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ABSTRACT

Plants have evolved diverse self-incompatibility (SI) systems for outcrossing. Since Darwin’s time, consid-
erable progress has been made toward elucidating this unrivaled reproductive innovation. Recent
advances in interdisciplinary studies and applications of biotechnology have given rise to major break-
throughs in understanding the molecular pathways that lead to SI, particularly the strikingly different Sl
mechanisms that operate in Solanaceae, Papaveraceae, Brassicaceae, and Primulaceae. These best-un-
derstood Sl systems, together with discoveries in other “nonmodel” Sl taxa such as Poaceae, suggest a
complex evolutionary trajectory of Sl, with multiple independent origins and frequent and irreversible
losses. Extensive exploration of self-/nonself-discrimination signaling cascades has revealed a compre-
hensive catalog of male and female identity genes and modifier factors that control Sl. These findings
also enable the characterization, validation, and manipulation of Sl-related factors for crop improvement,
helping to address the challenges associated with development of inbred lines. Here, we review current
knowledge about the evolution of Sl systems, summarize key achievements in the molecular basis of pol-
len—pistil interactions, discuss potential prospects for breeding of Sl crops, and raise several unresolved
questions that require further investigation.
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INTRODUCTION

frequently experience losses that are not subsequently
regained (Barrett, 2013). Therefore, the ancestral conditions,

Self-incompatibility (SI) is one of the most important reproductive
innovations for prevention of self-fertilization. It enables a plant
to recognize and reject self-pollen or pollen from genetically
identical individuals, thereby promoting outcrossing (de
Nettancourt, 2001). Particularly for many hermaphroditic
species, Sl represents the most widespread strategy for
avoiding inbreeding depression and reduced genetic variability
(Silva and Goring, 2001; Porcher and Lande, 2005).
Approximately 40% of angiosperm lineages, representing at
least 100 plant families, have developed Sl systems (Igic et al.,
2008). The diverse forms of S| systems and their scattered
phylogenetic distribution suggest that S| has evolved de novo
many times over the course of angiosperm evolution (Allen and
Hiscock, 2008). The higher diversification rate observed in
species with functional S| systems than in those with self-
compatibility (SC) suggests strong species-level selection favor-
ing obligate outcrossing (Goldberg et al., 2010). Sl systems also

the evolutionary dynamics of loss and gain, and the
polymorphic nature of S| systems have been of long-standing
interest.

In classic genetic studies, Sl was classified into two homomor-
phic types, gametophytic self-incompatibility (GSI) and sporo-
phytic self-incompatibility (SSI), as well as heteromorphic SlI
(HSI) characterized by heterostyly (de Nettancourt, 2001;
Barrett and Shore, 2008). Since the advent of molecular
biology, significant progress has been made in elucidating the
genetic control of GSI in Solanaceae and Papaveraceae (Fujii
et al.,, 2016), SSI in Brassicaceae (Goring et al., 2023), HSI in
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Mating type Male S-factor Female S-factor
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@ Poaceae GSI Plantaginaceae GSI SLF S-RNase
Unknown S| Rubiaceae GSI SLF S-RNase
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Asterids Asteraceae SSi ? ?
Cactaceae GSI SLF S-RNase
@) Polygonaceae HSI ? S-ELF3
Rutaceae GSI SLF S-RNase
O Brassicaceae SSI SP11/SCR SRK
Eudicots Betulaceae SSI ? ?
Rosi(g Rosaceae GSI SFB/SFBB S-RNase
@) Passifloraceae  HSI BAHD YUC6
@) Papaveraceae GSl PrpS PrsS
Bromeliaceae GSI ? ?
‘— Poaceae GSI DUF247-1 HPS10
Orchidaceae ? ? ?
Monocots Liliaceae ? ? ?

Figure 1. Phylogenetic distribution of known Sl systems in eudicots and monocots based on representative Sl families.
Colored branches and circles indicate plausible evolutionary routes of different S| systems, with male and female SI components indicated on the right.
The family tree construction is based on APG IV (Angiosperm Phylogeny Group, 2016).

Primula (Huu et al., 2022), and other S| systems in which the S-
components have not been well characterized (e.g., Poaceae)
(Wang et al., 2022b). In well-characterized S| systems, Sl is
generally controlled by a single highly polymorphic locus (or
two loci in Poaceae), referred to as the S-locus. The S-locus har-
bors tightly linked male and female identity genes (S-determi-
nants) that engage in specific molecular interactions, enabling
self-/nonself-discrimination during pollination (McCubbin and
Kao, 2000). The functioning of these Sl systems has provided
insights into the shared features and unique characteristics of
the signaling pathways and cellular processes that regulate the
pollen—pistil interaction, both within and across plant families.
In the case of Sl systems in Brassicaceae and Papaveraceae, a
recurring observed pattern is the activation of destructive
pathways designed to obstruct essential processes necessary
for compatible pollen acceptance (Goring et al., 2023). In
species with the S-RNase system, pollen tube growth is
inhibited by cytotoxic ribonuclease activity, and distinct
mechanisms exist to trigger this response (Kubo et al.,
2015; Akagi et al., 2016; Li et al., 2018). These findings can
also be extended to understand the evolutionary trajectories
and breakdown of Sl and guide future work on breeding of SI
crops.

Inthis review, we present recent advances in Sl systems and high-
light key findings related to: (1) evolution and transition of Sl sys-
tems, with a specific focus on S-RNase-based GSI and Brassica-
ceae SSI; (2) regulatory mechanisms that underlie the pollen—pistil
interaction, including Sl systems in both eudicots and monocots;
and (3) practical applications of molecular insights into Sl, coupled

with integration of contemporary biological techniques in Sl crop
breeding. We thus provide a clearer understanding of the evolu-
tionary context of Sl, the intricate molecular mechanisms at
play, and the practical implications of recent advances.

ORIGINS, EVOLUTION, AND
BREAKDOWN OF SI SYSTEMS

It has been suggested that S| systems originated from pathogen
defense mechanisms because of the biochemical and molecular
similarities observed between reactions to self-rejection
and responses to pathogen invasion (Allen and Hiscock, 2008).
Indeed, male S-determinants of Papaveraceae and
Brassicaceae (PrsS and S-locus cysteine-rich protein [SCR/
SP11]) both belong to the cysteine-rich peptide family, many of
whose members function as antimicrobial peptides actively
involved in pathogen defense (Silverstein et al., 2007). The
female component S-locus receptor kinase (SRK) of
Brassicaceae SSl is related to a large family of receptor-like ki-
nases (RLKSs), which also have crucial roles in defense responses
(Shiu et al., 2004). S-RNases are class Il members of
Ribonuclease (RNase) T2, a family with various functions in
plants, including defense against microorganisms (Maclntosh,
2011). The parallels between S| and pathogen defense, in
terms of recognition mechanisms and cell-cell signaling,
present an interesting topic for future investigation. In addition,
diverse S| mechanisms, highly polymorphic genes, and their
scattered phylogenetic distribution have posed challenges to
understanding the evolution of S| systems (Allen and Hiscock,
2008) (Figure 1). The maintenance of S| and the transition from
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one Sl type to another have also been long-standing questions
(Barrett, 2013). Over the past few decades, the use of
molecular approaches, especially phylogenetics and genome-
wide characterization of S-determinants, has considerably
enhanced our understanding of these outstanding issues with re-
gard to the evolution of two S| systems: S-RNase-based GSI and
Brassicaceae SSI.

Evolution of S-RNases and SLFs and their ancestral
combination

Studies have suggested that S-RNase-based GSl is ancestral to
75% of all eudicots, with an independent monophyletic origin
(Igic and Kohn, 2001; Ramanauskas and Igic, 2017). Recent
identification of S-RNase in Citrus (Rutaceae) revealed that the
S-RNase system existed prior to the divergence of asterids and
eurosids | and Il, thus providing additional evidence for a single
origin of S-RNase in core eudicots (Liang et al., 2020). The
increasing number of available plant genomes provides an
opportunity to resolve the evolutionary relationships of the
RNase T2 gene family and the origin of S-RNase Sl on a broad
scale. A study based on phylogenetics, syntenic analyses, and
identification of whole gene duplication (WGD) events revealed
that lineage-specific WGD resulted in expansion of the RNase
T2 family (Lv et al. 2022). Although WGD or whole-genome
triplication (WGT) has led to duplication of S-loci, S-RNase-
based Sl systems are still maintained in many lineages via
deletion or inactivation of duplicate S-loci (Zhao et al., 2022).
Loss of S-RNase GSl is caused mainly by inactivation, deletion,
or duplication of S-loci rather than defects in S-RNase alone,
possibly due to additional functions of S-RNase beyond its role
in Sl (Zhao et al., 2022). Phylogenetic studies have classified
T2-RNases into three clades (class |, class Il, class lll); all func-
tional and predicted S-RNases are members of the class Il
T2-RNase clade and are found exclusively in eudicots
(Ramanauskas and lIgic, 2017; Lv et al., 2022). Although there is
evidence that an ancestral state of tightly linked pollen and
pistil components may have existed prior to the eudicots, a
genome study of pineapple (Ananas comosus) revealed that an
RNase T2 family gene was closely linked to several F-box-
associated genes (Chen et al., 2019a). This may suggest an
ancestral state for the S-RNase/S-locus F-box protein (SLF)
combination in monocots, although further genetic linkage
studies are needed (Zhao et al., 2022). Like S-RNases, the male
component genes SLF/SFB/SFBB are also clustered into a
separate clade within eudicots, supporting a single origin in
eudicots (Zhao et al.,, 2022). The S-haplotype-specific F-box
protein (SFB) was found to have an independent evolutionary
origin from SLF and S-locus F-box brother (SFBB), and some
male components seem to have originated much more recently
than their cognate S-RNases (Aguiar et al., 2015; Ashkani and
Rees, 2016). Nevertheless, the core functions of SLF/SFB/
SFBB in S-RNase detoxification may be conserved across
different taxa. Functional analysis has demonstrated that intro-
duction of SLF/SFB/SFBB/S-like SLF genes from species in So-
lanum (Solanaceae), Antirrhinum (Plantaginaceae), Prunus and
Malus (Rosaceae), and Aquilegia (Ranunculaceae) can detoxify
S-RNases in Petunia (Solanaceae) with 85% detoxification prob-
ability (Zhao et al., 2022). A possible explanation for this general
inhibitory role is that SLFs act as E3 ligases to form an SCF
complex for recognition and degradation of S-RNase (Entani
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et al.,, 2014). This auxiliary function for S-RNase degradation
may be conserved in its homologs (SFB/SFBB/S-like SLF).
Further research is needed to explore the evolutionary
relationship between S-RNase and SLFs and the functional
divergence among SLF/SFB/SFBB.

The ongoing release of plant whole genomes has enabled exam-
ination and comparison of S-components in a broad range of SI
and SC species, providing a better understanding of the relation-
ship between genome characteristics and S-RNase evolution.
Identification of S-RNase and SLF in the Petunia genome
and their chromosomal location suggested that recombination
of SLF and S-RNase is suppressed as a mechanism to maintain
their co-adaptation (Bombarely et al., 2016). In a study
of the wolfberry (Lycium barbarum, Solanaceae) genome, an
S-RNase and ten SLFs were found on chromosome 2 (Cao
et al., 2021). Hybridization hotspot detection revealed that
chromosome 2 exhibits a higher recombination frequency and
the highest number of heterozygous sites per hotspot
compared with other chromosomes, suggesting that SI
components have contributed to elevated heterozygosity (Cao
et al.,, 2021). The genome of selfing snapdragon (Antirrhinum
majus, Plantaginaceae) contains a large number of SLFs in a
pseudo (y) S-locus, likely resulting from gene duplication and
negative selection related to the S-locus (Li et al., 2019). The
divergence of S-RNase in Antirrhinum occurred approximately
62-120 million years ago (Mya), whereas that of SLFs was
estimated at 4 Mya; these divergence times are much earlier
and later, respectively, than the Plantaginaceae-specific WGD
(46-49 Mya) (Li et al., 2019). In Jaltomata (Solanaceae), an SC
genus with an ancestral loss of SI, genome-wide characterization
revealed contractions in gene families related to pollen—pistil
interactions and much lower heterozygosity compared with Si
species (Wu et al., 2019). These genome studies have provided
valuable insights into the evolution of the S-locus and the
potential mechanisms underlying the origin, diversification, and
deletion of S-genes in S-RNase-based GSI.

Multiple origins of the S-locus and the coevolution of
SCR and SRK in Brassicaceae

Ancient and lineage-specific WGD events and polyploidization
have given rise to multiple copies of S-loci in Brassicaceae
(Wang et al., 2011; Haudry et al., 2013), including well-defined
S-loci in Brassica (Br S-locus) (Takayama and Isogai, 2003),
Arabidopsis (Al S-locus) (Kusaba et al, 2001), and
Leavenworthia (La S-locus) (Chantha et al., 2013). These S-loci,
together with the dynamics of S-genes, provide an opportunity
to reconstruct the ancestral state and evolutionary path of the
SSI system in Brassicaceae. Phylogenetic analysis based on
syntenic genes extracted from 18 sequenced Brassicaceae
species revealed different origins of S-loci in Brassicaceae
descendant lineages | and Il (Cui et al., 2020). Comparisons of
the genomic locations of S-loci in Brassicaceae suggested that
the Al S-locus is the most ancestral among the currently
studied species in this family (Chantha et al., 2013; Vekemans
et al., 2014; Cui et al., 2020). The genomic location of the Al S-
locus is shared by all species in Brassicaceae lineage |, except
Leavenworthia. The La S-locus was identified as being
secondarily derived, characterized by the coexistence of SRK/
SCR and the independent recruitment of additional pollen—pistil
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recognition genes, Lal2 and SCRL, which together constitute a
new functional Sl system (Chantha et al., 2017). The genomic
locations of the yS-loci in three SC taxa of lineage I,
Sisymbrium, Schrenkiella, and Eutrema, are shared with that of
Arabidopsis (Chantha et al., 2013; Vekemans et al., 2014).
However, the Br S-locus was suggested to have emerged
recently after the Brassica-specific WGT because of the
absence of syntenic relationships with S-loci in non-
Brassicaceae species (Lysak et al., 2005; Cui et al., 2020). A
possible explanation for the newly formed Br S-locus has been
proposed (Cui et al., 2020). In this scenario, the ancestral Al S-
locus was triplicated following the WGT in the ancestor of
Brassica. Two of the triplicated Al S-loci were pseudogenized
after the WGT; only one copy retained the Sl function, and it
was translocated to a new genomic region and retained as the
Br S-locus. Hence, the presence of three distinct S-loci
suggests a complex evolutionary trajectory in Brassicaceae.

As in S-RNase-based GSI, ancestral pistil and pollen compo-
nents were also found to predate the formation of tightly linked
Sl specificities in Brassicaceae SSI (Zhao et al.,, 2022). It is
plausible that strong selective pressure favoring outbreeding
(Charlesworth, 1988) may have driven the tight linkage of genes
that were initially engaged in receptor and signaling pathways
related to defense responses. These genes may have
undergone neofunctionalization, thus acquiring new roles in Si
specificity. Indeed, SRKs are suggested to have originated from
two ancient haplotypes that evolved from a pair of tandemly
duplicated genes through neo-/subfunctionalization in the
common ancestor of Brassicaceae (Xing et al., 2013).
Phylogenetic analysis revealed that functional SRKs form three
distinct clusters within Brassicaceae (Brassica class |, Brassica
class |l, Arabidopsis/Capsella) (Xing et al., 2013). The
subdivision of extant Brassica SRKs is thought to have
originated from the ancestor of both Arabidopsis and Brassica
and to have undergone diversification after divergence of the
two genera (Edh et al., 2009). Another interesting observation
emerging from phylogenetic studies is that SCR exhibits a high
congruency of genealogies with SRK (Sato et al., 2002; Edh
et al.,, 2009). Their highly similar topology and specific S-
haplotype interaction suggest that SCR and SRK are in
strong linkage disequilibrium and have coevolved to stabilize
self-combinations (Guo et al., 2011; Murase et al., 2020). In
this coevolved Sl system, intriguing questions persist about
the generation of new S-alleles at the S-locus. An
asymmetrical functional divergence model based on resurrection
of ancestral SRK has been proposed to explain the diversification
of SCR/SRK from their putative ancestor (Chantreau et al., 2019).
According to this model, the two allelic variants involved in
receptor-ligand combinations have experienced
asymmetric divergence. One variant has retained the same
recognition specificity as their putative ancestor, whereas the
other variant has functionally diverged, resulting in a novel
specificity that was previously absent. This observation
provides evidence for the hypothesis that disruption of the
SRK-SCR interaction can be followed by a compensatory muta-
tion that restores the interaction in a modified state, leading to
new S| specificities (Uyenoyama et al., 2001; Gervais et al.,
2011). Therefore, ancestral recognition specificity can be
maintained over a long time span, and novel specificity occurs
asymmetrically (Durand et al., 2020). Analysis of additional S-
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haplotypes and resurrection of the ancestral SCR are expected
to provide a better understanding of the allelic diversification
process.

Collectively, these studies have laid a foundation for understand-
ing the evolutionary scenarios leading to the emergence and
diversification of the S-locus and Sl-specificity genes in Brassica-
ceae. In future studies, uncovering the components and down-
stream signaling events shared between S| and pathogen-de-
fense recognition systems, particularly the role of defensin-like
SCR/SRK, will be crucial. Such investigations may have profound
implications for further understanding the origin of S| systems
and the Sl recognition repertoire.

Sl to SC transitions in S-RNase-based GSI and
Brassicaceae SSI

Although SI systems show independent origins in multiple line-
ages, loss of Sl has been suggested to be a prevalent phenome-
non (Barrett, 2013). Sl loss is irreversible, and the same system is
unlikely to be regained, as observed for families with different Si
forms (lgic et al., 2008; Ferrer and Good, 2012). It has been
reported that S-RNase-based GSI has been lost frequently, at
least 60 times in Solanaceae alone (lgic et al., 2008). Likewise,
genera within Brassicaceae also include many secondarily
evolved SC species, predominantly Sl species with SC strains
or cultivars. Investigating the causes and consequences of
these S| to SC transitions is crucial for understanding this
important mating-system shift in plants.

Although the mechanisms underlying the Sl to SC transition may
vary among taxa, several key paths leading to S| breakdown can
be gleaned from comparative and functional studies. The first
path occurs through accumulated mutations in male and female
determinants. Loss-of-function mutations and collapse of varia-
tion at the S-locus can confer SC, and these mutations may be
fixed when SC is more advantageous in terms of male mating
advantage, Fisher’s transmission advantage, and reproductive
assurance (reviewed in Shimizu and Tsuchimatsu, 2015). In S-
RNase-based GSI, breakdown of Sl can be caused by defects
in both pistil and pollen function. Phylogenetics, structural
examination, and expression analysis of the tomato clade
(Solanum section Lycopersicon) have attributed the Sl to SC
transition to deletion and dysfunction of S-RNase, which is
followed by parallel mutations in pollen S-factors (Broz et al.,
2017, 2021; Markova et al., 2017). SC in Citrus is caused by a
truncated S-RNase resulting from a single-nucleotide deletion
at position 443; this mutation initially occurred in mandarin
(Citrus reticulata) and subsequently became fixed in
populations through mating or introgression (Liang et al., 2020).
Male SC-conferring mutations are found in Petunia and Prunus,
in which mutations in the pollen S-component are closely related
to SC (Tsukamoto et al., 2003a; Li et al., 2020). In Brassicaceae,
the best-studied plant for Sl to SC transition is A. thaliana, which
is a predominantly selfing species, although its closest relatives
Arabidopsis lyrata (with a minority as SC) and Arabidopsis halleri
are mainly obligate outcrossers enforced by Sl (Koch et al., 2000;
Mable et al., 2005). Studies have provided evidence for
three independent origins of SC in A. thaliana, with a recent
transition to selfing: (1) three highly divergent, nonfunctional S-
haplogroups have been identified and share high sequence
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similarity with those in A. lyrata and A. halleri (Bechsgaard et al.,
2006; Shimizu et al., 2008); (2) these haplogroups exhibit
various states of decay, with different gene-disruptive mutations
of both SRK and SCR (Sherman-Broyles et al.,, 2007;
Tsuchimatsu et al., 2017); (3) A. thaliana is estimated to have
transitioned to SC at 1.5-1.0 Mya (Shimizu and Tsuchimatsu,
2015; Durvasula et al., 2017). This transition occurred much
more recently than the divergence between A. thaliana and the
A. lyrata/A. halleri clade (7-13 Mya) (Hohmann et al., 2015).
Many studies have investigated the evolution and fixation of SC
in A. thaliana by identifying prerequisites for re-establishment of
Sl in this species (reviewed in Shimizu and Tsuchimatsu, 2015;
Ahmad et al., 2022). These studies have revealed that loss of SI
in A. thaliana has been controlled predominantly by loss-of-
function mutations or partial deletions on the male side
(Tsuchimatsu et al., 2010; Suwabe et al., 2020). Pistil factors,
including dominant SRK suppressors such as inverted repeats,
are considered to have facilitated the rapid fixation of SC in A.
thaliana (Fujii et al., 2020). However, phenotypic variation in SI
among A. thaliana accessions and the presence of modifier
genes still make it challenging to identify the primary mutation
responsible for Sl loss (Shimizu and Tsuchimatsu, 2015).

The second path is via polyploidy. For the S-RNase-based sys-
tem, when polyploidy generates diploid pollen tube (PT) cells
with duplicated S-loci, S-RNase can be detoxified, and Sl is
directly broken down (Dickinson et al., 2007; Robertson et al.,
2011; Sutherland et al., 2018). This automatic transition of Sl is
frequently observed in Solanaceae species, which usually
undergo a one-step transition from diploid to polyploid and
thus from SI to SC, resulting in SC polyploid lineages
(Robertson et al., 2011). In Brassicaceae, the transition to SC
in polyploid species can be caused by dominance of
nonfunctional alleles over S-alleles (Novikova et al., 2017) or by
a single mutation in a dominant haplotype (Okamoto et al.,
2007; Shimizu et al., 2011). In Arabidopsis suecica, the S-allele
inherited from S| Arabidopsis arenosa (father) has been
inactivated by loss-of-function S-alleles from A. thaliana
(mother), making it an irrevocable selfer (Novikova et al., 2017).
Insertion of transposons in the SP171 promoter region led to
loss of S| in Brassica napus, and this insertion plausibly
occurred after polyploidization, as it has not been found in the
diploid progenitors (Gao et al., 2016; Bayer et al., 2021). In
allotetraploid Arabidopsis kamchatica, degradation of male
specificity genes has played a role in the transition to SC, and
the presence of multiple S-haplogroups indicates recurrent
evolution of SC, likely associated with multiple polyploidization
events (Tsuchimatsu et al., 2012). Some polyploid lines also
exhibit the S| phenotype (e.g., B. napus N110 and N343) in
the absence of SP7171 expression, suggesting that novel
mechanisms may be involved in controlling self-recognition in
these lines (Okamoto et al., 2020).

Other mechanisms, such as modifiers and epigenetic changes,
can also influence the expression of S-locus genes and result in
loss of Sl. Multiple modifiers have been identified as being asso-
ciated with loss of S-function in S-RNase-based GSI. A modifier
locus (MDF) was found to be unlinked to the S-locus and to spe-
cifically suppress expression of S-RNase, resulting in loss of Sl in
some plants of Petunia axillaris (Tsukamoto et al., 2003b). The
reduced Sl activity of Citrus maxima is caused by a CgHB40
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gene that inhibits S-RNase expression by regulating its
promoter region (Hu et al, 2021). SC mutants of Prunus
species are more likely to be caused by pollen-part modifier
genes, with many modifiers having been reported to confer
pollen-part SC (Ono et al., 2018). In addition to these cryptic
modifiers, DNA methylation is thought to participate in
modifying the expression and function of S| genes. In SC
almond (Prunus dulcis), inactivation of S-RNase is associated
with DNA methylation at its 5'-flanking region, which appears to
be a crucial site for alteration of S-RNase expression
(Fernandez i Marti et al., 2014). Further molecular evidence is
needed to better understand the role of DNA methylation in the
Sl to SC transition.

Interestingly, a study in SC tobacco (Nicotiana attenuata) re-
vealed the intriguing phenomenon of polyandrous mate selection,
which seems to be a by-product of the Sl to SC transition (Guo
et al., 2019). The SI machinery of S-RNase-like/SLF-like genes
has been repurposed to serve as a mate-selection tool,
enabling the plant to select certain pollen genotypes with
desired traits (Guo et al.,, 2019). Moreover, intraspecific
unilateral incompatibility (Ul) in the tomato clade is thought to
be linked to multiple independent S| to SC transitions, as
discussed in a study by Bedinger et al. (2011), suggesting
potential connections and complexities between different
patterns of mate preference. Collectively, the prevalence of
dominant SC mutations suggests that the evolutionary
transition from Sl to SC is irreversible. Ongoing endeavors to
reconstruct the ancestral states of Sl and SC and induction of
gain- or loss-of-function mutations in S-genes hold great promise
for investigating the origin, evolution, and fate of Sl lineages.

MOLECULAR BASIS OF SELF-POLLEN
REJECTION IN DIFFERENT SI SYSTEMS

S-RNase-based GSI: Poisoning incompatible pollen
tubes by various pathways

The GSI system is the most common S| mechanism in flowering
plants (Franklin-Tong and Franklin, 2003). In GSI, S-specificity is
determined by the pollen’s own haploid genome, and pollen
rejection occurs when the pollen S-haplotype matches one of
the two pistil haplotypes. To date, the S-RNase-based GSI
system has been described in six families: Solanaceae (Sijacic
et al., 2004), Plantaginaceae (Li et al., 2019), Rubiaceae
(Asquini et al., 2011), Cactaceae (Ramanauskas and Igic, 2021),
Rutaceae (Liang et al., 2020), and Rosaceae (Vieira et al. 2021).
The Sl response is mediated by a pistil S-determinant (a
glycoprotein S-RNase) that traffics within PTs and inhibits PT
growth through its cytotoxic ribonuclease activity (McClure
et al.,, 1990). Extensive investigations into Solanaceae- and
Rosaceae-type Sl have revealed the distinct molecular mecha-
nisms and cellular events of S-RNase-mediated pollen rejection
within and between these two plant groups.

In Solanaceae, S-RNases are specifically recognized by SLFs,
which serve as pollen S-determinants (Kubo et al., 2010).
Studies of Petunia and Nicotiana have led to the proposal of two
models (collaborative degradation and compartmentalization,
respectively) for the S-RNase-SLF interaction. In the
collaborative degradation model (Figure 2A), SLF is proposed to
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(A) The collaborative degradation model in Petunia. In compatible pollen tubes, SLF forms an SCF (Skp1/Cullin1/F-box) complex that polyubiquitinates all
nonself S-RNase proteins, with PhS3-RNase R Il as the main ubiquitination region. The polyubiquitinated S-RNases are further degraded by the 26S
proteasome, enabling the growth of compatible pollen tubes. Conversely, in incompatible pollen tubes, the interaction between self S-RNase and SLF
fails to produce a functional SCF complex; self S-RNase thus evading degradation and acting as a cytotoxin to inhibit pollen tube growth.

(B) The compartmentalization model in Nicotiana. Nonself S-RNases, along with HT-B and 120K, become sequestered within an intact vacuole upon
uptake by the compatible pollen tube, preventing the cytotoxic activities of S-RNase. HT-B acts as a key molecule in the S-RNase-containing vacuole, as
it is degraded in incompatible pollen tubes. The stability of HT-B relies on the presence of NaStEP, which protects HT-B from degradation by its pro-
teinase inhibitor activity. NaStEP also interacts with NaSIPP, potentially leading to mitochondrial destabilization and eventual cell death. The recognition
event between SLF and self S-RNase triggers specific interactions among these modifier genes, resulting in breakdown of the vacuole and disruption of
self S-RNase compartmentalization. Once free S-RNases are in the cytosol, their ribonuclease activity is further enhanced by NaTrxh.

form an SCF (Skp1/Cullin1/F-box) complex, acting as an E3
ubiquitin ligase that can polyubiquitinate all nonself S-RNase
proteins, with PhS3-RNase R Il identified as a major region for
ubiquitination (Zhao et al, 2021). The polyubiquitinated
S-RNases are further degraded in a proteasome-dependent
manner by the 26S proteasome, enabling the growth of compat-

6

ible PTs (Entani et al., 2014). This process is considered a
collaborative nonself-recognition process, in which a nonself S-
RNase can be detoxified by multiple SLFs (Kubo et al., 2010,
2015). Conversely, in incompatible PTs, the specific interaction
between self S-RNase and SLF fails to form a functional SCF
complex, and self S-RNase thus evading degradation and
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acting as a cytotoxin to inhibit PT growth (Liu et al., 2014). The
compartmentalization model suggests that nonself S-RNases
are spatially sequestered in an intact vacuole (Goldraij et al.,
2006) (Figure 2B). The vacuole is degraded in incompatible PTs,
releasing self S-RNases into the cytoplasm and thus triggering
cytotoxic activities and RNA degradation (Goldraij et al., 2006).
Breakdown of vacuoles containing S-RNases relies on the
specific interaction between SLF and S-RNase, as well as the
involvement of modifier genes such as HT-B, 120K, NaStEP, Na-
SIPP, and NaTrxh (McClure et al., 1999; Nathan Hancock et al.,
2005; Jiménez-Duran et al., 2013; Garcia-Valencia et al., 2017;
Torres-Rodriguez et al., 2020). HT-B is a key molecule in the S-
RNase-containing vacuole, as it is degraded in incompatible
PTs but stabilized in compatible PTs (Goldraij et al., 2006). The
stability of HT-B relies on the presence of NaStEP, which protects
HT-B from degradation by its proteinase inhibitor activity
(Jiménez-Duran et al.,, 2013). NaStEP also interacts with
NaSIPP, a mitochondrial phosphate carrier, to form a complex
with a mitochondrial voltage-dependent channel, potentially lead-
ing to mitochondrial destabilization and triggering cell death
(Garcia-Valencia et al.,, 2017; Cruz-Zamora et al., 2020).
Ultimately, the compartmentalization of self S-RNase is
disrupted by a yet-unclear specific interaction among these
modifier genes. Upon their release into the cytosol, the
ribonuclease activity of free S-RNases is enhanced (sevenfold)
by NaTrxh through the reduction of specific cysteine disulphide
bonds (Torres-Rodriguez et al., 2020). However, the direct
connections among these modifier genes and their biochemical
roles have yet to be explored. In addition, it remains unknown
whether the collaborative model and compartmentalization
model are exclusively applicable to Petunia and Nicotiana,
respectively.

In contrast to the two models proposed for Solanaceae-type S,
novel mechanisms have been reported to explain the cytotoxicity
of S-RNase in rosaceous species. In Maloideae, several signaling
factors were found to be associated with S-RNase-induced PT
growth arrest. S-RNase can inhibit the specific activity of a solu-
ble inorganic pyrophosphatase (MdPPa), which disrupts tRNA
aminoacylation and triggers programmed cell death (PCD) in
incompatible PTs (Li et al., 2018). S-RNase also mediates
actin cytoskeleton depolymerization by increasing pollen
phosphatidic acid levels, repressing ABF-LRX signaling, and dis-
rupting the interaction between MdMVG and F-actin (Chen et al.,
2018; Yang et al., 2018; Wu et al., 2023). Two phytohormone
signaling pathways, the jasmonic acid (JA-MdMYC2-MdD1
pathway and the BZR1-mediated brassinosteroid (BR) pathway,
have been shown to be directly and indirectly induced, respec-
tively, by S-RNase to inhibit PT growth (Gu et al., 2019; Wang
et al., 2023). Other cellular processes, such as alterations in
cytoplasmic Ca®* concentration and reactive oxygen species
(ROS) levels, are also likely to be involved in the Sl response
(Jiang et al., 2014). Intriguingly, a self-recognition mechanism
has been reported to induce the Sl response in Prunus (Akagi
et al, 2016). It has been suggested that its pollen S-
determinant SFB interacts specifically with self-S-RNases to pro-
tect them from a general inhibitor such as pollen-specific SLF/
SFB proteins that are conserved and expressed in all S-haplo-
types, resulting in self-cytotoxicity (Matsumoto and Tao, 2019).
This scenario is supported by the fact that loss-of-function SFB
mutations can cause SC directly, whereas polyploidy does not
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directly confer SC in Prunus, in contrast to Solanaceae and Ma-
loideae (reviewed in Tao et al., 2010). In addition, phylogenetic
analyses indicated that S-specific genes of Malus and Prunus
belong to distinct gene lineages, implying independent
recruitment of Sl genes and different recognition mechanisms
in Prunus (Aguiar et al., 2015). Prunus-specific S| may be due to
subfunctionalization of the newly generated pollen S-
determinants, which differentiates them from the ancestral
pollen. Further research is required to determine whether there
are commonalities between Prunus and Maloideae in the
cellular events induced by S-RNase.

In summary, Solanaceae and Rosaceae exhibit distinct pollen-
rejection mechanisms, even though they share S-RNase as the
female S-determinant. Despite extensive research, the intricacy
and diversity of Sl systems imply that novel mechanisms under-
lying S-RNase-mediated Sl responses may still remain to be
discovered. It will be essential to investigate components associ-
ated with S-RNase cytotoxicity in other plant groups (e.g., Rubia-
ceae, Cactaceae, Rutaceae) under S-RNase GSI control. In addi-
tion, the existence of S-RNase GSI in other taxa remains to be
explored, as S-RNase orthologs have not yet been found outside
the eudicot lineage (Niu et al., 2017; Ramanauskas and lgic,
2017; Lv et al, 2022). These studies will enhance our
understanding of how S-RNase functions as a key player in PT
growth arrest and will provide valuable information on the
coevolutionary dynamics between S-RNases and their
interaction partners.

Papaveraceae GSI: Ca?* signaling cascade triggers
programmed cell death in self-pollen

The Sl mechanism identified in Papaver rhoeas (common poppy)
is a Ca2*-based GSI system (Figure 3A). The pistil S-determinant
(PrsS) is a small (~15 kDa), unique protein secreted by stigmatic
papilla cells and is considered to be a signaling ligand (Bosch and
Franklin-Tong, 2008). The pollen S-determinant was suggested
to be a transmembrane receptor and was designated PrpS
(Wheeler et al., 2009, 2010). A transgenic experiment showed
that coexpression of cognate PrpS and PrsS (pistii S
determinant) in A. thaliana (self-compatible) conferred a
“Papaver-like” Sl response in plants, despite Pa. rhoeas and A.
thaliana being distantly related species (140 million years) (Lin
et al.,, 2015). In addition, ectopic expression of PrpS—PrsS in
Arabidopsis roots led to root growth arrest and triggered an SI-
like PCD response (Lin et al., 2020). Given the common and
universal presence of downstream components of “receptor-
ligand” interactions in plants, it has been suggested that the
two Sl-identity genes of Papaver are sufficient to produce Sl
(Wang et al., 2018). In addition to known mechanisms led by
PrpS and PrsS, novel Papaver Sl factors have recently been
identified and validated in transgenic S| Arabidopsis lines
(Lin et al.,, 2022). Remodeling glycosylphosphatidylinositol-
anchored proteins (GPI-APs) and their cleavage/release by GPI-
inositol deacylase HLD1/AtPGAP1 was found to be crucial for
self-pollen rejection, suggesting a role for GPI-APs as corecep-
tors in regulation of the PrpS-PrsS interaction (Lin et al., 2022;
Goring et al., 2023).

Papaver Sl involves a complex signal transduction network that
first inhibits PT tip growth and then triggers PCD of pollen
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Figure 3. Mechanisms of different self-incompatibility systems.

(A) Papaveraceae GSI. The interaction between PrpS and PrsS activates Ca*-dependent signaling events, including an increase in cytosolic free Ca®*
and ROS, a reduction in ATP depletion and acidification of the cytosol, the inhibition of soluble inorganic pyrophosphatase P26.1, and the initiation of two
key regulators of SI-PCD, MAPK9 and caspase-3-like/DEVDase, thereby resulting in programmed cell death of self-pollen.

(B) Brassica SSI. Phosphorylated SRK/MLPK activates ARC1, which targets three compatibility factors, EXO70A1, GLO1, and PLDa1, for degradation. A
second signaling pathway is mediated by the FER-Rac/Rop—-Rboh module, which triggers a rapid increase in NADPH oxidase-produced ROS, leading to

self-pollen rejection.

(C) Arabidopsis SSI. The SRK/SCR interaction triggers a rapid increase in cytosolic free Ca®* and the activation of autophagy, eventually resulting in

inhibition of compatibility factors for pollen acceptance.

(D) Primula HSI. Sl occurs in short (S)-style morphs with stigmas positioned above the anther or long (L)-style morphs with stigmas situated below the
anther. In the S-morph, the cytochrome P450 CYP734A50 inhibits cell elongation by repressing brassinosteroid.

(Thomas and Franklin-Tong, 2004). The interaction of PrpS and
PrsS immediately increases levels of cytosolic free Ca®*
(Franklin-Tong et al., 2002) and ROS (Wilkins et al., 2011;
Haque et al., 2020). Papaver Sl also triggers a reduction in ATP
depletion (Wang et al., 2022a) and acidification of the cytosol
(Wang et al., 2018). These Sl-induced components lead to inhibi-
tion of soluble inorganic pyrophosphatase P26.1 (de Graaf et al.,
2006) and depolymerization of actin cytoskeletons (Snowman
et al., 2002), which rapidly inhibit PT growth. They also create
an intracellular environment that is critical for initiation of cell

death in incompatible pollen. Two key regulators of SI-PCD,
mitogen-activated protein kinase 9 (MAPK9) and caspase-3-
like/DEVDase, are activated in Sl-induced pollen (Chai et al.,
2017). These downstream PCD-related signals are in place to
kill pollen cells, thus preventing self-fertilization. As PCD is a com-
mon and important process in plant reproduction, how this self-
pollen PCD evolved with an Sl-induced function remains
an intriguing question. Systematic comparative analysis could
be performed to identify shared PCD executers in reproduc-
tive PCD.
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In summary, Papaver Sl involves Ca?*-dependent signaling cas-
cades followed by several intracellular dynamics that contribute
to PT growth arrest and self-pollen PCD.

The success of transgenic Arabidopsis Sl lines carrying the Papa-
ver Sl system (Lin et al., 2015) and the availability of the Pa. rhoeas
genome (Yang et al., 2021) should provide more opportunities for
investigating new mechanisms and genetic components of cell-
cell signaling during Papaver Sl.

Brassicaceae SSI: Degradation of compatibility factors
for pollen acceptance

In Brassicaceae SSI, pollen S-specificity is determined by the ge-
notype of the diploid donor tissues (sporophyte), and self-pollen
or genetically similar pollen is rejected when there is an S-haplo-
type match between the pistil and the anther. The Sl response oc-
curs as a rapid cessation of pollen hydration/germination and
initial stages of PT growth (Takayama and Isogai, 2005). Similar
to Sl in Papaver, self-pollen rejection in Brassicaceae is also
mediated by ligand-receptor interactions in which two tightly
linked and highly polymorphic proteins, SRK and SCR/SP11,
are the female and male determinants, respectively (Takayama
and Isogai, 2003). Differences between multiple contact regions
and some conserved residues in SRK and SCR/SP11 are key
for guiding self-/nonself-discrimination (Murase et al., 2020).
Following incompatible pollination, the SRK-SCR/SP11
interaction triggers a cascade of intracellular molecular events
that disrupt secretion and homeostasis in the stigmatic papillae
(reviewed in Goring et al., 2023). These events result in
proteasomal degradation of stigmatic compatibility factors
required for pollen hydration and/or PT growth, leading to
pollen rejection (Abhinandan et al.,, 2022). Considerable
progress has been made in elucidating the downstream
molecular components of the SRK-SCR/SP11 interaction in
Brassica and Arabidopsis. Studies have also suggested
mechanistic and evolutionary differences in Sl signaling within
Brassicaceae due to certain components that seem to be
genus specific in Arabidopsis and Brassica (Zhang et al., 2019;
Fuijii et al., 2020; Yamamoto et al., 2022).

In Brassica, THIOREDOXIN H-LIKE proteins (THL1 and THL2)
(Cabrillac et al., 2001), M-locus protein kinase (MLPK) (Murase
et al,, 2004), and the E3 ubiquitin ligase ARC1 (Armadillo
repeat-containing 1) (Stone et al.,, 1999) are three direct
interactors of SRK. THL1/2 proteins are negative regulators of
SRK prior to the SRK-SCR/SP11 interaction (Cabrillac et al.,
2001). MLPK directly interacts with and is phosphorylated by
SRK to activate SRK-dependent responses (Kakita et al., 2007).
Phosphorylated SRK/MLPK activates ARC1, which targets stig-
matic compatibility factors for proteasomal degradation (Stone
et al.,, 2003). Knockout of ARC7 in B. napus can lead to
complete loss of Sl, demonstrating the indispensable role of
ARC1 in mediating the Sl pathway (Abhinandan et al., 2023).
Three compatibility factors were found to be targeted by ARC1:
exocyst complex subunit (EXO70A1) (Samuel et al., 2009),
glyoxalase 1 (GLO1) (Sankaranarayanan et al., 2015), and
phospholipase D alpha 1 (PLDal) (Scandola and Samuel,
2019). Disruption of these factors, which are necessary for
compatible pollen hydration and germination, results in self-
pollen rejection. Recent studies on Brassica rapa have uncovered
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another signaling pathway led by FERONIA (FER) in the Brassica
Slresponse (Zhang et al., 2021; Huang et al., 2023). The signaling
pathway mediated by the FER-Rac/Rop GTPase-respiratory
burst oxidase homologs (FER-Rac/Rop-Rboh) module triggers
a rapid increase in NADPH oxidase—produced ROS, leading to
self-pollen rejection (Zhang et al., 2021). Reducing ROS levels
by scavengers or by suppressing expression of the FER
signaling module can effectively break down Sl (Zhang et al.,
2021). However, it is unclear how FER-ROS signaling is initiated
by SRK and whether it acts in parallel with MLPK- and ARC1-
mediated pathways for ubiquitination and degradation of
compatibility factors. Investigating their interactions during the
S| response could provide more insights into the intracellular
events involved in pollen rejection.

Compatibility factors for pollen hydration and/or germination in
the stigmatic papillae appear to be shared targets for degradation
in Arabidopsis S| (Goring et al., 2023). The Arabidopsis Sl
response is characterized by a rapid increase in cytosolic free
Ca?* (lwano et al., 2015) and the activation of autophagy
(Safavian and Goring, 2013). Disruption of autophagy in
autophagy-deficient mutants leads to only partial breakdown of
Sl, suggesting that additional signaling pathways function
together with autophagy for pollen rejection (Macgregor et al.,
2022). Studies of Sl in A. Iyrata and transgenic A. thaliana S|
lines have not yet determined a clear role or necessity for
Brassica S| components (e.g., ARC1, Exo70A1) in Arabidopsis
S| (Kitashiba et al., 2011; Indriolo et al., 2014). The exact
mechanisms of autophagy-induced pollen rejection are also un-
clear. There is still much to be learned about the downstream
signaling that operates in the Arabidopsis Sl response and how
it may differ from that of Brassica. Components of the Brassica-
ceae Sl pathway identified in Arabidopsis and Brassica are shown
in Figure 3B and 3C, respectively.

In addition to the signaling events that take place in the stigma,
molecular factors have been identified on the pollen side that
contribute to modulation of the Sl response (Tarutani et al.,
2010; Finnegan et al., 2011; Gao et al., 2016). The occurrence
of dominant and recessive S-haplotypes is an intriguing feature
of the SSI system (reviewed in Fujii and Takayama, 2018).
Studies on Brassica and Arabidopsis have revealed that this
dominance hierarchy is determined by small RNAs (sRNAs)
linked to the S-locus (Tarutani et al., 2010; Durand et al., 2014).
This role of sRNAs in controlling the dominance hierarchy of
male S| determinants appears to be conserved in Brassicaceae
(Yasuda et al., 2021). In Brassica, SP11 methylation inducer
(Smit) was found to induce DNA methylation of the recessive
class II SP11/SCR promoter to regulate monoallelic gene
silencing during dominant-recessive interactions (Shiba et al.,
2006; Tarutani et al., 2010). Smi2 and its polymorphic targets
govern the linear dominance hierarchy of the class Il SP11/SCR
alleles (Yasuda et al., 2016). Dominant-recessive relationships
identified in S| Arabidopsis species were found to be more
complex than those observed in Brassica, including the
existence of multiple dominance classes and their nonlinear
dominant-recessive interactions (Durand et al., 2014; Jany
et al.,, 2019). In A. halleri, sRNA-mediated transcriptional
silencing of recessive SCR alleles involves base-pairing require-
ments, with a given sRNA required to target a specific SCR
sequence (Burghgraeve et al., 2020). Two polymorphic sRNAs,
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AISmi1 and AISmi2, were suggested to control the dominance
hierarchy of A. lyrata, and their predicted targets were as
follows: class IV > class Ill > class Il > class | (Yasuda et al.,
2021). Further analysis of interactions between sRNAs and their
target sites in other S| species should provide more information
on dominance-recessiveness mechanisms in Brassicaceae
(Fujii and Takayama, 2018; Duan et al., 2023).

In summary, self-pollen rejection in Brassicaceae is governed by
the SRK-SCR/SP11 interaction, which triggers multiple signaling
events in the stigmatic papillae to prevent self-pollen from
receiving compatible factors that would normally be needed for
acceptance and growth. To fully comprehend the SSI system, it
is necessary to gain a deeper understanding of the molecular ba-
sis of Sl responses at both the stigma and pollen sides.

Diverse SSI systems and mechanisms in other families

Although the molecular mechanism of SSI has been most exten-
sively characterized in Brassicaceae, Sl under sporophytic con-
trol has also been reported for species in Asteraceae (Ferrer
and Good-Avila, 2007), Convolvulaceae (Kowyama, 2000),
Oleaceae (Saumitou-Laprade et al., 2017a), and Betulaceae
(Hill et al., 2021). Genetic studies have suggested the presence
of distinct mechanisms within and between these families,
which are less likely to adopt the SRK-SCR/SP11 system that
operates in Brassicaceae (Rahman et al., 2007a, 2007b;
Gonthier et al.,, 2013; Saumitou-Laprade et al., 2017b; Hu
et al., 2021).

Approximately 63% of Asteraceae species are estimated to
possess Sl (Ferrer and Good-Avila, 2007). Genetic mapping of
chicory (Cichorium intybus) and Silphium integrifolium has
identified quantitative trait loci (QTLs) (a 0.8-cM region on
linkage group [LG] 2 and a 0-27.7-cM region on LG 6,
respectively) that are likely to contain the S-locus (Gonthier
et al.,, 2013; Price et al., 2022). Recent genome mapping of
chicory has identified MDIS1 INTERACTING RECEPTOR-LIKE
KINASE 2 (MIK2) as a candidate gene associated with the S-lo-
cus (Palumbo et al., 2023). A transcriptome-based study
revealed membrane-associated protein (MAP), nodulin/mtn3
(Nod), and sunflower-21 (SF21) as three candidates involved in
pollen—pistil interactions of Senecio squalidus (Allen et al.,
2011). In addition, SRK-like genes identified in S. squalidus,
chicory, and Si. integrifolium were not linked to the S-locus,
suggesting that they are unlikely to function as S-determinants
(Tabah et al., 2004; Gonthier et al., 2013; Price et al., 2022).
However, functional identification of SRK and SCR/SP11
homologs (CmSRK1 and CmPCP1) in Chrysanthemum
morifolium suggested that they may be S-determinants in this
species (Wang et al., 2021). Hybridization of transgenic
Arabidopsis using CmSRK1 as the female parent and CmPCP1
as the male parent resulted in extremely low seed set (11.64%—
19.62%) compared with those resulting from either self-
pollination or cross-pollination of two independent transgenic
lines (~90%) (Wang et al., 2021). These findings suggest that
there are multiple SSI systems in Asteraceae, with a high
diversity of specific genes involved in pollen—pistil interactions.

Alinkage map of DNA markers showed that the S-locus is located
in the S-haplotype-specific divergent region (SDR) of [pomoea
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(Convolvulaceae) (Kowyama et al., 2008). Three novel stigma-
specific genes, SE71, SE2, and SEA, and an anther-specific
gene, AB2, were identified in the SDR of Ipomoea (Rahman
et al.,, 2007a, 2007b). These tissue-specific expressed genes
are considered S-determinant candidates for Sl in Ipomoea.
Analysis of genotypes and S-allelic interactions in Ipomoea trifida
populations and their crossed F1 progeny revealed a linear domi-
nant-recessive hierarchy with multiple levels of codominance
among the S-alleles (Kowyama, 2000). However, the molecular
bases of the Ipomoea SSI system remain to be characterized.
The availability of three chromosome-level [pomoea genomes
(I. trifida, I. triloba, and I. batatas) (Wu et al., 2018) should
provide more information for determining the precise role of Si
candidates and further delineating the molecular mechanisms
that regulate Sl in Jpomoea.

SSI has also been reported in several members of the Oleaceae
family, where it is characterized by the presence of only two S-al-
leles, the diallelic SSI (DSI) system (Vernet et al., 2016; Saumitou-
Laprade et al. 2018; Besnard et al. 2020; De Cauwer et al., 2021).
The diallelic Sl locus of olive (Olea europaea) is located at 5.4 cM
on LG 18, and two genes related to flower development
(STYLISH1 and FART) were identified within the DSI region
(Mariotti et al., 2020). Examining the interactions between six S-
alleles in olive varieties revealed dominance relationships of R6
> R2, R2 > R3, R3 = R1 = R5, and R5 > R4 (Breton and Bervillé,
2012), and the dominant alleles take precedence over others in
determining mate compatibility during pollination (Breton et al.,
2014). Cellular events reported to be involved in the SI
response of Oleaceae include PCD (Serrano et al.,, 2012). A
study has shown that olive Sl is mediated by a peroxynitrite-
dependent PCD signaling pathway that fine-tunes ROS and nitric
oxide production to trigger cell death (Serrano et al., 2012).
Although DSI is shared by all Sl species studied to date in
Oleaceae, the Sl activites in other genera remain
unknown. Comparative analyses of the diallelic interaction, SI
response, and evolutionary conservation of DSI in other genera
should enable a deeper understanding of the DSI system in
Oleaceae.

The genus Corylus (Betulaceae) includes several important nut-
producing species that exhibit SSI systems (Ma et al., 2013). In
European hazelnut (Corylus avellana), the S-locus was identified
within a 193.5-kb region of LG 5, at which 33 alleles have been
identified (Mehlenbacher, 2014; Hill et al., 2021). The S-alleles
in Corylus exhibit a linear codominance relationship, and the
dominance hierarchy includes eight levels (Mehlenbacher,
2014). Several genes encoding RLKs have been identified at
the S-locus (e.g., MIK2 and Putative Interactor of XopAC 7
[PIX7)) (Hill et al., 2021; Hou et al., 2022a). Expression analyses
and yeast two-hybrid assays confirmed that Corylus does not
employ the SRK-mediated signaling pathway of Brassica SSI
(Hill et al., 2021; Hou et al., 2022a, 2022b). Recent phylogenetic
analysis provided additional evidence supporting the genus-
specific evolution of SSI in Corylus, which is not shared by other
members of Betulaceae (Brainard et al., 2023).

Overall, families that possess the SSI system exhibit diverse S|
mechanisms. It is likely that their SSI mechanisms and those of
Brassicaceae have undergone convergent evolution, and these
families are thus less likely to use the same SRK-SCR/SP11 system
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that operates in Brassicaceae. Investigating the S-determinants
and downstream signaling networks in these families will provide
new insights into the evolutionary origins of SSI systems.

Heteromorphic self-incompatibility characterized by
heterostyly

Heterostyly refers to the presence of two or more floral morphs
(e.g., distyly or tristyly) that exhibit spatial separation of pollen
and stigma, usually in the form of a short-style (thrum) morph
with the stigma positioned above the anther and a long-style
(pin) morph with the stigma situated below the anther (Barrett
and Shore, 2008). This reciprocal floral trait, in which the
stigmatic surface and the anther are spatially separated
(kerkogamy), promotes efficient cross-pollination and is often
associated with a form of SI known as heteromorphic S| (HSI)
(Barrett, 2000). The most distinguishing feature of HSI
compared with homomorphic Sl is the tight association
between floral morphology and female compatibility type
(McCubbin, 2008). HSI is thought to have originated
independently multiple times, with a scattered phylogenetic
distribution in 28 families (Barrett, 2002). The recent availability
of molecular techniques has led to fundamental advances in
understanding the molecular mechanisms of HSI, including
characterization of S-locus and female Sl types in Primula
(Primulaceae) (Li et al., 2011, 2015; Huu et al., 2022),
identification of male and female determinants at the S-locus
and generation of SC mutants in Turnera (Passifloraceae)
(Chafe et al., 2015; Matzke et al., 2021; Henning et al., 2022),
identification of floral morph-related genes in Linum
grandiflorum (Linaceae) (Ushijima et al., 2012, 2015), and
analysis of S-locus genes in the buckwheat Fagopyrum
esculentum (Yasui et al., 2012; Ueno et al., 2016). Over 91% of
species in the genus Primula have dimorphic HSI to promote
legitimate pollination between thrum (S) and pin (L) morphs,
making it the most studied model for HSI (McCubbin, 2008).
The dimorphs of Primula are determined by dominant and
recessive genotypes at the single S-locus, which is a
supergene containing at least two tightly linked genes that
control different traits (Kappel et al., 2017). In short-styled Primula
flowers, the female Sl type is determined by the expression of the
cytochrome P450 CYP734A50 in the style, which inhibits cell
elongation by inactivating brassinosteroids (BRs) (Huu et al.,
2016, 2022) (Figure 3D). The GLOBOSA2 (GLO2) gene at the S-
locus may control the position and elevation of the anther (Huu
et al., 2020), but the gene that determines male incompatibility
types remains unclear. A recent study showed that virus-
induced gene silencing of CYP734A50 in S-morph plants altered
both style length and female compatibility, resulting in homo-
styled flowers (Huu et al., 2022). This study also found that BRs
play a role in determining female S| by functioning both
indirectly in pollen germination and directly in PT growth, with
S- and L-morph pollen responding differently to BR treatment.
This system of female S| and style-length determination by a
BR-inactivating enzyme has also been reported in Turnera, in
which the BR-inactivating activity of BAHD, an S-locus gene of
the BAHD acyltransferase family, pleiotropically controls style
length and female mating specificity (Shore et al., 2019; Matzke
et al.,, 2020). BRs play a role in mediating these traits by
differentially regulating gene expression in the style (Matzke
et al., 2021). Recent work suggests that the male mating type
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and pollen size of Turnera are controlled by the YUCCA family
member YUC6 at the S-locus (Henning et al., 2022). YUC6 is
thought to have undergone neofunctionalization in Turnera and
acts as a male determination factor by affecting auxin
production in the anther. In contrast to the system mediated by
BR inactivation in Primula and Turnera, the style length of short-
styled Fagopyrum is controlled by Early flowering 3 at the S-
locus (S-ELF3) (Yasui et al., 2012), suggesting that HSI may be
controlled by different systems in different heterostyled
species. Use of molecular techniques to identify and
characterize additional genes involved in female specificity and
heterostyly in model systems such as Primula and Turnera will
likely lead to more exciting discoveries in this field.

Sl in monocots, using the grass family as an example

As another important angiosperm lineage, monocots also include
many taxa that exhibit SI with vastly diverse Sl systems based on
different types of incompatible reactions (Sage et al., 2000). S|
types in monocots span GSI in the grass family (Poaceae) (de
Nettancourt, 2001), heteromorphic SSI in Pontederiaceae
(Bianchi et al., 2000), late-acting prezygotic Sl, also known as
ovarian Sl, in Velloziaceae, Iridaceae, Amaryllidaceae, and Xan-
thorrhoeaceae (Gibbs, 2014), indeterminate GSI in pineapple
(Ananas comosus) (Chen et al., 2019a), and uncharacterized but
non-S-RNase-type Sl in Orchidaceae (Niu et al., 2017). Despite
the widespread occurrence of Sl in monocots, little is known
about the molecular mechanisms and related physiological and
biochemical processes involved in S| within this group. Here,
we review research progress on monocots, using the grass
family as an example.

The two-locus (S-2) GSI system in Poaceae is the most studied Sl
system in monocots (Langridge and Baumann, 2008). The GSI
system is controlled by two multiple-allelic loci, S and Z (Li
et al.,, 1997). Each locus contains two male and one female
determinant, and S| occurs when the pollen S- and Z-
genotypes are identical to the corresponding pistil genotypes
(Rohner et al., 2023). The downstream reaction upon pollen-
stigma interaction in grass appears to involve Ca2* signal trans-
duction, protein phosphorylation, and proteolysis pathways
(Yang et al.,, 2008; Klaas et al., 2011; Chen et al., 2019b).
Comparative genomic analysis suggested a duplicated origin of
the grass Sl system owing to the similar gene composition and
structure of the S-locus and Z-locus, and the high synteny
between these two loci in the Poaceae tribe supported the
hypothesis that grasses share the same Sl determinants
(Rohner et al., 2023). Fine-mapping and comparative studies
identified two DUF247 family genes (SDUF247-1 and SDUF247-
Il) and an sS gene as the male and female determinants, respec-
tively, at the S-locus (Manzanares et al., 2016). Likewise, pollen
and stigma components are determined by two DUF247 family
genes (ZDUF247-1 and ZDUF247-1l) and the sZ gene at the Z-lo-
cus (Rohner et al., 2023). Two linked glycerol kinase-like genes
(LpGK1 and LpGK2) were reported as Z-candidates, but further
validation experiments remain to be performed (Studer and
Torben, 2014). The HPS10 expression pattern and the results of
CRISPR/Cas9 (clustered regularly interspaced  short
palindromic repeats/CRISPR-associated protein 9) knockout
confirmed that HPS70 (which encodes a small extracellular
pistil peptide) is the sS gene of the S-locus in African wild rice
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(Oryza longistaminata) (Lian et al., 2021; Wang et al., 2022b). Loss
of function of either the female or male component at the S-locus
can cause breakdown of Sl, which functions in a cognate manner
to reject self-pollen. This specific linkage between HPS-70 and
DUF247 is found exclusively in Poaceae, suggesting the indepen-
dent origin of the S-Z GSI system (Wang et al., 2022b). However,
the sZ gene at the Z-locus and the downstream components of
pollen—pistil interactions remain to be identified. With the
availability of high-quality Poaceae genome assemblies and
recent advances in gene engineering techniques (Zhang et al.,
2015, 2020; Melonek et al., 2021), a comprehensive
comparative genomics approach can now be used to resolve
these questions in grass Sl and beyond.

BREEDING STRATEGIES FOR SI CROPS

Obligate outcrossing is favored in Sl species because of its evolu-
tionary advantage in preventing inbreeding depression and main-
taining a high level of diversity (Barrett, 2002). However, SI may
impose constraints on crop production and horticultural
practices owing to the limited availability of mating partners and
pollination vectors, which inevitably results in low fertilization
efficiency and disparities in fruit quality. This is a significant
barrier, particularly when the commercial product is seeds, and
intense management and higher costs are required to achieve
good yields (reviewed in Ahmad et al., 2022). Hence, developing
SC lines that bypass outcrossing is an important objective for
some Sl crops to promote efficient breeding and achieve and
maintain elite genotypes. With a large number of molecular
techniques now available, our current understanding of Sl is
increasingly being applied in a crop-breeding context to address
three main objectives: overcoming S| for crop improvement,
marker-assisted selection and breeding, and interspecific UI.

Crop improvement

Conventionally, most SC cultivars are derived from spontaneous
mutations or physiological induction/chemical treatment by
breeders and growers and are therefore strongly dependent on
artificial evaluation and empirical selection (de Nettancourt,
2001). Since the first attempt to break down Sl in B. rapa using
Agrobacterium-mediated transformation (Shiba et al., 1995),
there has been growing interest in the production of SC crops
through biotechnology (Figure 4 and Table 1). Modern genetic
engineering approaches such as transgenic breeding, breeding
by genome editing, and gene silencing have enabled Sl to SC
transitions (and vice versa) through intentional manipulation of
target Sl factors. Among these techniques, genome editing
enables unprecedented advances in the introduction of
new traits into S| species and the generation of SC
lines, revolutionizing crop improvement through precise DNA
manipulation. CRISPR/Cas9, an advanced genome-editing tech-
nology, has been used in important food crops, fruit crops, and
forage crops to perform precise genetic modifications, leading
to both gain-of-function outcomes through incorporation of
desired mutations and loss-of-function effects by creation of
knockouts (Nadakuduti et al., 2018; Chen et al., 2020; Zhou
et al., 2020).

In Sl crops such as potato (Solanum tuberosum), crop quality can
be improved by introducing genes from wild species with resis-
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tance traits, and the development of inbred lines can further
accelerate fixation of desirable allelic combinations (Enciso-
Rodriguez et al., 2019). Although biotechnology has greatly
promoted the production of clonally propagated potato, sexual
reproduction via seeds still offers advantages for new variety
selection and pathogen avoidance (Kardile et al., 2022). In this
context, CRISPR/Cas9 has been effectively used to knock out
S-RNase genes for direct breakdown of S| and development of
SC diploid potato (Ye et al., 2018; Enciso-Rodriguez et al.,
2019). Notably, the Sl trait can be transmitted to T1 progeny,
suggesting the possibility of transgenerational deletion (Enciso-
Rodriguez et al., 2019). In a recent study, double knockouts of
HT-B and S-RNase led to enhanced SC phenotypes in two potato
lines (124_001 and 124_137), which can serve as additional ge-
netic resources for future diploid breeding (Lee et al., 2023).
Development of inbred diploid lines via genome editing appears
to offer tremendous opportunities for crop improvement,
providing an alternative to clonally propagated tetraploid
potatoes (Jansky et al., 2016).

Genome editing has also been used for traitimprovement in Bras-
sica, a genus with many agriculturally important Sl crops.
CRISPR/Cas9 knockout of BnS6-Smi2, the suppressor of
BnSCR, generated a novel S| phenotype in rapeseed (B. napus)
and thus represents a promising method for creating more Si
lines for breeding (Dou et al., 2021). In addition to manipulation
of S-determinants, CRISPR/Cas9-based knockout of the gene
encoding PP2A 55-kDa B regulatory subunit (PR55/B) conferred
SC in Chinese cabbage (B. rapa ssp. pekinensis), highlighting op-
portunities for development of SC lines by targeting non-S loci
and Sl-related genes (Shin et al., 2022). CRISPR/Cas9 can also
be used to induce multiple simultaneous mutations for trait
improvement (Ma et al., 2019). The obligate outcrossing and
prolonged vernalization time of cabbage (Brassica oleracea var.
capitata) have complicated breeding efforts to create new
germplasm (Ma et al., 2019). To achieve trait improvement in
cabbage (B. oleracea var. capitata), an endogenous tRNA
processing-based CRISPR/Cas9 system was used to induce
mutagenesis in the S-receptor kinase gene BoSRK and the
male-sterility-associated gene BoMS1 (Ma et al., 2019). This
multiple editing strategy that produces SC and male-sterile
lines can overcome breeding barriers in cabbage, enabling the
stacking of desirable traits in a single operation.

Other species in which CRISPR/Cas9 has been used for trait
improvement include cultivated alfalfa (Medicago sativa), one
of the world’s most important forage crops that exhibits recalci-
trant characteristics such as S| and tetrasomic inheritance
(Chen et al., 2020), apple (Malus domestica) (Osakabe et al.,
2018), and Prunus species (Prudencio et al., 2022), suggesting
that precise gene modifications are increasingly feasible for Si
crops. Although routine protocols remain to be developed for
more Sl crops, these studies highlight the great potential of
genetic engineering techniques such as CRISPR/Cas9 to
confer desirable traits for crop improvement without lengthy
procedures.

Marker-assisted selection and breeding

For woody perennials such as fruit trees, long juvenile periods
and large plant sizes have greatly hindered progress in cultivar
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Figure 4. Four breeding strategies commonly used for Sl crop improvement.

selection and improvement of elite breeding lines (Dirlewanger
et al., 2004). In many rosaceous species that exhibit obligate
outcrossing, the presence of suitable pollinizers (compatible
pollen donors) or SC cultivars is an important determinant of
fruit set, and it may take years for these traits to be evaluated in
the field (Schneider et al., 2005; Dirlewanger et al., 2009).
Traditional selection based on controlled pollination and
observation of PT growth is laborious and time consuming, with
unexpected variables due to varying environmental conditions.
As information on the S-specificity of each Sl system has
become available, molecular genetics approaches (e.g.,
genotyping, linkage maps, QTLs) have been progressively used
in marker-assisted selection (MAS) and breeding to precisely
target the genotypes associated with Sl traits.

Allele-specific polymerase chain reaction is routinely used to
identify S-genotypes and new S-alleles in important fruit crops,
including apple (M. domestica) (Sheick et al., 2018), apricot
(Prunus armeniaca) (Orlando Marchesano et al., 2022), cherry

(Prunus avium) (Kivistik et al., 2022), almond (Prunus dulcis)
(Gouta et al., 2021), plum (diploid Pyrus salicina, hexaploid
Pyrus domestica and Pyrus insititia) (Abdallah et al., 2019), and
pear (Pyrus communis) (Claessen et al., 2022). These S-
genotypes have been particularly useful in commercial orchard
management, making it possible to rapidly determine
compatible combinations among cultivars and shorten the
generation cycle needed to characterize a genotype
(Dirlewanger et al., 2004). Built upon DNA-based markers, ad-
vances in next-generation sequencing technologies have
enabled the use of single-nucleotide polymorphism (SNP)
markers (Mammadov et al., 2012) in genetic mapping and
diversity screening for the breeding of S| crops. Examples of
this can be seen in cacao (Theobroma cacao) and wheatgrass
(Thinopyrum intermedium), in which genome-wide studies have
identified SNPs associated with S| or SC factors and fine-
mapped the regions containing the candidate genes, thus
facilitating early selection and development of inbred lines (da
Silva et al., 2016; Crain et al., 2020; Lopes et al., 2022).
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Species/cultivars Methods Target gene Purpose of the study Reference
Brassica rapa Agrobacterium tumefaciens— | S-locus glycoproteins Break down self- Shiba et al.
mediated transformation (SLGs) incompatibility (Sl) in B. rapa | (2000)
Brassica napus A. tumefaciens strain SLG, S-locus receptor Generate Sl in B. napus Cui et al.
COR338-mediated kinase (SRK) (2000)
transformation
Brassica napus A. tumefaciens-mediated SRK Examine the role of SRK in | Silva et al.
transformation inducing SI (2001)
Arabidopsis thaliana A. tumefaciens—-mediated Glyoxalase | (GLOT) Break down artificial Sl in A. | Kenney et al.
transformation thaliana (2020)
Solanum chacoense lines RNA interference (RNAI) HT Gene silencing of HT to O’Brien et al.
314, 582, G4, V22 impart SC in S. chacoense (2002)
Petunia hybrida A. tumefaciens-mediated S-RNase, SLF Break down pollen SI Qiao et al.
transformation function in P. hybrida (2004)
Solanum tuberosum RH89- | A. tumefaciens strain S-locus inhibitor (Sli) Develop inbred potato lines | Ma et al.
039-16 (RH) GV3101-mediated (2021)
transformation
Solanum tuberosum A. tumefaciens strain AGLO | S-locus inhibitor (Sli) Develop inbred potato lines | Eggers et al.
cultivars and AGL1-mediated (2021)
transformation, CRISPR/
Cas9

Table 1. Examples of conferring self-compatibility through biotechnology.

QTL mapping is another important tool for MAS. Although QTL
characterization is more commonly used for quantitative traits
with intricate inheritance patterns such as fruit quality and
bloom time (Dirlewanger et al., 2009), mapping QTLs
associated with Sl or SC can aid in the selection of lines with
target traits. For instance, Xiao et al. (2019) performed recurrent
backcrossing for rapid introgression using two SC-QTL-specific
markers, BolD0709 and BolD0992, thereby overcoming crossing
incompatibility in Sl cabbage. In a related approach, QTLs linked
to self-fertility were mapped in Sl alfalfa to reduce the occurrence
of self-seeded cultivars (Robins and Brummer, 2010). In B. rapa,
five QTLs associated with SI were identified by constructing a
linkage map for MAS of stable S| parental lines (Hatakeyama
et al., 2010). In sunflower (Helianthus annuus), two QTLs
associated with self-pollination were detected in elite crosses
of wild populations to understand the genetic control of SC in
inbred lines and accelerate gene introgression via MAS (Gandhi
et al., 2005).

The successful application of molecular markers to Sl crops un-
derscores their potential to expedite the development of inbred
lines with desired traits. By harnessing the genetic information
encoded in these markers, breeders can make informed deci-
sions, prioritize valuable traits, and navigate complex inheritance
patterns with greater efficiency.

Interspecific unilateral incompatibility

In addition to SI, the best-known intraspecific reproduction bar-
rier, plants also use a variety of interspecific reproductive barriers
(IRBs) to maintain species identity, hindering interspecific hybrid-
ization by breeders (Baek et al., 2016). Because these two
reproductive barriers are mechanistically related, knowledge
gained from well-studied S| systems has provided many insights
into mechanisms of hybrid incompatibility (Bedinger et al., 2017).

One of the IRBs is interspecific U, a unidirectional interspecific
pollen rejection that typically occurs when the female parent is
Sl and the male parent is SC (the SI x SC rule) and is thought
to have a close connection to Sl in some lineages (Chalivendra
et al., 2013).

Extensive work has been undertaken to unravel the mechanisms
underlying Ul in two prominent crop genera, Brassica and Sola-
num. In B. rapa, Ul is triggered by recognition between genes en-
coding the pistil receptor SUI1 (STIGMATIC UNILATERAL IN-
COMPATIBILITY 1) and the pollen ligand PUI1 (POLLEN
UNILATERAL INCOMPATIBILITY 1) that display genetic control
similar to that of the S| genes SRK and SP11, respectively
(Takada et al., 2017). In a very recent Brassicaceae study, SRK
was shown to mediate rejection of Ul pollen by recruiting
FER and rapidly increasing FER-mediated ROS levels in stigmas
in a process that resembled SRK signaling in the Sl response but
occurred via different intracellular pathways (Huang et al., 2023).
A study in A. thaliana showed that STIGMATIC PRIVACY 1
(SPRIT), which encodes a stigma-specific plasma membrane
protein, is a stigmatic Ul factor that rejects pollen from distantly
related Brassicaceae species (Fujii et al., 2019). Although there
is no evidence for shared mechanisms between S| and Ul, SI
components such as MLPK have been found to be involved in
Ul signaling pathways in Brassica (Takada et al., 2013),
indicating that Ul occurs in a species-specific manner in Brassi-
caceae. Nevertheless, the parallel between Ul and Sl is more
evident in Solanum species, as several Sl factors, including S-
RNase, CUL1, and HT, also function in the Ul system (Hancock
et al., 2003). Studies on tomato cultivars and related Solanum
species showed that genes encoding SLF proteins and Cullin1
protein function as pollen factors in Ul and that pollen
recognition involves mechanisms related to Sl (Li and Chetelat,
2014, 2015). Tovar-Méndez et al. (2014) performed a gain-of-
function experiment with S-RNase and HT genes in cultivated
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tomato and found that they were sufficient to confer Ul between
red- and green-fruited species. These results point to the possi-
bility that some types of Ul are genetically associated with SI, but
a solid conclusion on this issue must await the characterization
and validation of more genes underlying Ul. Existing knowledge
of Sl systems undoubtedly presents an avenue to reveal the hid-
den interplay between these two reproductive barriers, ultimately
enhancing our understanding of interspecific hybridization
possibilities.

CONCLUDING REMARKS AND
PROSPECTS

S| has long captivated scientists because of its pivotal role in
evolutionary processes that lead to speciation and diversifica-
tion, as well as the important consequences of mating-system
shifts. Since Darwin’s time, our understanding of diverse Sl sys-
tems and their underlying mechanisms has been greatly
enhanced by advances in molecular and evolutionary studies.
Undoubtedly, genomic approaches stand as the emerging fore-
front in the study of Sl and its integration into breeding practices.
These techniques offer unprecedented opportunities to unravel
the intricate signaling pathways triggered by Sl responses, illumi-
nating the trajectory of Sl evolution and the transitions between Si
and SC. The extensive repository of molecular and genetic in-
sights has also paved the way for precise engineering of Sl crops,
building a solid foundation for crop enhancement and molecular-
assisted selection.

Although numerous S|l mechanisms have been investigated,
tremendous variation in the genetic control of SI poses ongoing
challenges. This is particularly evident in the necessity to deci-
pher Sl systems and S-determinants in monocots and other
angiosperm lineages. Although molecular techniques have
been extensively applied to well-characterized Sl systems such
as S-RNase-based GSI and Brassica SSI, outstanding questions
persist, especially concerning their origin, evolution, and gain and
loss, as well as the identification of novel regulatory factors. Ad-
dressing differences in downstream signaling components
among taxa that use the same Sl systems (e.g., the SCR-SRK
system in Brassica and Arabidopsis or the S-RNase-based sys-
tem in Petunia, Nicotiana, and Prunus) presents another critical
challenge. There is also compelling evidence for parallels in the
mechanisms that govern self-/nonself-discrimination and path-
ogen defense, as well as shared components of Sl and IRBs. A
crucial direction for future research is to identify the potential in-
tersections and explore the potential functional redundancy of
these pathways. Furthermore, with genome editing playing a cen-
tral role in crop engineering, precise DNA manipulation to
confer desired traits and disrupt Sl holds great promise for tack-
ling various breeding challenges in the foreseeable future. Devel-
opment of routine protocols for genome-editing techniques such
as CRISPR/Cas9 will be a pivotal step toward realizing these
goals. The combination of molecular tools and cutting-edge tech-
niques promises to propel future research forward, ushering in a
new era in our understanding of Sl.
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