properties of the molecular data (i.e., locus length, presence
or absence of intra-locus recombination, etc.). Finally, we also aimed to reduce biases that arise
when linked selection is not taken into account, whether from background selection (87) or
selection against species barriers (88). In the next section, we focus on a comparison between
QulBL and DILS because the literature has shown that FastSimCoal and da0i produce results

largely comparable to DILS when applied to the same datasets (89, 90).
Key methodological differences between DILS and QulBL

In a given phylogenetic tree with more than three lineages (species or populations), QulBL
extracts information from individual gene trees and tests, for a given triplet of lineages, whether
the distribution of internal branch lengths can be explained solely by incomplete lineage sorting
or whether introgression processes must also be invoked. For a tree of the topology ((1,2), 3),
QuIBL is particularly powerful in detecting deviations from strict allopatry between lineages
1 (or 2) and 3. Such deviations are interpreted as evidence of historical introgression events,
which may vary in recency.

In contrast, DILS uses population genomic summary statistics, particularly those derived
from the Site Frequency Spectrum (SES), to statistically evaluate whether observed patterns are
better explained by a model with ongoing migration or one without. Given that the question
addressed here concerns the extent of current reproductive isolation between specific pairs of
lineages (in plants and animals), it was important to discriminate between different temporal

patterns of introgression. Deviations from strict allopatry caused by ancient migration do not
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convey the same implications for current reproductive isolation as those caused by secondary
contact. This distinction is explicitly addressed by DILS through the analysis of intra-specific

polymorphism and interspecific divergence data for a given pair of lineages.
Rationale for Choosing DILS
Our decision to use DILS was motivated by the following considerations:

* DILS accounts for variations in effective population size over time, whereas phylogenetic

approaches assume a constant V.

* DILS accounts for genome-wide variations in effective population size caused by back-
ground selection, as well as variations in effective migration rates driven by linked selec-

tion against species barriers.

* DILS incorporates intra-locus recombination, while phylogenetic methods assume no re-

combination within loci.

* DILS does not require a specific sampling scheme to test introgression, whereas phyloge-

netic methods cannot detect gene flow between lineages 1 and 2 in a tree of the topology

((1,2),3).

» DILS works directly with measurable quantities derived from sequences (e.g., Fsr, Oy,
7, Dy, Dy, etc.) without requiring a preliminary step of inferring phylogenetic trees for

each locus.

* DILS can handle multiple individuals within each species, reducing the risk of overlook-

ing shared polymorphisms between species.

* DILS does not require long loci for accurate inference, making it less sensitive to biases

introduced by RADseq or RNAseq data. In contrast, phylogenetic methods may perform
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poorly with short loci and are subject to violations of no-recombination assumptions with
long loci (97). In addition, very long loci may buffer local genomic variations for /N and

N.m.

* DILS works directly on pairs of lineages and does not require data from more than three

species, allowing its application to genera where only two species have been sequenced.
Comparison Between DILS and QulBL on Simulated Data

To further illustrate the relative strengths of these approaches, we conducted a comparative
analysis of DILS and QuIBL using coalescent simulations under a four populations model (Fig.
S5). Data were simulated under various temporal patterns of introgression using msnsam (92),
a modified version of ms (93). The simulations were designed to satisfy all assumptions made
by QuIBL (e.g., long loci, no intra-locus recombination, no migration between lineages 1 and
2 in a tree of the topology ((1,2), 3)). For QuIBL, the input consisted of exact, simulated gene

trees rather than inferred trees, as would be the case with real biological data.

Simulated Scenarios Four demographic scenarios were simulated (Fig. S5):

Strict Isolation (Sl4p.p): No migration.

* Isolation-Migration (IMyp,,): Migration between lineages 2 and 3 from the present to

Ty.
* Ancient Migration (AMy;,p): Migration between lineages 2 and 3 between 7 ey, and 75.

» Secondary Contact (SCyp.p): Migration between lineages 2 and 3 from the present to

Tdem .

Migration was modeled symmetrically at a rate M = N -m, where NV is the effective population

size and m is the proportion of migrants in each generation.
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The parameters explored included:

* Ty: Speciation time between lineages 1 and 2 (0.5, 2,4 N generations).
e Tjy: Speciation time between (1,2) and 3 (T + 0.5,2,4 N generations).
* T,: Speciation time between ((1,2),3) and 4 (40 N generations).

* T4em: Migration onset/end time (7} - [0.1,0.25,0.5] for SCapep; T4 - [0.5,0.75,0.9] for
AM4pop)~

e M(= N.m): Number of migrants per generation (0.25, 10 migrants).

* Ly, Number of loci affected by migration (100, 500, 1000 loci out of 1000 total loci).

Migration is assumed to be symmetric, occurring at a rate M corresponding to /N.m, where
N is the effective population size and m is the proportion of individuals in a population con-
sisting of migrants in each generation. We simulate 1000 independent loci, with no intra-locus
recombination. Among these loci, a subset Ly, is influenced by migration, while the remaining
loci represent genetic isolation between the species.

It is important to note that the assumptions of a constant N over time and across the genome,
as well as the absence of intra-locus recombination, are not required by DILS. These constraints
are therefore relaxed in the empirical application to plants versus animals. However, they are
implemented in the simulation study to enable a direct comparison between DILS and QulIBL,
as they align with the assumptions required by QuIBL.

Simulations for QuIBL and DILS were performed using the same parameter combinations.
Differences lay in sampling schemes: for QulBL, a single copy per locus was sampled from
lineages 1, 2, 3, and 4, with exact gene trees simulated and rooted using lineage 4 (Fig. S5).
For DILS, two diploids were sampled from lineages 2 and 3, reflecting the minimal sampling

scheme when DILS was applied to the empirical plants versus animals dataset.
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Simulations were generated using the script simulations_for_ QuIBL_DILS_full.

py. The command lines for simulating data using msnsam under different demographic models

are as follows:

SI4pop .

e QulBL: msnsam 4 1000 -T -I 4 1

1 —ej 10 4 1

e DILS: msnsam 8 1000 -t 40 -I 4

31 -ej 10 4 1
AM4pop:

* QulBL: msnsam 4 1000 -T -I 4 1

3 2 tbs -eM tbs 0 —-ej tbs 2 1

e DILS: msnsam 8 1000 -t 40 -I 4

tbs 3 2 tbs -eM tbs 0 -ej tbs
IM4pop H

* QuIBL: msnsam 4 1000 -T -I 4 1

-eM tbs 0 -ej tbs 2 1 -ej tbs

e DILS: msnsam 8 1000 -t 40 -I 4

-eM tbs 0 -ej tbs 2 1 —-ej tbs
SC4pOp:

e QulBL: msnsam 4 1000 -T -I 4 1

-eM tbs 0 -ej tbs 2 1 —-ej tbs

34

1110

0440

11

_ej

0 4

10

tbs

_ej

_ej

-ej tbhs 2 1 -ej tbs 3

0 —ej tbs 2 1 —-ej tbs

—em tbs 2 3 tbs —-em tbs

31 -ej 10 4 1

0 —em tbs 2 3 tbs -em

tbs 3 1 -ej 10 4 1

-m 2 3 tbs —-m 3 2 tbs

10 4 1

O -m 2 3 tbs -m 3 2 tbs

10 4 1

-m 2 3 tbs -m 3 2 tbs

10 4 1



* DILS: msnsam 8 1000 -t 40 -I 4 0 4 4 0 0 -m 2 3 ths -m 3 2 tbs

-eM tbs 0 -ej tbs 2 1 -ej ths 3 1 -ej 10 4 1

The QulBL analyses were performed using the following options:

e —numdistributions: 2

¢ —likelihoodthresh: 0.01

e —numsteps: 10

e —gradascentscalar: 0.5

e -multiproc: False

* -maxcores: 1000

e —totaloutgroup: 4

For the DILS inferences on the simulated datasets, we used the following parameters: as-
suming a constant population size (population_growth: constant), a mutation rate
o of 2 x 1078 mutations per generation per nucleotide (mu: 0.00000002), no intra-locus
recombination (rho_over_theta: 0), and an effective population size N uniformly ex-
plored between 0 and 200,000 individuals. The split time was uniformly explored between
0 and 1,500,000 generations, and migration (/N.m) was uniformly explored between 0.2 and
10 migrants per generation. No outgroup was used to polarize mutations (nameOutgroup:
NA).

The final output file, table QuIBL DILS. txt, summarizes the demographic parameters

and the inference results obtained from DILS and QulBL for each simulated dataset.
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Results of inferences performed with DILS and QuIBL on simulated datasets When the
simulated model represents current isolation (Sly;., and AMy,,,,), both methods converge on the
correct model in approximately 75% of simulations across all explored parameter combinations
(Fig. S6-A, left panel). DILS performs slightly better than QuIBL, with around 14% of datasets
where it is the only method to correctly recover the isolation model, compared to approximately
6.5% for QuIBL. However, these performances in supporting isolation are of the same general
magnitude for both methods. For the parameter combinations used in these simulations, both
methods fail to recover the isolation model in about 4.5% of cases.

The differences between the two methods become more pronounced when the true model
involves ongoing migration (IMy,,, and SCy,,,). In this scenario, both methods converge on
the correct model in approximately 36% of simulations under the explored parameter combina-
tions (Fig. S6-A, right panel). QuIBL alone identifies migration in only 0.001% of simulations,
while DILS is the sole method to correctly infer migration in about 29% of cases. This analysis
suggests that both methods are highly conservative, failing to detect migration in 35% of sim-
ulations with ongoing gene flow. However, it is important to note that these results stem from
discrete parameter combinations (7}, T3, Tgem, M, and Ly,;,), where migration can be both low
(N.m = 0.1) and affecting only a small portion of the genome (10% of loci).

When we focus on simulations with higher levels of introgression (Fig. S6-B, right panel),
the performance of both methods improves significantly. In these cases, the two methods con-
verge on the correct model with ongoing migration in approximately 72% of simulations. The
remaining simulations with ongoing migration are correctly recovered solely by DILS, and no
simulations are simultaneously missed by both methods.

Our choice to use DILS in this study was primarily driven by its demonstrated reliability
in previous analyses and its ease of use for interpreting temporal patterns of introgression via

explicit scenario testing. Unlike QuIBL, which excels in handling large phylogenies, DILS is
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particularly well-suited for datasets with simpler sampling schemes, such as cases where only
two species are available for analysis.

Here, we provide a direct comparison of DILS and QuIBL. Overall, the two methods exhibit
similar performance in identifying scenarios of current isolation. However, DILS is slightly less
conservative than QuIBL when detecting scenarios involving ongoing migration. Importantly,
both methods fail to detect ongoing introgression when the baseline migration rate is low (/V -
m = 0.1) and affects only 10% of the genome, highlighting a shared limitation under these
specific conditions.

In conclusion, while QuIBL remains an elegant phylogenetic approach with clear strengths,
the results of this comparison confirm that our initial choice of DILS did not come at the ex-
pense of reduced performance. This reassurance, coupled with DILS’s interpretability and ap-
plicability to the scope of our study, solidifies its utility in addressing the questions we aimed to

explore.
A4.2 DILS

Model comparisons were carried out using the approximate Bayesian computation (ABC) frame-
work applied in the animal study (/4) and distributed under the name DILS (Demographic Infer-
ences with Linked Selection (/7)). DILS aims to test whether the studied species are connected
by gene flow. It incorporates the effects of linked selection by modeling background selec-
tion as heterogeneous effective population sizes (hetero-Ne) across the genome and selection
associated with barriers to gene flow as genomic heterogeneity in effective introgression rates

(hetero-/N.m). Here we describe how DILS works.
A.4.3 Compared models

The primary objective of our demographic analysis is to determine which historical scenario

explain the best a given dataset. The term dataset here refers to a pair of populations/species

37



(comprising either two animal or two plant lineages), for which genomic data are described by
an array of summary statistics (see section A.4.4). In our ABC methodology, we discern two
categories of models.

Demographic Models: Each of the four models models describes the subdivision of an
ancestral population into two daughter populations (Fig. S7-A). The three populations have
independently assigned effective population sizes. The differences between these four models
concern the historical patterns of gene flow between two divergent populations, as depicted in
figure S7. These models encompass continuous migration (CM), and secondary contact (SC),

strict isolation (SI) and ancient migration (AM) :

* models with ongoing migration

— continuous migration (CM)

— secondary contact (SC)

¢ models with current isolation

— strict isolation (SI)

— ancient migration (AM)

Notably, the former two models entail ongoing gene flow between the two populations, while
the latter two do not. Models with past (AM) or recent (CM and SC) migration assume gene
flow between sister populations/species in both directions, at two independently assigned rates.

Models of Linked Selection: Effects of linked selection have been taken into account us-
ing a genomic model that encompasses: (a) heterogeneous effective population size across the
genome (hetero. N), which closely approximates the influence of background selection by
down-scaling Ne (94); and/or (b) heterogeneous migration rate across the genome (hetero. M)

to account for the effects of selection against hybrids (95). The modeling framework employed
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in this study does not consider the effects of positive selection on linked loci (i.e., genetic hitch-
hiking).

Within the hetero. N genomic model, the variable effective size among loci is assumed to
conform to a re-scaled Beta distribution. In essence, all populations share a common Beta distri-
bution with two shape parameters drawn from uniform distributions. However, each population
is independently re-scaled by distinct Ne values, which are drawn from uniform distributions.
Conversely, the homo. N genomic model assumes that all loci from the same genome share
the same effective population size, and this parameter is independently estimated in all popula-
tions. This homogeneous model implies that the genomic landscape remains unaffected (or is
uniformly affected) by background selection.

The hetero. M genomic model implements local reduction of gene flow in the genome.
Variation in migration rates among loci is thus modeled by employing a bimodal distribution
where a proportion of loci, drawn from a uniform distribution in ]0-1[, is linked to barriers (i.e.,
N.m = 0), while the loci unaffected by species barriers are associated to an effective migration
rate N.m drawn from a uniform distribution. In the homo. M model, a single migration rate N.m
per direction is universally shared by all loci in the genome.

Subdivisions of the four demographic models (CM, SC, SI and AM) into various genomic
submodels were made to accommodate for the effect of linked selection. Heterogeneity in ef-
fective population size was a universal consideration across all four models, while heterogeneity
in migration rate was specifically accounted for in models exhibiting gene flow (i.e., CM, AM,
and SC). Therefore, the SI model was divided into two submodels (homo. N or hetero. N),

while the AM, CM, and SC models were divided into four submodels:

1. homo. N and homo. M

2. homo. N and hetero. M
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3. hetero. N and homo. M
4. hetero. N and hetero. M

For a comprehensive description of all prior distributions employed in this study, please

refer to Section A.4.5.
A.4.4 Summary statistics

ABC is a statistical inferential approach based on the comparison of summary statistics derived
from simulated and observed datasets (96). We present a comprehensive description of the
statistics computed within our framework. The following summary statistics are calculated for

each locus:

* The number of bi-allelic polymorphisms in the alignment including all sequenced copies

in the 2 species/populations
* Pairwise nucleotide diversity 7 (97)
* Watterson’s 6 (98)
* Tajima’s D (99)
* The proportion of sites displaying fixed differences between the populations/species (S)

 The proportion of sites featuring polymorphisms exclusive to a specific population/species

(Sa:A and SxB)

* The fraction of sites with polymorphisms shared between the two populations/species

(55)

* The number of successive shared polymorphic sites
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* Raw divergence D,, between the two populations/species (/00)
* Net divergence D, between the two populations/species (/00)

* Relative genetic differentiation between the two populations/species quantified by Fgp

(101)

For the ABC analysis, we used the means and variances of these statistics calculated over
all the available loci. Additionally, we utilize the joint Site Frequency Spectrum (GSFS (/02))
to summarize the data, specifically capturing the count of single-nucleotide polymorphisms
(SNPs) where the minor allele occurs in each bin covering the jSFS. Because of the absence
of outgroup lineages, jSFS were folded. Singletons are deliberately excluded from the jSFS to
mitigate potential inference biases arising from sequencing errors. Each of the non-excluded
bin of the jSFS is used as a descriptive statistics in the ABC analysis.

We supplement this set of summary statistics with measures taken on all the loci:
* Pearson’s correlation coefficient for m between species

» Pearson’s correlation coefficient for § between species

* Pearson’s correlation coefficient between D, and D,

e Pearson’s correlation coefficient between D, and Fsr

e Pearson’s correlation coefficient between D, and Fgr

* Proportion of loci with both S, and S/ sites

* Proportion of loci with S; sites but no S

* Proportion of loci without S sites but with .S
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* Proportion of loci with neither S, nor S sites

The summary statistics obtained from both the empirical data sets (i.e., plants and animals)
and the data sets simulated under the demographic models (Fig. S7) were calculated with the

same scripts implemented in DILS.
A.4.5 Configuration file

DILS was run using the following parameter values:
e mu=7.31x 107"
* useSFS =1
* barrier = bimodal
* max_N _tolerated = 0.25
* Lpin =10
* Nypin = 4
* rho_over_theta = 0.2
* uniform prior for NV between 0 and N, individuals
e uniform prior for T, between 0 and 7,,,,, generations
* uniform prior for migration rate N.m between 0 and 10 migrants per generations

Where:

TA TB
Nmax =5 ey
X max (4M 4,u>

74 and 7 being the Tajima’s 6 (97) for species A and B respectively (for a given pair).
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D, being the net divergence (100).
A.4.6 Returned quantities

At the end of the analysis, DILS returns the posterior probability of ongoing migration versus
of current isolation. The probability of ongoing migration corresponds to the relative probabil-
ity of all models including ongoing migration (Secondary Contact, Continuous Migration) and
their sub-models (heterogeneity and genomic homogeneity for migration and effective size);
while the probability of current isolation corresponds to all models and sub-models with cur-
rent isolation (Strict Isolation, Ancient Migration). These quantities are used to produce the
relationships between the net divergence and the posterior probability of migration (Fig. S8).

For each pair of populations/species, three statuses are then assigned:

1. Strong support for genetic isolation: we identify strong statistical support for genetic
isolation when our ABC framework yields a posterior probability Ppigraion < 0.1304.

This threshold was empirically determined by the robustness test conducted in (/4).

2. Strong support for ongoing migration: strong statistical support for ongoing migration is
indicated when the posterior probability Phigraion > 0.6419, also empirically determined

in (14).

3. Ambiguity: statistical ambiguity, denoting situations where our ABC framework does not
strongly support either migration or isolation, i.e, when the risk of assigning an analysed

pair to a wrong status is greater than 5%.
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Pairs for which support was inconclusive were excluded from further analysis. The remain-
ing pairs were categorized either as exhibiting ‘migration’ or ‘isolation,” as illustrated in Figure

1-A, allowing the ‘migration’ status to be treated in a logistic regression (see section A.5).

A.5 Logistic regression

To study speciation dynamics, we examine reduction in the proportion of plant or animal pairs
receiving strong support for models with migration as a function of time (measured here by the
net molecular divergence). For this purpose, we modeled Y; (the binary status ‘isolation’ or
‘migration’ best fitting the data) as a function of X; (the average net genomic divergence) by

using a generalized linear model (GLM) via a linked binomial function:

g (B(YiXs)) = g(us) = XiB = fo + f1. X1,

where [y represents the intercept and [3; the coefficient reflecting the effect of genomic diver-
gence on the isolation/migration status coded as 0 and 1, respectively. The fitted model is used
to predict p;, the proportion of pairs of populations/species that are currently connected by gene

flow (migration status) for a given level of divergence X,.

e (X8 1
P I T ep (XB) 1+ exp(—XiB)

Reversely, we can determine the divergence level X for which a given proportion p; of pairs are

connected by gene flow:

1 i
X = T3, (504‘\/58"‘451108;(1?%))

We are interested in comparing the inflection point, i.e, the level of divergence above which

more than 50% of species pairs are genetically isolated, between plants and animals. Thus, for

Bo

a given fitted model, this point corresponds to a divergence level X, 5 = —6—.
1
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The log-likelihood function ¢ of the migration/isolation status Y given the average net molecu-

lar divergence X is then obtained to evaluate the fit of a model to the observed data:

(BY =y, X =x)

M- 2

M-

(L(B]Y =y, X =x))

lo

[yilog(pi) + (1 — y;) log(1 — p;)]

1

y;log | L2 + log(1 — p;)
i1 1—p;

Z [yi - %3 — log(1 + exp (x:3))]

1

N
> i+ (Bo+ BiX1s) —log(1 + exp (Bo + f1X1,))] (1)

We can now test whether the sigmoid of plants is significantly different from that of animals,

thereby testing if plants and animals share the same speciation dynamic. For this purpose, three

models are fitted and associated to log-likelihood ¢:

1. My: both plants and animals share the same logistic relationship between X; and Y.

2. Mpiants: model fitted to the plants data only.

3. M animais: model fitted to the animals data only.

Thus, for M, we fitted a GLM to the entire dataset comprising both plants and animals,

after having retained only demographic inferences for which the ABC analysis produced strong

statistical support for ongoing migration or current isolation, following the test of robustness

applied in Roux et al. (/4). In that sense, pairs of plants and animals with ambiguous support

for isolation or migration were excluded from all GLM regressions. The log-likelihood /(1)

was then estimated for the whole dataset comprising both plants and animals by using formula

1 where:
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* B¢ and (3, represent for M, the coefficient of the model fitted to the whole plants and

animals dataset by using the glm function (family = ‘binomial’) implemented in R.
» X, represents the series of observed net divergence values.
* vy, represents the series of inferred isolation/migration status.

For Myants and Meyimars, we fitted a GLM model only to data from the corresponding
kingdom. We then estimated the log-likelihoods ¢(Mants) and ¢( M pimas) as for M.

Finally, we conducted a comparison between the log-likelihood ¢(M;) and the combined
log-likelihood ¢( M ants) +4( Manimais ), Which is derived from the summation of log-likelihoods
obtained by fitting independent models to each respective kingdom. The significance of the dif-
ference between ((My) and £(Mpiants) + £(Manimars) Was evaluated using a permutation-based
approach. Specifically, the absolute difference between ¢(My) and ¢(Mpiants) + U Manimais)
was compared to a null distribution generated from 10,000 random permutations of the data.
The P-value corresponds to the proportion of permutations in which the absolute difference

exceeded the observed value (Table S2).

A.6 Testing for a phylogenetic effect

To control for the variation in the number of pairs between genera, we carried out 1,000 animal-
plant comparisons as for Fig. 1 but by randomly selecting a single pair per animal and plant
genus (Fig. S9-A). Over these 1,000 sub-samples, the relative positions of the sigmoids were
compared via the inflection points of the models fitted to the plant versus animal sub-samples.
The inflection point was estimated as being —%. We find that the inflection point is found
systematically at lower levels of divergence in plalnts than in animals (Fig. S9-B). However, the

difference in likelihood between the global model and the sum of the likelihoods of the plant

and animal models is significant in 93% of the permutations (Fig. S9-C).
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A.7 Testing for a sequencing technology effect

Out of the total dataset comprising 280 pairs of plants and 61 pairs of animals, 210 plant pairs
and 54 animal pairs exhibited strong statistical support for migration or isolation based on ABC
model comparison. These retained datasets encompass a diversity of sequencing methodolo-
gies. Specifically, within plants, among the 210 retained pairs: 90 pairs were acquired through
RAD-sequencing, 86 pairs through RNA-sequencing, and 34 pairs through whole genome se-
quencing. In the case of animals: 46 pairs were derived from RNA-sequencing, while 8 pairs
were the result of Sanger sequencing. To assess the potential influence of sequencing tech-
niques, we determined whether the observed differences in dynamics between plants and ani-
mals, as previously reported for the entire dataset, remained consistent when considering only
the data generated exclusively through RNA sequencing. This choice was motivated by the
fact that RNA-sequencing is the sole sequencing technique shared by both biological kingdoms
under study. By retaining only the data from RNAseq, we maintain a statistically significant
support for a more rapid cessation of gene flow in plants than in animals (P-value< 0.0001;

Table S3).

A.8 Testing factors influencing speciation dynamics within plants

To investigate the factors that may influence the dynamics of reproductive isolation in plants,
we focused on two life-history traits: (1) growth form, specifically comparing herbs and trees
(Section A.8.1), and (i) mating systems by comparing different selfing rates (Section A.8.2).
The first comparison is motivated by the typically greater pollen dispersal observed in trees
compared to annual plants, leading to reduced nuclear genetic differentiation within tree popu-
lations (103, 104).

For the effect of the mating system, we limited our analysis to a comparison between species

in our sample with the lowest selfing rates and those with the highest. However, it is impor-
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tant to note that our sample is not representative of the full diversity of selfing rates found in
plants (/05), as it is biased towards high-outcrossing species (Fig. S12). The theoretical effect
of selfing rate on the evolution of reproductive isolation remains unclear and appears contradic-
tory (/06). On one hand, higher selfing rates reduce gene flow, decrease effective recombina-
tion, and increase the strength of genetic drift, which can facilitate the fixation of deleterious
mutations that may act as barriers when compensated. On the other hand, reduced efficacy of
selection in high selfing species can mitigate intragenomic conflicts, potentially leading to fewer
interspecific incompatibilities.

For these analyses, we focused on the plant dataset used in our previous comparison with
animals, but we subdivided this dataset into different groups based on the specific comparisons
performed for each tested factor. We first conducted a comparison based on life form (herbs
versus trees), followed by three comparisons to assess the effect of the mating system (selfers
versus outcrossers, selfers versus mixed systems, and outcrossers versus mixed systems).

Each comparison was performed similarly to the plant-versus-animal comparison: we first
fitted a global model on the entire dataset and then tested whether the sum of the likelihoods of

the models fitted on each subgroup was significantly greater than that of the global model.
A.8.1 Effects of plant life forms
The plant dataset was divided into four categories based on their life form:

* Liana (e.g., Actinidia, Nepenthes)

* Herb (e.g., Arabis, Dactylorhiza, Helianthus, Hibiscus, Isoetes, Lupinus, Pitcairnia, Pul-

monaria, Rhodanthemum, Senecio, Silene, Phlox)

* Tree (e.g., Ficus, Laccospadicinae, Phoebe, Picea, Populus, Quercus, Yucca)

* Shrub (e.g., Gossypium, Salix, Stachyurus)
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We performed two comparisons: first, between herbs and trees (Fig. S10-A), which showed
no significant reduction in gene flow among herbs compared to trees (P = 0.261; Table S4).
When herbs, lianas, and shrubs were grouped together (Fig. S10-B), we still did not observe a

reduction in gene flow relative to trees (P = 0.1937; Table S4).
A.8.2 Effects of plant mating systems

We aimed to test whether selfing species exhibit a faster emergence of reproductive isolation
compared to outcrossing species, as hypothesized due to reduced dispersal, decreased effective
recombination, and a higher rate of accumulation of genetic incompatibilities. Alternatively,
selfing species might experience a slower development of reproductive isolation compared to
outcrossers, driven by reduced intragenomic conflicts that could otherwise act as barriers. Since
we lacked selfing rate estimates from the literature for each species, we inferred these rates from
the genomic data used for demographic analyses. The developed method estimates the individ-
ual inbreeding coefficient F' for an individual ¢, providing the selfing rate s under the assumption
of an equilibrium population. This is achieved using a maximum likelihood approach based on

the observed genotypes and allele frequencies at polymorphic loci.

Definitions and Notations.
* s is the equilibrium selfing rate, where s € [0, 1].
* pis the allele frequency of the alternative allele at a given site (denoted as f, in the script).
* ¢ = 1 — pis the frequency of the reference allele.

* F'is the inbreeding coefficient, which is related to the selfing rate s at equilibrium by:
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Genotype Probabilities. For a given site, the probabilities of observing the genotypes are mod-

eled using p, ¢, and F"

* Probability of observing genotype 11" (homozygous for the alternative allele):
Py=p’+p-q-F (2)
* Probability of observing genotype 710" or ”01” (heterozygous):
Po=2-p-q-(1-F) (3)
* Probability of observing genotype 00 (homozygous for the reference allele):
Po=q¢+p-q-F 4)

Log-Likelihood Calculation. For an individual ¢, the log-likelihood of the equilibrium selfing
rate s explaining F' is computed by summing the log-probabilities of the observed genotypes
across all polymorphic sites:

L n

log £(s | data) = > ) ~log Peeno,, (fa, 5)
=1 j=1
Where:
* [ is the number of polymorphic loci.

* n is the number of polymorphic sites within each locus.

* Pgeno,, 1s the probability of the observed genotype at site j for individual ¢, calculated

based on equations (2-4).
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Selfing Rate Estimation. Our script evaluates the log-likelihood for a range of selfing rates s
(from O to 1 in steps of 0.05). The estimated selfing rate s; for individual ¢ is the value of s that

maximizes the log-likelihood:

§; = arg max log L(s | data)
s€[0,1]

Numerical Stability. To avoid issues with numerical underflow when computing log-probabilities,

a small constant ¢ = 10710 is added:
Py zlog(p2+p~q'F+e)

This ensures that the probabilities are always positive, preventing errors in the log calcula-
tions.

The entire pipeline for estimating selfing rates using the maximum likelihood approach
described above has been implemented in Python. This method, along with detailed doc-
umentation and example datasets, is freely available as an open-source project on GitHub:
https://github.com/popgenomics/selfing_ML. We encourage users to explore,

modify, and adapt the code for their own analyses.

Accuracy of the estimate. We evaluated the performance of our method across a range of 11
selfing rates (s) from O to 1. Genotype data were simulated using the R package hierfstat
(107), which generates diploid genotypes for populations with a specified inbreeding coefficient
(F"), given a defined number of loci and individuals. The simulated datasets were then analyzed
with our custom tool to estimate the selfing rate (s), allowing us to assess both the accuracy
and the limitations of the method. We investigated the impact of varying sample sizes (2, 3, 4,
5, and 10 diploid individuals) and explored datasets consisting of 1,000 and 5,000 SNPs. Each

combination of selfing rate, SNP count, and sample size was replicated 20 times.
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Overall, selfing rate estimates (s) are substantially underestimated when the sample consists
of only 2 diploid individuals (Fig. S11). Thus, for simulations with a sample size of 2 diploids
and low true selfing rates (below 0.3), the inferred selfing rate is frequently estimated as zero.
This bias diminishes rapidly with an increase in sample size. However, even with small sample
sizes, our method reliably detects high selfing rates when the true value is elevated, although
the estimates tend to be slightly underestimated. This underestimation in small samples can be
attributed to the overestimation of true allele frequencies for rare alleles, which are the most
common type of alleles in a site frequency spectrum. In a sample of only 2 diploid individuals,
a rare allele would have a minimum frequency of 25%, which does not accurately reflect its
true population frequency. This inflated allele frequency in small samples biases the selfing
rate estimate downward by making the absence of homozygotes for such alleles unlikely under
a non-zero selfing rate. This effect diminishes both with a moderate increase in sample size

(beyond 2 individuals) and at higher true selfing rates.

Application to empirical plant dataset. We applied the developed method to the 135 plant
species included in our study. The results revealed that the variance in selfing rates across our
dataset is smaller than reported in previous dedicated studies (/05), primarily due to the absence

of strongly selfing species in our dataset (Fig. S12).

A.9 Geography

Geographical (geodesic) distance in meters was measured using GPS coordinates provided in
the metadata when available, using the distGeo function in the R package geosphere. For a
given pair of populations/species A and B, this distance corresponds to the distance between the
two geographically closest individuals. In the case of sampled sympatric pairs, and if a single
coordinate was provided by the authors for all individuals A and B, we consider a distance of

10m in line with current sampling practices to reduce relatedness. Among the 25 plant genera
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under examination, our review of the literature has not yielded information pertaining to the
geographical origins of specimens from Gossypium.

To test whether the observed pattern of reduced gene flow in plants compared to animals
could be explained by greater geographic distances between plant pairs, we performed logistic
regression analyses separately for plants and animals. Using the GPS coordinates of sampled
individuals, we calculated the minimum geographic distance (distances _meters) between
taxa within each pair.

We then modeled the probability of ongoing migration (P_.ongoingmigration) as a
function of geographic distance and net divergence (netdiv_avg) using binomial logistic
regression with a logit link function. The logistic regression results showed that geographic
distance (distances_meters) was not a significant predictor of ongoing migration for either
animals (P = 0.688) or plants (P = 0.937), confirming that our conclusions are not driven by

geographic factors.

A.10 Data availability

All the assembled datasets, the list of references used for mapping and the results of demo-
graphic inference are deposited in Zenodo with the DOI 10.5281/zenodo.8028615

(108).

B Supplementary text

Here, we endeavor to highlight the leads that merit further exploration to unravel why plants
seem to exhibit a more rapid cessation of gene flow than animals (Fig. S14).

Is chloroplast an additional source of barriers (Fig. S14-1)? A hypothesis that naturally
arises centers on a feature absent in animals but universally present in (non-parasitic) plants: the

chloroplast. This plant-specific organelle has been shown to drive species-specific co-evolution
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with the nuclear genome, with the latter accumulating compensatory mutations to maintain co-
adaptations essential for nucleo-cytoplasmic interactions (32). In hybrid individuals, the pres-
ence of compensatory mutations without the co-adapted chloroplast genome, or the chloroplast
genome without its corresponding nuclear compensatory mutations, can lead to developmental
disruptions that significantly reduce gene flow between closely related plant species (33). Ad-
ditionally, the generally higher mitochondrial mutation rates in animals compared to plants (34)
may accelerate speciation by relaxing compensatory selection, thereby slowing the evolution of
mito-nuclear incompatibilities that contribute to reproductive isolation (35).

What is the role of the more prevalent selfing in plants (Fig. S14-2)? An important character-
istic of plants lies in their remarkable diversity in mating systems, particularly evident among
hermaphrodites, where a broad spectrum of self-fertilization rates exists, ranging from high-
selfers to high-outcrossers (36). Phylogenetic evidence demonstrates that the former exhibit a
greater speciation rate compared to the latter (37). At a microevolutionary level, interspecific
gene flow is higher within pairs of outcrossers compared to pairs comprising selfers (39). There
are several reasons that may explain these patterns in selfers: reduced number of available
ovules for cross-fertilization, reduced resource allocation to pollen production (/09), autog-
amous Fl1s produce more F2 than backcross genotypes suffering from greater hybrid break-
down (/10), and their reduced effective population size and increased linkage disequilibrium
facilitate the establishment of barriers between species (38). Thus, frequent evolutionary peri-
ods with intermediate to high selfing in plants could contribute to our observation that genetic
exchange is less frequent on average between plants than animals.

Would dependence on an external pollinator strengthen isolation (Fig. S14-3)? Despite
the historical emphasis on pre-zygotic isolation through behavioral mate choice as a determi-
nant of reduced interspecies gene flow in animals, it is worth noting the occurrence of specific

pre-zygotic isolation mechanisms in plants too. First, phenological shifts between related plant
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taxa can cause allochronic isolation (//7). Second, plant species with animal pollination can
exhibit pollinator shifts between closely-related species, playing in such situations a significant
role in reproductive isolation (40). While these shifts are unlikely to emerge in sympatry, sister
plant lineages that experienced initial divergence in allopatry can undergo divergence in their
pollinator interaction networks, thus contributing to a reduced hybridization rate. This effect
on reproductive isolation is reflected at the macroevolutionary scale with higher diversification
rates in plants which are associated with fewer pollinator species (47). Such dependency on spe-
cific pollinators for reproduction thus represents a layer of co-adaptation particularly present in
plants, which, as with all co-adaptations and co-evolutions, forms additional targets for forming
species barriers.

Different modalities of dispersal (Fig. S14-4)? Plants and animals obviously differ in their
modes of dispersal, with two types of propagules, pollen and seeds, passively dispersed through
abiotic and biotic vectors in plants, as compared to individual (or mother-mediated dispersal
for some mammals (//2)) mobility in animals. The overall effect of such differences is that the
extent of gene flow among populations within plant species is lower (and genetic differentiation
is higher) on average than in animals (28, 29). This may result from overall differences in dis-
persal kernels between plants and animals, but also from the stronger stochasticity of dispersal
in plants (//3) as compared to animals (excluding passive dispersers, e.g., marine animals with
a planktonic larval dispersal), which results in higher effective migration in the latter. Stronger
genetic differentiation among conspecific populations may trigger the evolution of partial re-
productive isolation, a phenomenon known as outbreeding depression, which is thought to be
more common among plant than animal populations (42).

Is haploid selection against barriers stronger in plant hybrids (Fig. S14-5)? Haldane’s rule
stems from the empirical observation that heterogametic hybrids (XY males and ZW females,

i.e., the sex carrying a single functional copy of the sex chromosome) suffer more from species
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barriers than homogametic ones (//4). From this rule, it is deduced that a significant proportion
of interspecies barriers are recessive (44). Despite the scarcity of comprehensive data on gene
expression levels during haploid stages in plants and animals, available evidence suggests that
animals exhibit minimal haploid selection, while a notable portion of the plant genome can be
expressed in the pollen grain and pollen tube (43). The higher prevalence of recessive barriers
being manifested in pollen rather than in sperm may affect more profoundly the fertility of plant
hybrids compared to animal hybrids.

What are the role of differences in the genetic architecture of reproductive isolation?
Quantitative genetic studies investigating the genomic architecture of RI have revealed notable
differences between plants and animals. In plants, reproductive isolation often involves less
complex genetic interactions compared to animals, with fewer loci exhibiting very strong indi-
vidual effects (23-25, 48). Furthermore, alleles associated with reproductive isolation in plants
frequently exhibit intraspecific polymorphism, indicating that stochastic processes often main-
tain these alleles in populations until their potential fixation. In contrast, speciation genes in
animals are more likely to show signatures of positive selection, suggesting stricter conditions
for the establishment of barriers in animals than in plants (49).

What are the consequences of open exposure to environmental pollen in plants versus in-
ternal fertilization? (Fig. S14-6)? Fertilisation in plants is an interactive process between the
pollen grain and the maternal tissues, involving several stages: adhesion and hydration of pollen
grains on the stigma, germination of the pollen tube, navigation through maternal tissues and
penetration into the embryo sac. For example, in Arabidopsis, the male gametophyte interacts
with seven different tissues before contributing to fertilization (/15). As the stigmatic papilla
can be exposed to environmental pollen from many different species, each of these male-female
interactions during fertilisation represents a target for selection on the female side to avoid

allocating resources towards producing a seed of lower fitness. This selection pressure may
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reinforce the plants’ stringent response to avoid fertilisation at lower levels of divergence as
compared to animals (/16).

How does the expression of parental conflicts during seed development increase repro-
ductive isolation in plants (Fig.S14-7)? Plants often receive pollen from a varying number
of different donors (/7). This ubiquitous polyandrous reproduction gives rise to intragenomic
conflicts during seed development: paternal genes strive to allocate resources preferentially to
the seeds of their own offspring, potentially at the expense of unrelated seeds. Conversely, ma-
ternal genes favor allocating resources among a larger number of seeds produced as well as to
its own survival (in perennial plants). This intragenomic conflict leads to coevolution between
selfish genetic elements (that seek to enhance their own transmission by diverting maternal re-
sources) and mutations (that restore a fair allocation of resources to all seeds). From these
conflicts emerge species barriers (46) when the collection of selfish elements is placed in a hy-
brid genome without the restorers with which it has coevolved (and vice versa), causing severe

negative effects on development and germination of hybrid seeds (47).
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C Supplementary Figures
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Figure S1: Geographical location of plant samples and sequencing methods

The depicted symbol represents an entity for which geographic data was retrievable in the source
publications, with the exception of the genus Gossypium. The varying shapes of the symbols
serve to differentiate between distinct sequencing technologies.
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Figure S2: Phylogenetic relationships between species included in the current study.

Plants and animals are indicated by green and yellow rectangles respectively. The scale rep-
resent the time from present expressed in million years (MY) according to TimeTree (118).
Animals (yellow square) are from (/4). Plants (green square) are included in the current study.
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Figure S4: Principal component analyses on genotypes for all SNPs.
Each point represents an individual. The colours represent the different populations/species

named by the authors of the studies from which the data originated.
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Figure S4: (continued).
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Figure S4: (continued).
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Figure S4: (continued).
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Figure S4: (continued).
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Figure S4: (continued).
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___________________ TTdem
POP;  POP2 POP; pop,

Figure S5: Simulated demographic model for testing introgression between populations
pop, and pop; (dotted rectangle) using DILS and QuIBL. Parameters: 7); (speciation time
between 1 and 2), T3 (speciation time between (1,2) and 3), T, (speciation time between
((1,2),3) and 4), Tgen (migration onset/end), M (number of migrants per generation), N (effec-
tive population size). Scenarios: Slypp (M = 0 during red and blue periods), AMypo, (M > 0
during red, M = 0 during blue), IMyp, (M > 0 during red and blue), SCypop (M > 0 during
blue, M = 0 during red).
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Figure S6: Comparison of DILS and QuIBL results on simulated datasets with migration
(IMupops SCapops Fig. S5) and without migration (Slgpep, AMypep). Colors represent the
proportions of simulations where: both methods were correct (blue), only DILS was correct
(orange), only QuIBL was correct (red), and both methods were incorrect (green). A. Results
across all explored parameters. B. Results for parameters where more than 10% of loci are

affected by migration and N.m > 0.25.
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Figure S7: Compared models using approximate Bayesian computation (ABC).

A. Models with ongoing migration correspond to all CM (Continuous Migration) and SC (Sec-
ondary Contact) models. Models with current isolation correspond to all SI (Strict Isolation)
and AM (Ancestral Migration) models. The first step in our ABC classification is to compare
the set of CM+SC versus SI+AM models in order to assign a migration or isolation status to
each of the 341 pairs of lineages (61 animals, 280 plants) according to the computed posterior
probability.

B. Pairs of plants or animals, for which our ABC framework has provided strong statistical
evidence of ongoing migration, are subsequently subjected to analysis aimed at discerning the
uniformity of gene flow across the genome, whether it exhibits homogeneity (characterized by
the absence of local genomic barriers) or heterogeneity (signifying genetic linkage to species
barriers). The comparison between homo. M versus hetero. M was carried out using the same
ABC framework as in the previous step.
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Figure S8: Relationship between mean net divergence and posterior probability for ongo-
ing migration.

Each point corresponds to a pair of animals (A) or plants (B). x-axis: average net divergence.
y-axis: posterior probability for ongoing migration attributed by our ABC framework.

Colours correspond to surveyed genera. Solid points represent pairs for which there is strong
statistical evidence either supporting or rejecting the ongoing migration model, as determined
by the robustness test outlined in (/4). In contrast, transparent points indicate pairs for which
the comparison between the migration and isolation models yields an inconclusive result. Pairs
for which support was inconclusive were excluded from further analysis. The remaining pairs
were categorized either as exhibiting ‘migration’ or ‘isolation’, as illustrated in Figure 1-A (see

section A.4.6). 70
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Figure S9: Relationship between net divergence and migration/isolation status, accounting
for genus effects.

A: Relationship between net divergence and migration/isolation status based on random sub-
sampling of one population/species pair per genus (plants: green; animals: orange), repeated
1,000 times. Each line represents one sub-sampling. B: Distribution of inflection points
(Xp=0.5) for plants and animals across 1,000 sub-samplings. C: P-value distributions from
1,000 sub-samplings: blue bars represent the log-likelihood ratio tests, and orange bars rep-
resent the tests on difference between inflection points (X},—o 5.animals — “Xp—0.5:plans)- The red
dashed line indicates the 0.05 significance thre7s}1101d.
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Figure S10: Relationship between mean net divergence and migration/isolation status
across plant life forms.

A: Comparison between herbs and trees. B: Comparison between herbs, lianas, and shrubs
combined versus trees.
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Figure S11: Evaluation of selfing rate (s) estimation from simulated genomic data.

The x-axis represents the true selfing rate (s) used for simulations, while the y-axis shows the
selfing rate estimated using our custom method (https://github.com/popgenomics/
selfing_ML). A: Mean selfing rate estimated across all individuals. B: Maximum selfing
rate estimated among individuals. Orange and green points represent simulated datasets with
1000 and 5000 SNPs, respectively. The number of sampled diploid individuals is indicated in

each sub-panel.
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Figure S12: Distribution of selfing rates (s).
A: Distribution of selfing rates among the 135 plant species used in the plant-versus-animal
comparison, estimated from molecular data. B: Meta-analysis of selfing rates across 329 plant
species, modified from the study by Igic and Kohn in 2006 (705).
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Figure S13: Relationship between mean net divergence and migration/isolation status
across plants for different selfing rates.

The figure illustrates the relationship for three mating system categories: SC-SC (self-
compatible pairs), SI-SI (self-incompatible pairs), and SC-SI (mixed pairs). The patterns reflect
the logit model comparisons shown in Table S4, highlighting differences in reproductive isola-
tion dynamics among these groups.
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Figure S14: Distinctive attributes of plants and animals that may explain the more rapid
accumulation of reproductive isolation in plants.

1. presence of chloroplast; 2. wide occurrence of self-fertilization in plants; 3. dependence
on external pollinators; 4. different dispersion modalities; 5. differences in the strength of
haploid selection; 6. predominant exposure to environmental pollen; 7. parental conflicts due
to ubiquitous polyandry in plants
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Table S1: List of retained NCBI datasets.

=

bioproject genus species type of data source

PRINA318567 Actinidia arguta
arguta giraldii
chinensis

WGS (51

PRIEB33482,  Arabis nemorensis allop.

PRJEB39992 nemorensis symp.
sagittata allop.
sagittata symp.

RNA (52)

W O

PRINA489792  Dactylorhiza euxina
foliosa
Juchsii
iberica
incarnata
saccifera
sambucina
viridis

RAD (53)

o

WA WD WD W~~~ DD W
—

W

PRINA445222  Ficus arfakensis
itoana
microdictya
trichocerasa
t. pleioclada

[S—
N

RAD (54)

DN = =
AN L D W

PRINAS539957  Gossypium australe
bickii
nelsonii
robinsonii
Sturtianum

WGS (55)

N W W

(@)}

PRINAS532579  Helianthus annuus NoTex
annuus NTex
annuus STex
argophyllus
debilis silvestris
niveus canescens
petiolaris fallax
p. petiolaris

[S—
(9]

WGS (56)

—t = 00 N = =
o O S D

PRINA382435  Hibiscus dasycalyx
laevis
moscheutos

(@)}

RAD (57)

PRINA483403 [soetes lacustris
echiospora

RAD (58)

W Ol Wn A~
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PRINA244607 Howea

belmoreana
forsteriana

40

W
\O

PRINAS28594  Linospadix

monostachyos
minor
apetiolatus
palmerianus

O =
o0

RNA

(59)

(60)

PRINA318864 Lupinus

ballianus
bandelierae
misticola

RNA

(119)

PRJEB37794 Nepenthes

albomarginata
ampullaria
bicalcarata
distillatoria
dubia
ephippiata
gracilis
hemsleyana
lamii

lowii
macrovulgaris
madagascariensis
maxima
mirabilis
monticola
pervillei
pitopangii
rafflesiana
reinwardtiana
sumatrana
tentaculata
veitchii
vieillardii

o O

NMNNN@N;N»—‘HNNNN#OONNNO\OOMl\)l\Jl\JO\O\

RAD

(61)

PRINA701424  Phlox

amoena amoena
a. lighthipei

divaricata divaricata

d. laphamii
pilosa deamii
p. fulgida

p. pilosa
subulata

DD DN o0 — W W= A&
=] (o) H oo

RAD

(62)
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PRINA464259  Phoebe zhennan 9 RAD (63)
bournei 12
PRINAS8O7675  Pitcairnia albiflos 9 RAD (64)
staminea 12
PRINA392950, Picea brachytyla 4 RNA (65, 66)
PRINA401149, b. complanata 5
PRINA378930, likiangensis likiangensis 5
PRINA301093 l. linzhiensis 5
l. rubescens 5
purpurea 5
wilsoni 5
PRINAG612655  Populus adenopoda 5  WGS (67)
alba 5
davidiana 5
qiongdaoensis 3
rotundifolia 4
tremula 5
PRINAS44114  Pulmonaria helvetica 24 RAD (68)
mollis 10
montana 4
obscur 11
officinalis 6
PRINAG639507  Quercus berberidifolia 63 RAD (69)
chrysolepis 80
PRINAS554975 Rhodanthemum redieri redieri 4 RAD (70)
. humbertii 7
quezelii quezelii 4
q. jallabenense 4
arundanum mairei 8
a. arundanum 27
PRINA429746  Salix helvetica 10 RAD (71)
purpurea 10
PRINAS549571  Senecio aethnensis 6 RNA (72)
aethn. X chrys. 14
chrysanthemifolius 6
squalidus 28
PRINA295359  Silene dioica 2 RNA (73,74)
latifolia 2
nutans E1 4
n. Wi 4
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n W2
n. W3

PRINAS53020  Stachyurus

chinensis
retusus
YURNANEensis

RNA (75)

A0 N~ B

PRINA329381

Yucca

brevifolia
jaegeriana

24 RAD (76)
39
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Table S2: Log-likelihood Ratio Test for logit models fitted to plant and animal datasets (Fig.1)

model £ Bo B1 Xp—05 P-value

M, -91.55841 -11.28733 -4.50495 0.00312
Myiants — -61.60692  -16.15385 -6.27316 0.00266
Monimars  -8.01012  -11.13402  -6.09245 0.01488

<1x10*

£: log-likelihoods of models My, Myqnts and Mgpimais-

Bo: estimated intercept (log10 scaled).

B1: estimated coefficient (log10 scaled).

X p—0.5: inflection point beyond which, for any level of divergence, less than 50% of pairs are

B
expected to be connected by gene flow (X,—¢5 = 107ﬁ).

P-value: probability that by random chance, the absolute difference between (M ,unis) +
U Manimais) and €(My) exceeds the observed value, estimated from 10,000 random permuta-
tions.
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Table S3: Log-likelihood Ratio Test for logit models fitted to plant and animal datasets obtained
by RNA-sequencing only

model £ Bo B1 Xp—0.5 P-value

My -34.28871 -11.79074 -5.31189 0.00603
Myianes  -18.28419  -19.81859 -8.47952 0.00460
Meopnimais  -4.29462  -16.75334 -9.58339 0.01786

<1x10™

£: log-likelihoods of models My, Myants and Mypimais-

Bo: estimated intercept (log10 scaled).

B1: estimated coefficient (log10 scaled).

X p—o.5: inflection point beyond which, for any level of divergence, less than 50% of pairs are

B
expected to be connected by gene flow (X,—¢5 = 10_ﬁ),
P-value: probability that by random chance, the absolute difference between (M anis) +
O(Manimas) and £(My) exceeds the observed value, estimated from 10,000 random permuta-
tions.

Table S4: Log-likelihood Ratio Test for logit models assessing factor effects on reproductive
isolation dynamics within plants

Factor Comparison Group1l Group2 {y, Oy, by,  P-value

Life form Herbs versus Trees Herb Tree -59.78  -36.095 -22.433  0.261
H-L-S versus Trees H-L-S Tree -61.607 -37.662 -22.433 0.1937

Mating system SC-SC versus SI-SI SC-SC SI-SI -51.7 -8.774  -42.303 0.58
SC-SC versus SC-SI ~ SC-SC SC-SI  -18.664 -8.774 -7.536 0.144
SI-SI versus SC-SI SI-SI SC-SI  -51.805 -42.303 -7.536 0.173

H-L-S refers to the group of plants comprising Herbs, Lianas, and Shrubs.

SC and SI denote Self-Compatible and Self-Incompatible species, respectively. Pairs of SC
species are labeled as SC-SC, pairs of SI species as SI-SI, and pairs with mixed mating systems
as SC-SIL.

Ly, €y, and €y, represent the log-likelihoods of models M, (fitted to all species pairs), M,
(fitted only to pairs from group 1), and M, (fitted only to pairs from group 2), rounded to three
decimal places.

P-value: The probability that by random chance, the absolute difference between ¢( M7 )+{(Ms)
and ¢(M,) exceeds the observed value, estimated from 10,000 random permutations.
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