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Speciation is the process leading to the emergence of new
species. While being usually progressive, it can sometimes be
fast with rapid emergence of reproductive barriers leading to
high level of reproductive isolation. Some reproductive bar-
riers might leave signatures in the genome, through elevated
level of genetic differentiation at specific loci. Similar signa-
tures might also be the results of linked selection actingin low
recombination regions. Nottingham catchfly (Silene nutans)
is a Caryophyllaceae species composed of four genetically dif-
ferentiated lineages for which strong and asymmetric levels
of reproductive isolation have been identified. Using pop-
ulation transcriptomic data from several individuals of the
four lineages, we inferred the best evo-demographic scenario
leading to the current reproductive isolation of these four
lineages. We also tested whether loci exhibiting high level
of genetic differentiation represented barrier loci or were
located in low recombination regions, evolving under strong
influence of linked selection. Overall, the four lineages of S.
nutans have diverged in strict isolation, likely during the dif-
ferent glacial period, through migration in distinct glacial
refugia. Speciation between these four lineages appeared to
be particularly fast, likely due to fast evolving plastid genome
accelerating plastid-nuclear co-evolution and the probability
of plastid-nuclear incompatibilities in inter-lineage hybrids.

Keywords: Evo-demographic scenario @ DILS e Plant
speciation e Plastid-nuclear incompatibilities @ Reproductive
isolation

Introduction

Speciation is the process by which one species composed ini-
tially of different populations evolves into separate species
entities, i.e. reproductively isolated to each other (Coyne and
Orr 2004, Butlin and Stankowski 2020, Matute and Cooper
2021). Speciation is a gradual process (Seehausen et al. 2014,
Stankowski and Ravinet 2021). Its establishment involves the

emergence of successive reproductive barriers preventing gene
flow between previously connected populations and ultimately
leading to total reproductive isolation (RI) between these pop-
ulations (Feder et al. 2012, Lowry 2012, Kulmuni et al. 2020).
These barriers can act before (pre-zygotic) or after (post-
zygotic) reproduction between individuals from different pop-
ulations (Coughlan and Matute 2020). While alternative modes
of speciation were classically identified based on the spatial con-
text during the evolution of the new species (i.e. allopatric,
sympatric, and parapatric) (Coyne and Orr 2004), the pro-
cess of speciation is now rather considered as a continuum of
divergence with inference of speciation scenarios addressing the
following questions, integrating the spatial context rather than
being defined by it: did the populations diverge while exchang-
ing gene flow? Are there any secondary contacts? Are there any
signs for local adaptation that might have driven divergence?
What are the demographic events that might have enhanced
or not speciation? (Butlin et al. 2008). These speciation scenar-
ios should leave distinguishable signatures in the genome and
can thus be inferred using molecular data (Feder et al. 2012,
Seehausen et al. 2014, Roux et al. 2016, Ravinet et al. 2017).
The reproductive barriers involved in the speciation process
will also leave marks in the genomes. If speciation is primar-
ily due to post-zygotic reproductive barrier, Rl is thought to be
the result of a mismatch between independently evolved allelic
combinations in isolated lineages, called Bateson—-Dobzhansky
Muller incompatibilities (BDMIs) (Presgraves 2010, Fishman
and Sweigart 2018). Because of that, if at some point these lin-
eages cross together, while the rest of the genome will be a mix
of the parental lineages, these loci will not and will thus remain
highly differentiated (Wu 2001, Burri et al. 2015). This would
give rise to ‘speciation Islands’ representing regions/loci in the
genome where introgression does not occur and that can reach
high levels of genetic differentiation (Turner et al. 2005, Feder
et al. 2012, Seehausen et al. 2014). But recurrent selection in
low recombination zones, either negative against deleterious
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mutations, i.e. background selection, or positive for adaptive
mutations, i.e. local adaptation, induces a reduction in polymor-
phism causing patterns of high genetic differentiation, and thus
can be mistaken as barriers to introgression (Cruickshank and
Hahn 2014, Shang et al. 2023). Distinguishing between these
two processes is thus a key point when studying speciation.
Nottingham catchfly (Silene nutans) is a Caryophyllaceae
species largely distributed in Europe. Previous studies identi-
fied two strongly differentiated evolutionary lineages within this
species in relation to past climatic event and post-glacial recolo-
nization: an eastern one (E1) widespread in the north of Europe
(e.g. western Europe, Great Britain) and a western one, com-
posed of three sub-lineages: W1 distributed in England/France
and Belgium, W2 restricted to Spain and south-western France
and W3 in the Alp and lItaly (Fig. 1) (Martin et al. 2016, Van
Rossum et al. 2018). These four lineages have specific plastid
haplotypes. At secondary contact zones between lineages E1
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and W1, in France, southern Belgium and in south England,
no hybridization events were detected suggesting the absence
of gene flow between these lineages (Van Rossum et al. 1997,
2018). These two lineages also show strong and complete post-
zygotic reproductive isolation, expressed as high proportion
of seedling chlorosis and reduced hybrid fitness. It could be
the result of genetic incompatibilities accumulated in allopatry
prior to the spread of lineages from their glacial refugia (Mar-
tin et al. 2017). Results from diallelic crosses between the four
lineages (i.e. E1/W1/W2/W3) also suggested the presence of
strong and asymmetric post-zygotic barriers not only between
E1 and the Western sub-lineages but also between the west-
ern sub-lineages (Van Rossum et al, manuscript in preparation).
The intensity of these barriers was found to depend on which
lineage was the cytoplasm donor, with especially high strength
when lineages E1 or W2 are the donors (Van Rossum et al.,
manuscript in preparation). Plastid-nuclear incompatibilities
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Fig. 1 Geographic locations of all sampled and sequenced individuals for the four lineages. Silene nutans is native in Europe and is widely distributed
all over the European countries. On the countries represented on this figure, S. nutans is present in each of them except Ireland (Van Rossum et al.

2018).
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(PNIs), a type of BDMIs, could be involved in the speciation
process at stake between these four lineages (Postel et al. 2022).
Overall, these studies suggest that S. nutans might be composed
of four potentially cryptic species, but this should be confirmed
by studying patterns of genomic differentiation among them.
In this study, using an Approximate Bayesian Computation

Selection, a recently developed software that implement ABC
approaches (Fraisse et al. 2021), using transcriptomic data
from 11-12 individuals per lineage (Fig. 1, Supplementary
Table S1). Very briefly, DILS analyzes a random sample of
1000 nuclear loci from the whole dataset and compute sev-
eral summary statistics. After simulation of datasets under dis-

(ABC) approach, we inferred the demographic history and pat-
terns of differentiation among the four lineages of S. nutans.
Specifically, we estimated the relative times of split of the lin-
eages and tested for gene flow between pairs of lineages, despite
the identification of strong reproductive barriers as described
earlier. We also tried to discriminate among different demo-
graphic and speciation scenarios by analyzing patterns of covari-
ation of different statistics among loci.

tinct evo-demographic scenarios, based on a set of prior, DILS
compares summary statistics values between simulated and
observed datasets to infer the most plausible scenario, under
which model parameters such as population effective size (Ne)
and time of split (T,,;;;) between lineages, will be estimated.
We ran in two different ways for two different purposes. First,
we ran the regular version of DILS, with two populations, to esti-
mate the summary statistics and the best speciation scenarios
for each pair of lineages. Secondly, we ran the four populations
version of DILS to estimate the model parameters under the
best speciation scenario (Fig. 2). Using DILS-2 populations to
find the best speciation scenarios, we reduced the number of
models to compare and using DILS-4 populations to estimate

Results

We inferred evo-demographic scenarios for the four lineages of
Silene nutans with DILS—Demographic Inference with Linked
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Fig. 2 Demographic model used in DILS 2 and 4 populations. (A) Alternative models for DILS 2 populations. SI—strict isolation: model of diver-
gence without gene flow since time of split (7 ,;;,); AM—ancient migration: model of divergent with evidence for ancestral gene flow but none
since their cessation (T4 54); IM—model of divergence with gene flow; SC—secondary contact: model of divergence without gene flow but current
migration between populations through secondary contact (T'q). Letters A represents the ancestral populations. The arrows represent the gene
flow between extant populations B and C and the color gradient the level of gene flow (from dark red—high level—to light—Ilow level). (B) Using
a tree topology from a former study, four populations of the four lineages have been modeled here, each with independent current population
sizes (annotated as N). The model describes three successive splitting events (Ty_w2» Twest 3d TEqsi—117est) UP to the ancestral population.
Each ancestral population is associated with an effective size independent of daughter populations (V). The six possible migration relationships
are bidirectional and asymmetric secondary contacts (the gray arrows). (C) Estimation of the T ;;;, N and N, under the best demographic
scenario. Confidence interval for these estimations can be found in Supplementary Table S6. T, is expressed in years (considering that one
generation = 3 years). The best scenario was divergence in strict isolation for all four lineages so all of the migration’s arrows are suppressed.
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Fig. 3 Individuals coordinates on the PC1, PC2 and PC3. Eigen values for each PC axes are given.

the model parameters, we reduced the number of estimations
to conduct.

Prior to run ABC using DILS (Fraisse et al. 2021), we checked
that the four lineages clustered separately in a Principal Com-
ponent Analysis (PCA) with the 1,251,229 SNPs identified with
reads2snps. Overall, lineages clustered separately along PC1,
PC2 and PC3 (Fig. 3). Lineages W1 and W2 were undistinguish-
able in a PC1-PC2 plot, with W1 individuals clustering within
W2, but they appeared well differentiated according to PC3

(Fig. 3).

Population genetic statistics

Summary statistics were estimated using DILS-2 populations for
each lineage and pair of lineages, under the best speciation sce-
narios. Differences between lineages or comparison were tested
using statistical Kruskal-Wallis test followed by Dunn test when
the former was significant. Here after, we only present a subset
of all summary statistics computed. For the rest of the summary
statistics, results can be found in Supplementary data.
Lineage W3 significantly exhibited the highest level of
genetic diversity (measured by the pairwise nucleotide diver-
sity ™) while lineage E1 the lowest (mean W3 = 0.0120 versus
mean E1=10.0101, Fig. 4, Supplementary Table S3). Values
of Tajima’s D showed the exact opposite patterns, each dif-
ference between lineages being statistically significant (mean
E1=-0.23 versus mean W3 = —0.47) (Fig. 4, Supplementary
Table S3). Levels of mean absolute divergence (D, ) between
pairs of lineages were the highest between lineages E1 and W1
(mean = 1.7e-2) and the lowest between lineages W1 and W2
(mean = 1.2e-2) (Fig. 4, Supplementary Table S4). Overall,

lineage E1 was significantly the most divergent lineage and W3
had similar level of divergence with all the others, lower than
E1 but higher than between W1 and W2. Genetic differentia-
tion between lineages, F'qr, also followed the exact same trend,
with all differences between pairs of lineages being significant
(Fig. 4, Supplementary Table S4).

In order to assess the impact of linked selection on the speci-
ation process between these four lineages we analyzed patterns
of covariation of Fgp, D,,, average Rho, average T among
loci. Indeed, large values of F'qp are caused by the occurrence
of strong local reproductive barriers in a scenario of divergence
with migration, whereas they are caused by local reduction of
polymorphism associated with low recombination in a scenario
of linked selection in the absence of gene flow (Cruickshank
and Hahn 2014, Shang et al. 2023). For the divergence between
all western lineages, we found a positive significant relation
between D, and Fgp (mean tau = 0.32) and between D,
and © (mean tau = 0.82) while we detected a negative signif-
icant relation between Fgr and © (mean tau = 0.14) (Fig. 5,
Table 1). A strong positive relationship between D, and T is
expected in a scenario with linked selection in the absence of
gene flow, whereas the reverse is expected under divergence
with migration, suggesting that the former scenario is more
likely. This scenario is also validated by the observation of a sig-
nificant negative relation between F'gand Rho (mean tau =
0.07), suggesting that local recombination rate is an impor-
tant determinant of genetic differentiation through its effect
on linked selection. Similar results were obtained between lin-
eage E1 and the western lineages, though without statistical
significance for the negative correlation between Fg-and Rho
(Fig. 5, Table 1).
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The selfing rates of the different lineages were inferred from
estimates of identity disequilibrium following the method pro-
posed by David et al. (2007), E1 had the highest selfing rate
(0.22), then W1 (0.1), W2 (0.06) and W3 (0.02).

Evo-demographic model selection

We ran DILS-2 populations for each pair of lineages (n = 6). For
each, we selected the best evo-demographic model explaining
the observed dataset looking at the posterior probabilities for

Rho, 7. Detailed mean values for each of the comparison can be found in Table 1. (A) Correlation between
2+ (B) Correlation between D, and m; (C) Correlation between Fg;pand T; (D) Correlation between Fgpand Rho.

each model and the goodness-offit produced as an output of
DILS (Fig. 2A). For each of the six pairs, the best model was
found to fit correctly to the data: on the PCA representing the
goodness-of-fit for the best model, the observed dataset was
found roughly in the middle of the optimized posterior distri-
bution (Figure S1) when looking at PC1, 2 and 3, meaning that
values of the summary statistics obtained in simulations of the
best model were similar to those of the observed dataset. Equiv-
alent results were obtained for the analysis using DILS with a
model of four populations (Figure S2).
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Table 1 Correlation test calculating Tau coefficient between D, Fgr, average T and average Rho for each pair of lineages

Pairs of lineages

E1vs W1 E1vs W2 E1vs W3 W1 vs W2 W1vs W3 W2 vs W3
D,,vs Fsp Tau coeff. 0.29 0.34 0.30 0.28 0.34 0.36
Z-stats 25.49 29.91 2634 2423 29.8 31.25
P-value 0.00™" 0.00™" 0.00™" 0.00™ 0.00™ 0.00™
Fgpvsm Tau coeff. 1.4e-3 0.09 0.08 0.15 0.12 0.16
Z-stats 0.13 7.80 6.88 13.00 10.18 13.94
P-value 0.90 0.00™" 0.00™" 0.00** 0.00™ 0.00™
D,,vsw Tau coeff. 0.71 0.74 0.78 0.87 0.78 0.80
Z-stats 62.62 65.85 68.52 76.57 68.30 70.74
P-value 0.00™" 0.00™" 0.00™" 0.00™ 0.00™ 0.00™
Fgrvs Rho Tau coeff. -1.09¢-3 0.02 0.02 0.06 0.05 0.10
Z-stats -0.08 1.17 1.14 427 3.42 7.23
P-value 0.93 0.24 0.25 0.00™ 0.00™ 0.00™

Average Rho and T were calculated as the mean of 7 or Rho estimated per lineage and per loci in each comparison. F'g7: genetic differentiation between lineages; D, :

Yt

absolute divergence between lineages; : mean genetic diversity of the two lineages compared; Rho: mean recombination rate of the two lineages compared.

™ P-value < 0.001.

Table 2 Best demographic model assessed with DILS using a two-step process

Ongoing migration versus isolation

Pairs of lineages

Ancient migration versus strict isolation N-Homo versus N-Hetero

DILS 2 pops DILS 4 pops DILS 2 pops DILS 2 pops
E1vs W1 Isolation Isolation Ancient migration N-hetero
0.885 0.898 0.711 0.997
E1vs W2 Isolation Isolation Ancient migration N-hetero
0912 0.929 0.764 0.997
E1vs W3 Isolation Isolation Ancient migration N-hetero
0.915 0.940 0.859 0.992
W1 vs W2 Isolation Isolation Ancient migration N-hetero
0.832 0.857 0.784 0.989
W1vs W3 Isolation Isolation Ancient migration N-hetero
0.892 0.894 0.750 0.979
W2 vs W3 Isolation Isolation Ancient migration N-hetero
0.876 0.890 0.800 0.979

Number under the name of the demographic model represents the posterior probabilities, from 0 to 1. Ancient Migration vs Strict Isolation was not tested with the DILS
using four populations. N-homo/N-hetero: heterogeneous or homogenous population effective size.

Posterior probabilities for the best demographic model in all
model comparisons and all pairs of lineages ranged from 0.711
to 0.997, indicating unambiguous support for the best model
(Table 2). Following DILS hierarchical selection process, we first
compared posterior probabilities between models with cur-
rent isolation (SI—strict isolation + AM—ancient migration)
versus those with ongoing migration (IM—isolation with migra-
tion + SC—secondary contact) (Fig. 2A). Overall, for all pairs
of lineages, the best model was always SI + AM, supporting the
absence of current gene flow among all four lineages. Secondly,
between the two scenarios without current migration (Sl versus
AM) (Fig. 2A), the AM model, a two-step scenario with gene
flow occurring during the first step after the split, followed by
total isolation in the second phase, seemed to better explain the
observed dataset (Figure S1). Finally, we tested for heterogene-
ity versus homogeneity of N, among loci. Again, for all pairs
of lineages, the best speciation models were the one including
variation of N, (i.e. model IV_hetero). Analyses using the DILS-4
populations produced the same overall result (though we could
not test heterogeneity of IV,): a scenario with strict isolation

among all four lineages was retained with posterior probabilities
ranging from 0.86 to 0.94 (Fig. 2, Table 2).

Demographic models’ parameter estimation

We estimated demographic parameters for each of the six pair-
wise analyses between E1, W1, W2 and W3 (Supplementary
Table S5). This approach yields six values for ancestral pop-
ulation sizes at six different times. Additionally, we obtained
three distinct estimates of effective population sizes, as each
population was considered in three separate analyses. To sim-
plify the interpretation of such estimates, we have estimated
the demographic history of a scenario that directly includes
these four populations using DILS-4 populations and under a
speciation scenario of strict isolation since time of split. Lin-
eage W3 seems to exhibit the highest IV, followed by lineages
W2 > W1 > E1 (Fig. 2, Supplementary Table S6). The ancestral
population of all lineages displays relatively low N, compared to
current lineages IV, similarly to the IV, of the ancestral popula-
tion of lineages W1 and W2 (Fig. 2, Supplementary Table S6).
The ancestral population of the western lineages exhibits one



of the highest IV, (i.e. around 550 000 individuals). Regarding
time of split (7,,;;;), with a generation time of 3 years (Hepper
1956), eastern and western lineages split around 700000 years
ago (1C95= 283,695-1,363,743) (Fig. 2, Supplementary Table
S6). Lineage W3 separated from lineages W1 and W2 soon after
[around 680,000 years ago (IC95= 202,092-1,204.050)] (Fig. 2,
Supplementary Table S6). Finally, the split between lineages
W1 and W2 occurred the most recently, around 300,000 years
ago (IC95 = 82,248-782,862) (Fig. 2, Supplementary Table
S6).

Discussion

Allopatric speciation for all lineages of S. nutans

Regarding DILS results with both 2 and 4 populations, highest
posterior probabilities were observed for models of divergence
without recent gene flow for all four lineages. Lineage E1 sepa-
rated first, followed shortly after by W3 and then, more recently,
by W1 and W2. The estimated small split time between E1 and
the rest of the western lineages might suggest either incomplete
lineage sorting or use of an incorrect topology between the four
lineages. Yet, when randomly sampling nuclear loci or building
a phylogeny with chloroplast data of the four lineages in for-
mer studies, the associated topology was correctly resolved: [E1,
(W3, (W1, W2)] (Postel et al. 2022, 2023b). Estimated split times
with DILS-4 populations likely match glacial periods of Quater-
nary glaciation cycles, indicating that divergence might have
occurred as a consequence of geographical separation in dis-
tinct glacial refugia (Martin et al. 2016, Van Rossum et al. 2018)
as found in many plant lineages (Kadereit and Abbott 2021).
The time of split between lineages E1 and the rest of the west-
ern ones is compatible with the Giinz glaciation, that started
around 760,000 years ago and ended around 530,000 years ago.
As derived from the current distribution of the lineages, and
knowledge about pathways of post-glacial recolonization path-
ways in Europe (Kadereit and Abbott 2021) refugia for E1, W3
and the direct ancestor of W1-W2 would have been located,
respectively, in Eastern Europe, in the Italian Peninsula, and
Western Europe (Martin et al. 2016) (Fig. 6). Subsequent sep-
aration occurred then between lineages W1 and W2 around
300,000 years ago, which corresponds to the early stage of the
Riss glacial period, possibly in association with geographical sep-
aration between W1, in south-central France (the French Massif
Central area) and W2 in the Iberian Peninsula (Van Rossum
et al. 2018) (Fig. 6). During the most recent postglacial recol-
onization period, lineages W2 and W3 recolonization seemed
to have been restricted to south-western France for W2 and
the Alps and south-eastern Europe for W3 (Van Rossum et al.
2018) (Fig. 6). W1 could have recolonized from the Massif Cen-
tral area toward northern Europe, reaching its northern margins
in southern England and Belgium (Van Rossum et al. 2018).
Lastly, E1 followed a north-west expansion in Europe, having
apparently the widest European geographical distribution as
compared to the western sub-lineages (Van Rossum et al. 2018)

Genetic isolation among four lineages of Silene nutans

(Fig. 6). Despite recent geographical contact between some of
the lineages, we could not detect evidence of recent introgres-
sion, confirming the evolution of strong reproductive barriers
among all lineages in allopatry during the glacial periods (Postel
et al. 2024). Therefore, the four lineages of Silene nutans can be
considered as genuine species.

When looking at the summary statistics results, Tajima’s D
values are negative but near zero for lineages E1 and W1 and the
lowest for W2 and W3. Negative average values for Tajima’s D
usually reflect population expansion after colonization events.
Moreover, levels of genetic diversity () and effective sizes (IV,)
are higher for lineages W2 and W3 as compared to lineages E1
and W1 (W3 > W2 > W1 > ET). Both the signatures of popula-
tion expansion and values of N, are at odds with the currently
known areas of geographical distribution of S. nutans lineages
showing almost opposite patterns (E1>W1 > W3 > W2). This
could perhaps be due to different intensities of genetic bottle-
necks during glaciation periods, or due to differences in mating
systems, as such processes would leave similar signatures in the
genomes (Wright et al. 2013, Burgarella and Glémin 2017, Hart-
field et al. 2017). Silene nutans is mainly outcrossing, yet it is
self-compatible with some occurrence of selfing (Van Rossum
and Prentice 2004, Vanderplanck et al. 2020). Consistently, self-
ing rate estimations followed the exact opposite pattern of the
N, values above, suggesting that occasional selfing of S. nutans
lineages could explain our estimations of IV,. The proportion
of females in gynodioecious populations that favors outcross-
ing could also be variable among the lineages. Variation in our
sampling strategy across lineages might also have influenced our
estimates of IV,. It is well known for European plant lineages
that current diversity in regional samples may depend on their
geographical distance from the last glacial refugia (Hewitt 2000,
Petit et al. 2003). In the present study, irrespective of the lin-
eage, we sampled individuals in the marginal range area of the
lineages. However, their distribution is wider and goes beyond
those sampled areas (Van Rossum et al. 2018). For lineage W1,
we sampled individuals near the glacial refugia and beyond,
spanning almost the whole geographical distribution of this lin-
eage (Martin et al. 2016, Van Rossum et al. 2018). However, it is
not the case for E1 as we only sampled populations at the mar-
gin of its geographical repartition and far from its glacial refugia,
as highlighted with the relatively lower allelic richness of indi-
viduals from our sampled populations (Martin et al. 2016, Van
Rossum et al. 2018). Hence, our estimate of IV, in E1 could have
been biased downwards, due to restricted sampling. For W3,
its geographical distribution extends in south eastern Europe
and we only sampled individuals close to its glacial refugia in
the Alps, with high allelic richness of the W3 populations (Mar-
tin et al. 2016, Van Rossum et al. 2018). This might be also
true for W2 though we also sampled individuals more distant
from the W2 glacial refugia in the Pyrenees (Van Rossum et al.
2018). Alternatively, the high diversity observed for lineage W3
might suggest that its census size is higher than for the other lin-
eages, or local population structure is higher, which is a feature
often seen in current populations close to their glacial refugia
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Fig. 6 Evo-demographic scenarios for the four lineages of S. nutans. The different colors correspond to the different lineages (blue =E1;
orange = W1; red = W2; yellow = W3). The arrows represent the post-glacial expansion of each lineage from their glacial refugia (circles) to
their extrapolated distribution (colored areas). The thick black line represents the contact zone between lineages E1, W1 and W3.

(Heuertz et al. 2004). The latter would be consistent with the
geographical distribution of this lineage in mountain habitat
which mightincrease local differentiation between populations.

Rapid speciation between lineages of S. nutans

The current distribution of the four lineages of S. nutans shows
secondary contact zones at least between lineages E1 and W1
in south of England and south of Belgium, as well as poten-
tial overlap between geographical ranges of lineages W1 and
W2 in central-western France (Fig. 1). Yet, at these contact
zones and overlapping areas no hybridizing events are detected

from our analyses, which is in agreement with the strong
post-zygotic reproductive isolation demonstrated from the dial-
lelic crosses (Postel et al. 2024). Several reproductive isolation
mechanisms could have played a role in the overall pattern of
ongoing speciation in the lineages of S. nutans. Regarding the
pre-zygotic barriers, no evidence for pollinator isolation (pre-
mating barrier) was identified between lineages E1 and W1 at
secondary contact zone in south of Belgium: specialized polli-
nators were found on individuals of both lineages and pollen
flow between/within lineages were similar (Cornet et al. 2022).
Pollen-stigma incompatibilities were identified between these



Belgian lineages, potentially representing a post-pollination
pre-zygotic reproductive barrier with pollen tubes having less
probability to develop when resulting from inter-lineages pol-
lination (Van Rossum et al. 1996). Lineages E1 and W1 also
exhibit morphological differences and different flowering time
(De Bilde 1973, Van Rossum 2000), which might also generate
pre-zygotic reproductive barrier (Baack et al. 2015). These two
lineages represent distinct edaphic ecotypes in Belgium, lineage
E1 being specialized on calcicolous soil and W1 on siliceous ones
(De Bilde 1973, Van Rossum et al. 1996, Van Rossum 2000). This
ecotypic specialization seems to have occurred following the
divergence of both lineages in allopatry (De Bilde 1973, Mar-
tin et al. 2016, Van Rossum et al. 2018). Soil specialization and
habitatisolation might represent a pre-zygotic barrier, with local
adaptation to different soil type playing a role in the creation
of genetic incompatibilities between maladapted alleles in the
hybrids, or alternatively, association of soil specialization alleles
with other genetic incompatibilities could have resulted from a
coupling effect (Bierne et al. 2011). Finally, post-zygotic repro-
ductive isolation might also be the result of PNIs, with disrup-
tion of lineage-specific plastid-nuclear co-adaptation in hybrids
(Postel et al. 2022). Even though divergence between lineages
of S. nutans seems to be recent given the split times, repeated
bottlenecks or founding events experienced during post-glacial
recolonization could have shaped the plastid genetic diver-
sity independently in each lineage, increasing probability to
observe lineage-specific plastid-nuclear co-adaptation and PNIs
in hybrids (Postel et al. 2022).

Speciation is supposed to be gradual but can sometimes be
fast (Nosil et al. 2017, Stankowski and Ravinet 2021). Rapid
speciation may result from various processes such as adapta-
tion to rapid environmental turnover, genome rearrangement

Genetic isolation among four lineages of Silene nutans

generating genetic incompatibilities, polyploidization, founder
events... (Nosil et al. 2017). A survey across many pairs of
animals’ species highlighted the presence of a gray zone of spe-
ciation along the speciation continuum, where for a specific
level of net divergence D, = 1072, levels of gene flow between
pairs of populations could span the entire range from 0—no
gene flow, to 1—gene flow (Roux et al. 2016). Within this gray
zone, defining whether pairs of populations belong or not to
the same species is challenging. For lower levels of net diver-
gence, pairs of populations belong to the same species and for
higher levels, to different species. When mapping our pairs of
S. nutans lineages on the gray zone figure (Fig. 7), for overall
low levels of D, probability of ongoing migration was quite
low and lower than for similar level of net divergence in ani-
mal pairs. Except for comparison between W1/W?2 and E1/W1,
where distinction between ‘true’ species and semi-isolated one
is ambiguous, lineages can be considered as distinct species
(Fig. 7). This might indicate a rapid speciation in S. nutans. Con-
sistently, level of Rl does not seem to reflect levels of genetic
divergence between lineages. When crossed in both directions,
these lineages exhibit various levels of hybrid mortality and
chlorosis (Postel et al. 2024): except with E1 being the most
divergent and leading to highest levels of Rl when crossed, mor-
tality is higher between W1 and W2 that are less divergent from
one another than when crossed with W3 which is more genet-
ically dissimilar. This highlights rapid evolution of reproductive
barriers between lineages as for very low levels of divergences,
estimated level of Rl is strong. This is also striking when compar-
ing with level of divergence and migration between two distinct
species of Silene, Silene latifolia and Silene dioica. These two
species have separated around 120,000 years ago and under a
scenario of speciation with gene flow (Liu et al. 2020). Between
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this pair of species, values of D, are similar to those estimated
between lineages of S. nutans (i.e. D,= 2.7 x 1073 between .
latifolia and S. dioica and on average = 4.44 x 10~2 between
S. nutans lineages). For similar levels of absolute genetic diver-
gence, probability of ongoing migration between lineages of S.
nutans is lower. Yet, a recent study seems to highlight that spe-
ciation could be overall faster in the plant kingdom compare to
animal (Monnet et al. 2023).

As discussed earlier, former studies using these lineages iden-
tified potential involvement of PNIs reducing hybrid viability
and fertility (Postel et al. 2022, 2023a, 2024). There is grow-
ing evidence for involvement of such PNIs in R, especially as
they might be one of the first post-zygotic reproductive barri-
ers (Barnard-Kubow et al. 2016, Postel and Touzet 2020). Their
study might be complicated by the fact that plastid genes are
generally strongly conserved (Jansen et al. 2007), so lineage-
specific co-adaptation between plastid and nuclear genes might
require time of isolation long enough to accumulate divergence
between lineages. But in some angiosperm lineages, and espe-
cially in the genus Silene, acceleration of the rate of evolution of
the plastid genome has been identified (Barnard-Kubow et al.
2014, Sloan et al. 2014, Ruhlman and Jansen 2018, Shrestha
et al. 2019). This acceleration might speed up plastid—nuclear
co-adaptation and divergence at these nuclear and plastid genes
in isolated lineages: if evolution of the plastid genes is higher,
the interacting nuclear loci will follow up, increasing divergence
between lineages but potentially only at these nuclear and plas-
tid genes. In lineages of S. nutans, we observed a pattern of high
diversity of the plastid genes, with numerous lineage specific
mutations and potentially accelerated rates of plastid genome
evolution (Postel et al. 2022, 2023a). If PNIs are one of the main
barriers inducing RIx between the lineages of S. nutans, then
rapid evolution of reproductive barriers and strong RI despite
low levels of divergence at nuclear loci might be driven by
rapid evolution of the plastid genome in this species. In another
angiosperm species, Campanulastrum americanum, similar lev-
els of Rl were observed between isolated clades of this species,
with similar acceleration of the evolution (Barnard-Kubow et al.
2014, 2016, Barnard-Kubow and Galloway 2017). Inferences
of evo-demographic scenarios with the different clades of this
species have not been done yet but we might expect a simi-
lar relationship between genetic divergence at nuclear loci and
levels of RI between them. For other angiosperm species with
reported high rates of plastid genome evolution, independent
lineages were not identified so far and levels of Rl not assessed,
and it would be interesting to investigate those patterns in a
wider set of taxa, including control lineages that do not present
such elevated levels of plastid genome evolution, in order to set
up a more formal test of this hypothesis.

The main driver of genetic differentiation of
lineages is linked selection
By assessing the correlations between summary statistics of

genetic diversity of lineages and differentiation between lin-
eages, linked selection appears to be the main driver of the

genomic landscape of S. nutans in regions with low rate of
recombination. Indeed, for every pair of lineages analyzed, we
observed a strong positive correlation between D, and T
which would not be expected under the alternative scenario
where differentiation is driven by the heterogeneity of the rate
of introgression due to genetic reproductive barriers (Shang
et al. 2023). This scenario is also compatible with the obser-
vation of a negative correlation between genetic diversity and
local recombination rate. Moreover, our ABC approach indi-
cated that the best evo-demographic scenario of speciation
was strict isolation with heterogeneity of N, among loci, as
expected under the effect of linked selection (Cruickshank and
Hahn 2014). Recombination rate is known to be heterogeneous
along the genome and especially low near chromosomes cen-
tromeres that are poor of gene content (Brazier et al. 2022) .
Silene latifolia that shares the same number of chromosomes as
S. nutans is no exception: gene density as well as rate of recombi-
nation are reduced in the pericentromeric regions (Moraga et al.
2023, Yue et al. 2023). Consequently, the occurrence of out-
liers of differentiation traditionally used to pinpoint potential
reproductive barriers cannot be used in our case. However the
potential involvement of such low recombining regions in spe-
ciation through divergent selection remains an open question
(Schluter and Rieseberg 2022).

Materials and Methods

Transcriptomic data

A transcriptome assembly was already available as well as transcriptomic data
for 22 individuals from the four genetic lineages of S. nutans (Supplementary
Table S1) [(Muyle et al. 2021);PRJEB39526]; but the number of individuals from
each lineage was uneven: 11 individuals from E1, 7 from W1, 2 for W2 and 2 for
W3. We increased the sampling effort to get a total of 11 individuals per lineage
(i.e. +4 individuals for W1, 9 for W2 and W3). We followed the same sampling
strategy (i.e. two individuals per population) (Supplementary Table 1, Fig. 1).
To test for potential gene flow within the western lineages, we sampled, when
possible, individuals from population in close geographical proximity (Fig. 1).
RNAs were extracted from flower buds using NucleoSpin RNA plus kit from
Macherey Nagel. Libraries were constructed using NextFlex Rapid RNAseq kit.
Sequencing for the 24 samples was done in paired-end 2x100bp. Libraries were
sequenced on lllumina NextSeq500 HO in paired-end (2 x 100) at the LIGAN
platform (UMR 8199 LIGAN-PM Genomics platform—Lille, France), resulting
in a total of 44,436 GB and 21,654 GB after demultiplexing.

Newly acquired reads were aligned on the previously assembled transcrip-
tome (Muyle et al. 2021) using Bowtie v2.4.1 (Langmead and Salzberg 2012),
and duplicates were eliminated using MarkDuplicate implemented in Picard
v2.21.4 (‘Picard Toolkit, 2019. Broad Institute, https://broadinstitute.github.io/
picard/; Broad Institute). Reads were then cleaned, sorted and indexed using
samtools v1.10 (Li et al. 2009). To call the variants and produce the output for-
mat used for further analyses, we ran reads2snp v2.0 on these reads using the
following options: -nbth 20 as a threshold for sites and reads mapping; -min 8 for
minimal coverage; -aeb to control for allelic bias expression suited for RNAseq
data (Tsagkogeorga et al. 2012, Gayral et al. 2013). The output multifasta format
contains all biallelic nuclear loci for each individual.

The transcriptomic data can sometimes contain organellar gene sequences.
The reference transcriptome was annotated using TAIR identifier, so we could
easily find the organellar loci. Using segkit (Shen et al. 2016), we specifically
removed those loci. Before running the ABC analysis using DILS (Fraisse et al.
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2021), we checked whether individuals of the four lineages were indeed geneti-
cally differentiated. Using the fasta output of reads2snp, we constructed a PCA
with popPhyl_PCA (https://github.com/popgenomics/popPhyl_PCA) (Fraisse
etal.2021).

The selfing rates of the different lineages were inferred from estimates of
identity disequilibrium using a method proposed by David et al. (2007). In a
nutshell, partial selfing in a population induces an excess of multihomozygous
or multiheterozygous genotypes, i.e. a stronger correlation in heterozygosity
among loci within individuals, which can be used to estimate the selfing rate
of the population. The Identity disequilibrium (estimated through the g2 statis-
tic, see David et al. 2007) was calculated with the Rpackage InbreedR (Stoffel
et al. 2016) as input with a fasta file converted to a format suitable for InbreedR
(the scripts are available at https://github.com/popgenomics/inbreeding). This
input file, a table with the information of heterozygosity per site and per indi-
vidual coded as 0 for homozygotes and 1 for heterozygotes, was obtained with
the script fasta2dos.py and hierf2inbreed.py. Once the g, was estimated, the self-
ing rates s were estimated through the formula (1) (David et al. 2007) with the
R script inbred_stats.R (from the same repository).

145Gy —4/10gy + 952
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Demographic inference using DILS ABC framework

Model comparison: 2 populations DILS analyzes a random sample of 1000
nuclear loci, from the overall dataset, to compute several summary statistics: a
jointssite frequency spectrum (jSFS), the number of private and shared polymor-
phic sites (S and S g respectively), the number of fixed differences between
pairs of lineages (Sx), polymorphism statistics such as pairwise nucleotide
diversity (), Watterson's 6, Tajima’s D, population divergence statistics D,
(absolute divergence) and D, (net divergence), and F'qr values of differenti-
ation under different demographic scenarios. DILS also estimates the number
of recombination events per locus running a four-gamete test. Giving a set of
prior, simulated datasets are computed according to distinct alternative scenar-
ios of speciation and divergence among the four lineages of S. nutans, including
scenarios with or without current gene flow. In the end, DILS compares values
of the summary statistics from simulated and observed datasets to infer the
most plausible scenario. Once selected, parameters such as /N, and the time of
split (Tp,;;¢) will be estimated under this scenario. We ran DILS for the six pair-
wise combinations of lineages, using the same priors (Supplementary Table $2)
for each combination and tested different demographic models of speciation:
strict isolation (SI), ancient migration (AM), isolation with migration (IM) and
secondary contact (SC) (Fig. 2A). When searching for the best model, DILS also
considered changes in population size along the genome (variation of the IV,
among loci—genome homogeneous versus heterogeneous Ne) and semiperme-
able barriers to gene flow (variation of the migration rate m, among loci due to
linkage to barriers). So, for each demographic scenario, fluctuating m, and N,
were also testing through heterogeneity of these parameters along the genome.
Because estimates of T’ ,;;
we also used a modified version of DILS performing model comparisons and
parameters estimates on four-population models.

Model comparison: 4 populations The four-population model explored
assumes a topology separating the eastern lineage E1 from the western lineages
[W3, (W1, W2)] based on previous studies (Martin et al. 2016, Postel et al. 2022)
(Fig. 2). This topology was simulated using MSMS (Ewing and Hermisson 2010)
as given further, where tbs means a value to be specified: msms tbs 10,000 -s tbs
-1 tbs tbs -1 4 tbs tbs tbs tbs 0 -n 1tbs -n 2 tbs -n 3 tbs -n 4 tbs -m 13 tbs -m 3 1
tbs-m24thbs-m42tbs-m12tbs-m21tbs-m23tbs-m32tbs-m14tbs
-m41tbs-m34tbs-m43tbs-emtbs340-emtbs430-emtbs320-em tbs
230-emtbs310-emtbs130-emtbs240-emtbs420-emtbs210-em tbs
120-emtbs410-emtbs 140 -ejtbs 3 4 -en tbs 4 tbs -¢j tbs 4 2 -en tbs 2 tbs
-ej tbs 2 1 -eN tbs tbs

In this model, the four current lineages E1, W1, W2 and W3 have the
possibility to exchange alleles during six independent secondary contacts.

+ can be tedious using only pairwise combinations,

Genetic isolation among four lineages of Silene nutans

These secondary contacts involve six possible lineage pairs: E1-W3 (at time
TSCe1-w3 < Tyest) E1-W1 (at time TSCgi_wq < Twiowa) E1-W2 (at time
TSCei-wa < Twi-wa) W3-W1 (at time TSCyy3_w1 < Twi-wa)» W3-W2 (at time
TSCya-wa < Twi—wz) and W1-W2 (at time TSCyyq_w, < Twi-w2)- These sec-
ondary contact constraints on split times are intended to test only recent gene
flow involving only pairs in independent combinations. At each population
split, the new ancestral population (backward in times) has an independent size
from the daughter populations (N,,c, Nyyesc and Nyyq.y)- Under this model, we
randomly simulated multi-locus datasets with properties corresponding to the
observed sampling (number of loci, locus length, number of gametes per locus
and per sequenced population). For each simulation, coalescent trees of loci
were obtained for parameter values randomly drawn from prior distributions.
The exact number of mutations corresponding to that observed for each locus
was then randomly placed in the simulated tree, thus not following a molec-
ular clock according to an assumed mutation rate. With this mutation model,
the parameters are expressed in coalescent units and not demographic units,
allowing only relative parameter estimates to be obtained.

Current and ancestral population sizes are randomly drawn in a uniform
distribution between 0 and 10.N,; T}, is drawn in a uniform distribu-
tion between 0 and 20.N; Tyye is drawn between 0 and Tgyji; Twi-wp i
drawn between 0 and T; effective migration IN,.m is drawn in a uniform
distribution between 0 and 10; migration is assumed to be heterogeneously dis-
tributed in the genome according to a beta distribution of alpha and beta shape
parameters drawn in a uniform distribution between 0 and 20.

Introgression between lineages was tested independently for each of the six
possible pairs. For this, 64 alternative models were simulated, depending on
whether the migration for a given pair is null (IV,.m =0 for all loci) or non-
null (INV,.m drawn between 0 and 10). Each of the 64 alternative models was
simulated 10,000 times. Model comparisons were then performed individually
for each pairwise relationship. To test whether recent gene flow has shaped the
genetic patterns for a pair involving E1and W3, we label as ‘isolation’ the 32 sub-
models for which there is no migration between E1and W3 (but with or without
migration between the other population combinations) and ‘migration’ the 32
submodels for which there is migration. These six model comparisons were
performed with the R package abcrf (Pudlo et al. 2016) and using a forest of
1,000 trained trees. The trainings were conducted using the summary statistics
described for the two-population models.

The parameters of the best-supported model among the 64 tested were
also inferred by an ABC approach. Simulations similar to the previous step
were performed, but using a molecular clock assuming the mutation rate
p=7.31x 1077 (Krasovec et al. 2018). We calculated the split time in year con-
sidering that one generation is equivalent to 3 years. Summary of parameters
and prior use for this analysis can be found in Supplementary Table S2.

Statistical analysis on summary statistics

We ran statistical tests to assess the significance of the different values of the
summary statistics. As DILS randomly samples 1,000 loci in the whole nuclear
datasets before the data filtering procedures, we did not use the same num-
ber of loci for each pairwise combination nor the exact same loci. So, we first
filtered the common loci to all pairwise combinations (n = 3,460). Statistical
tests were run on R v. 1.4.1717. We first assessed normality of the data for each
of summary statistics. As data were not normally distributed (Schapiro test P-
value < 2.2e-16), we ran Kruskal-Wallis tests, followed by Dunn tests when the
Kruskal-Wallis results were significant, to test for differences between compar-
isons (e.g. E1-W1 level of genetic differentiation versus E1-W2) and between
lineages (e.g. E1 level of genetic diversity versus W1).

In order to help discriminate among different demographic and speciation
scenarios and assess the impact of linked selection on divergence between these
lineages, we analyzed patterns of covariation of different statistics (Fisp, Dy,
average Rho and average ™) among loci. To do so, we first estimated the mean
Rho and mean T between pairs of lineages for each locus. Then, using R v.
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1.4.1717 and the R package stats v.3.6.2, we first assessed data normality con-
ducting Shapiro test. Because data were not normally distributed and because
our data contained ties, we then assess correlations between (i) Figprand D,
(ii) D, and , (iii) Figpand T, (iv) Figand Rho using correlation test and
estimating tau correlation’s coefficient.

Supplementary Data

Supplementary data are available at PCP online.

Data Availability

Raw reads have been deposited to NCBI. SRA numbers can be
found in Supplementary Table S1. Scripts used to run DILS-
4 populations can be found in the following GitHub: https://
github.com/popgenomics/DILS_4pop.
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