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Abstract 
Mating system shifts from outcrossing to selfing are frequent in plant evolution. Relative to outcrossing, selfing is associated with reduced 
parental conflict over seed provisioning, which may result in postzygotic, asymmetric, reproductive isolation in crosses between popula-
tions of different mating systems. To test the hypothesis that post-pollination reproductive isolation between populations increases with 
increasing differences in mating system and predicted parental conflict, we performed a crossing experiment involving all combinations of 
three self-compatible populations (with low outcrossing rates), and three self-incompatible populations (with high outcrossing rates) of the 
arctic-alpine herb Arabis alpina, assessing fitness-related seed and plant traits of the progeny. Predicted levels of parental conflict (“genome 
strength”) were quantified based on strength of self-incompatibility and estimates of outcrossing rates. Crosses between self-compatible 
and self-incompatible populations yielded very small seeds of low viability, resulting in strong reproductive isolation. In 14 of 15 reciprocal 
between-population crosses, seeds were heavier when the paternal plant had the stronger genome, and seed mass differences between 
cross directions increased with an increased difference in parental conflict. Overall, our results suggest that, when sufficiently large, differ-
ences in mating system and hence in expected parental conflict may result in strong post-pollination reproductive barriers contributing to 
speciation.
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Introduction
The shift from outcrossing to selfing is a key evolutionary 
transition in angiosperms (Barrett, 2002; Sicard & Lenhard, 
2011; Wright et al., 2013), often associated with speciation 
(Cutter, 2019; Foxe et al., 2009; Stebbins, 1957; Wright et 
al., 2013). Reproductive isolation between outcrossing and 
selfing lineages may arise from both prezygotic and postzy-
gotic barriers (Briscoe Runquist et al., 2014; Martin & Willis, 
2007; Willis & Donohue, 2017). Intrinsic postzygotic barriers 
are commonly attributed to a gradual accumulation of genetic 
incompatibilities, as explained by the Bateson–Dobzhansky–
Muller model (Bateson, 1909; Dobzhansky, 1936; Muller, 
1942; Rieseberg & Blackman, 2010; Sweigart & Willis, 2012). 
The classic view has been that if such incompatibilities occur 
between nuclear genes, reproductive isolation should be sym-
metric. However, reproductive barriers in angiosperms are 
often asymmetric, with the magnitude of reproductive isola-
tion depending on the direction of the cross (Tiffin et al., 2001; 
Turelli & Moyle, 2007). This indicates that additional mech-
anisms may contribute to the build-up of postzygotic repro-
ductive isolation. For example, cytonuclear incompatibilities 

may cause cytoplasmic male sterility in hybrid plants, thereby 
resulting in asymmetric reproductive isolation (Caruso et al., 
2012; Tiffin et al., 2001). Asymmetries appear to be especially 
common between closely related species that differ in mat-
ing system (Brandvain & Haig, 2005; Cutter, 2019; Lewis & 
Crowe, 1958; Pickup et al., 2019; Tiffin et al., 2001). Such 
asymmetries may result from incompatibilities between genes 
with parent-of-origin specific gene expression, due to parental 
conflict over resource allocation to offspring (Brandvain & 
Haig, 2005; Lafon-Placette & Köhler, 2016).

Parental conflict arises when the allocation of resources to 
seeds differs between the mother and the father (Brandvain & 
Haig, 2005; Haig & Westoby, 1989, 1991; de Jong & Scott, 
2007; Queller, 1983). The maternal plant provides resources 
to seeds and should thus maximize fitness by distributing 
resources among all developing seeds (Smith & Fretwell, 
1974; Trivers, 1974). In the case of cross-pollination, the 
paternal plant provides no resources to developing seeds, and 
should instead be under selection to maximize the (maternal) 
resource allocation to seeds it sired, but not to seeds sired by 
other fathers. This conflict is played out in the endosperm, 
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the triploid tissue in the seed that receives resources from the 
maternal plant, and that is crucial for embryo development 
(Li & Berger, 2012). Mechanistically, the conflict is thought 
to work through genomic imprinting, whereby different sets 
of genes are expressed in the endosperm depending on paren-
tal origin (Gehring & Satyaki, 2017; Haig & Westoby, 1989; 
Lafon-Placette & Köhler, 2016; Lafon-Placette et al., 2018). 
According to parental conflict theory, the paternally inher-
ited genome expresses genes that act to increase resource 
allocation to the seed, while the maternally inherited genome 
expresses genes to counteract this, over time resulting in a 
co-evolutionary arms race (Geist et al., 2019; Kondoh & 
Higashi, 2000). The conflict should be stronger in highly out-
crossing plants with seeds sired by multiple pollen donors, 
than in predominantly selfing plants, where the same indi-
vidual provides both the female and male gametes to most 
seeds (Brandvain & Haig, 2005; Burt & Trivers, 2006; Haig 
& Westoby, 1991; de Jong & Scott, 2007; Queller, 1983). 
Consequently, the shift from outcrossing to selfing is expected 
to change the potential for parental conflict.

Differences in parental conflict (also referred to as mater-
nal/paternal excess, genome strength, endosperm balance 
number, or effective ploidy (Haig & Westoby, 1991; Johnston 
et al., 1980)) between outbreeding and selfing lineages is 
the basis of the weak inbreeder/strong outbreeder (WISO) 
hypothesis (Brandvain & Haig, 2005). This hypothesis pre-
dicts that a cross between a maternal outcrossing (outbreed-
ing) and paternal selfing (inbreeding) plant should lead to a 
stronger maternal than paternal influence on allocation to 
seeds (we refer to this as a stronger maternal genome), result-
ing in limited resource allocation to the endosperm and thus 
comparatively small seeds. The reciprocal cross with a stron-
ger paternal genome results in increased resource allocation 
to the endosperm and thus comparatively larger seeds. In this 
case, however, for plants with a nuclear endosperm develop-
ment such as Brassicaceae, the endosperm may fail to cellu-
larize correctly, resulting in large but deformed seeds that do 
not germinate (Brandvain & Haig, 2005; Gehring & Satyaki, 
2017; Köhler et al., 2021; Lafon-Placette & Köhler, 2016). 
Because variation in seed size and viability can affect germi-
nation success and subsequent seedling growth (Krannitz et 
al., 1991; Susko & Lovett-Doust, 2000), parental conflict dif-
ferences can influence patterns of gene flow and reproductive 
isolation.

Several studies examining the effects of cross direction 
on seed size have found support for the WISO hypothesis 
(Brandvain & Haig, 2005; Lloyd, 1968; Raunsgard et al., 
2018; Rebernig et al., 2015; Willi, 2013), whereas effects on 
germination are more variable, with examples of higher ger-
mination in crosses with a stronger maternal (Rebernig et al., 
2015) or paternal (Ruhsam et al., 2011; Willis & Donohue, 
2017) genome. Often both cross directions produce seeds 
that are smaller and/or have lower germination compared to 
intraspecific crosses. This has been observed also in crosses 
involving rather limited differences in mating system, such as 
crosses between outcrossing and sometimes self-incompati-
ble lineages (Coughlan et al., 2020; Garner et al., 2016; İltaş 
et al., 2021; Lafon-Placette et al., 2017; Roth et al., 2018; 
Sandstedt et al., 2021). Collectively, these previous studies 
suggest that the importance of parental conflict differences 
for generating reproductive isolation between lineages should 
depend on the magnitude of the difference in parental conflict 
(Haig & Westoby, 1991; Städler et al., 2021). Indeed, small 

differences in mating system and hence in parental conflict 
may result in viable seeds differing little in size from parents 
and between cross directions (Raunsgard et al., 2018), while 
crosses with larger differences may produce small, poorly ger-
minating seeds in one or both directions (Oneal et al., 2016; 
Rebernig et al., 2015). Ideally, the effects of parental conflict 
on seed development should be tested in a species encom-
passing the whole diversity of mating system from fully out-
crossing to selfing. To our knowledge, this has been attempted 
only in Arabidopsis lyrata, with conflicting results for seed 
size (Gorman et al., 2021; Willi, 2013), and data on germi-
nation limited to a single population-pair (İltaş et al., 2021). 
Hence, more comprehensive investigations are needed to fully 
examine the importance of the magnitude of parental conflict 
differences for reproductive isolation.

In this study, we test the hypothesis that post-pollina-
tion reproductive isolation between populations increases 
with increasing differences in mating system and predicted 
parental conflict using the perennial herb Arabis alpina 
(Brassicaceae). This species is a suitable study system, because 
it includes populations varying from self-incompatible and 
outcrossing, to self-compatible and highly selfing (Ansell et 
al., 2008; Laenen et al., 2018; Petrén et al., 2021; Tedder et 
al., 2011; Toräng et al., 2017). We use the term mating system 
to describe variation in outcrossing rate (from outcrossing 
to selfing), while breeding system refers to the presence or 
absence of a functional self-incompatibility system. We made 
reciprocal crosses in all possible combinations between three 
self-compatible and three self-incompatible populations, and 
examined the effects of cross type (within vs. between breed-
ing systems) and cross direction on seed set, seed size, germi-
nation, and offspring size. First, we tested whether seed set, 
seed size, and germination were lower after crosses between 
breeding systems compared to crosses between populations 
of the same breeding system. Second, we asked whether seed 
size was affected by cross direction in reciprocal crosses as 
expected if parental conflict over seed provisioning is higher 
in the more outcrossing populations, and whether an esti-
mate of the magnitude of parental conflict difference could 
explain the degree of seed mass asymmetry. Third, we exam-
ined whether differences in seed size could explain variation 
in germination success. Finally, we tested whether total repro-
ductive isolation between populations, quantified based on 
seed set and germination, differed for crosses between and 
within breeding systems.

Methods
Study species and populations
The arctic-alpine diploid perennial herb Arabis alpina 
occurs in rocky, disturbed habitats in mountain regions in 
the northern hemisphere (Koch et al., 2006). It likely orig-
inated in Asia Minor, with one lineage colonizing Europe 
and North America and two others spreading through the 
Middle East and East Africa (Ehrich et al., 2007; Koch 
et al., 2006). In Europe, populations in central Italy and 
Greece are self-incompatible and highly outcrossing (Ansell 
et al., 2008; Laenen et al., 2018; Tedder et al., 2011). 
Populations from Scandinavia, Spain, and at least parts of 
the Alps are self-compatible (Ansell et al., 2008; Buehler 
et al., 2012; Tedder et al., 2011; Toräng et al., 2017). 
These have evolved smaller flowers that produce less pol-
len and floral scent, and reduced herkogamy promoting 
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autonomous self-pollination, resulting in lower outcrossing 
rates, especially in Scandinavia (Petrén et al., 2021; Tedder 
et al., 2015; Toräng et al., 2017). The origin of self-com-
patibility in European A. alpina is unknown, but the most 
parsimonious scenario would consist of a single shift from 
self-incompatibility to self-compatibility, followed by the 
evolution of autonomous self-pollination in Scandinavian 
populations (Ehrich et al., 2007; Laenen et al., 2018; 
Toräng et al., 2017).

To examine the effects of differences in mating system and 
predicted parental conflict on post-pollination reproductive 
isolation, we conducted crosses among six European popu-
lations of A. alpina (Table 1). Three self-incompatible pop-
ulations from central (It6) and northern (It9) Italy and from 
Greece (G2) were included in the experiment together with 
three self-compatible populations from northern Scandinavia 
(S1), France (Fr2), and Spain (E3). The breeding system of 
these populations was confirmed by comparing seed sets 
after manual pollination with self-pollen and pollination 
with cross-pollen from the same population (Supplementary 
Figure S1).

To infer the (relative) level of parental conflict in a popula-
tion or species, previous studies have used various measures, 
with the most direct one being measures of outcrossing rate 
(Brandvain & Haig, 2005). For the three self-compatible pop-
ulations, we used outcrossing rates estimated from the mul-
tilocus structure of established plants by Toräng et al. (2017) 
(E3: t

m = 0.231; Fr2: tm = 0.139; and S1: tm = 0.0619; Table 1) 
to estimate relative levels of parental conflict. While previous 
research indicates substantially higher outcrossing rates in 
self-incompatible A. alpina populations (tm > 0.77, Tedder et 
al., 2011), we did not have such data for the self-incompatible 
populations in our study. For these populations, we instead 
used the results from controlled self- and cross-pollinations to 
calculate the index of self-incompatibility (ISI). This index has 
been found to be positively correlated with the outcrossing 
rate (Raduski et al., 2012), and we used it as a proxy for the 
outcrossing rate to estimate the relative level of parental con-
flict in the self-incompatible populations (It6: ISI = 0.75; It9: 
ISI = 0.90; and G2: ISI = 0.95; Table 1). This allowed us to 
rank the predicted genome strength (level of parental conflict) 
for the populations in our study from lowest to highest: S1, 
Fr2, E3, It6, It9, and G2. We also quantified the magnitude of 
parental conflict difference between pairs of populations as 
Conflict difference = ISI or tm of higher ranked population 
– ISI or tm of lower ranked population (see Supplementary 
information for calculations of ISI and a justification for its 
use as a proxy for outcrossing rate).

Experimental setup and conditions
To produce plants for the experimental crosses, we used seeds 
collected at the sites of populations G2, It6, It9, and S1 in 
2014 and 2015, or that were the products of one genera-
tion of selfing in the greenhouse (populations Fr2 and E3). 
Greenhouse-produced seeds were used for the latter two pop-
ulations because older seeds, collected in the field, had low 
germinability. In October 2016, seeds from each of the six 
populations were planted on agar plates and stratified under 
dark conditions for 1 week at 4°C. Thereafter, agar plates 
were moved to a growth room with 16 hr daytime conditions 
at a temperature of 20°C and 150 µEm−2s−1 light intensity, 
and an 8  hr, 16°C night. After germination, seedlings were 
transferred to individual 6 × 6 × 7 cm pots filled with a soil 
mixture consisting of one part 2–6 mm LECA (Lightweight 
Expanded Clay Aggregate; Saint-Gobain Byggprodukter, 
Sollentuna, Sweden) and two parts potting soil (“Yrkes-
Plantjord” SW Horto, Hammenhög, Sweden), with a thin top-
soil layer of low-nutrient soil (“Plugg och Såjord,” SW Horto, 
Hammenhög, Sweden). After approximately four weeks of 
growth, plants were vernalized for 12 weeks at conditions 
maintaining 8 hr days at 4–6°C and 50 µEm−2s−1, and 16 hr, 
4–6°C nights. After vernalization, we moved the plants to a 
greenhouse with a 16 hr, 18°C day with both artificial and 
natural lighting, and an 8 hr, 16°C night. Every 2–3 days, pots 
were automatically watered using water with a low amount 
of nutrients added (SW Bouyant Rika T 3-1-5 fertilizer, SW 
Horto, Hammenhög, Sweden). Within 2 weeks, most plants 
had started flowering and crosses were initiated.

Experimental procedures
We conducted crosses among plants within and between all 
six populations (Table 1) for a total of 21 possible cross com-
binations (15 between-population crosses, 6 within-popula-
tion crosses). For each cross-combination, we used three to 
six pairs of plants that were cross-pollinated with each other. 
Individual plants were only crossed with the other plant in the 
pair. For each plant, we first emasculated three (on rare occa-
sions two or four) buds just before they were about to open to 
avoid self-pollination. Using sharp-tipped forceps sterilized in 
ethanol between each pollination event, we hand-pollinated 
the emasculated flowers with pollen from the other plant in 
the pair, by gently rubbing detached mature anthers across the 
stigmas of the recipient plant. This design allowed us to simul-
taneously perform crosses in both directions for the same 
individual pair of plants. Pairs of plants were haphazardly 

Table 1. Name, location, latitude, longitude, number of individuals used for the crosses, breeding system (SC, self-compatible; SI, self-incompatible), 
index of self-incompatibility (ISI, see Supplementary information), and outcrossing rate for the six populations of Arabis alpina.

Population Location Latitude Longitude Individuals Breeding system ISI Outcrossing rate† 

S1 Northern Scandinavia 68° 24’ N 18° 19’ E 36 SC 0.02 0.0619

E3 Northwest Spain 43° 14’ N 05° 56’ W 36 SC 0.00 0.231

Fr2 French Alps 44° 57’ N 06° 36’ E 38 SC 0.03 0.139

It6 Central Italy 41° 50’ N 13° 56’ E 42 SI 0.75 NA

It9 Northern Italy 44° 05’ N 10° 19’ E 40 SI 0.90 NA

G2 Northwest Greece 39° 57’ N 20° 48’ E 36 SI 0.95 NA

†  Estimated from multilocus structure of established plants in Toräng et al. (2017).
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selected from each population with the constraint that, for 
each cross combination, individuals from different maternal 
lines were used whenever possible. In total, 228 individual 
plants were included in the experiment.

We collected fruits at maturation. For each fruit, we 
counted the number of seeds and determined the total seed 
mass to the nearest 0.1 mg with a Sartorius analytical scale 
(Sartorius GmbH, Göttingen, Germany). Mean seed mass was 
calculated by dividing total mass by the number of seeds. For 
a subset of fruits, we quantified seed area, as seed mass and 
area can to some extent vary independently (e.g., Rebernig et 
al., 2015). Five randomly chosen seeds from the fruits of 166 
plants, including at least one plant from each type of cross, 
were photographed using a digital microscope (Celestron 
Handheld Digital Microscope Pro, Celestron, Torrance, CA, 
USA). Images were converted to black and white, and the area 
of each seed was measured using the “Analyse Particles” func-
tion in the software ImageJ (Schneider et al., 2012). For each 
fruit, we then calculated the mean area per seed. Seeds were 
stored under dry conditions at room temperature before and 
after these measurements.

To examine the effects of cross type and direction on seed 
germination and offspring plant size, we planted a subset of 
the seeds generated from the crossing experiment in February 
2018, approximately 6 months after fruit harvest. Seeds were 
sown directly on soil in pots prepared in the same way as 
described above. In the great majority of cases, we planted 
seeds from one fruit of a maternal plant in each pot. Up to 
20 seeds were carefully placed on top of the soil. If less than 
20 seeds were available from any one fruit, we used seeds 
from multiple fruits of the same plant, and if still less than 
20 seeds were available, we used all seeds available from that 
plant (mean = 19.1, range 1–20 seeds planted per pot). In a 
few cases, no seeds were available, and these crosses had to 
be excluded. In total, 4,096 seeds were planted from 215 of 
the 228 maternal plants. After planting, pots were stratified 
at 6°C in dark conditions for one week before being trans-
ferred to a greenhouse with a 16 hr, 20°C day under standard 
light conditions, and an 8 hr, 16°C night, representing opti-
mal germination conditions for A. alpina (Egido et al., 2018). 
Germination was monitored continuously during the follow-
ing 2 weeks. At the end of the 2 weeks, new seedlings had 
stopped emerging, and we counted the number of seedlings 
in each pot. Following this, we removed all but two seedlings 
from each pot where multiple seedlings had germinated and 
transferred one of these to a new pot. Approximately 30 days 
after pots with seeds were moved to the greenhouse, we mea-
sured the rosette diameter of each plant. After an additional 
10 days, plants were moved to similar vernalization condi-
tions as the previous generation, where they remained for 13 
weeks, after which rosette diameter was measured again. At 
that time, no plant had begun to flower.

Statistical analyses
We used a set of different models to test the effects of cross 
type (within vs. between breeding systems) and cross direc-
tion (maternal vs. paternal plant stronger) on the number of 
seeds per fruit, seed mass, germination, rosette size, and level 
of reproductive isolation. In addition, we examined the effect 
of seed mass on germination. All analyses were performed in 
R 4.2.1 (R Core Team, 2022).

First, we examined the effects of cross type and cross 
direction on the number of seeds per fruit, seed mass, and 

proportion of seeds germinating. For the number of seeds per 
fruit and seed mass, we constructed linear mixed models with 
cross type (three levels: SC × SC, SI × SI, and SC × SI/SI × SC 
combined; crosses noted as maternal × paternal) and cross 
direction (maternal vs. paternal plant stronger) as fixed fac-
tors and population pair (indicating which two populations 
were crossed) as a random factor. A subsequent post hoc test 
was performed for pairwise comparisons of cross directions 
within cross types. Analyses were based on maternal-plant 
mean values. Models were constructed using the lme4 pack-
age (Bates et al., 2015), significance of fixed factors was tested 
using the lmerTest package (Kuznetsova et al., 2017), and post 
hoc tests were performed with the emmeans package (Lenth, 
2022). We used the same approach to analyze the propor-
tion of germinated seeds, but instead used a generalized linear 
mixed model with a beta-binomial error distribution (which 
accounts for overdispersion (Harrison, 2015)) and a logit link 
function, using the glmmTMB package (Brooks et al., 2017). 
Because seed mass and seed area were strongly positively cor-
related (r = 0.88, p < .001), and effects of cross type and cross 
direction on the two were similar (Figure 1B, Supplementary 
Figure S2), analyses of variation in seed size were restricted 
to seed mass.

Second, we tested for a correlation between the magnitude 
of parental conflict difference between populations and the 
magnitude of the seed mass asymmetry (i.e., the magnitude 
of the effect of cross direction on seed mass). To do so, we 
used the Conflict difference calculated above, and calculated 
seed size asymmetry as in Coughlan et al. (2020) where asym-
metry = (mean seed mass S × W – mean mass W × S)/(mean 
seed mass S × W + mean mass W × S). S and W indicate the 
population having the predicted stronger and weaker genome 
in the pair, respectively. This measure equals zero if both cross 
directions produce seeds of equal mass, and is negative if, as 
predicted, seeds become larger when the paternal population 
has a stronger genome than the maternal population.

Third, to test the effect of cross type and cross direction 
on the degree of reproductive isolation, we calculated repro-
ductive isolation (RI) for each population-pair × cross-direc-
tion combination (15 pairs of crosses between populations 
× 2 directions for each cross = 30 types of crosses). For ger-
mination, this was done following Lowry et al. (2008) as 
RI

Germination = 1 – [mean germination of inter-population cross]/ 
[mean germination for parental intra-population crosses]. 
For the number of seeds per fruit, to not bias the estimation 
due to potential differences in mean ovule numbers between 
populations (Stephenson, 1981), reproductive isolation was 
calculated as RISeeds = 1 – [mean seed number of inter-popu-
lation cross]/[mean seed number for maternal intra-popula-
tion cross]. Additionally, we quantified an estimate of total 
post-pollination reproductive isolation, using the expression 
1 – RITotal = (1 – RISeeds) × (1 – RIGermination) (Coyne & Orr, 
1989). For measures of RI, a value of 0 indicates no repro-
ductive isolation for a specific cross and trait, while a value 
of 1 indicates complete reproductive isolation. Estimates of 
RI were then used as response variables in two-way ANOVAs 
with the type of cross (between populations of the same breed-
ing system, SC × SC or SI × SI vs. between populations with 
different breeding system, SC × SI or SI × SC) and cross direc-
tion (maternal vs. paternal plant having a stronger genome) 
as factors to investigate their effects on reproductive isolation. 
We also calculated the mean RI for both cross directions for 
each pair of populations and used these values in one-sample 
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t-tests to determine whether, for each trait and total reproduc-
tive isolation, crosses within (SC × SC, SI × SI) and between 
(SC × SI, SI × SC) breeding systems displayed significant 
reproductive isolation. Additionally, we tested for differences 
in seed and germination traits between cross directions for 
each of the 15 pairs of population crosses. For the number 
of seeds and seed mass, we constructed linear mixed models 
with cross direction as a fixed factor and maternal individual 
as a random factor. For germination, we constructed gener-
alized linear models with cross direction as a factor and a 
quasibinomial error distribution (due to overdispersion) and 
logit as a link function. Using t-tests, we also tested for differ-
ences between cross directions in total reproductive isolation 
quantified as the number of viable seeds (the product of the 
number of seeds per fruit and the proportion of seeds germi-
nating). For germination and the number of viable seeds, a 
random factor was not needed since there was only one data 
point for each maternal individual. For each trait, resulting 
p-values were corrected using a false discovery rate (FDR) of 
5% (Benjamini & Hochberg, 1995).

Fourth, to examine the effect of seed mass on seed germi-
nation, we constructed generalized linear mixed models with 

proportion of seeds germinating as response variable, cross 
type, seed mass and their interaction as fixed factors, and 
population pair nested within cross type as random factor, 
with a beta-binomial error distribution and a logit link func-
tion. This was done in two separate models, one including 
only crosses within breeding systems (SC × SC, SI × SI) and 
one including only crosses between breeding systems (SC × 
SI, SI × SC). By doing so, we tested whether the effect of seed 
mass on germination differed between SC × SC and SI × SI 
crosses, and likewise whether the effect of seed mass on ger-
mination differed between the direction of the cross (SC × SI 
vs. SI × SC) in crosses between breeding systems.

Finally, we examined variation in plant size in the F1 
generation resulting from the crosses. We tested for differ-
ences in rosette size 30 days after pots with seeds in the 
germination experiment were moved from stratification to 
the greenhouse, and after 13 weeks of vernalization, using 
mean values in the 87% of cases when there was both a 
transplanted and a non-transplanted individual from the 
same maternal individual available (results were similar 
using only non-transplanted plants). Variation in rosette 
size was analyzed in the same way as seed number and seed 
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Figure 1. Effects of cross type and cross direction on the number of seeds per fruit (A), seed mass (B), proportion of seeds germinating (C), and seed 
morphology (D) for crosses between three self-compatible and three self-incompatible Arabis alpina populations. Crosses were done between different 
self-compatible populations (SC × SC, crosses noted as maternal × paternal), between different self-incompatible populations (SI × SI), and between 
populations of different breeding systems (SI × SC/SC × SI). A circle indicates crosses where the maternal plant was predicted to have a stronger 
genome, while a square indicates crosses where the paternal plant was predicted to have a stronger genome. This means that for the SI × SC/SC × SI 
cross type, the circle indicates a SI × SC cross, while the square indicates an SC × SI cross. Points show mean ± SE from the corresponding models. 
Asterisks indicate significance in comparisons between cross directions within cross types (*p < .05, **p < .01, ***p < .001). (D) Photo of seeds from 
crosses between two self-compatible plants (SC × SC; top left), a maternal self-compatible and paternal self-incompatible plant (SC × SI; top right), a 
maternal self-incompatible and paternal self-compatible plant (SI × SC; bottom left), and two self-incompatible plants (SI × SI, bottom right). Seeds are 
from crosses within and between the self-incompatible Greek and the self-compatible Swedish populations and illustrate the effects of cross type and 
cross direction on seed morphology. The scale bar is 5 mm.
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mass, with linear mixed models with cross type and cross 
direction as fixed factors and population pair as a random 
factor.

Results
Number of seeds per fruit
Cross type and the interaction between cross type and cross 
direction affected the number of seeds per fruit (cross type: 
F2,11 = 12.60, p = .002; cross direction: F1,164 = 1.43, p = .23; 
and interaction: F2,164 = 13.94, p < .001; Figure 1A). SC × SC 
crosses produced the highest number of seeds per fruit and SI 
× SI crosses produced the fewest seeds per fruit. For crosses 
between populations of different breeding systems (SC × SI and 
SI × SC), the number of seeds per fruit was affected by the 
direction of the cross. SC × SI crosses produced more seeds per 
fruit than did SI × SC crosses (Figure 1A), which is likely due 
to self-compatible populations producing more ovules per fruit 
than self-incompatible populations (cf. Stephenson, 1981).

RISeeds was low for crosses both between and within breed-
ing systems, and neither the cross type, the cross direction, 
or their interaction had a significant effect on RISeeds (Figure 
2A, Table 2, Table 3). After FDR correction, the number of 
seeds produced differed significantly between cross directions 
in five of 15 reciprocal crosses between populations, with 
more seeds produced when the paternal plant had a stron-
ger genome in four of those cases (Supplementary Figure S3a, 
Supplementary Table S1).

Seed size
Cross type, cross direction, and their interaction affected 
seed mass (cross type: F2,12 = 162.51, p < .001; cross direc-
tion: F1,158 = 146.89, p < .001; and interaction: F2,158 = 9.98, 
p < .001; Figure 1B, D). Notably, crosses between breeding 
systems resulted in seeds that were on average 74% smaller 
than seeds from SC × SC and SI × SI crosses. Seed mass fur-
ther differed between cross directions for all cross types, 
with smaller seeds produced when the maternal genome was 
stronger. Seed area showed a similar pattern as seed mass 
(Supplementary Figure S2). In 14 of the 15 reciprocal crosses 
between populations, seeds were larger (heavier) when the 
paternal plant had a stronger genome, with a statistically 
significant difference after FDR correction between cross 
directions in eight of those cases (three between and five 
within breeding systems; Supplementary Figure S3b and c, 
Supplementary Table S1).

There was a significant negative correlation between the 
difference in parental conflict and seed size asymmetry for 
crosses between breeding systems (r = −0.90, p = .001, n = 
9; Figure 3, Supplementary Table S2), and a negative but 
non-significant correlation for crosses within breeding sys-
tems (r = −0.70, p = 0.12, n = 6; Figure 3). Because, with one 
exception, all asymmetry values were negative, the negative 
correlations indicate that seed size asymmetry increased with 
increasing difference in parental conflict, with the seeds from 
crosses with a stronger paternal than maternal genome being 
larger than the opposite crosses.
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Figure 2. Estimates of reproductive isolation in terms of reductions in the number of seeds per fruit (A), proportion of seeds germinating (B), and total 
reproductive isolation (C) in reciprocal crosses between self-compatible populations (SC × SC, orange), between self-compatible and self-incompatible 
populations (SC × SI, light blue; SI × SC, dark blue), and between self-incompatible populations (SI × SI; pink) of Arabis alpina. A value of 0 indicates 
no reproductive isolation, whereas a value of 1 indicates complete reproductive isolation. Lines connect data points representing crosses between 
the same two populations in different directions (maternal or paternal genome predicted to be strongest; see Methods for details). Solid lines indicate 
statistically significant effects of cross direction (after false discovery rate (FDR) correction, Supplementary Table S1).
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Seed germination
Germination was affected by cross type but not cross direc-
tion or their interaction (cross type: χ2

2 = 164.92, p < .001; 
cross direction: χ2

1 = 0.69, p = .41; and interaction: χ2
2 = 3.78, 

p = .15; Figure 1C). While germination was high for crosses 
within breeding systems (SC × SC: 98%; SI × SI: 83%), only 
7% of seeds from crosses between breeding systems (SC × SI 
and SI × SC) germinated.

Only the type of cross had a significant effect on RIGermination, 
with higher and statistically significant RI for crosses between 
breeding systems (Figure 2B, Table 2, and Table 3). After FDR 
correction, germination differed significantly between cross 
directions in four of 15 reciprocal crosses between populations 
(all between breeding systems), with higher germination when 
the maternal plant had a stronger genome in two of those cases 
(Supplementary Figure S3d, Supplementary Table S1).

No significant effect of seed mass on germination was 
detected for crosses between populations of the same breed-
ing system (SC × SC and SI × SI; Table 4). In contrast, for 
crosses between breeding systems (SC × SI and SI × SC), 
germination increased with seed mass (beyond a minimum 
seed mass associated with any germination at all), and did so 
more rapidly for SI × SC crosses compared to SC × SI crosses 
(statistically significant seed mass × cross-type interaction;  
Figure 4, Table 4).

Plant size
Cross type, cross direction or their interaction had no sta-
tistically significant effect on leaf rosette size after 30 days 
of growth (cross type: F2,5 = 5.13, P = 0.061; cross direc-
tion: F1,94 = 0.36, p = .55; and interaction: F2,92 = 0.37,  
p = .69; Supplementary Figure S4a), or after the vernalization 

Table 2. Reproductive isolation (RI) based on the number of seeds per fruit, proportion of seeds germinating, and total reproductive isolation, for 
crosses among self-compatible (SC) populations or among self-incompatible (SI) populations (SC × SC and SI × SI), and between SC and SI populations 
(SC × SI and SI × SC) of Arabis alpina. The statistical significance of RI was examined with one-sample t-tests, to test if RI was different from zero (p < 
.05 indicated in bold).

 Seeds per fruit Germination Total RI

RI t df p RI t df p RI t df p 

SC × SC, SI × SI 0.08 4.60 5 0.0058 −0.03 −1.30 5 0.25 0.054 3.29 5 0.022

SC × SI, SI × SC 0.10 2.26 8 0.054 0.92 44.14 8 <0.001 0.93 45.10 8 <0.001

Table 3. Effects of cross type (between populations of the same breeding system, SC × SC or SI × SI vs. between populations with different breeding 
system, SC × SI or SI × SC) and cross direction (maternal vs. paternal plant having a stronger genome) on reproductive isolation (RI) calculated based 
on the number of seeds per fruit and proportion of seeds germinating, and total reproductive isolation for Arabis alpina. Effects were examined with 
two-way ANOVAs. Significant effects (p < .05) are indicated in bold.

 Seeds per fruit RI Germination RI Total RI

df F p df F p df F p 

Cross Type (CT) 1,26 0.27 0.61 1,26 830.2 <0.001 1,26 486.7 <0.001

Cross Direction (CD) 1,26 2.93 0.099 1,26 1.3 0.26 1,26 0.64 0.43

CT × CD 1,26 0.84 0.37 1,26 0.001 0.98 1,26 3.72 0.063
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Figure 3. Relationship between the magnitude of parental conflict difference, quantified as the difference in index of self-incompatibility (ISI) or 
outcrossing rate (tm) and (A) mean seed mass after reciprocal crosses between pairs of Arabis alpina populations, and (B) seed mass asymmetry in 
these reciprocal crosses. The symbol color indicates the type of cross. In (A), reciprocal crosses are connected with a dashed line, with symbol shape 
indicating the direction of the cross (maternal or paternal population having a stronger genome). In (B), a negative seed mass asymmetry indicates that 
seeds were larger in the cross direction with the paternal parent having a stronger genome.
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treatment (cross type: F2,5 = 1.67, p = .28; cross direction: 
F1,98 = 0.093, p = .76; and interaction: F2,97 = 1.03, p = .36; 
Supplementary Figure S4b).

Total reproductive isolation
Our estimate of total post-pollination reproductive isolation 
(based on a combination of the number of seeds and propor-
tion of seeds germinating) was high after crosses between pop-
ulations of different breeding systems, and low after crosses 
between populations of the same breeding system (Figure 2C, 
Table 2). Consequently, only the type of cross, but not the 
direction of the cross or their interaction, had a significant 
effect on RITotal (Table 3). In the 15 reciprocal crosses, there 
was no significant effect of cross direction on the number of 
viable seeds per fruit after FDR correction (Supplementary 
Table S1).

Discussion
In this study, we have documented strong reproductive iso-
lation between self-compatible and self-incompatible pop-
ulations of the perennial herb A. alpina. Crosses between 
populations of different breeding systems resulted in mark-
edly smaller seeds with lower germination success compared 
to crosses between populations of the same breeding system. 
Moreover, in 14 of 15 reciprocal crosses, seeds were heavier 
when the paternal plant was predicted to have a stronger 
genome than the maternal plant, and the magnitude in seed 
size asymmetry between cross directions increased with the 
magnitude of the predicted difference in parental conflict. 
These results are consistent with higher levels of parental con-
flict in more outcrossing populations and suggest that such 
conflicts may contribute to the evolution of reproductive iso-
lation between plant populations of different mating/breeding 
systems.

Parental conflict differences and seed development 
in crosses within breeding systems
Crosses between populations with the same breeding sys-
tem were associated with comparatively small differences 
in predicted parental conflict (genome strength) and weak 
reproductive isolation, but cross direction still had a signif-
icant effect on seed size. Consistent with the WISO hypoth-
esis (Brandvain & Haig, 2005), crosses where the maternal 
genome was stronger resulted in somewhat smaller seeds, 
while crosses with a stronger paternal genome resulted in 
somewhat larger seeds (Figure 1). Similar directional differ-
ences in seed size have previously been found when crossing 
populations with different mating systems in Dalechampia 
scandens (Raunsgard et al., 2018) and A. lyrata (Willi, 2013). 
Importantly, A. alpina seeds produced after crosses between 
populations of the same breeding system were not, on aver-
age for both cross directions, smaller than seeds that were 

Table 4. Effects of seed mass and cross type on the proportion of 
seeds germinating in crosses within and between breeding systems 
of Arabis alpina, examined with generalized linear mixed models. 
For within-breeding system crosses (random effect SD = 0.00028), 
cross type contrasts crosses among self-compatible (SC) vs. among 
self-incompatible (SI) populations (SC × SC vs. SI × SI). For between-
breeding system crosses (random effect SD = 0.0023), cross type 
denotes the direction of cross (SC × SI vs. SI × SC). Significant effects (p 
< .05) are indicated in bold.

 Within breeding  
system

Between breeding 
system

Fixed effects df χ2 p df χ2 p 

Seed mass (SM) 1 0.39 0.53 1 59.5 <0.001

Cross type (CT) 1 10.9 0.001 1 27.6 <0.001

SM × CT 1 1.30 0.25 1 15.5 <0.001
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Figure 4. The proportion of seeds germinating as a function of seed mass and type of cross in Arabis alpina. Crosses were made between self-
compatible populations (SC × SC, orange), between self-incompatible populations (SI × SI; pink), and between self-compatible and self-incompatible 
populations (SC × SI, light blue; SI × SC, dark blue). Data points show the proportion of seeds germinating for individual maternal plants, lines indicate 
model predictions for each cross type from the generalized linear mixed models in Table 4.
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the product of crosses within populations (Supplementary 
Figure S3b and c). Additionally, these seeds had high levels 
of germination regardless of seed size (Figure 4, Table 4), and 
our estimates of total reproductive isolation were low (mean 
RITotal = 0.054). This indicates that the limited differences 
in the parental conflict in these crosses generate little to no 
reproductive isolation.

Parental conflict differences and seed development 
in crosses between breeding systems
Differences in the predicted parental conflict were larger in 
crosses between breeding systems, and these crosses indicated 
strong reproductive isolation due to reduced seed size and 
germination success. In line with previous empirical studies in 
Capsella (Lafon-Placette et al., 2018; Rebernig et al., 2015), 
Arabidopsis (Lafon-Placette et al., 2017), Solanum (Roth et 
al., 2018), and Mimulus (Coughlan et al., 2020), seeds result-
ing from crosses between self-compatible and self-incompat-
ible populations were larger when the paternal genome was 
stronger than when the cross was conducted in the opposite 
direction. Moreover, the magnitude of the seed size asymme-
try increased with increasing difference in parental conflict 
(blue diamonds in Figure 3B). In both cross directions, seeds 
were substantially smaller and the proportion of seeds germi-
nating was greatly reduced compared to crosses within breed-
ing systems (Figure 1). Our estimates of total reproductive 
isolation were very high for crosses between self-compatible 
and self-incompatible populations (mean RITotal = 0.93), and 
this was mainly a function of effects manifested at the ger-
mination stage (Figure 2, Table 2). As a comparison, inter-
specific crosses in other Brassicaceae genera (Leavenworthia, 
Koelling & Mauricio, 2010; Cakile and Erucaria, Willis & 
Donohue, 2017) showed less post-pollination reproductive 
isolation than crosses between breeding systems in A. alpina. 
Hence, using the biological species concept, self-compatible 
and self-incompatible A. alpina populations in Europe are 
reproductively isolated to an extent that they may be consid-
ered different species.

Relationship between difference in parental conflict 
and seed size is non-linear when the paternal 
genome is stronger
Our findings are consistent with the theoretical prediction that 
crosses involving a substantially stronger maternal genome 
(SI × SC) should yield smaller seeds owing to the endosperm 
receiving limited resources due to precocious cellularization, 
and that endosperm cellularization may fail after crosses with 
a substantially stronger paternal genome (SC × SI), result-
ing in early abortion and a deformed but slightly larger seed 
(Brandvain & Haig, 2005; Coughlan et al., 2020; Gehring 
& Satyaki, 2017; Haig & Westoby, 1991; Lafon-Placette & 
Köhler, 2016; Städler et al., 2021). Seeds produced in crosses 
where the maternal genome was strongest showed a steady 
decrease in size with increasing conflict difference (consider-
ing crosses both within and between breeding systems; Figure 
3A). In contrast, seeds resulting from crosses with a stronger 
paternal genome showed a drastic drop in size when crosses 
within and between breeding systems are compared, and lit-
tle variation among crosses within breeding systems. These 
results suggest that in A. alpina, endosperm cellularization 
may fail due to a stronger paternal genome at a threshold 
conflict difference of 0.25–0.5, which causes the “reset” in 
seed size asymmetry observed in Figure 3B. More generally, 

our results suggest that the relationship between the differ-
ence in parental conflict and seed size is not necessarily linear.

The relationship between seed size and 
germination in crosses between breeding systems
The effect of seed size on germination differed between cross 
directions in crosses between breeding systems. Although ger-
mination was overall very low, it increased more rapidly with 
seed size for SI × SC crosses compared to SC × SI crosses 
(compare dark and light blue lines in Figure 4). This sug-
gests that, for crosses with a stronger maternal genome, most 
seeds are simply too small to be viable. At slightly higher seed 
masses (around 0.1 mg), germination success increased rap-
idly, indicative of a functioning endosperm. In contrast, with 
a stronger paternal genome, seeds were mostly inviable even 
at sizes above 0.1 mg, suggesting a failed endosperm devel-
opment (Lafon-Placette & Köhler, 2016). Hence, parental 
conflict differences may reduce seed germination via different 
mechanisms depending on cross direction, resulting in low 
germination in both cases. In other studies of outcrossing and 
selfing plants, seed viability/germination was reduced with 
a stronger maternal genome (Ruhsam et al., 2011; Willis & 
Donohue, 2017), with a stronger paternal genome (Rebernig 
et al., 2015), or in both directions (Fishman & Stratton, 2004; 
Oneal et al., 2016). Our results demonstrate that in crosses 
between plants with different levels of predicted parental con-
flict, the magnitude of the conflict difference may be the key 
factor influencing seed development and germination success.

Other factors potentially causing reproductive 
isolation
It can be difficult to distinguish the effects of parental con-
flict from other factors affecting reproductive isolation (cf. 
Bushell et al., 2003). Bateson–Dobzhansky–Muller incom-
patibilities between nuclear genes without parent-of-origin 
effects (Rieseberg & Blackman, 2010; Sweigart & Willis, 
2012) or in the form of cytonuclear interactions (Caruso et 
al., 2012; Roux et al., 2016; Tiffin et al., 2001), could poten-
tially contribute to the strong reproductive isolation between 
self-compatible and self-incompatible A. alpina popula-
tions. However, the effect of cross direction on seed size in 
crosses between populations of different breeding systems 
is consistent with an asymmetric effect of parental conflict 
rather than symmetric incompatibilities (Städler et al., 2021). 
Additionally, Hedberg (1962, p. 254) noted that recipro-
cal crosses between Swedish and Kenyan populations of A. 
alpina, both of which are self-compatible and selfing, “gave 
good seed setting in both directions, and the seeds germinated 
very well,” despite these populations belonging to separate 
lineages (Ehrich et al., 2007; Koch et al., 2006; Wötzel et al., 
2021). This suggests that parental conflict differences, rather 
than other genetic differentiation (due to divergent selection 
or genetic drift), may explain incompatibilities between breed-
ing systems in A. alpina. Studies of endosperm development 
and gene expression after controlled crosses could be used to 
investigate this further (İltaş et al., 2021; Lafon-Placette et al., 
2017; Rebernig et al., 2015).

Conclusions
To conclude, our results suggest that parental conflict over 
seed provisioning varies consistently between populations 
of different mating systems in A. alpina. As a result, while 
crosses between populations within breeding systems produce 
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viable seeds, crosses between breeding systems, which are pre-
dicted to have larger differences in parental conflict, result 
in small, largely inviable seeds and strong reproductive isola-
tion to an extent that self-compatible and self-incompatible 
A. alpina populations in Europe may be considered different 
species. Our study adds to previous results (e.g., Coughlan et 
al., 2020; Lafon-Placette et al., 2017; Ruhsam et al., 2011) by 
suggesting that differences in parental conflict can, depending 
on their magnitude, result in strong post-pollination reproduc-
tive barriers in flowering plants, with potential consequences 
for hybridization, gene flow, and ultimately speciation.
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