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Abstract

The shift from outcrossing to self-fertilization is one of the main evolutionary transitions in plants and has broad effects on evolu-
tionary trajectories. In Brassicaceae, the ability to inhibit self-fertilization is controlled by 2 genes, SCR and SRK, tightly linked within
the S-locus. A series of small non-coding RNAs also encoded within the S-locus regulates the transcriptional activity of SCR alleles,
resulting in a linear dominance hierarchy between them. In Brassicaceae, natural allopolyploid species are often self-compatible (SC)
even when one of the progenitor species is self-incompatible, but the reason why polyploid lineages tend to lose self-incompatibility
(SI) and the timing of the loss of SI (immediately after ancestral hybridization between the progenitor species, or at a later stage after
the formation of allopolyploid lineages) have generally remained elusive. We used a series of synthetic diploid and tetraploid hybrids
obtained between self-fertilizing Capsella orientalis and outcrossing Capsella grandiflora to test whether the breakdown of SI could
be observed immediately after hybridization, and whether the occurrence of SC phenotypes could be explained by the dominance
interactions between S-haplotypes inherited from the parental lineages. We used RNA-sequencing data from young inflorescences to
measure allele-specific expression of the SCR gene and infer dominance interactions in the synthetic hybrids. We then evaluated the
seed set from autonomous self-pollination in the synthetic hybrids. Our results demonstrate that self-compatibility of the hybrids
depends on the relative dominance between S-alleles inherited from the parental species, confirming that SI can be lost instantane-
ously upon formation of the ancestral allopolyploid lineage. They also confirm that the epigenetic regulation that controls dominance
interactions between S-alleles can function between subgenomes in allopolyploids. Together, our results illustrate how a detailed
knowledge of the mechanisms controlling SI can illuminate our understanding of the patterns of co-variation between the mating
system and changes in ploidy.
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Lay Summary

Polyploidy is the inheritable condition of carrying more than two sets of chromosomes. It can result from within-species genome
duplication (autopolyploidy), or from the merging of sets of chromosomes from different species following hybridization (allopoly-
ploidy). Because sexual reproduction between individuals of different levels of ploidy is generally not successful, self-fertilization
has been considered a key component of the establishment success of polyploid lineages. However, the reasons why the mating
system of polyploids may differ from that of their parental species remains mysterious. In plants of the Brassicaceae family, several
allopolyploid species arose from hybridization between an outcrossing and a self-fertilizing species, and in most cases, the resulting
lineages are self-fertilizing. It has been proposed that the mating system of these allopolyploids depends on the dominance relation-
ships between the functional and non-functional self-incompatibility alleles inherited from the parental species. Here, we tested this
prediction by characterizing at the transcriptional (RNA-seq) and phenotypic levels (estimation of autonomous seed production) a
series of synthetic Capsella diploid and tetraploid hybrids. We found that the predicted dominance relationships closely matched the
observed expression of self-incompatibility alleles, as well as the self-compatibility phenotypes. Hence, the mating system of newly
formed Capsella allotetraploids depends on the dominance relationship between self-incompatibility alleles inherited from the par-
ents. Overall, our results improve our understanding of the mechanisms by which changes in ploidy can alter the system of mating
over the course of evolution.

Introduction while at the same time benefiting from a transmission advantage
(Fisher, 1941) and providing reproductive assurance when mates
are scarce (Jain, 1976). The establishment of polyploid populations
is an iconic example of these effects. Whole-genome duplication
(WGD) is prevalent in plants (Soltis et al., 2015), and polyploid

Mating systems have far-reaching effects on plant evolution
(Wright et al., 2013). For instance, shifts from outcrossing to
self-fertilization are expected to reduce the effective rate of
recombination and genetic polymorphism (Glémin et al., 2006),
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species are overrepresented in the Arctic flora (Brochmann et
al., 2004) as well as in invasive (Pandit et al., 2011) and domes-
ticated plants (Salman-Minkov et al., 2016). Moreover, ancient
WGD events on phylogenies seem to be associated with drastic
environmental changes (Vanneste et al., 2014). Therefore, WGD
has often been hypothesized to allow faster adaptation and niche
differentiation in changing environments (Baniaga et al., 2020;
Selmecki et al., 2015). However, besides these potential long-term
advantages, newly formed polyploid genotypes are also expected
to suffer from the immediate lack of gametes of the same cyto-
type and from the lower fitness of interploidy hybrids. This phe-
nomenon, known as “minority cytotype exclusion” (Husband,
2000; Levin, 1975), is expected to drastically hinder the success of
newly formed polyploid lineages.

Self-fertilization should greatly increase the establishment suc-
cess of polyploid populations by allowing them to avoid minority
cytotype exclusion (Fowler & Levin, 2016). However, empirical sur-
veys on the association between polyploidy and self-fertilization
either confirmed the positive association (Barringer, 2007;
Robertson et al., 2011) or found no association (Mable, 2004). This
suggests that the current models fail to incorporate important
details of the interaction between polyploidy and self-fertilization,
such as genetic mechanisms controlling the mating system or the
confounding effects of hybridization. An intriguing observation is
that allopolyploid lineages (in which WGD occurred in association
with hybridization) often exhibit low outcrossing rates, whereas
autopolyploid lineages (where “only” WGD occurred) often exhibit
predominant outcrossing or mixed mating systems (Husband et
al., 2008), a pattern that was already suggested by Stebbins (1957).
It is unknown whether these contrasted outcomes are due to the
immediate effect of WGD on factors controlling the mating sys-
tem, or to population genomic differences between auto- and
allopolyploids that could influence the evolution of selfing at a
later stage within the neopolyploid lineages.

The mating system of Brassicaceae species is controlled by
a sporophytic self-incompatibility system, in which self-pollen
is recognized by the allele-specific interaction between a pol-
len coat ligand protein (encoded by the SCR gene) and a stigma
transmembrane receptor kinase (encoded by the SRK gene,
Takayama et al,, 2001). The two genes are tightly linked within
a small genomic region called the S-locus, where a large number
of S-alleles (also called S-haplotypes) typically segregate in self-
incompatible species. S-haplotypes form a complex dominance
hierarchy in anthers, whereby small non-coding RNA (sRNA)
generated by dominant S-haplotypes transcriptionally silence
the SCR gene of recessive S-haplotypes (Durand et al., 2014;
Tarutani et al., 2010). Hence, while a large fraction of individuals
are heterozygous at the S-locus, in most cases transcripts from
only one of the two SCR alleles are present (Burghgraeve et al.,
2020; Kakizaki et al., 2003), resulting in phenotypic dominance.
Diversification of S-haplotypes in Brassicaceae is very ancient, as
indicated by the very high level of nucleotide divergence among
S-haplotype sequences and extensive trans-specific and even
trans-generic sharing among related taxa (Castric & Vekemans,
2004). In Arabidopsis and Capsella, S-haplotypes are classified into
four main dominance classes, related to their phylogenetic rela-
tionships with class I being the most recessive and class IV being
the most dominant (Bachmann et al.,, 2019; Durand et al., 2014;
Prigoda et al., 2005).

Several allopolyploid species of the Brassicaceae family orig-
inated from the hybridization between a self-incompatible (SI)
and a self-compatible (SC) parental species, including Arabidopsis
suecica (with Arabidopsis thaliana as SC parent and Arabidopsis
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arenosa as SI parent; Novikova et al., 2017), Arabidopsis kamchat-
ica (with Arabidopsis lyrata as SC parent and Arabidopsis halleri as
SI parent; Kolesnikova et al., 2023; Shimizu-Inatsugi et al., 2009),
and Capsella bursa-pastoris (with Capsella orientalis as SC parent
and Capsella grandiflora as SI parent; Douglas et al., 2015). These
three species have a recent allopolyploid origin, and all share the
common feature of being self-compatible. The reason why these
allopolyploid species originating from SI x SC hybridization are
SC rather than SI is intriguing. An interesting possibility could
be that the dominance interactions between S-haplotypes could
have caused the instantaneous breakdown of SI in these species
if the (non-functional) S-haplotype contributed by the SC species
had retained the ability to suppress the expression of the (func-
tional) SCR alleles contributed by the SI species in hybrid offspring
(reviewed in Novikova et al., 2023). Consistent with this hypothe-
sis, the allotetraploid A. suecica, C. bursa-pastoris, and some acces-
sions of A. kamchatica all share the same nonfunctional S-allele
as that of their respective SC parental species (Bachmann et al.,
2019, 2021; Kolesnikova et al., 2023; Novikova et al., 2017). In addi-
tion, at least some resynthesized A. suecica- or C. bursa-pastoris-
like allotetraploids are immediately SC after hybridization
(Bachmann et al., 2021; Duan et al., 2023; Novikova et al., 2017),
also supporting that the loss of SI could be an instant outcome of
possessing one (relatively dominant) non-functional S-haplotype.
Akey prediction from this scenario is that the self-incompatibility
of the resulting hybrid should vary according to the dominance
of the S-haplotype contributed by the SI parent relative to that of
the SC parent. However, formal proof of this hypothetical pro-
cess, i.e., the establishment of a direct causal link between the
relative dominance of the S-haplotypes, the expression of SCR
alleles in anthers, and the loss of SI in allopolyploids, is still lack-
ing. Evidence for the effect of dominance between functional and
non-functional SCR alleles on the SC phenotype of transgenic
lines of the allopolyploid A. kamchatica has been recently demon-
strated (Yew et al., 2023), but the origin of the non-functional
mutations occurring in natura (i.e., whether inherited from one
parental species or appearing de novo within the neopolyploid
lineage) remains unknown.

Here, we used an experimental approach based on a series
of synthetic allopolyploid individuals obtained between the
selfer C. orientalis and the outcrosser C. grandiflora (Duan et
al., 2023) to test whether the breakdown of SI observed in
allopolyploid species in Brassicaceae, such as C. bursa-pastoris,
could be explained by the dominance interaction between
S-haplotypes in anthers. First, we used published genomic and
transcriptomic resequencing data to establish a methodology
to infer S-locus genotypes and pollen S-locus phenotypes in
Capsella. Then we used RNA-sequencing (RNA-seq) data from
young inflorescences to measure allele-specific expression of
the SCR and SRK genes in synthetic diploid and tetraploid C. ori-
entalis x C. grandiflora hybrids, as an approximation of the early
stages of natural C. bursa-pastoris. Those patterns of expression
were used to infer patterns of allele dominance in anthers, and
in particular those between the non-functional allele of C. ori-
entalis and the alleles inherited from C. grandiflora. Finally, we
compared the observed expression of SCR alleles with the seed
set from autonomous self-pollination in the synthetic hybrids.
Altogether, our results demonstrate that the relative domi-
nance of S-alleles inherited from the parental species is a key
determinant of the ability to self-fertilize in nascent allopo-
lyploid lineages providing one potential explanation for the
higher occurrence of selfing in allopolyploids than in autopoly-
ploids in families with sporophytic SI.
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Results

A methodology to determine S-locus genotypes
and phenotypes in Capsella

First, we produced a comprehensive set of S-allele reference
sequences in Capsella. For this, we genotyped individuals at the
SRK gene using the NGSgenotyp pipeline (Genete et al., 2020) on
publicly available short-read resequencing data of 180 C. grandif-
lora individuals from Monodendri, Greece (the Cg-9 population in
Josephs et al., 2015). We started from a database of SRK sequences
from A. lyrata and A. halleri that we complemented with 62 par-
tial C. grandiflora SRK sequences previously obtained by Sanger
sequencing by Jesper Bechsgaard and Mikkel Schierup (Guo et
al., 2009; Neuffer et al., 2023; see Supplementary Information).
We obtained a fully resolved S-locus genotype for 177 indi-
viduals (Supplementary Table S1), and identified 74 different
S-alleles, including 25 previously unknown C. grandiflora S-alleles
(Supplementary Table S2). For most of them, we were able to
obtain full sequences of the exon 1 of SRK (available at https://
www.doi.org/10.6084/m9.figshare.22567558.v2). Interestingly,
one of those new S-alleles, noted H4047 (see Supplementary
Information for description of the S-alleles notation), shared 99%
identity with the SRK pseudogene (for which the coding sequence
is interrupted at position 949 of exon 1) found at the S-locus
in subgenome A of C. bursa-pastoris by Bachmann et al. (2021).
A more complete description of this set of S-alleles is given in
the Supplementary Information. Beside these 74 SRK alleles, we
also identified five sequences clustering with SRK alleles (H0002,
H0003, HO011, HO012, and HO0013 in Supplementary Table S1,
named CgrSRKO01, CgrSRK06, CgrSRK09, CgrSRK51, and CgrSRK63
in Paetsch et al.,, 2006; and Neuffer et al., 2023, see Supplementary
Table S2) that we considered as paralogous sequences unlinked
to the S-locus, as already documented in Schierup et al. (2001)
and Prigoda et al. (2005, see Supplementary Information).
Second, we validated the use of transcriptomic data to deter-
mine S-locus genotypes using the NGSgenotyp pipeline. We
applied the approach described above to genotype the S-locus of
four C. grandiflora, four C. orientalis, and 16 C. bursa-pastoris indi-
viduals, using published genome resequencing data as well as
RNA-seq data obtained separately from leaf, root, or flower bud
tissues from the exact same individuals (Kryvokhyzha et al,
2019). strictly identical S-locus genotypes were inferred based on
SRK sequences detected from genomic DNA and RNA-seq data
from flower bud tissues (Supplementary Table S3), as expected
by the codominant expression of SRK in pistils reported in
Brassicaceae (Burghgraeve et al., 2020; Hatakeyama et al., 2001).
These results validate the use of RNA-seq data from flower buds
to reliably genotype the S-locus in Capsella. We note that all four
individuals of C. grandiflora were heterozygous at the S-locus, and
all C. orientalis individuals were homozygous for the allele called
H4004n (we use the notation “n” to indicate that this allele is non-
functional), in agreement with Bachmann et al. (2019, 2021;
note that these authors refer to this allele as CoS12). In agree-
ment with Bachmann et al. (2021), most allotetraploid C. bursa-
pastoris individuals had two copies of the H4004n allele derived
from the non-functional C. orientalis parental allele and all indi-
viduals had two copies of the non-functional H4047n allele (with
an SRK sequence interrupted at position 949, see above), derived
from the C. grandiflora parental allele H4047 (Supplementary
Table S3). However, we found that a second allele, H2002, already
known in C. grandiflora (Supplementary Fig. S2), segregates at the
S-locus in the C. orientalis subgenome (present in two copies in
accession DUB-RUS9 and in one copy, together with H4004n, in

LAB-RUS-4). As expected, we generally observed no or very low
expression of SRK in leaves or roots (Supplementary Table S3).

Third, we evaluated whether S-locus phenotypes in pol-
len could be assessed based on RNA-seq data. We obtained
RNA-seq data from flower buds for seven diploid C. grandif-
lora individuals used as parents in the production of synthetic
polyploids and of hybrids with C. orientalis (see below), as well
as for six synthetic autotetraploids (respectively, Cg2 and Cg4
in Supplementary Fig. S1). We obtained the SRK genotypes of
these individuals using the NGSgenotyp pipeline, as described
above. Five C. grandiflora S-alleles were found to segregate in this
experimental material (Figure 1A and B; Supplementary Fig. S2),
again with approximately balanced transcript levels between
both SRK alleles in heterozygotes (Supplementary Tables S4 and
S6). Then, we obtained full SCR transcript sequences for each
of the five S-alleles (available at https://www.doi.org/10.6084/
m9.figshare.22567558.v2) by applying the de novo assem-
bly module of the NGSgenotyp pipeline, based on a reference
database of known SCR sequences from A. halleri and A. lyrata
(see Supplementary Material). We used these new reference
sequences to compare patterns of allele-specific expression for
SRK and SCR in the 13 C. grandiflora individuals (Supplementary
Table S4). In agreement with the results of Burghgraeve et al.
(2020) in A. halleri, allele-specific expression was much more
asymmetric between SCR alleles than between SRK alleles.
Indeed, in heterozygous individuals, one of the two alleles con-
tributed over 99% of the total SCR transcript levels, with only
three exceptions (individuals Cg2-12-3, Cg4-1-3, and Cg4-7-3;
Supplementary Table S4). This very strong allelic imbalance
was also found in tetraploid individuals, suggesting that a
dominant allele is capable of repressing several co-occurring
alleles at once. The identity of the predominantly expressed
allele was fully concordant with expectations based on the
predicted classes of dominance between S-alleles (Figure 1A;
Supplementary Table S4). Even in cases where two S-alleles of
the same dominance class co-occurred (e.g., H2008 and H2022
inindividual Cg4-6-4, or H4015 and H4035 in Cg4-1-3), the asym-
metry of the transcript levels remained very strong, hence ena-
bling us to determine the putative dominance hierarchy among
the five alleles, as follows: H4035 > H4015 > H2022 > H2008 > H
1001. We also analyzed one diploid and one tetraploid C. orien-
talis individual (Supplementary Table S4) and observed a single
S-allele in pistil and pollen, H4004n, whose SCR sequence was
fully identical to that reported by Bachmann et al. (2019). These
results also confirm that both SRK and SCR are still expressed in
C. orientalis, as reported by Bachmann et al. (2019), even though
they were shown to be non-functional based on crosses with C.
grandiflora individuals carrying the H4004 allele.

The S-locus genotypes and phenotypes of diploid
and synthetic tetraploid hybrids

Diploid and tetraploid hybrids were produced between C. grandi-
flora and C. orientalis (Supplementary Fig. S1; Duan et al., 2023),
using seeds from two wild individuals of C. grandiflora and one
inbred line of C. orientalis. Diploid hybrids were generated by
crossing C. orientalis with C. grandiflora, while allotetraploids were
created either by inducing genome doubling in diploid hybrids
with colchicine treatment (“Sh” allotetraploids), or by crossing
colchicine-induced autotetraploid C. orientalis with autotetra-
ploid C. grandiflora (“Sd” allotetraploids). In all crosses, diploid or
tetraploid C. orientalis was used as the maternal plant, mimick-
ing the formation of natural C. bursa-pastoris (Hurka et al., 2012).
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Figure 1. Predicted and observed dominance relationships between C. grandiflora S-alleles and the C. orientalis H4004n allele in the pollen and
prediction of self-incompatibility phenotypes of hybrid individuals. A. Predicted dominance relationships based on SRK genotypes and previous
studies in Arabidopsis halleri (Burghraeve et al., 2020; Durand et al., 2014; Llaurens et al., 2008; Yew et al., 2023) and A. lyrata (Prigoda et al., 2005),
and inferred dominance based on observed relative SCR read depth from RNAseq data (Supplementary Tables S4 and S5). B. Observed relative SCR
read depth of H4004n relative to other alleles in diploid (F) and tetraploid (Sd, Sh) individuals, and predicted self-incompatibility phenotype: green
individual label, self-compatible (SC) because H4004n is dominant over C. grandiflora allele(s); brown individual label, self-incompatible (SI) because

H4004n is recessive to C. grandiflora allele(s).

Then we analyzed RNA-seq data from flower buds of 27 diploid
hybrids (F) and 26 tetraploid hybrids (Sh and Sd). By mapping
RNA-seq raw reads on SRK reference sequences we found that five
different S-alleles were segregating among these 53 individuals
(Figure 1A and B; Supplementary Table S5): the non-functional
C. orientalis H4004n allele along with four C. grandiflora alleles
(all alleles described above except H1001). We could determine
full genotypes for all diploid hybrids, whereas for tetraploids we
could determine only the identity of the S-alleles presentin each
individual, but not their relative copy numbers, leaving some
uncertainties in the exact genotypes (Supplementary Table S5).
We checked relative patterns of expression of SCR in order to
test the hypothesis of Bachmann et al. (2021) that H4004n may
have retained the ability to transcriptionally repress S-alleles of
a lower dominance class. In agreement with this hypothesis, we
found thatin 11 of the 13 diploid hybrids and in all 12 tetraploid
hybrids possessing both alleles H4004n and H2022, the former
was expressed majoritarily (Figure 1B; Supplementary Table S6).
Also in all 8 tetraploid hybrids possessing both alleles H4004n
and H2008, the former was expressed majoritarily. Hence, SCR
expression of both H2022 and H2008 is repressed in the presence
of H4004n when H4015 and H4035 are absent, in agreement with
previous results showing dominance of class IV alleles over class
IT alleles (Burghgraeve et al., 2020; Durand et al., 2014; Llaurens
et al,, 2008; Prigoda et al., 2005). In contrast, in the three diploid

and two tetraploid hybrids sharing only alleles H4004n and
H4015, it was the latter that was expressed majoritarily (Figure
1B), indicating dominance of H4015 over H4004n. Similarly, dom-
inance of H4035 over H4004n was confirmed by patterns of SCR
expression of the seven tetraploid hybrids sharing these two
S-alleles. These results are in agreement with previous results
showing recessivity of H4004 with respect to all other class IV
alleles tested to date (Durand et al., 2014; Llaurens et al., 2008;
Yew et al., 2023). We then used two different approaches to pre-
dict the SI phenotype of hybrids: (1) based on the S-locus geno-
type inferred from SRK data, a hybrid individual was predicted
to be SC if it carried the C. orientalis H4004n allele and none of
the S-alleles derived from C. grandiflora that are predicted to be
more dominant than H4004n (i.e., H4035 and H4015), and to be
SI otherwise (i.e., carrying H2008 and/or H2022) (Figure 1A); (2)
based on the SCR relative expression data, a hybrid individual
was predicted to be SC if the relative SCR read depth of allele
H4004n was higher than 0.5, and to be SI otherwise (Figure 1B).
As shown in Supplementary Fig. S3, predictions of the SI pheno-
types based on the two methods were highly congruent. Overall,
18 of the 27 homoploid hybrids (F individuals) and 17 of the 26
tetraploid hybrids (Sd and Sh individuals) were predicted to be
functionally self-compatible based on approach (1), while the
remaining individuals were predicted to be self-incompatible
(Figure 1B).
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Figure 2. Seed production under autonomous self-pollination in the diploid and tetraploid C. orientalis x C. grandiflora hybrids in relation to expected
self-incompatibility phenotype (SRK-based prediction) and relative expression of the non-functional H4004n SCR allele. (A) Distribution of seed
production for expected self-compatible (SC, green) and self-incompatible (SI, brown) phenotypes. (B) Relationships of the SRK-predicted dominance
of the H4004n SCR allele (green, SC; brown, SI), the observed relative expression level of the H4004n SCR allele and seed production.

Inferred S-locus phenotypes predict the ability to
self-fertilize in hybrids

We then compared the autonomous seed set of diploid and
tetraploid hybrids to test whether the S-locus genotypes and the
observed transcriptional dominance of SCR alleles can explain
which C. orientalis x C. grandiflora hybrids are SC and which are SI.
Seed production under autonomous selfing was used as an indi-
cator of self-compatibility and showed a clear bimodal distribu-
tion with most individuals either in the 0-50 seeds or in the > 300
seeds categories (Figure 2A).

We found that both the predicted dominance of the H4004n
allele and the relative expression level of its SCR allele are strong
predictors of the ability of autonomous seed production, with only
a few exceptions (Figure 2A and B). The SRK-based prediction of
self-compatibility was strongly associated with seed production
categories (Fisher’s exact test, p-value <.001), with most individ-
uals predicted to be self-incompatible producing no or few seeds
under autonomous pollination (<300 seeds). In contrast, individ-
uals who were predicted to be self-compatible usually produced
more than 300 seeds. Similarly, the relative expression level of
the H4004n SCR allele significantly differed among the three seed
production categories (Kruskal-Wallis H test, p-value <0.001).
Individuals with a higher proportion of the H4004n SCR allele
expression (e.g., larger than 0.25) usually had autonomous seed
production above 300, and individuals with a lower proportion of
H4004n expression usually had no or few seeds.

Discussion

Assessing dominance relationships between
S-alleles using RNA-seq data

At the S-locus in Brassicaceae, the genotype-to-phenotype map
is complicated by the widespread existence of dominance/reces-
sivity interactions between S-alleles. Determination of these
dominance relationships ultimately relies on phenotypic assays
based on controlled pollinations. Following Shiba et al. (2002),
Burghgraeve et al. (2020) recently demonstrated that phenotypic

dominance in pollen can be predicted with high accuracy from
the simple comparison of transcript abundances, using quanti-
tative RT-PCR of SCR transcripts. However, allele-specific qPCR
primers need to be designed and optimized for every single
S-haplotype whose expression is to be quantified, which is not
practical when large numbers of S-haplotypes segregate. Here, we
show that RNA-seq data from flower buds can be used to reli-
ably infer dominance relationships between S-alleles in pollen.
These data are relatively simpler to obtain, as they do not require
specific optimization steps beyond a generic RNA-seq library
construction and can thus be generalized more readily than
the gRT-PCR approach of Burghgraeve et al. (2020), or the labor-
intensive phenotypic assessment of dominance by controlled pol-
lination assays. A limitation of this new approach, however, is that
it can only quantify transcripts of SCR alleles whose nucleotide
sequence is known a priori, which is only the case for a subset of
the numerous S-haplotypes typically found in SI species, includ-
ing C. grandiflora. A potential caveat to this new approach is that it
relies on comparing mapping densities of (Illumina) sequencing
reads on the nucleotide sequence of SCR alleles, which have rel-
atively short coding sequences, thus making accurate mapping
a potential challenge. The high levels of nucleotide divergence
among SCR alleles are expected to (at least partially) compen-
sate for this limitation, and accordingly, we found that for the
five S-alleles considered in our crossing design, cross-mapping of
individual sequencing reads among alleles was negligible, making
the method highly reliable.

When applying the method to diploid C. grandiflora individu-
als, we found that the putatively dominant S-haplotype repre-
sented > 99% of the global level of SCR transcripts in six out of
seven individuals (Supplementary Table S4), corresponding to
nearly complete dominance at the transcriptional level, in line
with Burghgraeve et al. (2020). The relative dominance levels we
inferred among the Capsella S-haplotypes we studied here were
also fully concordant with the dominance interactions previ-
ously measured by controlled crosses for the trans-specifically
shared S-haplotypes in A. lyrata and A. halleri (Durand et al., 2014;
Llaurensetal., 2008; Prigoda et al., 2005). Specifically, we confirmed
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that both S-haplotypes from class IV were dominant over both
S-haplotypes from class II, which were themselves dominant
over the single class I S-haplotype (Figure 1A; Supplementary
Table S4). Another original result from our analysis is that a sin-
gle SCR allele was predominantly expressed in each tetraploid C.
grandiflora individual, suggesting that the transcriptional silenc-
ing machinery controlling dominance remains effective in an
autotetraploid context, in line with the phenotypic patterns of
dominance between S-haplotypes observed in tetraploid individ-
uals of A. lyrata (Mable et al., 2004). Although we could determine
without ambiguity the identity of all S-alleles present in tetra-
ploid individuals, we note that the exact number of gene copies
of each allele remains uncertain because S-locus genotypes were
determined using RNA-seq data instead of genomic resequenc-
ing (Genete et al., 2020). Hence, precise genotyping of tetraploid
individuals based on genomic DNA will be needed to quantify
the extent of this phenomenon. Our approach also demonstrated
that the silencing machinery was functional in an allotetraploid
context, with functional interactions occurring between genetic
determinants belonging to different parental subgenomes, i.e, a
dominant allele within the C. orientalis subgenome was capable of
silencing recessive alleles from the C. grandiflora subgenome, and
vice-versa. This is consistent with recent results from Yew et al.
(2023) and Dou et al. (2023) who used a different approach based
on genetic transformation in the allotetraploid A. kamchatica and
Brassica napus, respectively, to show that the sSRNA precursor from
a dominant non-functional allele was capable of silencing a func-
tional S-allele from the other subgenome.

Three potential caveats could have blurred the link between
the dominance relationship of SCR alleles, the occurrence of self-
compatibility and seed production. First, the effect of dominance
among S-alleles was tested by measuring seed production under
autonomous selfing rather than by directly observing the Sl reaction
by controlled self-pollination. Second, the newly formed interspe-
cific hybrids are expected to have lower fitness due to interactions
between divergent genomes (Fishman & Sweigart, 2018), therefore
individuals with no seed or few seeds could also result from hybrid
incompatibility rather than SI. Third, the individuals were not
strictly separated in the growth chamber during flowering time, so
for individuals that generated a small number of seeds, we cannot
rule out the possibility of pollen contamination from other plants.
The fact that we still observed a strong association between the rel-
ative expression level of the non-functional H4004n SCR allele and
autonomous seed production, in spite of these potential limitations,
provides strong evidence that the machinery controlling domi-
nance relationships between SCR alleles is a major determinant of
the self-compatibility phenotype of the hybrids we obtained.

S-haplotypes dominance mediates the effect
of WGD on the breakdown of SI in Capsella
allopolyploids

In Capsella, a genus with a sporophytic SI system, our results for-
mally establish that the ability to self-fertilize immediately upon
hybridization between the SC and SI parental species depends on
the relative dominance of the non-functional allele inherited from
the selfer C. orientalis as compared to that of the functional S-allele(s)
inherited from the outcrosser C. grandiflora, in line with the model
proposed by Novikova et al. (2023). This observation raises several
intriguing questions. First, the non-functional S-allele needs to still
retain the capacity to remain dominant (Fujimoto et al., 2006). This
is the consequence of the particular genetic architecture of dom-
inance between S-haplotypes, where dominance modifiers (small
non-coding RNAs) are distinct from the gene they regulate (Billiard
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& Castric, 2011). This particular genetic architecture of dominance
mightbelessrare than it waslong thought tobe (Billiard et al., 2021),
but remains to be investigated in other families with sporophytic SI
where dominance relationships have been demonstrated such as
Asteraceae (Samaha & Boyle, 1989) and Convolvulaceae (Kowyama
et al., 1994). For Convolvulaceae, the occurrence of such a mech-
anism would explain the observation by Kakeda et al. (2000) that
a non-functional S-allele in Ipomoea trifida was found to be domi-
nant over a functional allele and could enforce self-compatibility
in heterozygotes. Second, the variation we observed relies on the
fact that the non-functional S-haplotype that was fixed in C. orien-
talis has an intermediate level of dominance. If it had been the most
recessive, then all allotetraploid individuals would by definition
have inherited a more dominant S-haplotype from C. grandiflora,
and would thus have remained SI. In contrast, if C. orientalis had
fixed the most dominant S-haplotype, then all hybrids would have
turned SC. Similar cases of SC parental species involved in allopo-
lyploidy events that had previously fixed dominant non-functional
S-haplotypes, e.g., A. thaliana and SC populations of A. lyrata, have
been reviewed by Novikova et al. (2023). If there is a general trend
that S-haplotypes at high levels of dominance are more likely to be
fixed in SC taxa, then the dominance interaction itself can contrib-
ute to the association between allopolyploids and self-compatibility.
Some factors affecting the fixation probability of SC mutations
have been studied by Tsuchimatsu and Shimizu (2013), but to the
best of our knowledge, the effect of dominance on the fixation
probability of SC mutations in a sporophytic SI system remains to
be investigated formally. A third interesting question is why most
known examples of recent allotetraploids in Brassicaceae involve
hybridization between a selfer and an outcrosser (Novikova et al.,
2023). A more general survey of recent allopolyploids would be
needed to determine the generality of this pattern, but one tempt-
ing hypothesis is that such scenario would provide for a genetic
mechanism introducing instantaneous self-compatibility of the
allopolyploid individuals, hence facilitating the establishment of
the neopolyploid populations (Novikova et al., 2023). Determining
whether differences in the intensity of genetic conflicts between
the outcrosser and the selfer genomes (in particular over devel-
opment of the endosperm, Rebernig et al., 2015) can oppose this
selective advantage would be an interesting next step. Finally, a
parallel can be drawn with the more general process of Haldane'’s
sieve, in which advantageous alleles tend to be fixed more readily
in natural populations when they are dominant because they are
directly exposed to natural selection (Haldane, 1924). Here, in con-
trast, the selective advantage would go to hybrid lineages that have
inherited from their SI parent an S-haplotype more recessive than
the S-allele that was fixed in the selfing lineage.

A similar mechanism was proposed by Bachmann et al. (2021)
for the evolution of selfing in the natural allotetraploid C. bursa-
pastoris from C. orientalis and C. grandiflora parents. Intriguingly,
while C. bursa-pastoris is a strong selfer, the S-haplotype it inher-
ited from C. grandiflora (H4047) belongs to class IV, and thus would
a priori be expected to be at least as dominant as the S-haplotype
it inherited from C. orientalis (H4004n). Also, we identified one C.
bursa-pastoris individual lacking the H4004n allele but carrying a
(more recessive) class 1I allele (H2002, Supplementary Table S3),
presumably inherited from C. orientalis. Hence, other mechanisms
might be needed to explain the loss of SI in the early develop-
ment of the C. bursa-pastoris lineage. It should be noted, however,
that dominance interactions between the class IV S-alleles have
been firmly established at the phenotypic level for a small num-
ber of S-alleles only, so the possibility remains that some class IV
S-alleles (in this particular case, H4047) could actually be more
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recessive than H4004n. This is suggested by the observation of a
putative target of the small non-coding RNA produced by the C.
orientalis S-haplotype in close proximity to the H4047n SCR pseu-
dogene within the A subgenome of C. bursa-pastoris (Bachmann
et al,, 2021). As we found that both alleles (H4004 and H4047)
are segregating in the Cg-9 population, it would be interesting
to obtain living material carrying those alleles and perform con-
trolled crosses to establish their relative dominance.

Predictions on the effect of WGD on mating
system evolution need to take into account the
genetic determination of mating systems, the
mating systems of parental species, and the type
of polyploidy

Associations between WGD and an autogamous mating system
have been largely debated in plant biology, but a general consen-
sus is still lacking (Barringer, 2007; Husband et al., 2008; Mable,
2004; Robertson et al., 2011). Part of the uncertainty stems from
the fact that broad-scale studies focused on taxa comprising a
mixture of different SI systems (e.g., self-recognition-based spo-
rophytic SI, self-recognition or non-self-recognition-based game-
tophytic SI), and different types of polyploidy (autopolyploidy,
allopolyploidy, or a combination of both, i.e., segmental allopoly-
ploidy). These SI systems and types of polyploidy strikingly differ
with respect to the mechanistic effect of WGD on maintaining a
fully functional SI response in neopolyploids (Table 1) and are also
expected to differ in the conditions allowing evolution of de novo
mutations altering the mating system in neopolyploid lineages
(Husband et al., 2008). Regarding the former effect, in some sys-
tems, polyploidy will immediately generate a mechanical break-
down of SI (i.e., gametophytic SI systems with non-self-pollen/
pistil recognition or sporophytic SI systems with one SC parent
carrying a dominant non-functional allele, as demonstrated in
this work), while in other SI systems no such effect is expected
(Table 1). The type of polyploidy, i.e., auto- vs allopolyploidy, will
also have an impact, as autopolyploids with non-self-pollen/pis-
til recognition systems will systematically be SC, while SI would
be maintained in other systems. A detailed meta-analysis taking
these factors into account would be an interesting next step.

Material and methods

Methodological approach to type S-alleles in
Capsella experimental material based on RNA-
seq data

To build an extended dataset of reference sequences of SRK from
the self-incompatible species Capsella grandiflora, we genotyped

180 individuals of the Cg-9 population of C. grandiflora from
Monodendri, Greece (Josephs et al., 2015) at the SRK gene with the
NGSgenotyp pipeline (Genete et al., 2020) using raw Illumina reads
available from Sequence Read Archive (SRA, Supplementary Table
S1). For the SRK reference database, we used available sequences
of SRK from A. lyrata and A. halleri (Genete et al., 2020; Takou et
al., 2021), and 62 partial sequences from Capsella grandiflora (Guo
et al, 2009; Neuffer et al., 2023; see Supplementary Table S2).
Briefly, this pipeline filters raw reads with a dictionary of k-mers
extracted from the reference database, then uses Bowtie2 to align
filtered reads against each reference sequence from the database
and produces summary statistics with Samtools (v1.4; Danecek
et al., 2021) allowing it to identify S-alleles present in each indi-
vidual. The pipeline NGSgenotyp also contains a de novo assembly
approach module which produces full sequences of the S-domain
of SRK for alleles present as partial sequences in the database as
well as for newly identified S-alleles.

We then compared the results of the S-alleles genotyping
approach obtained from either genomic DNA or RNA-seq data
from flower buds, leaf, and root tissues. For this, we used pub-
lished data from Kryvokhyzha et al. (2019) on four individuals
each of C. grandiflora and C. orientalis, and on 16 individuals of C.
bursa-pastoris. We applied the NGSgenotyp pipeline separately on
each dataset, using the SRK reference database expanded with the
Capsella S-allele sequences obtained above. Our analysis showed
that S-allele typing based on RNA-seq data from flower buds gave
identical results than those obtained from genomic DNA, so in
the rest of the analyses we only used flower buds RNA-seq data.

Creating and sequencing the transcriptome of
synthetic hybrids and polyploids and assessing
their mating system

To test the dominance relationship among SI alleles and its phe-
notypic consequences we used diploid and tetraploid hybrids of
C. orientalis x C. grandiflora, using the synthetic hybrids generated
by Duan et al. (2023; Supplementary Fig. S1). We measured fruit
set under autonomous selfing to test whether self-compatibility
of these hybrids can be predicted by the dominance of SCR alleles,
by comparing the SCR alleles identified in transcriptomes of inflo-
rescences with fruit-set from spontaneous self-pollination in 27
diploid and 26 tetraploid hybrids.

In short, the diploid and tetraploid hybrids were generated
from one inbred line of C. orientalis (URAL-RUS5), and seeds that
were collected from two wild C. grandiflora individuals of the
same population (85.1 and 85.24). Specifically, all the synthetic
hybrids were descendants of three C. grandiflora individuals (85.1-
5, 85.24-1, and 85.24-5), two of which (85.24-1 and 85.24-5) had

Table 1. Expected instantaneous effect of polyploidy on the self-compatibility phenotype of neopolyploids depending on the type
of SI system of the parental species (SI, self-incompatible; SC, self-compatible) and on the type of polyploidy (autopolyploidy vs

allopolyploidy).
Type of SI system Type of polyploidy
Autopolyploidy Allopolyploidy (SI x ~Allopolyploidy (SC x SI parental species)
SI parental species)
Gametophytic SI with non-self-recognition SC! Sct Should depend on the type of SC mutation
Gametophytic SI with self-recognition SI? SI? Should depend on the type of SC mutation
Sporophytic SI SI* SI Depends on relative dominance level of SI and SC alleles®

*Automatic breakdown of SI in diploid heteroallelic pollen carrying two different S-alleles (Entani et al., 1999; Kubo et al., 2010; Luu et al., 2001; Tsukamoto et al,,

2005).

’Hauck et al., 2006.
*Vieira et al., 2008.
“Mable et al., 2004.
This study.
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the same maternal plant. Diploid hybrids (F) were obtained by
crossing C. orientalis with C. grandiflora. Tetraploid hybrids (allo-
tetraploids) were generated in two ways: in the first case the
two diploid species were first crossed, and WGD was induced on
the first generation of diploid hybrids with colchicine solution,
resulting in “hybridization-first” synthetic allotetraploids (Sh); in
the second case, WGD was induced in both diploid species, then
the synthetic autotetraploids were crossed to obtain “WGD-first”
allotetraploids (Sd). In addition, several diploid hybrids were sus-
pected to have spontaneous WGD without colchicine treatment
based on observations of organ size and the shape of trichomes,
including individual F-3-5 which was used in the present study.
In all interspecific crosses, diploid or tetraploid C. orientalis served
as the maternal plant. The second generation of diploid hybrids,
Sh-allotetraploids and Sd-allotetraploids as well as the diploid
and tetraploid parental species were then grown together in a
growth chamber. Each of the three hybrid groups was represented
by six lines (independent hybridization events), and each line was
represented by six individuals. The six individuals of the same
line were full siblings from self-fertilization. An overview of the
mating scheme used to create the different resynthesized hybrids
and polyploids is given in Supplementary Fig. S1.

The ability to generate seeds with only autonomous selfing
was recorded for all hybrid individuals as a categorical factor. The
hybrid individuals were classified into three categories based on
the total number of seeds: (1) having almost no seeds (<10 seeds),
(2) having few seeds (10-300 seeds), and (3) having plenty of seeds
(>300 seeds). As the hybrid individuals were not strictly separated
in the growth chamber during flowering, the cutoff of 10 seeds
was applied to reduce noise from occasional pollen contamina-
tion from other Capsella plants. The seed set data of two individ-
uals were removed from the dataset because they were severely
affected by disease during flowering time.

The first group of RNA-seq data was from Duan et al. (2023).
Total RNA was extracted from the inflorescence of 6 dip-
loid hybrids and 14 allotetraploids, using a cetyl-trimethyl-
ammonium-bromide-based method. Sequencing libraries were
prepared with Illumina TruSeq Stranded mRNA (poly-A selection)
kit, and sequenced on three NovaSeq 6000 S4 lanes with 150-bp
paired-end reads (SNP&SEQ Technology Platform in Uppsala).
One sequencing library was prepared and sequenced for each
diploid sample, and two libraries were prepared for each tetra-
ploid sample. On average 38.6 and 77.3 million read pairs were
generated for the diploid and tetraploid samples, respectively.

To obtain a larger sample size, we performed a second group
of RNA-seq on inflorescences of 33 additional hybrid individuals,
including 20 diploid hybrids and 13 allotetraploids. Inflorescence
samples of this second group were from the same experiment as
those from the first group, and were collected at the same time,
and stored at —80°C before sequencing. Total RNA was extracted
using an RNeasy Plant Mini Kit (Qlagen). The library preparation
and sequencing platform were the same as the first group, except
that one library was prepared for each individual, regardless of
ploidy level. Sequencing of the second group of inflorescence
samples yielded an average library size of 97.4 million RNA-seq
reads.

Determination of S-locus genotype and
phenotype in the Capsella hybrids and synthetic
polyploids and confrontation with self-
compatibility phenotype assessments

In Brassicaceae, the self-incompatibility phenotype in pollen
depends on complex dominance relationships among S-alleles,
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achieved through modifier genetic elements consisting of small
RNAs encoded by precursors lying at the S-locus of dominant
alleles and targeting the SCR gene of recessive alleles (Durand et
al., 2014; Tarutani et al., 2010). Dominance in pollen is thus regu-
lated at the transcriptional level and is associated with very strong
inhibition of mRNA production of recessive alleles (Burghgraeve
et al., 2020), which could potentially be revealed by analyzing
RNA-seq data. Hence, we tested this approach by performing
S-allele typing with the NGSgenotyp pipeline using separately
a SRK reference database, to determine the S-locus genotype of
individuals (because SRK alleles are always co-expressed in the
style, Hatakeyama et al., 2001), and an SCR reference database, to
determine which S-allele is majoritarily expressed in pollen (and
thus putatively dominant). We applied this approach to RNA-seq
data from eight diploid individuals (seven C. grandiflora + one C.
orientalis) and seven tetraploids (six C. grandiflora + one C. orienta-
lis) used as parents in the hybrid experiments (Duan et al., 2023),
with the same SRK reference database as above enlarged with
newly obtained C. grandiflora allele sequences, and for SCR with
a reference database of sequences from A. halleri and A. lyrata
(Genbank sequences). For SCR, because of the higher sequence
divergence among S-alleles than for SRK, we modified the
NGSgenotyp parameters by reducing the k-mer size used for fil-
tering to a value of 15 (the default size used for SRK was 20). This
allowed us, with the de novo assembly module of NGSgenotyp,
to obtain full coding sequences of SCR for all C. grandiflora alleles
presentin the hybrids. In order to quantify the relative expression
of SCR alleles, we used the genotyp module from NGSgenotyp to
map individual RNA-seq reads data against each reference SCR
exon 2 sequence (Bowtie2 v2.4.4; Langmead & Salzberg, 2012). As
the SCR sequences from the database are small, the alignment
mode was set to “local” to allow partial mapping of the reads (soft
clipping) in a way that optimizes the alignment score. Then we
used the mean read depth delivered by Samtools (v1.14; Danecek
et al., 2021) to compute the ratio of the mean read depth of the
predominantly expressed allele (i.e., the putative dominant allele)
to the sum of the read depths of all alleles present. We applied the
same approach in synthetic tetraploid C. grandiflora individuals,
but for SRK data we could only report the number and identity
of alleles present, and thus it was not possible to precisely gen-
otype individuals, i.e., to determine the number of gene copies
of any given allele identified (when the total number of alleles
detected in an individual was lower than 4, which was the case
for all tetraploid individuals).

Once the proposed approach was validated on C. grandiflora
diploid and tetraploid individuals, we applied it to the experimen-
tal diploid and tetraploid hybrids. We identified two categories of
hybrid individuals, in terms of pollen SI phenotype, depending on
relative dominance levels of the inherited C. grandiflora and C. ori-
entalis parental alleles: individuals with predominant expression
of the C. orientalis allele, which is a non-functional S-allele; and
individuals with predominant expression of one of the C. gran-
diflora alleles. The dominance of the non-functional C. orientalis
allele is expected to cause a breakdown of self-incompatibility
because it will impede recognition and rejection of self-pollen,
and thus we assigned an expected self-compatible phenotype to
those individuals, and an expected self-incompatible phenotype
to individuals with a dominant SCR allele from C. grandiflora. Then
we compared seed production data under autonomous selfing
with the prediction of self-compatible/self-incompatible phe-
notype based on SCR dominance. The association between SRK-
predicted self-compatibility and seed production categories was
tested with Fisher’s exact test in R software environment version
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3.6.3 (R Core Team, 2020). The relative expression level of the
H4004n SCR allele (mean read depth of H4004n/sum of the mean
read depth of all other S-alleles of the individual) in the three
seed production categories were compared by the Kruskal-Wallis
H test.

Supplementary material

Supplementary material is available online at Evolution Letters.
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