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ABSTRACT

Understanding the mechanisms underlying fast diversifications is central to evolutionary biology. This can be partly achieved
by focusing on intrinsic reproductive barriers that emerge during early stages of divergence in fast-radiating groups. Here, we
explored the mechanisms underlying the divergence of two ecotypes of the Dianthus rupicola complex, which belong to the
Eurasian clade of the hyperdiverse genus Dianthus, the fastest reported radiation among angiosperms. We combined phenotypic
and genomic analyses, reciprocal crosses, and micromorphological observations at different stages of seed development (i.e., 3,
6, and 9 days after pollination) to discover putative reproductive barriers between these ecotypes. Our findings indicate that the
ecotypes started diverging approximately 87kya and rapidly developed strong hybrid seed inviability. Consistent with a diver-
gence in Endosperm Balance Number (EBN) between the ecotypes, we observed a parent-of-origin growth effect on hybrid seeds
which led to asymmetric seed size in reciprocal crosses. Genomic analyses revealed low levels of admixture between the two
ecotypes despite their recent origin, consistent with the presence of strong intrinsic barriers to gene flow. This admixture was
explained by past introgression rather than recent hybridization between the ecotypes. Overall, our study highlights the primary
role of hybrid seed inviability in maintaining reproductive isolation in a rapid evolutionary radiation. Moreover, it opens new
avenues for dissecting the molecular basis and the eventual ecological drivers of endosperm-mediated incompatibilities, as well
as their largely unexplored yet potentially decisive contribution to diversification at short evolutionary timescales.

1 | Introduction is, between different ecotypes of the same species, assuming
that the mechanisms identified can then be used to test for
more general hypotheses (Scopece et al. 2010; Lowry and

Gould 2016; Butlin and Faria 2024). Similar studies have been

Understanding ecological and intrinsic mechanisms under-
lying fast diversifications is an important goal for evolution-

ary biologists, because it can expand our knowledge on the
ultimate drivers of plant biodiversity (e.g., Givnish et al. 2015;
Lagomarsino et al. 2016; Kong et al. 2022). This goal can
be partly achieved by focusing on reproductive barriers be-
tween lineages that are in the first phase of divergence, that
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conducted in several fast evolving plant groups and have gen-
erally emphasized the role of the rapid insurgence of prezygotic
barriers, such as ecological isolation (e.g., pollinators, lifestyle;
Givnish et al. 2015; Christie et al. 2022), ecogeographic isola-
tion (Sobel 2014; Weng et al. 2023), and postmating prezygotic
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barriers (pollen-stigma incompatibility; Bedinger et al. 2011;
Suni and Hopkins 2018). These barriers, often controlled by
a small number of genes with large effects, can evolve rapidly
(e.g., Sedeek et al. 2014) and thereby contribute to fast diversi-
fication. Polyploidy has also been recognized as a mechanism
capable of generating instantaneous postzygotic reproductive
isolation and promoting rapid lineage formation (e.g., Balao
et al. 2010). In contrast, postzygotic barriers between homo-
ploid taxa are generally viewed as a byproduct of accumulated
genetic divergence and thus are expected to require longer
times to evolve (Moyle et al. 2004), making them less likely
to explain rapid radiations. Nevertheless, recent evidence sug-
gests that certain postzygotic barriers, such as hybrid seed
inviability, can also arise quickly and may play an import-
ant role in early stages of diversification (Zeh and Zeh 2000;
Gutierrez-Marcos et al. 2003; Coughlan 2023).

Hybrid seed inviability arises when fertilization success-
fully occurs, but the resulting seeds fail to develop properly
(Queller 1983; Haig and Westoby 1989; Lafon-Placette and
Kohler 2016; Coughlan 2023). A common conceptual frame-
work to investigate hybrid seed inviability is the Endosperm
Balance Number (EBN) theory (Johnston et al. 1980; Johnston
and Hanneman Jr 1982), which identifies endosperm devel-
opmental failure due to deviations from the canonical 2:1
maternal-to-paternal genomic ratio in the endosperm as the
main driver of hybrid seed abortion (Johnston et al. 1980;
Bushell et al. 2003; Lafon-Placette and Kohler 2016;
Coughlan 2023). This mechanism, typically associated with
asymmetric seed development indicative of maternal or pater-
nal excess (Scott et al. 1998; Briscoe Runquist et al. 2014; Lafon-
Placette et al. 2018; Butel et al. 2024; Dziasek et al. 2024), is
emerging as an important reproductive isolating mechanism
in a growing number of angiosperm groups, but its role in
fast evolutionary radiations is still unclear (but see Briscoe
Runquist et al. 2014; Oneal et al. 2016; Iltas et al. 2021) and
requires more evidence to support.

Among flowering plants, the Euroasiatic clade within the
genus Dianthus experienced the most rapid diversification
rate ever reported (Valente et al. 2010). This clade contains
large numbers of narrow endemics (i.e., over 50% of European
Dianthus taxa are narrow endemics) with small and geo-
graphically restricted ranges, typically associated with the
pronounced topographic heterogeneity of the Mediterranean
basin (e.g., Bittrich 1993; Fassou et al. 2022). Notably, a sur-
prising bias in the literature regards the evolution of intrin-
sic reproductive barriers among this vast plethora of recently
evolved endemic taxa. This literature bias is even more sur-
prising considering that the first experimental interspecific
cross ever conducted on plants was carried out between two
Dianthus species in 1717 to intentionally produce a hybrid,
the so-called “Fairchild’s Mule” (Leapman 2012) and that,
since then, an impressive amount of crossing combinations
have been tested in the genus to produce hybrids with aes-
thetic and economic value (Katoch et al. 2024). These data on
interspecific manual crosses, often showing abnormal devel-
opment of embryos in hybrid seeds, however, never crossed
the borders between horticultural and evolutionary biology
research. Nevertheless, the evolution of intrinsic reproductive
isolation is an important topic that would help understanding

either the mechanisms limiting gene flow at the beginning of
the speciation process or to predict the survival potential of
the multitude of endemic Dianthus taxa in secondary contact,
which is crucial under a climate change scenario (e.g., Gémez
et al. 2015). The only study explicitly focusing on reproduc-
tive isolation between two Dianthus species, that is, D. car-
thusianorum and D. sylvestris identified pollinator isolation
and extrinsic postzygotic isolation rather than postmating
isolation as the main barriers (Cahenzli et al. 2018). However,
these species are distantly related, thus making it difficult to
elucidate which barriers played a key role at the initial phase
of divergence.

In this study, with the aim of expanding our understanding
on reproductive isolating mechanisms acting at the beginning
of divergence in the fast-evolving Eurasiatic clade of Dianthus
we focused on the Dianthus rupicola complex, a group that
includes five geographically isolated and phenotypically dif-
ferentiated diploid ecotypes (Domina et al. 2017). Specifically,
we analysed 14 D. rupicola populations located in peninsu-
lar Southern Italy, Sicily, and Aeolian volcanic archipelago.
These populations are traditionally assigned to either of two
different subspecies/ecotypes, that is, D. rupicola subsp. rupi-
cola (hereafter RUPI) and D. rupicola subsp. aeolicus (here-
after AEOL), based on vegetative and reproductive traits
(Brullo and Minissale 2001; Domina et al. 2017). These pop-
ulations share the same main pollinator (i.e., the hawk-moth
Macroglossum stellatarum) and have very long and overlap-
ping flowering periods (ranging from June to late October),
indicating weak premating isolation (Laccetti et al. 2026). In
these populations, we investigated genomic patterns and ana-
lysed putative mechanisms of postmating inter-ecotype repro-
ductive isolation.

2 | Methods
2.1 | Study Species and Study System

Dianthus rupicola Biv. (2n =30) is a chasmophyte, strictly related to
cliff habitat and endemic to the Central Mediterranean, blooming
from early summer to early autumn. Pink-purplish hermaphro-
dite flowers show proterandry and are grouped in inflorescences.
The species is obligatory allogamous and the main pollinator is
the hummingbird hawk-moth Macroglossum stellatarum, though
other less abundant co-pollinators may also occur (Laccetti et al.
2026). Also, an antagonistic interaction with the pre-dispersal seed
predator of the genus Hadena has been found to occur in RUPI but
not in AEOL (Laccetti et al. 2026). Here, we investigated 14 pop-
ulations located in peninsular Southern Italy, Sicily, and Aeolian
Islands traditionally assigned to the two different ecotypes AEOL
(Np opulation = 7) and RUPI (Np opulation = /3 S€€ Figure 1 and Table S1).
We collected seeds from each natural population at the end of the
flowering season of 2020 and grew plants at the Department of
Biology of the University of Naples Federico II (Italy) under the
same environmental conditions. Seeds were obtained from at
least 10 mother plants per population (inter-family distance >2m)
within an area of approximately 250m?2. Seeds were kept sepa-
rate by maternal family and germinated in greenhouses, leading
to a total of 265 adult plants (N, per population=10, N_, per
population =20).
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FIGURE 1 | Study system and genomic characterization of 14 Dianthus rupicola populations. Geographic distribution (A), genomic PCA (B)

and neighbour-joining (NJ) tree (C) conducted on Dianthus rupicola populations. Blue denotes the aeolicus ecotype (AEOL), while red denotes the
rupicola ecotype (RUPI). NJ shows populations from four clades of RUPI denoted by A, B, C and D, and two subclades of AEOL denoted by A and
B, where A corresponds to the subclade including populations from Aeolian islands and coastal sites, while B corresponds to the subclade including

Sicilian populations.

2.2 | Phenotypic Characterization

To examine population phenotypic divergence, we measured
floral traits potentially attractive for pollinators and pre-
dispersal seed predators in the common garden at the peak of
the flowering period. We recorded the number of flowers per in-
florescence on an average of 16 individuals per population, on 11
populations. Then, to account for variation within individuals,
we collected 6 fully opened flowers (three flowers in the male
phase and three flowers in the female phase) per individual
(N=1044 flowers). Each flower was photographed using a Sony
alpha 65 digital camera and a millimetre scale as a reference.

The software package Image J (https://imagej.nih.gov/ij/) was
thus used to measure the following parameters: (1) style length,
(2) calyx length, (3) petal length, (4) petal width, and (5) corolla
diameter. Style length was determined as the distance from the
nectary to the tip of the stigma.

2.3 | DNA Extractions, ddRAD Library
Construction and Sequencing

We performed genomic analyses on 70 D. rupicola individuals
belonging to the 14 investigated populations and one individual
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of the D. virgineus complex collected in the TMA population.
Following the protocol of the manufacturer, genomic DNAs
were extracted from leaf material using the DNeasy Plant Mini
Kit (Qiagen, Hilden, Germany). The quantity and the purity of
DNA extractions were checked using the NanoDrop ND 1000
Spectrophotometer (Thermo Fisher Scientific, Delaware), whereas
the concentration was assessed with the Qubit fluorometer system
(Invitrogen, United States) and the Quant-IT ds-DNA BR Assay kit
(Invitrogen). Samples were sequenced using the standard ddRAD
protocol described in Peterson et al. (2012), with the restriction
enzymes EcoRI and Taql. A single library with barcoded individ-
uals was sequenced in a single Illumina HiSeq 2500 lane for 150-
base single-end reads. The demultiplexed, trimmed, and filtered
reads were used as input for the software STACKS v2.4 (Rochette
et al. 2019) in which the assembly was performed as described in
Methods S1. Our filtering strategy resulted in a dataset of 21,935
biallelic SNPs across 62 individuals.

2.4 | Population Genetic Structure

To investigate the genetic structure of the sampled populations,
we performed a Principal Component Analysis (PCA) as imple-
mented in the adegenet package (Jombart 2008) in R 4.3.3 (R Core
Team 2024). The first two PCs were visualized to assess the over-
all genomic structure and differentiation between ecotypes. Then,
we built a neighbour-joining (NJ) tree by calculating pairwise
Euclidean genetic distances between the 62 D. rupicola individuals
and one individual of D. virgineus included as an outgroup in the
adegenet package. To assess node support, we performed bootstrap
resampling with 1000 replicates in the ape package (Paradis and
Schliep 2019). The tree was visualized using the ggtree package
(Yuetal. 2017). Lastly, to distinguish between recent hybridization
or ancient introgression, we employed a two-step approach. First,
individual admixture proportions were estimated using the sparse
non-negative matrix factorization (sSNMF) algorithm implemented
in the LEA package (Frichot and Francois 2015). The sNMF
method is computationally efficient and provides results compa-
rable to STRUCTURE (Pritchard et al. 2000) without assuming
Hardy-Weinberg equilibrium. We tested genetic clusters (K) rang-
ing from 1 to 10, with 10 independent runs for each K value to assess
convergence. The optimal K was determined by selecting the value
with the lowest cross-entropy criterion (Frichot et al. 2014). Since
continuous admixture coefficients can sometimes reflect shared
ancestral variation rather than recent gene flow, we subsequently
applied a discrete classification method using Snapclust imple-
mented in the R package adegenet (Beugin et al. 2018). Snapclust
assigns individuals to specific hybrid categories (F,, F,, Backcross)
based on genotype likelihoods. Therefore, we explicitly tested for
the presence of early hybrid classes by supplying hybridization
coefficients for F; (0.5) and first-generation backcrosses (0.25).
Finally, to provide a formal evaluation of introgression between
the two ecotypes, including potentially older events not detectable
by individual-assignment methods, we performed D-statistics (i.e.,
ABBA-BABA tests; Green et al. 2010) using a population-level
frequency-based approach (Martin et al. 2015) as implemented in
Dsuite (Malinsky et al. 2021). Following the phylogenetic struc-
ture inferred in our study, we defined the four-taxon arrangement
as follows: P1=AEOL (A), P2=AEOL (B), P3=RUPI (A; i.e., only
the sister clade of AEOL), and O =D. virgineus. Allele frequencies
were computed at each SNP for each group after polarizing sites

using the outgroup (i.e., the ancestral allele was set to the most
common allele in D. virgineus). Sites with missing data in any
group were excluded. Statistical significance was assessed using
a block-jackknife procedure with non-overlapping blocks of 500
SNPs, computing the jackknife standard error (SE) and the Z-
score. Additionally, to assess whether introgression signals varied
across AEOL populations, we repeated the D-statistics analysis by
permuting individual AEOL populations using the approach de-
scribed above.

2.5 | Demographic Scenarios

To infer the demographic history and divergence times be-
tween the two ecotypes, we performed demographic inference
using 0adi v2.3.0 (Gutenkunst et al. 2009). Based on the phy-
logenetic structure (see Figure 1C), we defined three groups
and constructed a folded 3D site frequency spectrum (SFS)
from the 21,935 SNPs. Using this approach, we evaluated 12
demographic models representing different evolutionary sce-
narios (Figure S1): (1-4) sequential divergence models (RUPI
(A)— AEOL (B)— AEOL (A)), varying in presence/absence of
ancestral gene flow and population bottlenecks during diver-
gence; (5-8) alternative sequential models (RUPI (A)—->AEOL
(A)— AEOL (B)), varying in presence/absence of ancestral gene
flow and population bottlenecks during divergence as the pre-
vious models; (9-12) scenarios assuming AEOL populations as
ancestral, with RUPI derived from one of the two subclade of
AEOL with or without gene flow. For the RUPI ecotype, all the
demographic models included only the sister clade of AEOL.
In each model, we estimated effective population sizes (N,), di-
vergence times (T), and migration rates (m, where applicable),
which represent the proportion of each population replaced by
migrants per generation. Parameters were optimized using the
log-transformed optimization procedure (optimize_log) with 50
independent runs from perturbed starting values to avoid local
optima. Each optimization run performed a maximum of 30
iterations using the BFGS algorithm. Model selection was per-
formed using Akaike Information Criterion (AIC =2k - 2In(L),
where k is the number of parameters and L is the maximum
likelihood). Divergence times were converted to years assuming
an effective ancestral population size (Na) of 10,000 individuals,
a generation time of 3years, and a mutation rate of u=7x10"°
following previous studies focusing on the closely related spe-
cies D. sylvestris and on Silene latifolia (Krasovec et al. 2018;
Lugman et al. 2023). To assess parameter uncertainty, we per-
formed parametric bootstrapping on the best-supported model
by simulating 100 bootstrap SFS replicates under the maximum
likelihood parameters with multinomial sampling variance. For
each bootstrap replicate, we re-optimized all model parameters
using the same optimization procedure as the original analysis.

2.6 | Estimation of Reproductive Isolation
Through Reciprocal Crosses

To investigate the presence of reproductive barriers, we per-
formed intra- and inter-ecotype reciprocal experimental
crosses for a total of 314 hand pollinations in flowering sea-
sons 2022 and 2023 using common garden plants. Flowers
from at least five plants per population were bagged and
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pollinated either with pollen of individuals from the same
ecotype (either populations of the same or a different popu-
lation of the same ecotype) or with pollen of individuals from
a different ecotype. To check for the formation of fruits and
seeds, approximately 20 days after pollination (DAP), we col-
lected developed fruits on 214 crosses. Then, we counted the
number of seeds per fruit as a measure of postmating prezy-
gotic reproductive isolation and estimated seed area on all the
produced seeds from the 214 crosses to assess parent-of-origin
differences in seed size. Seed area was estimated from pic-
tures with a millimetre scale as a reference using the software
package Image J. All measurements were above 0.4 mm? and
seeds displayed an elongated shape; we thus considered them
undeveloped seeds rather than potential unfertilized ovules
(typically rounded and smaller than 0.05mm?). Seeds were
used to perform germination experiments. In detail, seeds
were incubated without disinfection procedure at room tem-
perature (20/10°C) and light intensity of ca. 30001x, in 5-cm
diameter Petri dishes, on three layers of filter paper moistened
with 4mL of distilled water. Germination, that is, the emer-
gence of a root >2mm, was checked at two-day intervals for
the whole duration of the experiment (30 days). Germination
success was recorded as a binary trait (0 =failed to germinate;
1=seed germinated). Then, to compare trajectories of seed
development, fruits in early development from a total of 100

performed a Linear Discriminant Analysis (LDA) using the MASS
R package (Venables and Ripley 2013). To reduce dimensionality
and avoid multicollinearity among correlated traits, LDA was con-
ducted on the minimum number of PCs explaining >80% of the
cumulative variance in the PCA. The discriminant function (LD1)
was extracted, and classification accuracy was assessed by cal-
culating the proportion of correctly classified individuals. Model
performance was evaluated using a confusion matrix comparing
predicted versus observed ecotype assignments.

2.7.2 | Estimates of Reproductive Isolation

To assess putative differences in seed number per fruit, parent-
of-origin differences in seed size and germination performance
among cross types (AEOLXAEOL, RUPIXRUPI, AEOLXRUPI,
RUPIXAEOL), we used linear mixed models (LMMs) and gener-
alized models (GLMMs) in the R package Ime4 (Bates et al. 2015).
Cross type was treated as a fixed effect, while population was
treated as a random effect. Significance of the fixed effects was
tested through the Type-IIT Wald ? tests in the R package car (Fox
and Weisberg 2019). The emmeans R package (Lenth et al. 2021)
was used to perform post hoc tests on marginal means. Following
Sobel and Chen (2014), we calculated reproductive isolation (RI)
index for the postmating prezygotic barrier (seed number) using
the following formula:

RIPPZ=1—2><<

Number of seeds produced in intra — ecotype crosses
Number of seeds produced in intra — ecotype crosses + Number of seeds produced in inter — ecotype crosses

Similarly, we calculated RI index for hybrid seed inviability as
follows:

RIHSI:1—2x<

intra- and inter-ecotype crosses were collected 3, 6, and 9 days
after pollination and put in Lillie's neutral buffered formalin
(Lillie 1965) until their use for optical observations. Samples
were dehydrated in a graded ethanol series and embedded in
Leica Historesin (Heraeus Kulzer, Hanau, Germany). Cross
sections of the middle region of the ovary (5um thick) were
sectioned on a semi-automatic rotary microtome (Leica).
Serial sections were stained with toluidine blue O in phos-
phate-citrate buffer pH4.5 (Sakai 1973) and mounted in
Entellan synthetic resin (Merck Millipore, Burlington, MA,
USA). Photomicrographs were taken with an Olympus BX 51
photomicroscope equipped with an Olympus DP71 camera.

2.7 | Statistical Analyses
2.7.1 | Phenotypic Differentiation

To investigate a putative phenotypic variation among the inves-
tigated populations, we first performed a Principal Component
Analysis (PCA) using the FactoMineR R package (Lé et al. 2008).
Trait values were centered and scaled to unit variance (Z-score
standardization) prior to analysis to account for differences in
measurement scales across traits. Then, to assess the discrimina-
tory power of phenotypic traits in separating the two ecotypes, we

Proportion of seeds germinated in intra — ecotype crosses
Proportion of seeds germinated in intra — ecotype crosses + Proportion of seeds germinated in inter — ecotype crosses

2.7.3 | Correlation Between Population Genetic
Structure, Geography and Reproductive Isolation

To investigate the effect of geographic distance on the genetic dif-
ferentiation between and within ecotypes, we performed Mantel
tests using the vegan package (Oksanen et al. 2016). The TMA
population, which included individuals from both ecotypes, was
treated as two separate populations for these analyses to avoid
conflating within-population and between-ecotype variation. For
each pair of populations, we calculated: (i) genetic distance along
PC1 and PC2 as the Euclidean distance between population-level
mean PC scores and (ii) geographic distance as the great-circle dis-
tance in kilometres calculated from latitude and longitude coor-
dinates using the geosphere R package (Hijmans et al. 2017). We
tested correlations between these distance matrices using Mantel
tests with Pearson's correlation coefficient and 9999 permutations.

3 | Results

3.1 | Ecotype Differentiation

Principal component analysis (PCA) of phenotypic traits
revealed strong differentiation between the two ecotypes

(Figure S2A). The first two principal components accounted
for 77% of the total phenotypic variance (PC1l: 55%; PC2:

Molecular Ecology, 2026

50f 13

85UB0| 7 SUOWILLOD aAIERID 9|qedldde ay) Aq peusenob e sopp e O 8N Jo S9N Joj Aig1 T 8UlIUO /8|1 UO (SUONIPUOD-pUe-SWBI W00 A8 1M A Rug 1 jeut [Uo//:Sdiy) SUonIPUOD pue swis | 8y1 88S *[9202/50/52] Uo ARid 1 auljuo 481 * SeuidweD ap fenpeis3 spepsieAlun - dINVIINN - 04Byuld 0ied Ad 60702 99W/TTTT OT/I0P/L0D A8 | 1M Afeiq Ul juo//SANY WOy papeoumod ‘0T ‘9202 ‘Xv62S9ET



T2 ———————————————————————————————

== Z __________________ 87 kya (29 kgen)

-------------------- 12 kya (4 kgen)

FIGURE2 | Best-fit demographic model for two ecotypes of Dianthus rupicola. The best-fit demographic model estimates a split between the rupi-
cola (RUPI) and aeolicus (AEOL) ecotype around 87 kya (95% confidence interval: 65-106 kya) and a second split between the two subclades of AEOL
around 12kya (95% confidence interval: 7-19kya). Time is shown both in units of generation time (thousands of generations, kgen) and absolute time

(thousands of years, kya), with the latter assuming a generation time of 3years. Arrow represents bidirectional migration. Only the RUPI clade sister
to AEOL that is, RUPI (A), is shown, as additional RUPI clades were not included in the demographic analyses.

22%) and clearly separated individuals into two distinct clus-
ters corresponding to the AEOL and RUPI ecotypes, with
minimal overlap between their 95% confidence ellipses.
Consistently, linear discriminant analysis (LDA) performed
on the first three PCs showed a very high classification ac-
curacy (98.85%), with the discriminant function (LD1) fully
separating the two ecotypes and a little overlap in their den-
sity distributions (Figure S2B). Together, these results in-
dicate pronounced phenotypic divergence between AEOL
and RUPI, with AEOL showing overall bigger flowers and a
higher number of flowers per inflorescence. Patterns of phe-
notypic differentiation were mirrored by genomic variation.
The genomic PCA (Figure 1B) showed that the first two PCs
explained 27.93% of the total genomic variance (PC1: 17.04%;
PC2: 10.89%) and clearly separated individuals into two dis-
tinct clusters along PC1, corresponding to the two ecotypes.
In contrast, PC2 captured varying degrees of genetic differ-
entiation among populations within each ecotype. Notably,
one coastal population from northern Sicily (TMA) included
individuals assigned to both AEOL and RUPI, indicating local
co-occurrence of the two ecotypes. The NJ phylogenetic tree
was concordant with the PCA results, revealing strong sup-
port for the separation between the RUPI and AEOL ecotypes
(bootstrap support=100%) (Figure 1C). Within the AEOL
clade, populations from the Aeolian Islands (STR, SAL, LIP),
two coastal populations (MIL and PAL), and few individuals
from TMA formed a well-supported subclade, whereas main-
land populations (TIN, MON) clustered together and showed
a monophyletic origin.

3.2 | Demographic Inference

Demographic modelling highly supported a scenario of sequen-
tial divergence from the RUPI ecotype with ancestral gene flow

(m=0.395) and without bottleneck events (AIC =391; Figure 2
and Table S2). The model suggests that the subclade of the AEOL
ecotype including Aeolian island populations and the coastal
populations MIL and PAL diverged from RUPI approximately
87 kya (95% CI: 65-106 kya). Then, more recently, approximately
12 kya (95% CI: 7-19kya), AEOL likely colonized coastal sites of
northern Sicily.

3.3 | Estimation of Reproductive Isolation
Through Reciprocal Crosses

Reciprocal experimental crosses performed between the two
ecotypes revealed no differences in seed number per fruit among
cross types (xy*>=6.578, p=0.086), while a significant effect was
observed for seed size (y?>=174.840, p<0.001). In particular, we
observed a significant reduction in seed size in inter-ecotype
crosses compared to intra-ecotype crosses (Figure 3A). This re-
duction was also significantly different depending on which eco-
type was the pollen donor (p <0.001; Figure 3A). Specifically, a
larger seed size was observed when AEOL populations were used
as pollen donors, while smaller seeds were observed when RUPI
was the pollen donor. Germination experiments showed a strong
isolating barrier between the ecotypes with no seed obtained
from inter-ecotype crosses being able to germinate, regardless
of the cross direction (y?>=747.00, p<0.001; Figure 3B). In line
with these results, seed development observations performed
at different time intervals allowed us to detect the presence of
an early postzygotic barrier leading to seed inviability in inter-
ecotype crosses (Figures 4 and S3). Both intra- and inter-ecotype
crosses show the formation of a zygote and a free nuclear endo-
sperm three DAP (Figure 4). Six DAP, embryos of intra-ecotype
seeds were at the heart or globular stage, while in inter-ecotype
seeds, embryo development was delayed or arrested at the glob-
ular stage (Figure 4). Nine DAP, in intra-ecotype seeds, embryos
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FIGURE 3 | Intra- and inter-ecotype reciprocal crosses in Dianthus rupicola. Differences in seed size (A) and germination performance (B) in

intra-ecotype crosses within aeolicus (AEOL; A X A) and rupicola (RUPI; R X R) and reciprocal inter-ecotype crosses (AX R and R X A). Cross combi-

nations are presented as pollen donor X seed parent. Different letters denote significant differences (p <0.05).

were at the cotyledonary stage and endosperm appeared densely
packed, while in inter-ecotype seeds, we observed a complete
embryo degeneration or a delayed embryo development with
particularly small embryos together with an irregularly devel-
oped endosperm (Figure 4). RI indices confirmed a negligible
postmating prezygotic barrier (RI,,,=0.01; 0 for AEOL and 0.02
for RUPI), whereas hybrid seed inviability was complete in both
cross directions (Rl =1).

3.4 | Admixture Analyses and Hybrid Detection

The sNMF analysis identified K=10 as the optimal number
of genetic clusters based on the minimum cross-entropy crite-
rion (Figures S4 and S5), reflecting the highly fragmented and
isolated nature of the sampled populations. This fine-scale
structure is consistent with limited gene flow among geo-
graphically isolated populations across the species’ range. To
visualize the broader genomic composition corresponding to
the two ecotypes, we examined ancestry coefficients at K=2
(Figures 5A and S5). At this hierarchical level, the individual
assignment aligns with the results observed in the phenotypic
analyses, the genomic PCA, and NIJ tree (see Figures 1 and S2).
Also, most individuals showed predominant ancestry (> 80%)
to one of the two gene pools corresponding to AEOL and RUPI

ecotypes, though some individuals displayed intermediate an-
cestry (0.20<Q <0.40). However, Snapclust analysis detected
no recent hybrids. All individuals were assigned exclusively
to pure parental clusters with high membership probabilities
(p>0.99; Figure 5B). The introgression analysis yielded a sig-
nificantly positive D-statistic (D=0.066, SE=0.012, Z=5.41,
p<0.001), indicating excess allele sharing between AEOL
(B) and RUPI (A) beyond what is expected under incomplete
lineage sorting alone. Permutation of individual AEOL popu-
lations revealed that the introgression signal was consistent
across AEOL (B) populations.

3.5 | Correlation Between Population Genetic
Structure and Geography

To link patterns of genomic differentiation with geographic
structure, we tested for a correlation between genetic and geo-
graphic distance. The first genomic PC1 was not significantly
correlated with geographic distance (Mantel r=0.126, p =0.081),
while PC2 showed a significant correlation with geographic
distance (Mantel r=0.275, p=0.015). This result indicates that
PC2 captures genetic structure arising from spatial isolation and
limited gene flow among fragmented populations within each
ecotype.
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FIGURE4 | Intra- and inter-ecotype reciprocal crosses in Dianthus rupicola. Seed development was observed at 3 (A, D, G, J), 6 (B, E, H, K) and
9days after pollination (DAP; C, F, I, L). Red denotes the rupicola ecotype (RUPI) and blue denotes the aeolicus ecotype (AEOL). Cross combinations
are presented as pollen donor X seed parent. pem, proembryo; efn, endosperm free nucleus; sc, seed coat. The panels display the most advanced de-
velopmental stage observed for each cross type at the indicated time points. The broader developmental variation within these crosses is detailed in

Figure S3.

4 | Discussion

Investigating the early phases of divergence between closely
related lineages contributes to understanding the processes
that trigger plant diversification and is especially important
in groups experiencing unusually fast evolutionary radiations
(Via 2009; Pinheiro et al. 2018). Here, we investigated the early
divergence of two ecotypes of the rapidly evolving D. rupicola
group, a species complex belonging to the Eurasiatic clade of the
genus Dianthus, that is, the clade experiencing the fastest radia-
tion among flowering plants (Valente et al. 2010).

Our phenotypic analyses of 11 populations of D. rupicola clearly
identify the presence of two clusters, one occurring primarily
on the Aeolian archipelago and in a few ecologically connected
coastal populations (identified as AEOL) and the other with a
broader distribution in Sicily and in southern peninsular Italy
(identified as RUPI). This pattern was strongly supported by our
genomic analyses. Indeed, population assignments were con-
sistently confirmed by PCA, phylogenetic reconstruction, and
admixture analyses, although, as expected, the latter analysis
identified optimal values of K approaching the number of sam-
pled populations due to strong population fragmentation and
fine-scale genetic structure within ecotypes.

Phylogenetic reconstruction including a closely related taxon
belonging to the D. virgineus group further confirmed that

AEOL and RUPI are sister lineages (as also shown in Fassou
et al. 2022), with AEOL forming a monophyletic group nested
within RUPIL. Within AEOL, populations were subdivided into
two well-supported subclades, one comprising the Aeolian is-
land populations together with the coastal populations MIL
and PAL, and the other including Sicilian populations (MON
and TIN). This hierarchical structure highlights a complex his-
tory of divergence and complicates inference about the precise
geographic origin, timing, and levels of gene flow during early
differentiation. To resolve these questions, we tested multiple
alternative demographic scenarios informed by phylogenetic
relationships. Our analyses support a scenario in which the
AEOL ecotype originated from RUPI approximately 87 kya, in-
dicating that divergence between the two ecotypes represents a
very recent event within the Eurasiatic Dianthus clade, which
began diversifying around 2.5 MYA (Valente et al. 2010). The
AEOL group including the Aeolian island populations and the
coastal populations PAL and MIL appears to have diverged first,
followed by a more recent split involving Sicilian coastal popu-
lations (MON and TIN) around 12 kya. This pattern is consis-
tent with a scenario in which geographic fragmentation, typical
of this Dianthus complex, triggered initial divergence from the
more widespread RUPI ecotype, with subsequent secondary
colonization of Sicily. Our results thus suggest that the intra-
ecotype divergence of the AEOL ecotype likely reflects a recent
return, after a period of isolation likely on the Aeolian archipel-
ago, to the Sicilian island.

8of13

Molecular Ecology, 2026

i) SUORIPUOD PUe SLUB L U1 885 *[9202/50/G2] U0 ARq18uIuO AB|IM * seuidwed ap enpeiss apepsioAN - dWVIINN - 01eyuid 0ided AQ 60702 98W/TTTT OT/I0p/W00™ A8 |1 AReid U1 jUO//SANY W1y PBPeOUMOQ ‘0T ‘9202 Xy62S9ET

o A.

D

35UB17 SUOWILLIOD BAIIERID 3|qedl|dde ay) Aq pausenob afe sajolle YO '8sh JO SN Joj Areuq 1 8uljuQ 48|\ Lo (SuonipL



(A) 10+

0.8
i
C
2
(&)
= 0.6
L7}
o
S 04
? .
)]
o}
2 02
b
0.0 -
B) o-
2
S 08
©
Q
o
8 06
2
c
P 04—
[}
Qo
€
O 02 -
=
0.0 —
B 8RR R8s RE2 88
8§°%%§§§§§0§§888§§§§§§8§

MAR2
CAS1

e P S PR DT
—poeazsdzZay £ZZZ858ZZy><IIExxIE
OnI1dZ2353FQ38L Q0L QL FFFFQSQFFEBSSGOhEraF
@ gF ="82%==7= =g= nsE » v

FIGURES5 | Admixture analyses and hybrid detection in two Dianthus rupicola ecotypes. Ancestry coefficients of Dianthus rupicola populations

estimated for K=2 (A); genotype composition obtained in the search for hybrids using hybridization coefficient for F; =0.5 and first backcross =0.25

(B). Blue denotes the aeolicus ecotype (AEOL), while red denotes the rupicola ecotype (RUPI).

Overall, the very recent timing of divergence, combined with the
close phylogenetic relationship and partial geographic overlap
between the two ecotypes, makes our study system a suitable
model to investigate the ecological and intrinsic processes char-
acterizing the earliest phases of divergence in a complex of the
Dianthus genus.

Divergence between geographical segregates, as we found in our
study system, is a common output of populations with restricted
gene flow. However, plant diversification also requires the in-
cipient arising of some form of reproductive isolation between
diverging lineages (Lowry and Gould 2016; Christie et al. 2022;
Butlin and Faria 2024). In our study system, since premating
barriers are extremely weak, we investigated postmating barri-
ers by performing reciprocal crosses between the two ecotypes.
By doing this, we found no evidence of a reduced number of
seeds in inter-ecotype relative to intra-ecotype crosses, indi-
cating a lack of postmating prezygotic barriers (RI,,,=0.01; 0
in AEOL and 0.02 in RUPI). Instead, we observed that none of
the seeds produced in inter-ecotype crosses germinated, reveal-
ing a strong hybrid seed inviability barrier (RI,,=1 in both
directions).

HSI

Our experimental design also allowed us to observe developing
seeds at different time intervals (3, 6, 9 days after pollination)

and thus to elucidate the mechanisms underlying hybrid seed
inviability in inter-ecotype crosses, as well as the developmen-
tal stage at which it occurs. Fertilization occurred success-
fully in both intra- and inter-ecotype crosses, as evidenced by
zygote formation and early endosperm development at 3 days
after pollination. However, by 6 days after pollination, embryo
development in inter-ecotype seeds was delayed or arrested at
the globular stage, whereas intra-ecotype embryos progressed
normally. By 9days after pollination, intra-ecotype seeds
contained cotyledonary-stage embryos and a well-developed
endosperm, while inter-ecotype seeds were largely degen-
erated or, in rare cases, exhibited severely reduced embryos
accompanied by irregular endosperm proliferation. These ob-
servations, coupled with the weakness of premating and post-
mating prezygotic barriers, identify hybrid seed inviability
as the first strong reproductive barrier separating AEOL and
RUPI and implicate disrupted endosperm development as its
mechanistic basis.

A similar endosperm-linked barrier associated with hybrid
seed viability is emerging as a common mechanism of re-
productive isolation in many angiosperm groups (Dowrick
and Brandram 1970; Pal and Khoshoo 1972; Johnston and
Hanneman Jr 1982; Lester and Kang 1998; Scott et al. 1998; Fu
et al. 2009), including fast radiating ones (Briscoe Runquist
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et al. 2014; Oneal et al. 2016; Iltas et al. 2021). This barrier,
by acting in the F, generation, may represent a formidable
reproductive barrier and may lead, as in our case, to nearly
complete reproductive isolation also on a short timescale
(Coughlan 2023). In our study system, the absence of other
barriers and the strong hybrid seed inviability observed in
both cross directions suggest that this developmental incom-
patibility represents the first mechanism responsible for a re-
duction of gene flow in these recently diverged lineages and is
thus directly involved in speciation. Comparable results were
reported in closely related species of the genus Mimulus, where
hybrid seed inviability emerged as the primary reproductive
barrier (e.g., Oneal et al. 2016; Sandstedt and Sweigart 2022).
In Dianthus, this barrier has never been explicitly reported to
play a role in diversification. However, classical studies de-
scribe the presence of degenerating embryos in experimental
crosses conducted between different Dianthus species sug-
gesting that it can be a common mechanism within the genus
(Buell 1953; Carolin 1957; Nimura et al. 2003).

Our findings generate a variety of hypotheses about the mech-
anisms that are controlling the emergence of this barrier.
Under the EBN framework, the main mechanism invoked as
a promoter of hybrid seed inviability is a disruption of the 2:1
maternal-to-paternal genomic ratio required for proper endo-
sperm formation, which leads to dysfunctional endosperm de-
velopment and, ultimately, aborted seeds (Kohler et al. 2003;
Reyes and Grossniklaus 2003; Josefsson et al. 2006; Kradolfer
etal. 2013). Such dosage imbalances could underlie failures also
in homoploid crosses, as reported in several study systems (e.g.,
Oneal et al. 2016; Lafon-Placette et al. 2017, 2018; Coughlan
et al. 2020; Sandstedt and Sweigart 2022), via changes in im-
printing status, sequence divergence or gene duplication, all of
which might alter the balance of dosage-sensitive genes neces-
sary for normal seed development (Johnston and Hanneman
Jr 1982; Birchler and Veitia 2010; Kohler et al. 2010, 2012;
Birchler 2014; Wolff et al. 2015; Garner et al. 2016). In line
with the EBN theory, in our study, we also observed a strong
asymmetric difference in seed size between reciprocal crosses,
yet neither cross direction produced germinable seeds and
both hybrid seed phenotypes were smaller than those of either
parental ecotype. Specifically, when AEOL acts as a pollen
donor, seeds were significantly larger than in the reciprocal
cross, thus suggesting that AEOL may drive excessive endo-
sperm growth producing larger but inviable seeds, a hallmark
of paternal excess (Coughlan 2023). These findings are con-
sistent with the well-known parent-of-origin asymmetry in
seed phenotypes resulting from an EBN divergence between
crossed taxa (Lafon-Placette et al. 2018; Coughlan et al. 2020;
Iltas et al. 2021; Sandstedt and Sweigart 2022). Also, our obser-
vations align with previous studies showing that systems with
strong symmetric hybrid seed inviability, although exhibiting
parent-of-origin effects on seed size, show smaller seeds in both
cross directions compared to parental species (Lafon-Placette
et al. 2017; Roth et al. 2018; Coughlan et al. 2020). These
patterns are possibly linked to stronger endosperm defects
which arise earlier in development and thus trigger prema-
ture seed abortion (Coughlan et al. 2020). The drivers of EBN
divergence in homoploid taxa have been associated either to
life-history traits (e.g., breeding system), demographic or eco-
logical factors (see e.g., Briscoe Runquist et al. 2014; Coughlan

et al. 2020; Florez-Rueda et al. 2021; Frayer et al. 2026). In
our study system, the two ecotypes show the same breeding
system, suggesting that EBN differences did not arise as a con-
sequence of mating system shifts. It is, instead, plausible, as
reported in Coughlan et al. (2020), that geographic isolation
and demographic history may have promoted the fixation of
alleles affecting dosage-sensitive imprinted genes. Notably,
the two ecotypes also differ in several ecological and genomic
factors, that is, antagonistic interactions, edaphic conditions
and genome size, opening the possibility that these differences
may have contributed to EBN divergence.

Beyond the implications on the initial phase of divergence, our
study also allows us to test the admixture between these recently
diverged ecotypes. This goal is important in our study system but
also contributes to gaining insights into the survival potential of
the multitude of endemic and geographically isolated Dianthus
taxa in secondary contact, which is predicted to become com-
mon under a climate change scenario (e.g., Gémez et al. 2015).
Our genomic analyses revealed low but detectable signals of ad-
mixture between the two ecotypes. However, a clear differenti-
ation was observed in the TMA population, where AEOL and
RUPI individuals occur in sympatry. Also, the discrete classifi-
cation analysis rejected the hypothesis of recent hybridization,
as no individuals were assigned to F, or early backcross catego-
ries despite the admixture coefficients observed in SNMF. The
absence of detectable hybrids suggests that these signals most
likely reflect ancestral polymorphism or rare hybridization
events followed by limited backcrossing, rather than ongoing
gene flow. In line with the latter hypothesis, we observed excess
allele sharing between Sicilian populations of AEOL and RUPI,
consistent with a scenario of past introgression in Sicily. Clearly,
we employed a limited number of individuals overall, and thus
we cannot rule out the possibility of an underestimation of the
admixture in our analyses. Nevertheless, the concordance be-
tween genomic differentiation and experimental crossing re-
sults suggests that hybrid seed inviability is highly effective in
maintaining reproductive isolation allowing the survival of the
two ecotypes upon secondary contact.

5 | Conclusions

Our study shed light on the early phase of divergence between
two closely related ecotypes of Dianthus, supporting a scenario
in which divergence was triggered by geographic fragmentation.
Genomic analyses indicate a clear genetic separation between
ecotypes with low admixture, while reciprocal crossing exper-
iments demonstrate that postzygotic isolation, mediated by hy-
brid seed inviability, rapidly evolved. The asymmetric pattern
of seed size between reciprocal crosses suggests a divergence in
EBN between the two ecotypes and places D. rupicola within
the growing body of evidence that parent-of-origin effects
on endosperm development represent a common and rapidly
evolving mechanism of reproductive isolation in angiosperms.
Future work disentangling the relative contributions of ecolog-
ical differentiation and island colonization to EBN divergence
and identifying the imprinted genes disrupted in inter-ecotype
crosses will be essential to elucidate the ultimate drivers of the
rapid evolution of hybrid seed inviability in the fastest docu-
mented radiation of flowering plants.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: mec70409-sup-0001-DataS1.
docx.Methods S1. Description of the approach used for demultiplex-
ing, filtering and assembly of raw reads. Table S1: Sampled locations
of 14 populations of Dianthus rupicola. Table S2:. Akaike information
criterion (AIC) scores and AAIC scores (relative to best model) for each
candidate demographic model conducted on two Dianthus rupicola eco-
types. In bold the best-fit demographic model. Figure S1: Candidate
demographic scenarios for two Dianthus rupicola ecotypes. Red de-
notes the rupicola ecotype (RUPI) and blue denotes the aeolicus eco-
type (AEOL). Models testing for the presence of migration are denoted
by two-headed arrows representing bidirectional migration events (m;
scenario 2, 4, 6, 8, 10). Potential bottlenecks during divergence were
tested in scenario 3, 4, 7, 8. The best model is indicated by black bor-
ders. Figure S2: Phenotypic differentiation among Dianthus rupicola
individuals from two ecotypes. Principal component analysis (PCA) (A)
and Linear Discriminant Analysis (LDA) (B) on phenotypic traits. Red
denotes the rupicola ecotype (RUPI) and blue denotes the aeolicus eco-
type (AEOL). Figure S3: Inter-ecotype reciprocal crosses in Dianthus
rupicola. Seed development was observed at 9days after pollination.
Cross combinations are presented as pollen donor X seed parent. Red
denotes the rupicola ecotype (RUPI) and blue denotes the aeolicus eco-
type (AEOL). Figure S4: Estimation of the optimal number of ancestral
populations for 62 individuals of Dianthus rupicola according to the
cross-entropy criterion. Figure S5: Admixture proportions for K=2-10
for 62 individuals of Dianthus rupicola.
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