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Hybridisation between individuals of different species can lead to maladapted or
inviable progeny due to genetic incompatibilities between diverging species. On
the other hand, mating with close relatives, or self-fertilisation may lead to
inbreeding depression. Thus, both too much or too little divergence may lead to
problems and the organisms have to carefully choose mating partners to avoid
both of these pitfalls. In plants this choice occurs at many stages during
reproduction, but pollen-pistil interactions play a particularly important role in
avoiding inbreeding and hybridisation with other species. Interestingly, the
mechanisms involved in avoidance of selfing and interspecific hybridisation
may work via shared molecular pathways, as self-incompatible species tend to
be more ‘choosy’ with heterospecific pollen compared to self-compatible ones.
This review discusses various prezygotic post-pollination barriers to interspecific
hybridisation, with a focus on the mechanisms of pollen-pistil interactions and
their role in the maintenance of species integrity.
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1 Introduction

Although closely related plant species are often cross-compatible and can form hybrids
in artificial crosses, the vast majority of species are reproductively isolated in natural
populations (Rieseberg et al., 2006). Various interspecific barriers to hybridisation exist at
both pre- and postzygotic stages. Prezygotic barriers act before fertilisation, ensuring
preferential acceptance of conspecific pollen. Postzygotic barriers act after fertilisation,
resulting in hybrid inviability and hybrid breakdown that reduces or prevents reproduction
in the next generation. For closely related plant species, prezygotic barriers are believed to
play a greater role in reproductive isolation than postzygotic barriers (Rieseberg and Willis,
2007; Widmer et al., 2009; Christie et al., 2022). Different forms of prezygotic isolation in
plants can be classified into pre- and post-pollination barriers. Pre-pollination barriers,
such as those caused by species-specific pollinators, reduce the possibility of pollen transfer
between the plant species. Such barriers have been actively studied; they can be caused by a
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range of factors, including seasonal reproductive phenology (e.g.
flowering at different times) (Gaudinier and Blackman, 2020),
ecogeographic adaptation to habitats (Kay, 2006; Schemske,
2010), pollination (Kay and Sargent, 2009; Moreira-Hernandez
and Muchhala, 2019) and mating system (Markova et al., 2017).
On the other hand, post-pollination prezygotic interspecific barriers
remain relatively understudied (Broz and Bedinger, 2021; Tran and
Lenhard, 2023) and will be the focus of the current review.
Pollen-pistil interaction (PPI) is a series of crucial male-female
recognition events that occur after pollination but before
fertilisation. PPIs lead to acceptance of intraspecific nonself-
pollen and rejection of self-incompatible or interspecific pollen.
Reproductive barriers can be established at various stages during
PPI, which thereby plays an important role in angiosperm
speciation (Bedinger et al,, 2017; Hater et al., 2020; Broz and
Bedinger, 2021; Hafidh and Honys, 2021). PPI starts with pollen
deposition, adhesion and hydration on the stigma, followed by
germination and growth of the pollen tube through the style’s
transmitting tract to the ovule’s micropyle. After arrival at the
micropyle, the pollen tube bursts to release the twin sperm cells to
complete fertilisation. These steps involve complex pollen-pistil
molecular crosstalk, and ‘miscommunication’, or ‘incongruence’
between interspecific molecules often results in passive
incompatibilities, leading to reproductive barriers that reject
heterospecific pollen (Heslop-Harrison, 2000; Bedinger et al.,
2017; Broz and Bedinger, 2021). In contrast to ‘incongruence’,
‘incompatibility’ involves active mechanisms that affect con- or
heterospecific recognition processes (Hogenboom, 1975).

2 Self-incompatibility as a barrier to
species hybridisation

Self-incompatibility (SI) systems evolved independently in
many groups of flowering plants and different angiosperm
families have different SI systems that prevent self-fertilisation
(Takayama and Isogai, 2005; Allen and Hiscock, 2008). They are
usually controlled by a multiallelic S-locus, with each SI allele
encoding a matching combination of pollen and pistil
components of the SI system. The general principle of SI systems
is to function as a lock-and-key mechanism triggering pollen
rejection or acceptance, but the actual molecular implementations
of this principle vary between the plant groups. While the SI
systems are ‘designed’ to prevent self-fertilisation, at least some of
these systems appear to play a significant role in rejection of
heterospecific pollen, creating interspecific reproductive barriers
(Kitashiba and Nasrallah, 2014; Broz and Bedinger, 2021; Huang
et al., 2023). For a long time, it has been recognised that self-
incompatible species have a greater tendency to actively reject
heterospecific pollen compared to self-compatible (SC) species
(Lewis and Crowe, 1958). The crosses between closely related
species often lead to an asymmetric outcome (Tiffin et al., 2001) -
unilateral incompatibility (UI), with rejection of heterospecific
pollen by SI plants and acceptance of heterospecific pollen by SC
plants (Lewis and Crowe, 1958; Li et al., 2018). This pattern, often
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referred to as the SI x SC rule (Figure 1A), suggests that SI is
involved in heterospecific pollen rejection.

Based on the current understanding of the SI mechanisms, they
can be classified into self- and non-self-recognition systems
(Figure 1B) (Fujii et al., 2016). It may appear improbable that the
self-recognition SI, such as those found in Brassicaceae (Murase
et al,, 2020) and Papaveraceae (Goring et al., 2023), can contribute
to interspecific reproductive isolation. In these plant families, the SI
reaction causing pollen rejection has to be switched on by the right
combination of pollen and pistil components (Kachroo et al., 2001;
Takayama et al., 2001) (Figure 1B). Genes encoding the matching
‘lock’ and ‘key’ components (S proteins) are always kept together —
linked in the same allele (haplotype) of the S-locus, where
recombination is suppressed (Takayama and Isogai, 2005). Thus,
recognition triggering pollen rejection occurs only for the pollen
and pistil proteins encoded by the same haplotype in the S-locus,
which is very specific and effective to prevent self-fertilisation, but
may not seem particularly suited for rejection of heterospecific
pollen that would not bear the right ‘key’ to trigger the SI.
Nevertheless, the recent findings in Brassicaceae indicate that self-
recognition SI systems can also be involved in heterospecific pollen
rejection (Takada et al., 2017; Huang et al., 2023). Takada et al.
(2017) identified a novel pair of S proteins, a stigma receptor SUI1
(Stigma unilateral incompatibility 1) and a pollen ligand PUI1
(Pollen unilateral incompatibility 1), which are similar to the S
proteins in Brassica SI, S-locus receptor kinase (SRK) and S-locus
cysteine-rich protein (SCR) (Schopfer et al., 1999; Takasaki et al.,
2000) (Figure 1B). The interaction of SUIl and PUIl governs
unilateral incompatibility between distinct populations, suggesting
a potential molecular mechanism whereby SI signalling contributes
to reproductive barriers in allopatry. The recent study by Huang
et al. (2023) revealed that the Brassica SI female determinant, SRK,
not only rejects self-pollen but also rejects interspecific pollen,
demonstrating the capacity of self-recognition SI systems in
establishing reproductive barriers.

The non-self-recognition SI systems (Figure 1B), such as those
found in Solanaceae, Plantaginaceae, Rosaceae and Rutaceae
(Takayama and Isogai, 2005; Fujii et al., 2016; Liang et al., 2020)
appear more readily suited to prevent both self-fertilisation and
interspecific hybridisation. In such SI systems, the barrier to pollen
growth is ‘always on’ and by default rejects all pollen except the
pollen that has the right resistance components. Pollen rejection is
caused by S-RNase that is encoded by the S-locus and is expressed
in the pistil (McClure et al., 2011). Cytotoxic effects caused by S-
RNase inhibit pollen tube growth. Pollen resistance to S-RNase is
conferred by the S-locus F-box proteins (SLFs) that are expressed in
pollen and mediate S-RNase ubiquitination and degradation (Sun
et al., 2018). S-RNase gene is highly polymorphic, with multiple
alleles present in the same species (Liang et al., 2020). For the SI
system to function, a pollen grain has to have resistance to most S-
RNase alleles present in that population, except the allele in the
same S-haplotype. This is achieved by the presence of multiple SLF
genes in each S-haplotype, which collectively recognise all non-self
S-RNases (Fujii et al., 2016). Thus, RNase-based SI is often referred
to as a collaborative non-self recognition system (Kubo et al., 2010).

frontiersin.org


https://doi.org/10.3389/fpls.2023.1230278
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang and Filatov

Intraspecific Interspecific
L L

ey T e o
N N A 4 v A scr/spi1 ... S

Self-recognition

10.3389/fpls.2023.1230278

Non-self-recognition

S-RNase

degradation 15) Toxification
g,\ g’i <\ 4 S g T
> 4 © SRNase
Q SRK —p Incompatibility
response
Non-self- (cross)- Self-pollination N — .
S| sl sc pollination Non-self- (cross)
Germination 7], Stigma
o
& / {
Compatible pollen r
° J
° e T
Pollen coat .O. O ° e tigma nteract
°
o Pollen — © ®eo o © e
coat CRPs T—¢ @ °% o o
° °o_©® o
e .. °\o H
0o ® o® ol @
el Y
©PCP-Bs o o0 8 Y
© o0 o A ) Micropyle £ @ @
/28 R\ PRKG g
e S Y .
. Attures 0 o # | -
/“"’ * JLUREs  Pollen tube|
R lSli‘mallcr!tevtorx ic cells ‘“?u'::
o] o |\
2 ) E
e /o] |2
i supsy/ SRt wirenil ol
Papilla cell o2 W b @j @
e
(75 poljen tube @j‘ @
eption] | L

FIGURE 1

Pollen-pistil interactions during prezygotic post-pollination processes. (A) Interspecific and intraspecific interactions between self-incompatible (SI)
and self-compatible (SC) species, following the Sl x SC rule. (B) Self-recognition systems within the Brassicaceae family and non-self-recognition
systems within the Solanaceae family. (C) Signalling mediated by peptides and receptors during compatible pollen-pistil interactions, including
pollen-stigma interactions, pollen tube guidance, and pollen tube reception at the female gametophyte. Question marks highlight unidentified
signalling components. Peptides and their receptors interacting in a species-preferential manner are underlined. Abbreviations: SCR, S-locus
cysteine-rich protein; SRK, S-locus receptor kinase; SLF, S-locus F-box proteins; PCP-Bs, pollen coat protein B class; FER, FERONIA; SPRI1, Stigma
privacy 1; LTP5, lipid transfer protein 5; LeSTIG1, Lycopersicon esculentum stigma specific protein 1; LePRK1/2, Lycopersicon esculentum pollen-
specific receptor kinase 1/2; TTE, transmitting tract epidermis; SCA, stigma/style cysteine-rich adhesin; FA, filiform apparatus; At/TfLURE, Arabidopsis
thaliana / Torenia fournieri LURE; PRK6, pollen-specific receptor-like kinase 6; RALF, rapid alkalization factor; BUPS, budda's paper seal; ANX, anxur;
LRE, LORELEI; ANJ, ANJEA; HERK1, HERCULES RECEPTOR KINASE 1; LLG2/3, (LRE-LIKE GPI-ANCHORED PROTEIN2/3); ZmEAL, Zea mays egg

apparatus 1; ZmES, Zea mays embryo sac.

Because by default S-RNase prevents grown of any non-
resistant pollen, it is easy to see how it can cause rejection of
heterospecific pollen and prevent hybridisation with other species.
However, this system may not provide an effective barrier from the
pollen of closely related species that have the same SI and share the
SLF resistance genes in the S-locus. The involvement of S-RNase in
rejection of heterospecific pollen was tested in tobacco (Murfett
et al, 1996) and tomatoes (Covey et al., 2010; Qin et al,, 2018),
where both S-RNase dependent and independent rejection (Tovar-
Mendez et al., 2017) of heterospecific pollen was observed,
illustrating the complexity of heterospecific pollen rejection, with
multiple redundant mechanisms involved. The pollen components
of SI in RNase-based SI - the F-box proteins were also revealed to be
involved in pollen rejection in unilateral incompatibility (Li and
Chetelat, 2015), which supports the role of SI in heterospecific
pollen rejection.

3 Stages of pollen-pistil interactions

Below we discuss different stages of pollen-pistil interactions
when SI-dependent or independent rejection of heterospecific
pollen occurs, leading to reproductive barriers.
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3.1 Pollen-stigma interactions

After pollination, the first stage of the pollen-pistil interactions
occurs right at the surface of the stigma (Figure 1C). The stigma is
the receptive terminal of the pistil (Bedinger et al., 2017) and can be
classified into two broad groups based on their structure and size:
wet stigmas and dry stigmas (Heslop-Harrison and Shivanna,
1977). Wet stigmas, such as in Nicotiana and Petunia
(Solanaceae), are covered by a viscous secretion, while dry
stigmas, e.g. in Brassicaceae (Edlund et al., 2004), lack a surface
exudate and possess a layer of intact papilla cells. There are also
semi-dry stigmas, such as those found in the Asteraceae family,
where a small amount of exudate is present when the stigma is
mature (Hiscock et al.,, 2002).

Once the pollen grain is deposited on the stigma surface, it must
be hydrated to become metabolically activated before germinating
and developing a pollen tube that grows through the pistil to deliver
the sperm cells to the ovary for fertilisation. Wet stigmas tend to
hydrate pollen indiscriminately, while pollen hydration on dry
stigmas tends to be more selective (Heslop-Harrison, 2000). In
Brassicaceae, the dry stigma surface is a highly discriminative first
point of contact with the desiccated pollen grains (Huang et al,
2023), which are reliant on the stigma papilla cells to provide water
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and other components required for pollen hydration and
germination (Broz and Bedinger, 2021). The evolution of the dry
stigma made pollen hydration a crucial checkpoint in the
reproductive process. At this stage, a molecular dialogue occurs
between the pollen grain and the stigmatic papilla cell to determine
their compatibility. Therefore, it is at this stage where the earliest
post-pollination prezygotic barrier can be established, contributing
to the prevention of fertilisation between different plant species.

The pollen coat, which is the outermost layer of the pollen grain,
plays a central role in mediating molecular recognition events
during pollen-stigma interactions. Accumulating evidence has
demonstrated that the pollen coat carries small secreted cysteine-
rich proteins (CRPs) that are involved in cell-cell communication
during pollen-stigma interactions (Figure 1C) (Bircheneder and
Dresselhaus, 2016; Kim et al., 2021; Wang et al., 2023). Despite
being diverse and mostly functionally uncharacterised, CRPs have
been identified as key players in plant reproductive signalling
(Silverstein et al., 2007; Marshall et al.,, 2011; Kim et al., 2021).
Genes encoding these signalling proteins are often highly
polymorphic and species- or genus-specific, suggesting their
important roles in establishing and maintaining reproductive
barriers between species. Among these CRPs are the pollen coat
protein B class (PCP-Bs), which regulate compatible pollen
hydration (Wang et al., 2017) by competing with stigmatic
ligands for binding to the stigmatic receptor FERONIA (FER)
complex, leading to a reduction in stigmatic reactive oxygen
species (ROS) that facilitates pollen hydration (Figure 1C) (Liu
et al., 2021; Huang et al., 2023). PCP-B are polymorphic among
species in Brassicaceae, and their binding with FER occurs in a
species-preferential manner. Arabidopsis PCP-By outcompetes
PCP-B from Brassica rapa for binding to FER, thereby serving as
a ligand-receptor pair in establishing an interspecific reproductive
barrier during pollen-stigma interaction (Huang et al.,, 2023).

A recently identified Arabidopsis stigma-specific
transmembrane protein, Stigma privacy 1 (SPRII), confers
interspecies incompatibility by rejecting pollen from distantly
related species in Brassicaceae (Fujii et al, 2019). This finding
proposes a novel SI-independent mechanism for promoting
intraspecific pollen germination, that in turn, facilitates
reproductive isolation. However, the pollen ligands that interact
with SPRII are yet to be identified. Recent proteomic studies of the
pollen coat of three Brassicaceae species revealed numerous CRPs
with uncharacterised functions (Wang et al., 2023), which provides
possible candidates for mediating both intra- and interspecific
pollen-stigma recognition by interacting with SPRI1 and other
unknown stigmatic receptors (Figure 1C). Some of the genes
encoding these pollen coat CRPs, including PCP-Bs, are
undergoing rapid diversification and evolving under positive
selection (Wang et al., 2023). Evolutionary analysis revealed that
SPRII function was lost multiple times during the evolution of A.
thaliana (Fujii et al., 2019). Impaired hydration or germination of
pollen due to lower ligand-receptor-binding affinity can lead to a
delay in pollen tube growth. Thus alternations in either ligands or
receptors apply selective pressure on genes encoding the binding
partners, suggesting that the coevolution between PCP-B and FER,
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as well as between SPRI1 and its as-yet-unidentified pollen ligand,
may play a more significant role in shaping the species-specificity of
their interaction, rather than the evolution of the ligands alone.
Consequently, this coevolution could contribute substantially to the
establishment of prezygotic barriers and the process of speciation.

In tomato (Solanum lycopersicum), a small pistil secreted CRP,
STIGMA-SPECIFIC PROTEIN1 (STIGI1), was identified as a
signalling ligand that binds to the pollen receptor kinase (LePRK1/
2) (Figure 1C). This interaction promotes pollen tube growth by
regulating cellular reactive oxygen species (ROS) production
(Goldman et al., 1994; Verhoeven et al., 2005; Huang et al., 2014).
Although it is not clear whether STIG1 and LePRK1/2 interact in a
species or family-preferential manner, studies suggested that STIG1
homologues have diverged functions in Solanaceae species
(Goldman et al., 1994; Verhoeven et al., 2005; Huang et al., 2014),
indicating the potential role of STIGI in establishing a prezygotic
reproductive barrier during early pollen tube growth.

3.2 Pollen-style interactions

Pollen tube growth through the style towards the ovary is
another important phase contributing to interspecific reproductive
barriers. The styles vary widely in size and structure, making the
speed and navigation of pollen tube growth through the style crucial
for reproductive success. Multiple (mostly not yet identified)
molecular factors involved in pollen tube-style interactions appear
to contribute to interspecific hybridisation barriers.

In Solanum, silencing the genes encoding pistil SI proteins, HT
proteins, eliminates the stylar barrier in S. Iycopersicum to
heterospecific pollen from S. habrochaites and S. arcanum.
However, this silencing only weakens but does not eliminate the
barrier for S. pennellii pollen, implying the presence of additional
female barriers (Tovar-Mendez et al.,, 2017). S-RNase-based self-
incompatibility in Solanaceae is known to play an important role in
the prevention of interspecific hybridisation (Chetelat and Deverna,
1991; Murfett et al., 1996; Baek et al., 2015; Bedinger et al., 2017).
On the pollen side, multiple genetically identified loci confer pollen
resistance to S-RNase-based hybridisation barriers between S.
pennellii and S. lycopersicum (Chetelat and Deverna, 1991). Some
of these genes have been identified and functionally characterised.
In particular, SpSLF-23 gene linked to the S-locus and Cullinl gene
encoding CULL that is part of Skpl-Cullin-F-box ubiquitin E3
ligase complex in S. pennellii target pistil SI factor for degradation to
unilaterally overcome the interspecific barrier (Chetelat and
Deverna, 1991; Li and Chetelat, 2010; Li and Chetelat, 2014; Li
and Chetelat, 2015). Overexpression of a gene encoding farnesyl
pyrophosphate synthase in the pollen of S. lycopersicum has been
shown to cause resistance to S-RNase-independent interspecific
incompatibility (Qin et al., 2018).

Some plants, such as lilies, have open styles and the pollen tube
grows through mucilage covering the surface of the central canal. In
Lilium longiflorum, stigma/style cysteine-rich adhesin (SCA)
peptides, which are members of lipid transfer proteins (LTPs)
belonging to CRPs, play a crucial role in the adhesion of pollen
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tubes to the stylar transmitting tract epidermis (TTE) (Figure 1C)
(Park et al., 2000; Chae et al., 2007). The TTE secrets SCA peptides,
which facilitate the adhesion of pollen tubes to the TTE wall surface
by forming an adhesive matrix with the pollen tube through binding
to stylar pectin in a pH-dependent manner (Mollet et al., 2000). In
A. thaliana, an SCA-like LTP5 is secreted from both pollen and the
pistil and is essential for maintaining normal pollen tube growth
and fertility (Chae et al., 2009) (Figure 1C). Although no protein
receptor has been identified for the SCA/pectin complex,
interspecific differences in the density of extracellular matrix and
functions of enzymes produced by the pollen tube suggest that this
pollen tube-style adhesion regulatory system may provide a
platform for the establishment of reproductive barriers by
promoting or opposing pollen tube growth, favouring
conspecific pollen.

3.3 Pollen-ovary interactions

The interaction between the growing pollen tube and the ovary
marks the final stage at which post-pollination prezygotic
interspecific barriers can act. Once a pollen tube grows through
the transmitting tract (TT) and emerges onto the septum surface, it
must be precisely guided towards the micropyle for sperm cell
delivery. Studies in various species have shown that attraction of
pollen tubes to the embryo sac and ovules can occur in a species-
specific manner (Higashiyama et al., 2006; Uebler et al., 2013;
Zhong et al., 2019), which may play a crucial role in establishing
reproductive barriers between plant species. Several molecular
factors involved in pollen-ovary interactions appear to contribute
to interspecific hybridisation barriers. In Zea mays, a small peptide,
EGG APPARATUSI (ZmEA1l), is expressed specifically in the
synergid cells and filiform apparatus (FA), and it attracts pollen
tubes while arresting their growth at higher concentrations
(Figure 1C) (Marton et al., 2005; Marton et al., 2012). Moreover,
it binds to the pollen tube in a species-preferential manner. When
expressed in Arabidopsis ovules, ZmEA1 guides maize pollen tubes
to grow towards the micropylar opening of the ovule in vitro
(Marton et al.,, 2012). A group of synergid-expressed defensin-like
CRPs identified in Torenia and Arabidopsis, LURE (TfLUREs and
AtLUREs), in vitro demonstrated activity in attracting pollen tube
growth in a species-specific manner (Higashiyama et al., 2006;
Okuda et al., 2009; Takeuchi and Higashiyama, 2012). Pollen tube
tip-localised receptor-like kinase 6 (PRK6) acts as an essential
receptor for perceiving the signalling of the LUREI peptides in A.
thaliana (AtLUREL), guiding the pollen tube towards the ovule
(Takeuchi and Higashiyama, 2016). A recent study has identified
four LURE1-related peptides, XIUQIU1-4, as pollen tube
attractants that act irrespective of the species and independently
of PRK6 in Brassicaceae (Zhong et al., 2019) (Figure 1C). The
AtLURE1s-PRKG6 interactions were revealed to be not essential that
fertilisation but rather facilitate the emergence of pollen tubes onto
the septum surface, promoting the selection of conspecific pollen
(Zhong et al., 2019). Phylogenetic profiling demonstrated that each
XIUQIU peptide has ortholog(s) in the analysed species of
Brassicaceae, while AtLUREls form species-specific clusters
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within Arabidopsis species, reflecting their distinct functions in
species-specificity and roles in reproductive isolation (Takeuchi and
Higashiyama, 2012; Zhong et al., 2019).

The species-specificity of molecular crosstalk during pollen tube
reception may also contribute to interspecific reproductive barriers.
Incongruity of molecular mechanisms at this stage can result in
pollen tube overgrowth caused by failure of growth arrest and tip
rupture to release sperm cells. This phenotype has been observed in
interspecific crosses in Arabidopsis (Escobar-Restrepo et al., 2007)
and Rhododendron (Williams et al.,, 1986). In maize, pollen tube
rupture upon arrival at the micropyle is mediated by cysteine-rich
defensin-like proteins ZmES4 (Amien et al, 2010), which are
released from vesicles in the egg apparatus (Figure 1C). In
Arabidopsis, the regulation of pollen tube rupture is different, and
it involves a group of signalling peptides called Rapid Alkalinisation
Factors (RALFs), which also belong to the CRPs. RALFs and
members of Catharanthus roseus RLKI1-LIKE (CrRLKIL)
receptors regulate pollen tube reception, tip rupture and the
prevention of polytubey (Ge et al, 2017; Mecchia et al.,, 2017;
Galindo-Trigo et al., 2020; Zhong et al., 2022) (Figure 1C). As the
pollen tube reaches the micropyle, a synergid receptor complex
comprising FER, LORELEI (LRE), ANJEA (ANJ) and HERCULES
RECEPTOR KINASE 1 (HERK1) controls pollen tube reception
through perceiving unidentified pollen ligands (Galindo-Trigo
et al,, 2020). Autocrine pollen ligands RALF4/19 interact with the
pollen tube receptor complex anxur/budda’s paper seal (ANX/
BUPS), maintaining cell wall integrity and preventing premature
rupture. Synergid-secreted RALF34 competes with RALF4/19 for
binding to the ANX/BUPS-LLG2/3 (LRE-LIKE GPI-ANCHORED
PROTEIN2/3) complex, triggering the rupture of the pollen tube
and the release of sperm cells (Ge et al, 2017; Ge et al,, 2019).
Septum-localised FER-ANJ-HERKI1 receptor complex interacts
with pollen ligands RALF6, 7, 16, 36 and 37 to regulate polytubey
blocking (Zhong et al., 2022) (Figure 1C). While this mechanism
appears to differ between distantly related species, it is not clear
whether it contributes significantly to interspecific reproductive
barriers between closely related species.

4 Conclusion and perspective

Reproductive barriers play a critical role in maintaining the
boundaries between plant species. Pollen-pistil interaction,
including the recognition of self-incompatible or heterospecific
pollen, is a key step in prezygotic isolation, but the molecular
mechanisms of the reproductive barriers established through PPI
are not yet fully understood. Self-incompatibility (SI) systems
contribute to reproductive isolation between plant species, with
non-self-recognition SI systems likely playing a particularly
important role in interspecific prezygotic reproductive isolation,
but the role of self-recognition SI in heterospecific pollen rejection is
also starting to emerge (Huang et al., 2023). Although significant
progress has been made in identifying molecular factors that
contribute to prezygotic post-pollination reproductive barriers,
many more remain to be discovered. Research on PPI-based
mechanisms of reproductive isolation has been limited to very
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few (mostly model) species. Extending this investigation to a wider
range of non-model organisms and uncovering additional signalling
proteins and their binding partners involved in cell-cell recognition,
along with conducting phylogenetic studies on these factors, will
enhance our ability to make informative comparisons of PPI
evolution and to unravel their significance in reproductive
isolation and speciation.

While prezygotic post-pollination reproductive barriers are
important for preserving species integrity and preventing
interspecific hybridisation, it remains unclear whether they play a
significant role in the formation of new species. The discovery of a
pollen-stigma barrier between different Brassica populations caused
by a duplication of S-locus (Takada et al., 2017) suggests that PPIs
may be a significant driver of speciation in flowering plants.
However, more species need to be analysed to identify additional
cases where PPIs have been or are driving speciation and to evaluate
their significance in plant speciation.

Author contributions

LW and DAF conceived this review and wrote the manuscript.

References

Allen, A. M., and Hiscock, S. J. (2008). “Evolution and phylogeny of self-
incompatibility systems in angiosperms,” in Self-incompatibility in flowering plants:
evolution, diversity and mechanisms. Ed. V. E. Franklin-Tong (Springer-Verlag:
Springer Berlin Heidelberg, Berlin), 73-101. doi: 10.1007/978-3-540-68486-2_4

Amien, S., Kliwer, L., Marton, M. L., Debener, T., Geiger, D., Becker, D., et al. (2010).
Defensin-like ZmES4 mediates pollen tube burst in maize via opening of the potassium
channel KZM1. PloS Biol. 8, €1000388. doi: 10.1371/journal.pbio.1000388

Baek, Y. S., Covey, P. A,, Petersen, J. J., Chetelat, R. T., McClure, B., and Bedinger, P.
A. (2015). Testing the SI x SC rule: pollen-pistil interactions in interspecific crosses
between members of the tomato clade (Solanum section Lycopersicon, Solanaceae). Am.
J. Bot. 102, 302-311. doi: 10.3732/ajb.1400484

Bedinger, P. A, Broz, A. K., Tovar-Mendez, A., and McClure, B. (2017). Pollen-pistil
interactions and their role in mate selection. Plant Physiol. 173, 79-90. doi: 10.1104/
pp-16.01286

Bircheneder, S., and Dresselhaus, T. (2016). Why cellular communication during
plant reproduction is particularly mediated by CRP signalling. J. Exp. Bot. 67, 4849-
4861. doi: 10.1093/jxb/erw271

Broz, A. K, and Bedinger, P. A. (2021). Pollen-pistil interactions as reproductive
barriers. Annu. Rev. Plant Biol. 72, 615-639. doi: 10.1146/annurev-arplant-080620-
102159

Chae, K., Kieslich, C. A., Morikis, D., Kim, S. C., and Lord, E. M. (2009). A gain-of-
function mutation of Arabidopsis lipid transfer protein 5 disturbs pollen tube tip
growth and fertilization. Plant Cell 21, 3902-3914. doi: 10.1105/tpc.109.070854

Chae, K., Zhang, K., Zhang, L., Morikis, D., Kim, S. T., Mollet, J. C., et al. (2007). Two
SCA (stigma/style cysteine-rich adhesin) isoforms show structural differences that
correlate with their levels of in vitro pollen tube adhesion activity. J. Biol. Chem. 282,
33845-33858. doi: 10.1074/jbc.M703997200

Chetelat, R. T., and Deverna, J. W. (1991). Expression of unilateral incompatibility in
pollen of Lycopersicon pennellii is determined by major loci on chromosomes 1, 6 and
10. Theor. Appl. Genet. 82, 704-712. doi: 10.1007/BF00227314

Christie, K., Fraser, L. S., and Lowry, D. B. (2022). The strength of reproductive
isolating barriers in seed plants: insights from studies quantifying premating and
postmating reproductive barriers over the past 15 years. Evolution 76, 2228-2243.
doi: 10.1111/evo.14565

Covey, P. A, Kondo, K., Welch, L., Frank, E., Sianta, S., Kumar, A., et al. (2010).
Multiple features that distinguish unilateral incongruity and self-incompatibility in the
tomato clade. Plant J. 64, 367-378. doi: 10.1111/j.1365-313X.2010.04340.x

Edlund, A. F.,, Swanson, R., and Preuss, D. (2004). Pollen and stigma structure and
function: the role of diversity in pollination. Plant Cell 16, S84-S97. doi: 10.1105/
tpc.015800

Frontiers in Plant Science

10.3389/fpls.2023.1230278

Funding

We acknowledge funding by the Natural Environment Research
Council (grant number NE/P002145/1) and the Biotechnology and
Biological Sciences Research Council (grant number BB/P009808/1)
to DAF.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Escobar-Restrepo, J. M., Huck, N., Kessler, S., Gagliardini, V., Gheyselinck, J., Yang,
W. C, et al. (2007). The FERONIA receptor-like kinase mediates male-female
interactions during pollen tube reception. Science 317, 656-660. doi: 10.1126/
science.1143562

Fujii, S., Kubo, K., and Takayama, S. (2016). Non-self- and self-recognition models
in plant self-incompatibility. Nat. Plants 2, 16130. doi: 10.1038/nplants.2016.130

Fujii, S., Tsuchimatsu, T., Kimura, Y., Ishida, S., Tangpranomkorn, S., Shimosato-
Asano, H,, et al. (2019). A stigmatic gene confers interspecies incompatibility in the
brassicaceae. Nat. Plants 5, 731-741. doi: 10.1038/s41477-019-0444-6

Galindo-Trigo, S., Blanco-Tourinan, N., DeFalco, T. A., Wells, E. S., Gray, J. E,, Zipfel, C.,
et al. (2020). CrRLKIL receptor-like kinases HERK1 and ANJEA are female determinants of
pollen tube reception. EMBO Rep. 21, e48466. doi: 10.15252/embr.201948466

Gaudinier, A., and Blackman, B. K. (2020). Evolutionary processes from the
perspective of flowering time diversity. New Phytol. 225, 1883-1898. doi: 10.1111/
nph.16205

Ge, Z., Bergonci, T., Zhao, Y. L, Zou, Y. ], Du, S, Liu, M. C, et al. (2017).
Arabidopsis pollen tube integrity and sperm release are regulated by RALF-mediated
signaling. Science 358, 1596-1600. doi: 10.1126/science.aa03642

Ge, Z., Zhao, Y., Liu, M.-C,, Zhou, L.-Z., Wang, L., Zhong, S., et al. (2019). LLG2/3
are co-receptors in BUPS/ANX-RALF signaling to regulate Arabidopsis pollen tube
integrity. Curr. Biol. 29, 3256-3265. doi: 10.1016/j.cub.2019.08.032

Goldman, M. H., Goldberg, R. B., and Mariani, C. (1994). Female sterile tobacco
plants are produced by stigma-specific cell ablation. EMBO J. 13, 2976-2984.
doi: 10.1002/j.1460-2075.1994.tb06596.x

Goring, D. R., Bosch, M., and Franklin-Tong, V. E. (2023). Contrasting self-
recognition rejection systems for self-incompatibility in Brassica and Papaver. Curr.
Biol. 33, R530-R542. doi: 10.1016/j.cub.2023.03.037

Hafidh, S., and Honys, D. (2021). Reproduction multitasking: the Male gametophyte.
Annu. Rev. Plant Biol. 72, 581-614. doi: 10.1146/annurev-arplant-080620-021907

Hater, F., Nakel, T., and Grof3-Hardt, R. (2020). Reproductive multitasking: the
female gametophyte. Annu. Rev. Plant Biol. 71, 517-546. doi: 10.1146/annurev-arplant-
081519-035943

Heslop-Harrison, Y. (2000). Control gates and micro-ecology: the pollen-stigma
interaction in perspective. Ann. Bot-London 85, 5-13. doi: 10.1006/anb0.1999.1063

Heslop-Harrison, Y., and Shivanna, K. R. (1977). Receptive surface of angiosperm
stigma. Ann. Bot-London 41, 1233-1258. doi: 10.1093/oxfordjournals.aob.a085414

Higashiyama, T., Inatsugi, R., Sakamoto, S., Sasaki, N., Mori, T., Kuroiwa, H., et al.
(2006). Species preferentiality of the pollen tube attractant derived from the synergid
cell of Torenia fournieri. Plant Physiol. 142, 481-491. doi: 10.1104/pp.106.083832

frontiersin.org


https://doi.org/10.1007/978-3-540-68486-2_4
https://doi.org/10.1371/journal.pbio.1000388
https://doi.org/10.3732/ajb.1400484
https://doi.org/10.1104/pp.16.01286
https://doi.org/10.1104/pp.16.01286
https://doi.org/10.1093/jxb/erw271
https://doi.org/10.1146/annurev-arplant-080620-102159
https://doi.org/10.1146/annurev-arplant-080620-102159
https://doi.org/10.1105/tpc.109.070854
https://doi.org/10.1074/jbc.M703997200
https://doi.org/10.1007/BF00227314
https://doi.org/10.1111/evo.14565
https://doi.org/10.1111/j.1365-313X.2010.04340.x
https://doi.org/10.1105/tpc.015800
https://doi.org/10.1105/tpc.015800
https://doi.org/10.1126/science.1143562
https://doi.org/10.1126/science.1143562
https://doi.org/10.1038/nplants.2016.130
https://doi.org/10.1038/s41477-019-0444-6
https://doi.org/10.15252/embr.201948466
https://doi.org/10.1111/nph.16205
https://doi.org/10.1111/nph.16205
https://doi.org/10.1126/science.aao3642
https://doi.org/10.1016/j.cub.2019.08.032
https://doi.org/10.1002/j.1460-2075.1994.tb06596.x
https://doi.org/10.1016/j.cub.2023.03.037
https://doi.org/10.1146/annurev-arplant-080620-021907
https://doi.org/10.1146/annurev-arplant-081519-035943
https://doi.org/10.1146/annurev-arplant-081519-035943
https://doi.org/10.1006/anbo.1999.1063
https://doi.org/10.1093/oxfordjournals.aob.a085414
https://doi.org/10.1104/pp.106.083832
https://doi.org/10.3389/fpls.2023.1230278
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang and Filatov

Hiscock, S. J., Hoedemaekers, K., Friedman, W. E., and Dickinson, H. G. (2002). The
stigma surface and pollen-stigma interactions in Senecio squalidus 1. (Asteraceae)
following cross (compatible) and self (incompatible) pollinations. Int. J. Plant Sci.
163, 1-16. doi: 10.1086/324530

Hogenboom, N. G. (1975). Incompatibility and incongruity: two different
mechanisms for the non-functioning of intimate partner relationships. Proc. R Soc. B
188, 361-367. doi: 10.1098/rspb.1975.0025

Huang, W. J,, Liu, H. K., McCormick, S., and Tang, W. H. (2014). Tomato pistil
factor STIGI promotes in vivo pollen tube growth by binding to phosphatidylinositol 3-
phosphate and the extracellular domain of the pollen receptor kinase LePRK2. Plant
Cell 26, 2505-2523. doi: 10.1105/tpc.114.123281

Huang, J., Yang, L., Yang, L., Wu, X,, Cui, X,, Zhang, L., et al. (2023). Stigma
receptors control intraspecies and interspecies barriers in Brassicaceae. Nature 614,
303-308. doi: 10.1038/s41586-022-05640-x

Kachroo, A., Schopfer, C. R., Nasrallah, M. E., and Nasrallah, J. B. (2001). Allele-
specific receptor-ligand interactions in Brassica self-incompatibility. Science 293, 1824
1826. doi: 10.1126/science.1062509

Kay, K. M. (2006). Reproductive isolation between two closely related
hummingbird-pollinated neotropical gingers. Evolution 60, 538-552. doi: 10.1111/
j.0014-3820.2006.tb01135.x

Kay, K. M., and Sargent, R. D. (2009). The role of animal pollination in plant
speciation: integrating ecology, geography, and genetics. Annu. Rev. Ecology Evolution
Systematics 40, 637-656. doi: 10.1146/annurev4ecolsy54110308.120310

Kim, M. ], Jeon, B. W., Oh, E., Seo, P. J., and Kim, J. (2021). Peptide signaling during
plant reproduction. Trends Plant Sci. 26, 822-835. doi: 10.1016/j.tplants.2021.02.008

Kitashiba, H., and Nasrallah, J. B. (2014). Self-incompatibility in brassicaceae crops:
lessons for interspecific incompatibility. Breed Sci. 64, 23-37. doi: 10.1270/jsbbs.64.23

Kubo, K., Entani, T., Takara, A., Wang, N., Fields, A. M., Hua, Z., et al. (2010).
Collaborative non-self recognition system in s-RNase-based self-incompatibility.
Science 330, 796-799. doi: 10.1126/science.1195243

Lewis, D., and Crowe, L. K. (1958). Unilateral interspecific incompatibility in
flowering plants. Heredity 12, 233-256. doi: 10.1038/hdy.1958.26

Li, W, and Chetelat, R. T. (2010). A pollen factor linking inter- and intraspecific
pollen rejection in tomato. Science 330, 1827-1830. doi: 10.1126/science.1197908

Li, W, and Chetelat, R. T. (2014). The role of a pollen-expressed Cullinl protein in
gametophytic self-incompatibility in Solanum. Genetics 196, 439-442. doi: 10.1534/
genetics.113.158279

Li, W, and Chetelat, R. T. (2015). Unilateral incompatibility gene uil.1 encodes an
S-locus f-box protein expressed in pollen of Solanum species. Proc. Natl. Acad. Sci.
U.S.A. 112, 4417-4422. doi: 10.1073/pnas.1423301112

Li, L, Liu, B,, Deng, X., Zhao, H.,, Li, H, Xing, S., et al. (2018). Evolution of
interspecies unilateral incompatibility in the relatives of Arabidopsis thaliana. Mol.
Ecol. 27, 2742-2753. doi: 10.1111/mec.14707

Liang, M., Cao, Z., Zhu, A, Liu, Y., Tao, M., Yang, H., et al. (2020). Evolution of self-
compatibility by a mutant s,,-RNase in citrus. Nat. Plants 6, 131-142. doi: 10.1038/
541477-020-0597-3

Liu, C,, Shen, L,, Xiao, Y., Vyshedsky, D., Peng, C., Sun, X, et al. (2021). Pollen PCP-
b peptides unlock a stigma peptide-receptor kinase gating mechanism for pollination.
Science 372, 171-175. doi: 10.1126/science.abc6107

Markova, D. N., Petersen, J. J., Yam, S. E., Corral, A., Valle, M. J., Li, W., et al. (2017).
Evolutionary history of two pollen self-incompatibility factors reveals alternate routes
to self-compatibility within Solanum. Am. J. Bot. 104, 1904-1919. doi: 10.3732/
ajb.1700196

Marshall, E., Costa, L. M., and Gutierrez-Marcos, J. (2011). Cysteine-rich peptides
(CRPs) mediate diverse aspects of cell-cell communication in plant reproduction and
development. J. Exp. Bot. 62, 1677-1686. doi: 10.1093/jxb/err002

Marton, M. L., Cordsts, S., Broadhvest, J., and Dresselhaus, T. (2005). Micropylar
pollen tube guidance by egg apparatus 1 of maize. Science 307, 573-576. doi: 10.1126/
science.1104954

Marton, M. L., Fastner, A., Uebler, S., and Dresselhaus, T. (2012). Overcoming
hybridization barriers by the secretion of the maize pollen tube attractant ZmEA1 from
Arabidopsis ovules. Curr. Biol. 22, 1194-1198. doi: 10.1016/j.cub.2012.04.061

McClure, B., Cruz-Garcia, F., and Romero, C. (2011). Compatibility and incompatibility
in s-RNase-based systems. Ann. Bot. 108, 647-658. doi: 10.1093/aob/mcr179

Mecchia, M. A., Santos-Fernandez, G., Duss, N. N., Somoza, S. C., Boisson-Dernier,
A., Gagliardini, V., et al. (2017). RALF4/19 peptides interact with LRX proteins to
control pollen tube growth in Arabidopsis. Science 358, 1600-1603. doi: 10.1126/
science.aa05467

Mollet, J. C., Park, S. Y., Nothnagel, E. A., and Lord, E. M. (2000). A lily stylar pectin
is necessary for pollen tube adhesion to an in vitro stylar matrix. Plant Cell 12, 1737-
1750. doi: 10.1105/tpc.12.9.1737

Moreira-Hernandez, J. I, and Muchhala, N. (2019). Importance of pollinator-
mediated interspecific pollen transfer for angiosperm evolution. Annu. Rev. Ecology
Evolution Systematics 50, 191-217. doi: 10.1146/annurev-ecolsys-110218-024804

Murase, K., Moriwaki, Y., Mori, T., Liu, X., Masaka, C., Takada, Y., et al. (2020).
Mechanism of self/nonself-discrimination in Brassica self-incompatibility. Nat.
Commun. 11, 4916. doi: 10.1038/s41467-020-18698-w

Frontiers in Plant Science

10.3389/fpls.2023.1230278

Murfett, J., Strabala, T. J., Zurek, D. M., Mou, B., Beecher, B., and McClure, B. A.
(1996). S-RNase and interspecific pollen rejection in the genus Nicotiana: multiple
pollen-rejection pathways contribute to unilateral incompatibility between self-
incompatible and self-compatible species. Plant Cell 8, 943-958. doi: 10.1105/tpc.8.6.943

Okuda, S., Tsutsui, H., Shiina, K., Sprunck, S., Takeuchi, H., Yui, R,, et al. (2009).
Defensin-like polypeptide LUREs are pollen tube attractants secreted from synergid
cells. Nature 458, 357-361. doi: 10.1038/nature07882

Park, S. Y., Jauh, G. Y., Mollet, J. C., Eckard, K. J., Nothnagel, E. A, Walling, L. L.,
etal. (2000). A lipid transfer-like protein is necessary for lily pollen tube adhesion to an
in vitro stylar matrix. Plant Cell 12, 151-164. doi: 10.1105/tpc.12.1.151

Qin, X,, Li, W,, Liu, Y., Tan, M., Ganal, M., and Chetelat, R. T. (2018). A farnesyl
pyrophosphate synthase gene expressed in pollen functions in s-RNase-independent
unilateral incompatibility. Plant J. 93, 417-430. doi: 10.1111/tpj.13796

Rieseberg, L. H., and Willis, J. H. (2007). Plant speciation. Science 317, 910-914.
doi: 10.1126/science.1137729

Rieseberg, L. H., Wood, T. E., and Baack, E. J. (2006). The nature of plant species.
Nature 440, 524-527. doi: 10.1038/nature04402

Schemske, D. W. (2010). Adaptation and the origin of species. Am. Nat. 176 Suppl 1,
$4-S25. doi: 10.1086/657060

Schopfer, C. R,, Nasrallah, M. E.,, and Nasrallah, J. B. (1999). The male determinant of self-
incompatibility in Brassica. Science 286, 1697-1700. doi: 10.1126/science.286.5445.1697

Silverstein, K. A., Moskal, W. A.Jr., Wu, H. C., Underwood, B. A., Graham, M. A.,
Town, C. D., et al. (2007). Small cysteine-rich peptides resembling antimicrobial
peptides have been under-predicted in plants. Plant J. 51, 262-280. doi: 10.1111/
j.1365-313X.2007.03136.x

Sun, L., Williams, J. S., Li, S., Wu, L., Khatri, W. A, Stone, P. G,, et al. (2018). S-locus
f-box proteins are solely responsible for s-RNase-based self-incompatibility of Petunia
pollen. Plant Cell 30, 2959-2972. doi: 10.1105/tpc.18.00615

Takada, Y., Murase, K., Shimosato-Asano, H., Sato, T., Nakanishi, H., Suwabe, K.,
et al. (2017). Duplicated pollen-pistil recognition loci control intraspecific unilateral
incompatibility in Brassica rapa. Nat. Plants 3, 17096. doi: 10.1038/nplants.2017.96

Takasaki, T., Hatakeyama, K., Suzuki, G., Watanabe, M., Isogai, A., and Hinata, K.
(2000). The S receptor kinase determines self-incompatibility in Brassica stigma.
Nature 403, 913-916. doi: 10.1038/35002628

Takayama, S., and Isogai, A. (2005). Self-incompatibility in plants. Annu. Rev. Plant
Biol. 56, 467-489. doi: 10.1146/annurev.arplant.56.032604.144249

Takayama, S., Shimosato, H., Shiba, H., Funato, M., Che, F. S., Watanabe, M., et al.
(2001). Direct ligand-receptor complex interaction controls Brassica self-
incompatibility. Nature 413, 534-538. doi: 10.1038/35097104

Takeuchi, H., and Higashiyama, T. (2012). A species-specific cluster of defensin-like
genes encodes diffusible pollen tube attractants in Arabidopsis. PloS Biol. 10, €1001449.
doi: 10.1371/journal.pbio.1001449

Takeuchi, H., and Higashiyama, T. (2016). Tip-localized receptors control pollen
tube growth and LURE sensing in Arabidopsis. Nature 531, 245-248. doi: 10.1038/
naturel7413

Tiffin, P., Olson, M. S., and Moyle, L. C. (2001). Asymmetrical crossing barriers in
angiosperms. Proc. Biol. Sci. 268, 861-867. doi: 10.1098/rspb.2000.1578

Tovar-Mendez, A., Lu, L., and McClure, B. (2017). HT proteins contribute to s-RNase-
independent pollen rejection in Solanum. Plant J. 89, 718-729. doi: 10.1111/tpj.13416

Tran, T. C., and Lenhard, M. (2023). Pollen-stigma incompatibility within and
between species: tread lightly, sedate the dogs, and don't wake the guards! Dev. Cell 58,
335-337. doi: 10.1016/j.devcel.2023.02.010

Uebler, S., Dresselhaus, T., and Marton, M. L. (2013). Species-specific interaction of
EA1 with the maize pollen tube apex. Plant Signal Behav. 8, €25682. doi: 10.4161/
psb.25682

Verhoeven, T., Feron, R., Wolters-Arts, M., Edqvist, J., Gerats, T., Derksen, J., et al.
(2005). STIG1 controls exudate secretion in the pistil of petunia and tobacco. Plant
Physiol. 138, 153-160. doi: 10.1104/pp.104.054809

Wang, L., Clarke, L. A,, Eason, R. ], Parker, C. C,, Qi, B, Scott, R. ], et al. (2017).
PCP-b class pollen coat proteins are key regulators of the hydration checkpoint in
Arabidopsis thaliana pollen-stigma interactions. New Phytol. 213, 764-777.
doi: 10.1111/nph.14162

Wang, L., Lau, Y.-L,, Fan, L, Bosch, M., and Doughty, J. (2023). Pollen coat
proteomes of arabidopsis thaliana, arabidopsis lyrata, and Brassica oleracea reveal
remarkable diversity of small cysteine-rich proteins at the pollen-stigma interface.
Biomolecules 13, 157. doi: 10.3390/biom13010157

Widmer, A., Lexer, C., and Cozzolino, S. (2009). Evolution of reproductive isolation
in plants. Heredity 102, 31-38. doi: 10.1038/hdy.2008.69

Williams, E. G., Kaul, V., Rouse, J. L., and Palser, B. F. (1986). Overgrowth of pollen
tubes in embryo sacs of Rhododendron following interspecific pollinations. Aust. J. Bot.
34, 413-423. doi: 10.1071/BT9860413

Zhong, S., Li, L., Wang, Z., Ge, Z., Li, Q., Bleckmann, A., et al. (2022). RALF peptide
signaling controls the polytubey block in Arabidopsis. Science 375, 290-296.
doi: 10.1126/science.abl4683

Zhong, S., Liu, M., Wang, Z., Huang, Q., Hou, S., Xu, Y. C,, et al. (2019). Cysteine-
rich peptides promote interspecific genetic isolation in Arabidopsis. Science 364,
eaau9564. doi: 10.1126/science.aau9564

frontiersin.org


https://doi.org/10.1086/324530
https://doi.org/10.1098/rspb.1975.0025
https://doi.org/10.1105/tpc.114.123281
https://doi.org/10.1038/s41586-022-05640-x
https://doi.org/10.1126/science.1062509
https://doi.org/10.1111/j.0014-3820.2006.tb01135.x
https://doi.org/10.1111/j.0014-3820.2006.tb01135.x
https://doi.org/10.1146/annurev.ecolsys.110308.120310
https://doi.org/10.1016/j.tplants.2021.02.008
https://doi.org/10.1270/jsbbs.64.23
https://doi.org/10.1126/science.1195243
https://doi.org/10.1038/hdy.1958.26
https://doi.org/10.1126/science.1197908
https://doi.org/10.1534/genetics.113.158279
https://doi.org/10.1534/genetics.113.158279
https://doi.org/10.1073/pnas.1423301112
https://doi.org/10.1111/mec.14707
https://doi.org/10.1038/s41477-020-0597-3
https://doi.org/10.1038/s41477-020-0597-3
https://doi.org/10.1126/science.abc6107
https://doi.org/10.3732/ajb.1700196
https://doi.org/10.3732/ajb.1700196
https://doi.org/10.1093/jxb/err002
https://doi.org/10.1126/science.1104954
https://doi.org/10.1126/science.1104954
https://doi.org/10.1016/j.cub.2012.04.061
https://doi.org/10.1093/aob/mcr179
https://doi.org/10.1126/science.aao5467
https://doi.org/10.1126/science.aao5467
https://doi.org/10.1105/tpc.12.9.1737
https://doi.org/10.1146/annurev-ecolsys-110218-024804
https://doi.org/10.1038/s41467-020-18698-w
https://doi.org/10.1105/tpc.8.6.943
https://doi.org/10.1038/nature07882
https://doi.org/10.1105/tpc.12.1.151
https://doi.org/10.1111/tpj.13796
https://doi.org/10.1126/science.1137729
https://doi.org/10.1038/nature04402
https://doi.org/10.1086/657060
https://doi.org/10.1126/science.286.5445.1697
https://doi.org/10.1111/j.1365-313X.2007.03136.x
https://doi.org/10.1111/j.1365-313X.2007.03136.x
https://doi.org/10.1105/tpc.18.00615
https://doi.org/10.1038/nplants.2017.96
https://doi.org/10.1038/35002628
https://doi.org/10.1146/annurev.arplant.56.032604.144249
https://doi.org/10.1038/35097104
https://doi.org/10.1371/journal.pbio.1001449
https://doi.org/10.1038/nature17413
https://doi.org/10.1038/nature17413
https://doi.org/10.1098/rspb.2000.1578
https://doi.org/10.1111/tpj.13416
https://doi.org/10.1016/j.devcel.2023.02.010
https://doi.org/10.4161/psb.25682
https://doi.org/10.4161/psb.25682
https://doi.org/10.1104/pp.104.054809
https://doi.org/10.1111/nph.14162
https://doi.org/10.3390/biom13010157
https://doi.org/10.1038/hdy.2008.69
https://doi.org/10.1071/BT9860413
https://doi.org/10.1126/science.abl4683
https://doi.org/10.1126/science.aau9564
https://doi.org/10.3389/fpls.2023.1230278
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Mechanisms of prezygotic post-pollination reproductive barriers in plants
	1 Introduction
	2 Self-incompatibility as a barrier to species hybridisation
	3 Stages of pollen-pistil interactions
	3.1 Pollen-stigma interactions
	3.2 Pollen-style interactions
	3.3 Pollen-ovary interactions

	4 Conclusion and perspective
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


