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The key evolutionary innovation of the angiosperm closed
carpel has resulted in the physical separation of the male
gametophyte, which is housed in the pollen grain, and the fe-
male gametophyte, which is embedded in the ovule deep in-
side the ovary at the base of the pistil. Consequently,
fertilization in angiosperms requires that the pollen tube
and its cargo of haploid sperm cells travel through many
layers of somatic pistil tissue. This journey starts at the recep-
tive stigma surface to which pollen grains adhere and where
they hydrate and germinate, continues with extracellular
growth of the pollen tube through the stigma, style, and
ovary, and culminates in entry of the pollen tube into the
ovule, release of its sperm cells, and double fertilization.
Throughout this journey, an intricate molecular dialogue be-
tween cells of the pistil and the pollen grain or pollen tube
determines if pollination will ultimately result in fertilization
and seed production or in interruption of pollen tube
growth, failure of fertilization, and lack of fruit and seed
(Johnson et al. 2019). In this way, pistil tissues function as
selective gatekeepers that save female tissue resources
and safeguard their ovules from unproductive fusions by
discriminating against inappropriate (incompatible) pollen
grains or tubes, be they derived from the same species (con-
specific) or from different species (heterospecific), while al-
lowing appropriate (compatible) pollen grains or tubes to
effect fertilization.

The site in the pistil where discrimination against incom-
patible pollen occurs is dictated by the structural and bio-
chemical characteristics of the stigma and the way in
which pollen grains, which are released from anthers in a

highly desiccated and metabolically inactive state, access
water for hydration and subsequent metabolic activation.
The surface properties of the stigma differ among plant fam-
ilies. In some families, the stigma is covered by an abundant
exudate from which pollen grains can readily access water. As
a result, these stigmas allow indiscriminate hydration and
germination of conspecific and heterospecific pollen grains
alike, and arrest of inappropriate pollen tubes must therefore
occur within internal tissues of the pistil, most often in the
style. By contrast, families such as the Brassicaceae, in which
the stigma lacks abundant exudate, hydration of pollen
grains can only occur upon release of water from the stigma.
Thus, in these families, the pollen—stigma interaction is a
highly regulated and selective process in which the stigma
plays a critical role in determining the fate of pollen grains,
with pollen hydration representing a major reproductive
checkpoint.

Here, | present an overview of the complex molecular
processes that underlie the cell-cell recognition events
that take place at the pollen—stigma interface with a focus
on the Brassicaceae (crucifers), a family in which these
events have been extensively analyzed. After a description
of the stigma—pollen interface, the review will highlight
major results relating to (i) compatible pollinations for
completion of the plant’s life cycle, (ii) discrimination be-
tween self- and nonself-pollen for enforcing outbreeding
and avoiding the deleterious effects of inbreeding, and
(iii) discrimination between conspecific and heterospecific
pollen for conservation of pistil resources and mainten-
ance of species integrity.
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The stigma-pollen interface in crucifers

For successful pollination to occur in crucifers, contact with a
stigma epidermal cell is a precondition for hydration, activa-
tion of a pollen grain, and establishment of a polarized growth
pattern within the grain. Additionally, the resulting pollen
tube gains access to internal pistil tissues by burrowing into
the wall of the epidermal cell and emerging at its base before
transitioning to an intercellular mode of growth in the subepi-
dermal region of the stigma and transmitting tissue of the style
and ovary (Fig. 1A). Thus, the cell-cell interactions at the stig-
ma surface that lead to acceptance or arrest of pollen may be
viewed as a one-on-one interaction between a pollen grain and
a stigma epidermal cell, or more specifically, between mole-
cules displayed at the surface of each of the two cells.

The epidermal cells of the stigma

The epidermal cells of the dry stigma are highly modified
cells, called papillae, which are uniquely specialized for re-
ceipt of pollen and for discrimination between appropriate
and inappropriate types of pollen (Fig. 1). In crucifers, the pa-
pillae are unicellular and uninucleate cells that grow into
elongated finger-like or bottle-like cells that cover the stigma
in a densely packed mound. The crucifer papilla plays a vital
role as a source of factors required for the early steps of pol-
lination and of signals that establish the normal basipetal
growth of pollen tubes into underlying pistil tissues.
Indeed, in wild-type plants, pollen grains will typically only
adhere to, and germinate on, the surface of mature papillae
but not on other epidermal surfaces of the plant, and adhe-
sion and germination of pollen grains as well as directed pol-
len tube growth into underlying pistil tissues occur on
mature stigmas with fully differentiated and elongated papil-
lae but not on immature stigmas having rudimentary or un-
differentiated papillae (Kandasamy et al. 1994).

The mature papilla has a pectocellulosic wall consisting of
two layers, which may be a modification for pollen tube growth
within the wall (Fig. 1A; Dickinson 1995). The papilla cell wall is
covered by a protective cuticle, a lipophilic matrix of cutin and
wax, which in turn is overlayed by a thin hydrated protein-
aceous film called the pellicle (Dickinson 1995; Zinkl et al.
1999). The pellicle is of interest because it is the site of first con-
tact between pollen grain and papilla, and its removal can pre-
vent pollen tube penetration of papillae (Dickinson 1995).
However, identifying the pellicle’s constituents and pinpointing
their specific function has been hampered by the unavailability
of mutants lacking a stigma pellicle and the difficulty in isolating
sufficient pellicle material for analysis.

The pollen grain

A pollen grain develops from a diploid microsporocyte in anther
locules lined by the tapetum, a sporophytically derived secre-
tory cell layer that serves as a source of compounds required
for the normal development and maturation of microspores.
Consequently, a pollen grain exhibits both gametophytically de-
termined characteristics that result from the activity of genes
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within the grain’s haploid genome and sporophytically deter-
mined characteristics controlled by molecules that are synthe-
sized in the tapetum and are subsequently transferred to the
pollen surface either by secretion from intact tapetal cells at
early stages of microspore development or by release into the
locule after degeneration of tapetal cells at later stages of micro-
spore development. This dual gametophytic/sporophytic genet-
ic control of pollen grain development is well exemplified by the
assembly of the pollen wall.

The pollen wall is a complex multilayered structure consisting
of 3 major layers which surround and protect the sperm cells
(Wang and Dobritsa 2018). Adjoining the plasma membrane
is the cellulosic intine layer containing various proteins such
as enzymes and allergens which are under gametophytic con-
trol. External to the intine is the exine layer, whose main con-
stituent is sporopollenin, a chemically inert mixed polymer
consisting mainly of long-chain fatty acids and phenolics, the
precursors of which are synthesized in the tapetum
(Quilichini et al. 2015). The exine, which gives mechanical
strength to the pollen grain, forms a rigid cover whose thickness
is interrupted by apertures often used for pollen tube emer-
gence. In many taxa, especially in insect-pollinated plants such
as crucifers, the exine is highly sculptured and exhibits a species-
specific reticulate pattern that might contribute to the species-
specificity of pollination (Edlund et al. 2004). This pattern may
be used for species identification even in 33-million-year-old
flowers preserved in amber (Sadowski and Hofmann 2023).
Cavities in the exine are filled with a largely tapetum-derived
heterogenous viscous, sticky, and semi-solid matrix called
pollen coat or tryphine. Together, the exine and pollen coat
protect the male gametophyte from desiccation, mechanical in-
jury, UV damage, and pathogen attack (Wang and Dobritsa
2018). They are also critical for successful reproduction. In
insect-pollinated plants, the pollen coat contains volatile lipids
that attract pollinators, and its viscosity aids in pollen dispersal
by allowing the grains to adhere to each other and to pollinators
(Edlund et al. 2004). And most relevant to the topic of this re-
view, exine and pollen coat are critical for the earliest stages of
the pollen-stigma interaction.

As the outermost component of the pollen wall, the pollen
coat has long been considered the likely repository of molecules
involved in pollen—stigma signaling, and as such, its constituents
have received much attention. The pollen coat contains a large
lipid fraction, wax esters, glycoconjugates, flavonoids, carotenoid
pigments, and proteins (Edlund et al. 2004; Rejon et al. 2016).
Unlike proteins of the stigma pellicle, pollen coat proteins are
readily obtained by brief washes of pollen grains with organic sol-
vents such as cyclohexane, followed by protein solubilization.
Pollen coat proteomes include several major classes of proteins
that may function in the pollen—stigma interaction, among which
are hydrolytic enzymes thought to contribute to the modifica-
tion of the papilla surface during pollen tube entry and a large
diverse group of small (<10 kDa) cysteine-rich proteins (CRPs)
(Rejon et al. 2016; Wang et al. 2023). These CRPs are of particular
interest because they belong to a family of proteins that have
been shown to function as signaling molecules in various plant
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A cross-pollination B self-pollination

Figure 1. Cross- and self-pollination in crucifers. A) Pollination with cross-pollen. (1) Profuse pollen-tube growth as visualized by light microscopy.
The images were generated by fixing pollinated stigmas, treating them with decolorized aniline blue which stains the callose in pollen tube walls, and
visualization by UV fluorescence microcopy. (2 and 3) The pollen—papilla interaction as visualized by scanning electron microscopy. Arrows in (2)
and (3) point to the attachment foot and to a pollen tube growing within the papilla cell wall, respectively. (4 and 5) Establishment of the attach-
ment foot at the pollen—papilla interface as visualized by TEM. The images were taken at 5-min intervals during establishment of the attachment
foot. B) Pollination with self-pollen. Most pollen grains are inhibited at the stigma surface due to failure of pollen hydration and germination (top),
but in the few cases where the incompatible grain germinates, its tube fails to grow into the papilla cell wall (bottom). The light microscopy images
were generated as in A), except that a different filter was used for UV fluorescence microscopy in the lower image. C) Regulation of self-
incompatibility as a function of stigma maturation in developing floral buds. A developmental series of floral buds (top) and images of the self-
pollinated stigmas from buds at similar stages of development (bottom) are shown. The stigmas are initially able to accept self-pollen shortly before
flower opening. The light microscopy images in A and B) (top image) are reprinted from Nasrallah (2017), and the image in B) (bottom) is modified
from Nasrallah (1997). The TEM images are reprinted from Kandasamy et al. (1994), and the floral-bud images are reprinted from Nasrallah and
Nasrallah (2014). P, papilla; Po, pollen grain; PC, pollen coat; E, exine.

processes. While many pollen CRPs, like most other pollen coat
proteins, are derived from the tapetum, some are synthesized
in the male gametophyte or in both male gametophyte and tap-
etum (Schopfer and Nasrallah 2000; Wang et al. 2017).

Go signals at the pollen-stigma interface
for compatible pollinations

Adhesion and hydration of the desiccated

pollen grain

The pollen—stigma interaction is initiated by adhesion of the
highly desiccated and metabolically inactive pollen grain to

the stigma papilla. In Arabidopsis thaliana, the initial adhe-
sion of pollen grains occurs within seconds of pollination
and is highly selective, as heterospecific pollen grains adhere
only weakly or not at all to papillae (Zinkl et al. 1999).
Mutational and biochemical analyses have shown that this
initial adhesion is mediated primarily by high-affinity chem-
ical and/or biophysical interactions of exine polymers with
the papilla surface and does not require an intact pollen
coat (Edlund et al. 2004).

In response to contact with a compatible pollen grain, the
papilla is rapidly induced to export water and other factors
that are used by the pollen grain to fulfill the molecular
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requirements of hydration, germination, and tube growth. As
a critical checkpoint for pollination and fertilization, the pro-
cess of pollen hydration has been the subject of intense study
aimed at understanding the process of water release from the
papilla and its uptake by the pollen grain, its complex me-
chanics, and especially the contribution of pollen and papilla
factors to this process. The evidence obtained so far points to
a complex molecular network of papilla-derived and pollen-
derived factors that regulate pollen hydration.

Within minutes of its contact with a papilla, the pollen
grain undergoes a dramatic change in its cellular water po-
tential which increases its volume and transforms the oblong
dehydrated grain into a spherical rehydrated grain (Fig. 1A).
Transmission electron microcopy (TEM) images show that
the viscous semi-fluid pollen coat material flows onto the
surface of the papilla surface at the point of pollen contact
(Fig. 1A; Kandasamy et al. 1994), resulting in an adhesion
zone or attachment “foot” (Dickinson 1995) which strength-
ens pollen-papilla adhesion by anchoring the pollen grain to
the papilla. This foot is the medium in which lipids and pro-
teins of the pollen coat mix with molecules of the papilla sur-
face. It also serves as the conduit for transfer of water along
with nutrients and various other molecules from papilla to
pollen grain and for exchange of signals between the grain
and papilla. Indeed, isolated pollen coat can by itself induce
in papillae the changes typically induced by contact with an
intact pollen grain.

The essential role of pollen coat components in hydration
has been clearly demonstrated by mutational analysis in
A. thaliana. Mutant screens identified male-sterile plants
whose pollen grains have an abnormal or very much reduced
pollen coat and are severely impaired in their ability to hy-
drate and germinate. These phenotypes are caused by muta-
tions in genes required throughout the plant for biosynthesis
of very long-chain fatty acids (Edlund et al. 2004). The defect-
ive hydration phenotype of these mutants may be reversed
by restoring hydraulic continuity between pollen and papilla
either by supplying exogenous water in the form of increased
humidity or by applying cis-unsaturated triacylglycerides to
the stigma surface (Edlund et al. 2004). Because pollen tubes
typically grow into the attachment foot and penetrate the
papilla wall directly beneath the foot, it has been proposed
that lipids transferred into the foot from the lipid-rich pollen
coat are critical, not only for hydration of the pollen grain
but also for setting up a water gradient that guides the pol-
len tube toward the hydrated papilla (Wolters-Arts et al.
1998).

Disruption of proteins of the pollen coat and in the pollen
grain itself can also have a negative impact on pollen hydra-
tion. While loss of some proteins caused a delay in pollen hy-
dration likely due to redundancy (Edlund et al. 2004),
mutational depletion of the highly polymorphic Pollen
Coat Protein-B (PCP-B) class of pollen coat CRPs abolishes
the ability of pollen grains to hydrate, indicating that
PCP-Bs function as major regulators of the pollen hydration
checkpoint (Wang et al. 2017). In the pollen grain,
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aquaporins (water channels), which are known facilitators
of bidirectional transport of water across membranes, have
been implicated in the uptake of water by the pollen grain
(Di Giorgio et al. 2016). Additionally, reactive oxygen species
(ROS) regulate pollen hydration at least partly by controlling
the activity of ion channels that sustain the pollen grain’s
ability to take up water from the stigma (Li et al. 2017). A
pollen-specific cell wall pectin methylesterase is thought to
promote pollen hydration by remodeling the intine pectin
and increasing its hydrophilicity (Leroux et al. 2015).
Additionally, a pollen-specific mechanosensitive ion channel
senses the increased membrane tension produced by the ra-
pid increase in water potential and responds, together with
other regulators of turgor pressure, by adjusting osmolarity,
thus maintaining cellular integrity in the rehydrating pollen
grain (Hamilton et al. 2015).

In the papilla, several changes which are thought to pro-
mote water release for pollen hydration are rapidly induced
by contact with a compatible pollen grain. Microscopic ob-
servations in Brassica and Arabidopsis have shown increased
cellular activity in the region subtending the pollen attach-
ment site, including an increase in cytosolic Ca**, accumula-
tion of endoplasmic reticulum (ER), Golgi, and multivesicular
bodies that fuse with the plasma membrane, and reorienta-
tion of the actin cytoskeleton in the direction of the pollen
attachment site (Bosch and Wang 2020). The polarized secre-
tion revealed by these studies has been associated with a tar-
geted secretion process mediated by the exocyst, a complex
that functions in exocytosis at sites of polarized secretion
(Abhinandan et al. 2022). The nature of the cargo discharged
by these vesicles is not known, but it presumably consists of
largely undefined “compatibility” factors which are used for
activities related to pollen hydration and for sustaining the
metabolic requirement of pollen grains and their germinat-
ing tubes (Abhinandan et al. 2022). In parallel, a pathway
for water transport out of the papilla uses an aquaporin loca-
lized in the ER which would regulate water transport out of
the ER, and another aquaporin localized in the plasma mem-
brane, which would regulate water transport to the cell’s
apoplast (Windari et al. 2021).

Undoubtedly, efficient water release requires modification
of the papilla surface. Like other cells of aerial plant tissues,
the papilla is protected against desiccation and other stresses
by a lipophilic cuticle layer that restricts the diffusion of
water, gases, and solutes. However, the papilla cuticle, unlike
the cuticle of other plant cells, must allow rapid outflow of
water in response to contact with a compatible pollen grain,
and its chemical composition must be modified in the region
subtending the site of pollen contact. The importance for
pollen hydration of cuticle permeability is clearly illustrated
by the ectopic hydration and germination of wild-type pollen
grains on the leaf epidermal surfaces of A. thaliana transgenic
plants that overexpress cutinase and of mutants whose cuti-
cles have increased permeability due to aberrant compos-
ition (Edlund et al. 2004). Similarly, during flower
development, a higher permeability of epidermal cell cuticles
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in immature organs relative to mature organs might explain
the ectopic hydration and germination of pollen grains on all
epidermal surfaces in very young flower buds and subsequent
growth of these tubes into underlying tissues (Kandasamy
et al. 1994).

The pollen-induced release of water also requires active
signaling in the papilla. Leucine-rich repeat receptor-like ki-
nases expressed in stigmas have been identified which,
when mutated in concert, result in reduced rates of pollen
hydration (Abhinandan et al. 2022). A more dramatic effect
was recently observed when ROS signaling was disrupted in
the stigma (Liu et al. 2021). Stigmas accumulate ROS to sub-
stantial levels that peak when papillae are most receptive to
pollen, and these ROS levels are reduced in stigmas polli-
nated with compatible pollen relative to unpollinated stig-
mas (Mclnnis et al. 2006). A molecular explanation for
these observations and their connection to the role of
PCP-Bs as regulators of pollen hydration was provided by experi-
ments carried out in A. thaliana (Liu et al. 2021). Previous work
had demonstrated that FERONIA (FER), a multifunctional re-
ceptor protein kinase, activates Rho-like GTPases (Guanosine
Triphosphate Hydrolases) triggering RESPIRATORY BURST
OXIDASE HOMOLOGS (RBOHs) to produce ROS (Cheung
et al. 2022). Liu et al. (2021) demonstrated that a complex
formed by 2 stigma-expressed receptor-like protein kinases,
FER and ANJEA (ANJ), and the co-receptor Lorelei-like
Glycosylphosphatidylinositol (GPI)-anchored protein 1 (LLG1)
is activated by autocrine RAPID ALKALINIZATION FACTOR
(RALF) peptides, leading to ROS production. Loss-of-function
mutations in any one of the genes for the FER/AN] to ROS path-
way cause reduced ROS levels and more rapid pollen hydration
relative to wild type stigmas. Because PCP-Bs also interact with
the FER/AN]J receptor complex and displace RALF23/33 li-
gands from the complex at least in vitro, a model is proposed
(Fig. 2, Huang et al. 2023) in which the PCP-Bs released by a
compatible pollen grain successfully compete with RALFs for
binding to the FER/ANJ complex which, with subsequent ni-
trosation of FER by compatible pollen-induced nitric oxide
production, results in suppression of FER-mediated produc-
tion of ROS, thus allowing pollen hydration and germination.
It is not known if the reduction in ROS levels is localized to the
region underlying the site of pollen contact. Also not known is
how a decrease in ROS levels permits pollen hydration and if
it affects the other cellular events that are triggered by com-
patible pollen.

Germination of the pollen grain and pollen tube
growth in the papilla cell wall

In preparation for germination, the hydrated pollen grain is
converted from a nonpolar to a highly polarized structure.
Hydration is accompanied by an influx of Ca’" mediated
by a calmodulin-activated calcium pump which accumulates
at the plasma membrane near the pollen attachment site
(Bosch and Wang 2020). The establishment of polarity in
the pollen grain involves several changes directed toward
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the future site of pollen tube emergence, including vesicle
and actin polarization, and establishment of a cytoplasmic
Ca”* gradient which is required for elongation of the pollen
tube by polar tip growth. These changes appear to be direc-
ted by a signal, possibly water or lipid as discussed earlier, em-
anating from the attachment foot, since the nascent pollen
tube emerges precisely at the site of contact with the stigma
papilla before growing within the attachment foot toward
the papilla surface. Meanwhile, for pollen tube exit, the pol-
len grain’s exine layer must be weakened by hydrolytic en-
zymes that may originate from the pollen grain or papilla.

Little is known about the molecular underpinnings of pol-
len tube entry into the papilla cell wall largely due to a dearth
of relevant mutations that affect this process. Clearly, exten-
sive enzymatic modification of the papilla surface is required.
Indeed, even before arrival of the pollen tube at the papilla
surface, signs of cuticle degradation and cell wall expansion
are visible beneath the site of pollen contact (Dickinson
1995). However, little is known about the enzymes that cause
these changes. At the point of pollen tube entry, the cuticle
may be degraded by cutinases located in the stigma pellicle
and by a pollen cutinase which may be activated by a factor
located in the pellicle (Hiscock and Allen 2008). As for cell
wall modifying enzymes, a possible pollen-expressed candi-
date is a pectin-degrading polygalacturonase whose levels in-
crease at the pollen tube tip during its entry into the papilla
cell wall (Dearnaley and Daggard 2001). And supporting
these activities is a papilla expressed pollen coat-inducible
auto-inhibited Ca®" transporter which accumulates at the
site where the pollen tube penetrates the papilla cell wall
(lwano et al. 2014). Papilla-specific factors are not apparently
required for pollen tube entry into the cell wall once the cu-
ticle layer is breached as indicated by the fact that pollen
tubes can invade the epidermal cell walls of immature floral
organs (Kandasamy et al. 1994).

Much research has focused on the mechanics of pollen
tube growth and the cues and signaling networks that guide
the tube through sub-epidermal tissues of the pistil
(Cameron and Geitmann 2018; Johnson et al. 2019). Much
less understood is how the pollen tube follows a straight
path down the papilla cell wall toward the style. Some pro-
gress on this issue has been made by analysis of plants in
which directional growth of the pollen tube in the papilla
cell wall is lost. One study followed up on the observation
that chemocyanin, a small extracellular protein belonging
to the plantacyanin family of blue copper proteins, functions
in directional guidance of the pollen tube in the transmitting
tract of the lily pistil (Kim et al. 2003). Transgenic plants that
overexpressed the sole plantacyanin gene in the A. thaliana
genome did in fact have an aberrant pollination phenotype:
when transformed stigmas were pollinated with wild-type
pollen, pollen tubes grew toward the style, but only after
making several turns within the papilla cell wall, and in
some cases they even grew away from the style in the direc-
tion of the papilla cell apex (Dong et al. 2005). In a more re-
cent study, a similar pollen tube coiling phenotype was
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Figure 2. Proposed mechanism for hydration of compatible pollen grains based on the regulation of ROS levels by the FER/ANJ/LLG1 receptor com-
plex. The figure shows a simplified diagram of this process in the papilla (upper diagrams) and a magnified view of the interaction of FER/ANJ/LLG1
with its ligands (lower diagrams). A) In the unpollinated stigma papilla of A. thaliana, the RALF33 peptide is secreted to the cell wall (CW) where it
binds to the FER/ANJ/LLG1 complex and activates ROS production by RBOHD, thus maintaining high ROS levels. B) In a compatible pollination,
pollen coat (PC) PCP-B peptides released from the pollen grain as the PC flows onto the papilla cell wall outcompete RALF33 for binding to the FER/
AN]J/LLF1 complex causing reduced receptor signaling and low ROS levels. C) The reduced ROS levels caused by the compatible pollen—papilla inter-
action promote water transfer from papilla to pollen grain likely via aquaporin (AQP) channels, thus allowing pollen grain hydration, germination,
and tube growth within the papilla cell wall. Not shown are intermediates of the FER/ANJ/LLG1-to-RBOH pathway, the reported increase in nitric
oxide induced by compatible pollen with subsequent nitrosation of FER, and the various other cellular events known to be triggered by compatible
pollination which are thought to promote water release from the papilla (see text). Note that while the displacement of RALF33 by PCP-Bs must
occur in the region of the papilla that subtends the pollen grain as shown in B and C), it is not known how localized the effect of reduced FER/AN]J/

LLG1 signaling is within the papilla.

observed in aging stigmas and in plants carrying mutations in
a gene for katanin, a microtubule-severing enzyme which is
the major regulator of cortical microtubule dynamics
(Riglet et al. 2020). The pollen tube coiling phenotype was as-
cribed to a reduction in the overall stiffness of the papilla cell
wall resulting from isotropic reorientation of cortical micro-
tubules and associated cellulose microfibrils in the cell wall
(Riglet et al. 2020). Therefore, both mechanical properties
of the papilla cell wall and chemical guidance cues appear
to contribute to directional growth of the pollen tube within
the papilla cell wall.

Stop signals at the pollen-stigma interface
for incompatible intraspecific and
interspecific pollinations

For the crucifer stigma to fulfill its role as a selective sieve for
pollen, 3 prezygotic pollen recognition systems must operate

in tandem within the same papilla: (i) the compatible pollen
recognition system described in the previous section, which
provides a molecular environment conducive to pollen hydra-
tion, germination, and tube growth; (i) in obligate outcrossers,
a self-incompatibility system for discrimination between self-
and nonself-conspecific pollen, which results in rejection of self-
pollen, thus enforcing outcrossing and maintaining genetic
diversity; and (iii) an interspecific incompatibility system for dis-
crimination between conspecific and heterospecific pollen,
which results in rejection of heterospecific pollen, thus allowing
only legitimate unions, conserving pistil resources, and main-
taining species integrity. Understanding the crosstalk between
these recognition systems is the subject of intense study.

Contrasts and similarities between different
self-incompatibility systems

The term “self-incompatibility” (SI) refers to a post-pollination
pre-zygotic genetic barrier widespread among angiosperms
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which ensures outcrossing by preventing selfing and mating
among relatives. Sl is typically controlled by loci that exist as
multiple variants, each of which encodes a distinct mating
(SI) specificity. The Sl barrier is highly selective and is based
on the ability of cells of the pistil to discriminate between
self-pollen (i.e. from a pollen donor that expresses the
same Sl specificity as that expressed in the pistil) and nonself-
pollen (i.e. from a pollen donor that expresses an Sl specificity
different from that expressed in the pistil). Pollen rejection
occurs when Sl specificities are matched in pistil and pollen,
whether they are derived from the same flower, the same
plant, or other plants that express the same Sl specificity.
Two major classes of Sl systems have been described: hetero-
morphic Sl systems which caught Darwin’s attention (Darwin
1877) due to the association of different Sl types with differ-
ences in floral morphology, such as the relative positions of
stigmas and anthers (herkogamy), and homomorphic sys-
tems, in which different Sl specificities cannot be distin-
guished based on floral morphology (Franklin-Tong 2008).
The homomorphic Sl systems of different families can differ
with respect to the site and mode of pollen or pollen tube
arrest, the number of genetic loci that control SI specificity,
and the molecular basis of SI. These Sl systems also differ in
the genetic control of pollen SI specificity: sporophytic SI
(SSI) in which specificity is controlled by the diploid geno-
type of the pollen-producing plant and gametophytic SI
(GSI) in which specificity is controlled by the pollen grain’s
haploid genome.

Clearly, SI evolved independently in different lineages. The
use of the term “S locus” (for “Sterility locus”) to designate
unrelated Sl specificity-determining genetic loci is an unfor-
tunate relict of early genetic studies that predated the mo-
lecular identification of Sl recognition genes. The molecular
data also discredit the notion espoused by early researchers
that the SSI and GSI categories each encompasses related
SI systems that use the same mechanism for recognition
and rejection of incompatible pollen. Rather, molecular ana-
lysis of Sl in the families investigated to date underscores a
key distinction between GSI and SSI systems: namely, which
structure, pistil or pollen, produces the signal that triggers
the Sl rejection pathway (the pistil in GSI and pollen in SSI)
and which cell receives and transduces this signal into a cel-
lular response that culminates in pollen arrest (pollen in GSI
and pistil in SSI).

Despite the variability of SI mechanisms, several features
are shared by different homomorphic Sl systems. The num-
ber of Sl variants is typically large as expected for systems in
which allelic diversity is maintained by negative frequency-
dependent selection where new and therefore rare alleles
have a reproductive advantage and will increase in fre-
quency in a population. And as expected for variants that
persist in species for long periods of time due to strong
heterozygote advantage, these recognition genes typically
exhibit an extraordinarily high level of intra-specific se-
quence polymorphisms and frequent trans-specific poly-
morphisms. In all cases analyzed to date, the genetic loci
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that control Sl specificity consist of separate coadapted rec-
ognition genes that encode the pistil and pollen determi-
nants of Sl specificity, the former expressed at the site in
the pistil of pollen or pollen tube arrest, and the latter ex-
pressed in tapetum (SSI) or pollen tube (GSI). And it is the
allelic combination of pistil and pollen recognition genes
which forms a nonrecombining genomic segment or haplo-
type (Nasrallah and Nasrallah 1993) which determines pistil
and pollen SI specificity.

General features of Sl in crucifers

In crucifers, the rejection of self-pollen is primarily due to the
failure of pollen hydration although a few self-pollen grains
can hydrate and germinate (Fig. 1B). The genetic control of
crucifer SI by a single multi-allelic “S” locus with sporophytic
control of pollen SI phenotype was demonstrated in the
1950s by classical genetic studies in Brassica and Raphanus
among other species (Bateman 1955, Thompson 1957).
Further studies showed the existence in any one species of
many distinct S| specificities or S haplotypes, numbering up
to 100 in some species (Lawrence 2000). Moreover, diallel
crosses revealed that complex genetic interactions between
S haplotypes in S-locus heterozygotes underlie the specifica-
tion of SI phenotype, not only in stigmas but also in pollen, as
expected from sporophytic control of pollen Sl phenotype. In
parallel, the Sl response was found to be regulated over the
course of stigma maturation, whereby stigmas are initially
unable to discriminate between self- and nonself-pollen,
and only acquire the ability to reject self-pollen at the time
anthers release their pollen and before the flower opens
(Fig. 1G; Nasrallah 1974). This developmental regulation has
been invaluable for mechanistic studies of SI and for
SI-based breeding programs because it allows the production
and maintenance of S-locus homozygotes by bud pollination,
i.e. manual pollination of self-compatible stigmas before the
onset of SI.

Molecular basis of self-pollen recognition: selective
activation of stigma receptors by pollen-borne
ligands

Early attempts to identify the determinants of Sl specificity in
crucifers, like attempts in other species (Lewis 1952), initially
focused on the pollen SI determinant and were unsuccessful.
It was only when the focus shifted from pollen to stigma that
progress was achieved by M.E. Nasrallah in the D.H. Wallace
laboratory at Cornell University (Nasrallah and Wallace
1967). The expectation was that a candidate stigma SI deter-
minant would exhibit several characteristics: a high degree of
intraspecific polymorphism, genetic linkage to the S locus,
expression in stigma papillae, and a developmental regula-
tion pattern that parallels the developmental regulation of
SI over the course of stigma maturation. A protein having
these expected features was identified in stigma extracts
using immunochemical methods (Nasrallah and Wallace
1967). This protein, now designated S-locus glycoprotein
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(SLG), is an abundant secreted glycoprotein that localizes to
the papilla cell wall (Kandasamy et al. 1989) and is unrelated
to other proteins known at the time of its discovery
(Nasrallah et al. 1987). While SLG was later found not to be
the sought-after stigma SI determinant, it was key for the
eventual identification of the actual stigma determinant. It
turned out that SLG belongs to a gene family, one member
of which proved to be an S-locus linked highly polymorphic
gene expressed in stigmas (Stein et al. 1991). This gene, called
the S-locus Receptor Kinase (SRK) gene would become the
prototypic member of the so-called S-domain receptor like
kinase (SD-RLK) family which includes RLKs and receptor-like
proteins (SD-RLPs) like SLG (Fig. 3, A and B). Importantly, SRK
itself was the starting point for a chromosome walking strat-
egy which allowed the identification of an anther-expressed
gene that encodes the small and extremely polymorphic
S-locus cystine-rich (SCR) protein (Schopfer et al. 1999;
Schopfer and Nasrallah 2000). Mutant analysis and transgen-
ic experiments have demonstrated that SRK and SCR are re-
spectively the stigma and pollen determinants of SI
specificity (Schopfer et al. 1999; Takasaki et al. 2000). Thus,
SRK bestows on the stigma the ability to distinguish self-
from nonself-pollen grains, and SCR identifies the pollen
grain as being self or nonself, thus marking it for rejection
or acceptance.

The SRK gene is expressed predominantly in papillae and
to a lesser extent in the transmitting tissue of the style,
and its expression attains peak levels coincident with the on-
set of Sl in mature bud stigmas (Stein et al. 1991). The SRK
protein consists of an N-terminal extracellular glycosylated
S-domain (designated eSRK), a single-pass transmembrane
domain, and a C-terminal kinase domain (Fig. 3B).
Consistent with its overall structure, SRK is an integral pro-
tein of the plasma membrane of the papilla (Fig. 3B; Stein
et al. 1996; Rea and Nasrallah 2015). Indeed, this localization
is critical for the stigma’s ability to recognize and arrest self-
pollen, as this ability is abrogated when SRK is trapped within
the ER (Yamamoto et al. 2014; Tantikanjana and Nasrallah
2015). Within an S haplotype, the eSRK and SLG share a
high degree of sequence similarity, suggesting that SLG was
generated by partial duplication of SRK (Stein et al. 1991).
This similarity might explain why SLG can enhance the stig-
ma S| response triggered by its cognate SRK (Takasaki et al.
2000), possibly by contributing in a haplotype-specific man-
ner to the proper maturation and subcellular targeting of
SRK (Dixit et al. 2000).

For its part, the small (typically ~50 amino acids in length)
SCR protein (also known as SP11), is synthesized in the an-
ther tapetum and subsequently transferred to the outer
coating of the pollen grain (Schopfer and Nasarallah 2000;
Kachroo et al. 2001; lwano et al. 2003). Despite their extreme
sequence divergence, SCR variants assume the same overall
3D structure consisting of a defensin-like cystine-stabilized
af-fold (Fig. 3C). Biochemical analysis has demonstrated
that SCR binds the eSRK (Kachroo et al. 2001; Takayama
et al. 2001) and high-resolution 3D structural analysis has
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shown that SCR induces the formation of a heterotetramer
consisting of 2 eSRK and 2 SCR molecules (Ma et al. 2016).
Both types of analyses also demonstrated that the
eSRK-SCR interaction is S haplotype-specific and will occur
only when receptor and ligand are encoded in the same S
haplotype. As a component of the pollen coat, SCR is carried
to the papilla surface via the attachment foot and transferred
across the papilla cuticle and cell wall toward the plasma
membrane where it gains access to the eSRK (lwano et al.
2003). While these processes occur in both self- and cross-
pollination, it is only in a self-pollination that the SCR ligand
will bind and activate the SRK receptor. This haplotype-
specific interaction forms the basis of selective recognition
of self-pollen, resulting in autophosphorylation of SRK and
the triggering by the activated receptor of a signaling cascade
within the papilla which culminates in arrest of self-pollen.
Notably, the self-pollen grain is not killed in the process
(Kroh 1966), which is different from the GSI response of
the Solanaceae and Papaveraceae, in which self-pollen tubes
are targeted for destruction by a signaling pathway triggered
within the pollen tube (Franklin-Tong 2008).

Sporophytic control: solving the puzzle of
dominance-recessiveness

A hallmark of the crucifer SSI system is the complex genetic
interactions between S haplotypes (designated S;, S5, S ... S,,)
which determine SI phenotype in both stigma and pollen.
Interactions of codominance, dominance/recessiveness, in-
complete dominance, or mutual weakening occur. And these
interactions can differ in the specification of SI phenotype in
stigma and pollen consistent with distinct molecules deter-
mining specificity in the two interacting partners. While
most allelic interactions are codominant, dominant-recessive
interactions forming complex nonlinear dominance series
are frequently observed in the determination of pollen SI
phenotype (Thompson 1957). Notably, dominant-recessive
relationships can impact the frequencies attained by S haplo-
types in a population. Thus, “pollen recessive” haplotypes at-
tain high frequencies because they allow pollen to evade the
stigma-mediated rejection of self-pollen and they can there-
fore occur in homozygous condition in nature.

The molecular basis of these genetic interactions is best
understood for “pollen recessive” S haplotypes. Because of
sporophytic control, in plants heterozygous for 2 codominant
S haplotypes (e.g. S; and S,), the haploid pollen grains are gen-
otypically S; or S, but phenotypically S;S, because their pollen
coat contains both SCR; and SCR,. However, if the S; haplo-
type is dominant to the S, haplotype, all pollen grains will
be phenotypically S; whether they are genotypically S; or S,.
As shown in A. lyrata (Kusaba et al. 2002) and Brassica rapa
(Shiba et al. 2002), these dominant-recessive interactions result
from monoallelic expression of the dominant SCR allele due to
epigenetic silencing of the recessive SCR allele. This silencing is
achieved by S-locus-linked small-RNAs found in dominant
haplotypes which target homologous sequences near SCR
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Figure 3. Structure of S locus-encoded proteins. A) Structure of the SLG protein. The diagram shows the modular organization that characterizes
the S-domain in members of the SD-RLK/RLP family. The S-domain consists of 2 N-terminal lectin domains, an epidermal growth factor (EGF)-like
domain, and a hepatocyte growth factor (HGF)-like domain. The vertical lines above the diagram mark the twelve cysteine residues that are con-
served in S-domain proteins. The SLG gene occurs in most S haplotypes from Brassica and Raphanus spp. but not in S haplotypes from Arabidopsis
and Capsella spp. B) Structure of the SRK protein. The protein consists of an extracellular S domain (eSRK), a transmembrane domain (TM), and a
kinase domain. The location of the 3 hypervariable (hv) regions that contain the Sl specificity determinants and the amino acids that form the
SRK-SCR binding pocket are shown. Below the diagram is an enlarged view of the hv-containing segment that shows the location of amino-acid
residues found to be critical for SRK function. The amino-acid residues essential for in-planta activation of Sl in 2 SRK variants are shown by
open circles for one variant and asterisks for the second variant (Boggs et al. 2009¢). The enlargement also shows the amino acids that form contact
points with SCR9 (filled circles above the line) and those involved in eSRK9 homodimerization (filled circles below the line) as determined by the 3D
crystal structure of the eSRKy-SCRy tetrameric complex. Note that residues in hvlll were not tested for activity in planta. To the right of the diagram
are confocal images of an AISRK,o-YFP fusion protein which confers Sl in A. thaliana C24 stigmas. The images show that the AISRK,,-YFP signal is
primarily localized at the periphery of papillae (left) and in the plasma membrane and hechtian strands in plasmolyzed papillae (right). C) Structure
and extreme diversity of the SCR protein. Sequence alignment of B. rapa SCR, (BrSCR9) and B. oleracea SCRs (BoSCR6) and SCR;3 (BoSCR13). The
conserved cysteines are shown joined by 4 di-sulfide bridges (brackets above the BrSCR9 sequence). The sequences show the conserved glycine
residue and the aromatic residue between C3 and C4 which is conserved in most SCRs including BrSCR9 and BoSCR6 but is missing in
BoSCR13. BrSCR9 amino acids that form contact points with eSRK9 in the crystal structure of the B. rapa eSRK9-SCR9 complex are indicated by
filled circles above the BsSCR9 sequence. The TDTQ amino acid sequence in BoSCR13 which determines S;; specificity is indicated by filled circles
below the BoSCR6 and BoSCR13 sequence alignment. Note that the specificity determinants in SCR6 could not be identified either because they are
not located exclusively in the same region as SCR13 determinants or because residues outside this region affect the conformation of the SRK binding
pocket. To the right of the alignments is a TEM image of the pollen grain with the arrow pointing to the pollen coat and a 3D model of the BoSCR13
protein showing a structure composed of an a-helix and a triple-stranded antiparallel $-sheet forming a defensin-like cystine-stabilized af} structure.
The SCR;3 specificity-determining TDTQ sequence is located in the unstructured loop that projects from the core of the 3D model. The confocal
images in B) are reprinted from Tantikanjana and Nasrallah (2015). The 3D model of BoSCR13 in C) is reprinted from Chookajorn et al. (2004).

genes in the recessive haplotypes, resulting in methylation
and inactivation of the recessive SCR gene (Tarutani et al.
2010). This homology-based small-RNA system for control
of SCR dominance relationships appears to be conserved
across crucifers (Fujii and Takayama 2018). It was shown
to operate in Brassica (Tarutani et al. 2010) and
Arabidopsis (Durand et al. 2014; Yasuda et al. 2021) spp.,
although the number of sRNAs involved can vary accord-
ing to the complexity of the dominance hierarchy in vari-
ous species. In one case, analysis of the linear dominance
series of six A. halleri S haplotypes identified at least 17
S-locus-linked small-RNA genes and their respective

targets which together control the dominance hierarchy
of these haplotypes (Durand et al. 2014).

By contrast, the basis of dominant-recessive S haplotype
interactions in the stigma is not understood, as no silencing
or drastic dampening of expression of the recessive SRK allele
has been observed in the stigmas of S-locus heterozygotes.
Evidence suggests that SRK forms homodimers in the ab-
sence of its ligand in planta (Giranton et al. 2000) and that
this dimerization is critical for high-affinity binding to its cog-
nate SCR (Shimosato et al. 2007). It has been suggested that
the 2 SRKs expressed in heterozygous stigmas may differ in
their propensity to form ligand-independent homodimers
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and heterodimers, and that these heteromers may differ in
their affinity for their SCR ligand as reported for other
receptor-ligand systems (Naithani et al. 2007). In this scen-
ario, codominance in an $;S, stigma would result from a
strong preference of both SRK; and SRK, for forming homo-
dimers having strong affinity for their respective SCR ligands,
while a dominant-recessive interaction in an S3S; stigma
might result from an increased propensity of the recessive
SRK, e.g. SRK,, for forming SRK5-SRK, heterodimers having
weak affinity for the SCR, ligand but retaining strong affinity
for the SCR; ligand (Naithani et al. 2007).

Genetic linkage and coevolution at the S locus:
keeping partners together

Given that different SI specificities are defined by combina-
tions of matched allelic forms of SRK and SCR, the proper
functioning and long-term preservation of Sl depends on
the coevolution of SRK/SCR proteins to ensure their struc-
tural compatibility and on maintenance of the SRK-SCR
gene complex in a tightly linked genetic unit. Several features
of SRK and SCR indicate that the 2 proteins coevolve: their S
haplotype-specific interaction, the fact that the crystal struc-
tures of the eSRK in complex with self-SCR show strong inter-
action interfaces while models of eSRK-nonself-SCR
complexes reveal steric clashes (Ma et al. 2016; Murase
et al. 2020), and the congruence of their gene trees (Sato
et al. 2002; Goubet et al. 2012). Regarding genetic linkage,
the expectation is that recombination events that disrupt
the linkage of coadapted SRK-SCR gene pairs will produce
nonfunctional haplotypes, resulting in the breakdown of SI.
Indeed, SRK and SCR are in strong linkage disequilibrium,
which is likely due to the extensive intraspecific differences
in overall organization and sequence content exhibited by
S haplotypes (Fig. 4, A and B; Boyes et al. 1997; Kusaba
et al. 2001; Goubet et al. 2012). The haplotypes can vary sig-
nificantly in overall physical size, in the orientation of their
SRK and SCR genes relative to each other, and in the physical
distance between the 2 genes and relative to flanking genes.
They also contain haplotype-specific sequences, and they dif-
fer in the number and families of transposable elements they
harbor. Indeed, the S haplotype is easily recognizable within
the genome as a highly variable and rearranged segment
flanked by conserved colinear regions (Fig. 4A). Since S hap-
lotypes typically exist in heterozygous condition, these fea-
tures would prevent proper DNA pairing during meiosis,
thus causing suppression of recombination in the S haplo-
type and maintaining the linkage of coadapted allelic com-
binations of SRK and SCR genes over time. Similar
rearranged gene order, fractured homology, and suppressed
recombination are common features of genomic regions
containing coadapted gene complexes, such as the mating
type loci of fungi and green algae (Ferris and Goodenough
1994; Hartmann et al. 2020), sex-determining chromosomes
(Charlesworth 2023), histocompatibility loci in mammals
and invertebrates (Cadavid et al. 2004; Nasrallah 2005),
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and loci for disease resistance in plants (Schweiger et al.
2016).

Establishment of a transgenic self-incompatible

A. thaliana model for mechanistic and evolutionary
studies of S|

To circumvent the difficulties associated with analysis of Sl in
nonmodel Brassica spp., attempts were made to transfer the
SI trait to the highly self-fertile A. thaliana which has well-
known advantages for molecular genetic studies. Initial at-
tempts using transformation with Brassica SRK-SCR genes
were unsuccessful, which was taken to mean that a complex
trait like SI could not be transferred to a self-fertile species by
direct transformation with only 2 genes (ME Nasrallah, un-
published data). Consequently, another approach was used
which involved crossing A. thaliana and A. lyrata despite
the known problems associated with inter-specific crosses,
especially those involving species having different chromo-
some numbers such as the 2 Arabidopsis spp. being crossed
(Nasrallah et al. 2000). It was only after S haplotypes from
self-incompatible A. lyrata were analyzed and their SRK
and SCR genes were identified (Kusaba et al. 2001) that trans-
fer of the Sl trait to A. thaliana was realized.

In the first transformation experiment, the AISRK and
AISCR genes isolated from the Sb (hereafter S,,) haplotype
of A. lyrata were introduced into the Col-0 accession, result-
ing in AISRK,o-AISCR,, transformants that expressed a transi-
ent S| phenotype: an Sl response was evident in young floral
buds during a narrow window of stigma development but
broke down in older flowers due to suboptimal levels of
AISRK,, transcripts (Nasrallah et al. 2002). Despite setting
abundant seed, the Col-0[AISRK,,-AISCR ] plants exhibit as
strong an inhibition of self-pollen in their younger stigmas as
that observed in A. lyrata S,, stigmas. Subsequent transfor-
mations of other A. thaliana accessions produced different
outcomes (Fig. 4C; Boggs et al. 2009a; Dwyer et al. 2013).
Some accessions exhibited weak SI while others, such as
the Lz accession, failed to express Sl at any stage of stigma de-
velopment despite exhibiting high and developmentally
stable expression of the SRK gene (Fig. 4C), suggesting that
they may carry mutations in the SRK signaling pathway.
Importantly, SRK-SCR transformants of 5 accessions (C24,
Cvi-0, Hodja, Kas-2, Sha) do express a developmentally stable
Sl response that persists in older flowers and consequently
set very few seeds (Fig. 4C Nasrallah et al. 2004; Boggs
et al. 2009a; Nasrallah and Nasrallah 2014). This reversal of
A. thaliana from autogamy to full Sl indicates that the species
has retained a functional SRK-mediated pollen rejection
pathway. It also provides further evidence that SRK and
SCR are the sole determinants of Sl in crucifers and demon-
strates that these 2 proteins are the primary determinants of
the outcrossing mode of mating in crucifers.

Transgenic self-incompatible A. thaliana plants have now
been successfully generated using different SRK-SCR gene
pairs isolated from A. lyrata, A. halleri and Capsella
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Figure 4. Structural heteromorphism of S haplotypes. The figure shows the rearranged gene order of representative S haplotypes from Arabidopsis
and Brassica spp. A) S haplotypes from self-incompatible A. lyrata; B) S haplotypes from self-incompatible B. rapa (Br) and B. oleracea (Bo); C) non-
functional S haplotypes from several A. thaliana accessions. The arrows indicate the 5'—3’ orientation of each gene, while boxes with no arrows
indicate that gene orientation is not known. The diagrams are not drawn to scale. A and B) The Brassica S haplotypes contain an SLG gene while
A. lyrata haplotypes do not. In Arabidopsis spp. and Capsella spp. (not shown), the S haplotype is located in a region that corresponds to the segment
flanked by the PUBS8 (At4g21350) and ARK3 (At4g21380) genes on chromosome 4 of A. thaliana. The Brassica S locus was translocated to a genomic
location that corresponds to a region on chromosome 1 of A. thaliana (Conner et al. 1998). The S haplotypes differ in their overall size and with
respect to the distance between SRK and SCR and the orientation of these genes relative to each other and to flanking genes. This rearranged gene
order can be contrasted with the collinearity of genes that flank the S haplotype in Arabidopsis spp. C) The organization of the nonfunctional S
haplotypes in several A. thaliana accessions are shown along with the pollination phenotype conferred by the AISRK,,-AISCR,, transgenes in
each accession. Sequences from the 3 S haplogroups, Sa, S, and S¢, which have been retained in the species are shown. The S haplotypes carry in-
activating substitutions (asterisks), deletions, inversions, or inter-haplogroup recombination events. AISRK,,-AISCR,, transformants of the C24, Sha,
Hodja, Kas-2, C24, and Cvi-0 accessions exhibit complete reversion to SI, indicating that inactivation of the S locus caused loss of Sl in these acces-
sions. Col-0[AISRK-AISCR,,] transformants exhibit transient SI due to suboptimal levels of SRK at later stages of sigma development, while
Lz[AISRK,,-AISCR,] plants do not express Sl at any stage of stigma development despite expressing adequate levels of AISRK,, and AISCR, tran-
scripts, possibly due to the presence of mutation(s) in the Sl pollen rejection pathway. Arrows show the 5’—3’ orientation of the sequences and
teeth marks indicate 5" and 3’ gene truncations. Hatch marks between the genes or gene fragments indicate the segments for which length and
sequence content are not known. The maps were drawn according to Kusaba et al. (2001) for AlS;; and AIS,, (previously referred to as AlSa
and AISb, respectively), Guo et al. (2011) for AlS;s and AlSs,, and Goubet et al. (2012) for AlS;s. C) was modified from Nasrallah (2017).

grandiflora (Nasrallah et al. 2002, 2004; Boggs et al. 2009b;
Dwyer et al. 2013; Durand et al. 2014; Chantreau et al.
2019; Zhang et al. 2019; Rozier et al. 2020). It should be noted
that not all SRK-SCR gene pairs can confer Sl in A. thaliana.
All Brassica SRK-SCR gene variants tested to date (Zhang
et al. 2019; Yamamoto et al. 2022; ME Nasrallah, unpublished
data) and even some SRK-SCR gene pairs from A. lyrata, a
close relative of A. thaliana, failed to restore SI due to the in-
ability of the SRK gene to function in A. thaliana (Boggs et al.
2009b). The range of species from which these ineffective
SRKs are derived indicates that there is no genus-specific
preference for SRK-SCR gene pairs, contrary to the claim of

Zhang et al. (2019). Indeed, the functionality of some, but
not all, SRKs from A. lyrata, C. grandifiora, and B. rapa could
be restored (Boggs et al. 2009b; Yamamoto et al. 2022) using
a strategy developed by Nathan Boggs in which SRK chimeras
(SRKx-SRK5M) are generated by replacing the native kinase
domain with the SRK,, kinase domain (Boggs et al. 2009b).
The reason for the inactivity of some SRKx-SRK5' chimeras
despite a kinase domain of proven effectiveness may vary
among chimeras; one possibility is that they may not be
properly targeted to the plasma membrane as reported for
2 B. rapa chimeras (Yamamoto et al. 2022). In any case, as de-
scribed in the next sections, the transgenic self-incompatible
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A. thaliana platform has proven to be invaluable for mechan-
istic studies of the recognition and response phases of the SI
response and for addressing evolutionary questions related
to Sl and its loss in transitions to self-fertility.

S-locus polymorphisms and genesis of

the Sl recognition repertoire

Sl recognition genes, like those of other self/nonself-
discrimination systems, have been shaped by selective
pressures for diversification and coevolution of recognition
functions. In crucifers, the SI recognition repertoire has
been fashioned over millions of years of evolution.
Consistent with the very old age of S haplotypes, which pre-
date speciation in the family, trans-specific and even trans-
generic polymorphisms in SI specificity and SRK/SCR gene
sequences are common (Dwyer et al. 1991; Sato et al. 2002;
Guo et al.2011; Goubet et al. 2012). Understanding the diver-
sification of S haplotypes and the molecular basis of the
haplotype-specific eSRK-SCR interaction requires identifica-
tion of the specificity-determining amino-acid residues in re-
ceptor and ligand. However, identification of these residues is
complicated by the extremely high levels of intraspecific se-
quence divergence of these proteins. The eSRKs can exhibit
as much as 35% amino acid divergence in Brassica spp. and
~40% to 50% in A. lyrata, and many of the polymorphic re-
sidues show signals of positive selection as expected for de-
terminants of recognition specificity (Sainudiin et al. 2005).
With a few exceptions, SCR alleles are even more diverged:
only the core 8 cysteines, a glycine residue, and an aromatic
residue are conserved in most variants, while the regions be-
tween the cysteines often differ in length and typically ex-
hibit little if any sequence similarity (Fig. 3C).

The polymorphic residues in the eSRK are scattered over the
length of the protein but are particularly concentrated in sev-
eral “hypervariable regions” (Fig. 3B; Boggs et al. 2009c).
However, determining which suspected regions or residues
in eSRK and SCR are bona fide determinants of Sl specificity
requires in vivo structure-function analysis of eSRK and SCR
variants engineered by inter-allelic domain and single-residue
swaps. For SCR, assays in which engineered SCRs were applied
to stigmas expressing the relevant S| specificity showed that
specificity determinants can consist of a cluster of as few as
4 residues and surprisingly, they can occur in different regions
of the protein or can consist of combinations of regions in dif-
ferent SCRs (Fig. 3C; Chookajorn et al. 2004).

In the case of SRK, identification of Sl specificity residues
requires in planta analysis of engineered eSRKs reconstituted
into full-length SRK receptors. Once several S| specificities
were expressed in A. thaliana C24 plants (Boggs et al.
2009b), it was possible to generate the required SRK variants
for expression in A. thaliana. Unexpectedly, even though ap-
proximately half of the amino acids in the eSRK exhibit sig-
nificant levels of polymorphism among S haplotypes, the
specificity determinants were found to consist of only a small
number of amino-acid residues located in 2 noncontiguous
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clusters in the hvl and hvll regions (Fig. 3B; Boggs et al. 2009c).
The inference that these 2 clusters are brought into close juxta-
position in the 3D structure of the eSRK to form an SCR-binding
pocket was validated by the crystal structure of the B. rapa
eSRKy-SCRy complex (Ma et al. 2016). In fact, there is significant
overlap between the location of the specificity-determining resi-
dues identified in planta for A. lyrata- and C. grandiflora-derived
sequences and the position of amino-acid residues that form
contact points between the eSRK and SCR in the 3D structure
of the B. rapa eSRK,-SCR, complex (Fig. 3, B and C). Although
it is likely that roughly the same amino-acid regions form the
eSRK-SCR interaction interface between various eSRK-SCR pairs,
the divergence of these proteins is such that the exact mode of
the interaction can differ among different SRK/SCR variants
(Murase et al. 2020). Nevertheless, the structure-function studies
of eSRK and SCR indicate that most polymorphic residues are
not essential for Sl specificity as expected. Indeed, because of
the very old age of S haplotypes and suppressed recombination
at the S locus, amino-acid substitutions are expected to accumu-
late in SRK and SCR at sites near their specificity determinants.
Additionally, specificity determinants retain functionality in
the context of highly diverged backbones and acquisition of a
novel specificity can result from a small number of amino-acid
changes in the 2 proteins (Chookajorn et al. 2004; Boggs et al
2009¢; Chantreau et al. 2019).

An important question is how new Sl specificities are gener-
ated in a 2-component Sl system (Charlesworth 2000). For cru-
cifers, the conundrum is that for a new Sl specificity to arise, the
SRK and SCR genes contained in the same S haplotype must be
modified coordinately and not only by a single mutation but by
multiple mutations, as indicated by in planta structure func-
tion and 3D structure analyses (Fig. 3, B and C). Several hypoth-
eses have been proposed to explain how this process has
occurred repeatedly in nature to generate large numbers of
Sl specificities. Among these, is a hypothesis that proposes pas-
sage through self-compatible (SC) intermediates. According to
this hypothesis, a change in one gene which disrupts the
SRK-SCR interaction and produces a nonfunctional S haplo-
type is followed by a compensatory change in the second
gene within the same haplotype which would restore the inter-
action as long as it occurs before the nonfunctional S haplotype
carrying the first change is lost from the population
(Uyenoyama et al. 2001). An alternative hypothesis proposes
that new S| specificities are generated through self-
incompatible intermediates by small gradual readjustments
of the SRK-SCR interaction without disrupting the interaction
or signaling outcome, resulting eventually in the splitting of a
new specificity while retaining the old one (Chookajorn et al.
2004). Efforts are being made to obtain evidence for or against
these models (Chantreau et al. 2019; Durand et al. 2020).

The response phase of SI: multiple pathways

for pollen rejection?

Contact with self-pollen triggers rapid cytological changes in
the stigma papilla. These changes include callose deposition
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beneath the site of pollen contact accompanied by rapid in-
crease in cytosolic Ca”*, actin depolymerization, disorganiza-
tion of the vacuole, and inhibition of vesicular trafficking
(Bosch and Wang 2020). Together, these changes are thought
to disrupt secretion of compatibility factors and water re-
lease from the stigma. Because most self-pollen grains fail
to hydrate, studies of SRK-mediated signaling have rightly fo-
cused on the pollen hydration checkpoint. As a result, an-
other feature of self-pollen rejection has been largely
ignored, namely that when self-pollen grains breach the hy-
dration checkpoint and germinate, their pollen tubes will ei-
ther fail to enter the papilla cell wall (Fig. 1B) or they will be
arrested shortly after entering the wall. It is not known what
factors regulate these additional checkpoints.

The nature of the proteins that have been proposed to
function in SRK-mediated signaling is consistent with the ex-
pectation that this pathway would override the compatible
pollen acceptance pathway. In B. napus, a yeast 2-hybrid
screen for proteins that interact with the kinase domain of
SRK identified the ARM-repeat and U-box protein ARC1
which itself interacts with the Exo70A1 subunit of the exo-
cyst (Abhinandan et al. 2022). Based on these findings, a sig-
naling pathway was proposed in which SRK, activated by its
interaction with self-SCR, phosphorylates ARC1, which then
ubiquitinates and targets Exo70A1 for degradation by virtue
of its E3 ligase activity. As a result, vesicular trafficking and
the polarized secretion would be disrupted and compatibility
factors would be targeted for degradation instead of being
secreted by the papilla (Abhinandan et al. 2022). In a separate
study, analysis of a self-fertile B. rapa cultivar identified the
membrane-localized protein kinase MLPK as a potential ef-
fector of SRK (Kakita et al. 2007). However, MLPK function
is not required for the operation of at least one S haplotype
in B. rapa (Ohata et al. 2023). Moreover, neither the
SRK-ARC1-Ex070A1 pathway nor MLPK are required for
the Sl response in transgenic self-incompatible A. thaliana
plants (Kitashiba et al. 2011; Nasrallah and Nasrallah 2014).
Indeed, the ARC1 gene is deleted or only present as a non-
functional fragment in the genomes of A. thaliana accessions,
and neither loss-of-function mutations in the closest paralog
of MLPK nor overexpression of Exo70A1 in A. thaliana
SRK-SCR transformants caused the weakening of the SI re-
sponse reported in most analyzed Brassica strains
(Kitashiba et al. 2011; Table 2).

Another as-yet unexplained discrepancy between Brassica
and Arabidopsis spp. relates to the induction of autophagy in
self-pollinated papillae (Abhinandan et al. 2022): autophago-
somes, which are proposed to function as an additional pro-
cess for clearing compatibility factors, have been observed
in the papillae of self-incompatible Arabidopsis plants but
not in those of Brassica (Table 2). Setting aside the curious
intraspecific difference regarding the requirement of MLPK
in SI (Ohata et al. 2023), two possible explanations for the
discrepancies observed between Brassica and Arabidopsis
may be advanced. One explanation is that the role of
MLPK, ARC1, Exo70A1, and autophagy in Sl is not universal
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among crucifers and that distinct SRK-mediated pollen rejec-
tion pathways may operate in different species. Another ex-
planation is suggested by a comparison of the phenotypes
produced by manipulating expression of SRK on the one
hand, and of ARC1, Exo70A1, and genes required for auto-
phagy on the other hand. While disruption of SRK expression
causes complete breakdown of SI, down-regulation of ARC1
or overexpression of Exo70A1 in Brassica and loss of auto-
phagy in transgenic self-incompatible A. thaliana plants only
weaken, but do not abolish, the SI response (Abhinandan
et al. 2022). These observations, together with the various
cytological changes triggered by self-pollen, strongly suggest
that robust inhibition of self-pollen is ensured by the oper-
ation of parallel pathways forming an Sl signaling network
(Fig. 5 Tantikanjana et al. 2010), some branches of which
may be preferentially used in different species.

One signaling pathway impacted by self-pollination which
appears to function in both Brassica and A. thaliana and may
thus be applicable to other self-incompatible crucifers, is the
FER-Rop-RBOH-mediated signaling pathway which controls
ROS levels in the stigma. In self-incompatible B. rapa, cross-
pollination causes a reduction in basal stigmatic ROS levels
like that observed in A. thaliana compatible pollinations,
while self-pollination activates ROS production and triggers
anincrease in ROS levels (Zhang et al. 2021). Subsequent ana-
lysis of A. thaliana SRK-SCR transformants showed that the
SRK-SCR interaction results in recruitment of FER and activa-
tion of FER-mediated ROS production, thus causing rejection
of self-pollen (Fig. 5, Huang et al. 2023). It is not known how
this SRK-to-ROS pathway relates to other cellular responses
that are triggered by self-pollen and if its outcome spreads
within the papilla beyond the cytoplasmic region subtending
the incompatible pollen grain. In B. rapa, half-stigma pollina-
tions in which incompatible pollen was applied to one half of
a stigma and compatible pollen was applied to the other half
did show that ROS levels increased in the first half and de-
creased in the second half (Zhang et al. 2021). While this re-
sult was interpreted as evidence for a localized increase or
decrease in ROS levels (Zhang et al. 2021), it should be noted
that the half-stigma pollination assay does not, as claimed by
the authors, mimic the situation in nature where the entire
stigma, and even a single papilla, is challenged by a mixture
of compatible and incompatible pollen grains. A more in-
formative assay would use micromanipulators to apply a self-
pollen grain and a nonself-pollen grain to the same papilla.
Indeed, such dual-pollination assays were carried out on in-
dividual papillae as early as the 1980s. In Brassica, a papilla
was shown to simultaneously inhibit a self-pollen grain and
allow a nonself-pollen grain to hydrate and germinate, sug-
gesting a highly localized SI response (Sarker et al. 1988). By
contrast, more recent dual-pollination assays performed on
individual papillae of self-incompatible A. thaliana SRK-SCR
transformants showed that both self- and nonself-pollen
were inhibited in most dual pollinations. This result suggests
that the consequences of Sl signaling are not restricted to the
site of contact with self-pollen, but they rather diffuse rapidly
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A. thaliana SRK-SCR transformants

Figure 5. Molecular events underlying self-incompatible interactions at the papilla—pollen grain interface in Brassica and transgenic A. thaliana
SRK-SCR plants. Naturally occurring self-incompatible plants such as Brassica plants are heterozygous at the S locus; thus, a stigmatic papilla ex-
presses 2 different SRK variants and a pollen grain generally carries 2 SCR variants (except in the case of dominant-recessive SCR interactions as
described in the text). For simplicity, only 1 SRK variant and its cognate SCR are shown in the Brassica diagram. On the other hand, transgenic
A. thaliana SRK-SCR plants, which are typically designed to express one Sl specificity, are hemizygous (primary transformants) or homozygous (trans-
genic progenies) for 1 SRK-SCR gene pair. A and B) The diagrams depict the interaction of SRK with its cognate SCR in Brassica and self-incompatible
A. thaliana SRK-SCR transgenic plants, the resulting autophosphorylation of the receptor, subsequent phosphorylation of downstream substrates,
and proposed SRK-mediated signaling pathways that lead to inhibition of self-pollen. Inhibition of polarized secretion of “compatibility” factors
(curved arrow) and maintenance of high ROS levels by interaction (double-headed arrow) between SRK and the FER-ANJ-LLG1 complex (FER com-
plex bound to the RALF33 peptide) are shown as major outcomes of SRK-mediated signaling. Several hypothetical pathways which together produce
the various cellular responses triggered by self-pollen (see text) are shown as operating in parallel (dashed arrows with question marks), but inter-
secting pathways are also possible. How PCP-Bs impact the proposed SRK-mediated pathways is not known. A) In Brassica, MLPK, ARC1, and the
ARC1-Ex070A1 pathway leading to degradation of ubiquinated Exo70A1 and inhibition of polarized secretion (blunt curved arrow) are shown. B) In
A. thaliana, the downstream targets of SRK are not known (boxes with question marks) and the unknown mechanism by which polarized secretion is
inhibited is indicated by the dashed blunt curved arrow. CW, cell wall; PC, pollen coat.

into other parts of the papilla (Ilwano et al. 2015). While the
latter result is consistent with the observation that
self-pollen-induced actin depolymerization is observed
throughout the papilla (lwano et al. 2007), additional work
is required to determine if the discrepancies between the
two studies are real or if they are due to differences in the
number of assays performed.

Cross-incompatibility between races,

species, and genera

The most common form of cross-incompatibility is interspe-
cificincompatibility, a post-pollination prezygotic reproduct-
ive barrier like SI which causes the pistil to reject pollen from
other species (interspecific pollen), thus preventing gene
flow between species and possibly contributing to speciation.
In interspecific incompatibility, the site of pollen inhibition in
the pistil, the mode of pollen rejection, and its regulation as a
function of pistil development are identical to the rejection
of self-pollen in self-incompatible plants (Kandasamy et al.
1994). As stated by Heslop-Harrison (1975), “the obvious

distinction is to be seen in the effects: while interspecific sys-
tems preclude too remote a union, intraspecific SI systems
prevent one that is too close.” The similar manifestation of
pollen rejection and the correlated evolution of Sl and inter-
specific incompatibility (Roda and Hopkins 2019) have sug-
gested a mechanistic overlap between the two pollination
barriers. Indeed, it has been proposed that the rejection of
interspecific pollen may be an inevitable pleiotropic conse-
quence of SI (Roda and Hopkins 2019). In support of this no-
tion, the most common form of interspecific incompatibility
is the asymmetric reproductive barrier known as unilateral
incompatibility (Ul). Ul is most often observed in reciprocal
crosses between closely related self-incompatible and self-
fertile species. In these crosses, the pistils of self-incompatible
species reject pollen from SC species while the pistils of SC
species accept pollen from self-incompatible species (Lewis
and Crowe 1958). This so-called “SI X SC” rule has further
led to the suggestion that a common pollen rejection path-
way, and even a requirement for SRK, may be shared by these
two incompatibility systems. The overlap is not perfect how-
ever, because Ul has also been observed in crosses between
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self-incompatible species, between SC species (Li et al. 2018),
and more rarely between self-incompatible strains of one
species.

An unusual case of intraspecific Ul was observed in crosses
between self-incompatible strains of B. rapa from Japan and
Turkey. Contrary to the expectation that these strains would
be cross-compatible because of the different S haplotypes
they express, the stigmas of the Japanese line reject pollen
from the Turkish line while the stigmas of the Turkish line ac-
cept pollen from the Japanese line (Takada et al. 2021).
Interestingly, this Ul system was found to be based on the ac-
tivity of tightly linked SRK-like and SCR-like genes that were
apparently produced by duplication of the bona fide S locus
and subsequent translocation of the duplicated segment to a
new genomic location. In this case, intraspecific Ul is ex-
plained by the occurrence of stochastic mutations which in-
activated the stigma SRK-like gene in Turkish strains and the
pollen SCR-like gene in Japanese strains (Takada et al. 2021).

Several studies of the more common interspecific Ul have
discounted a role for SRK and some components of the SRK
signaling pathway in interspecific pollen rejection. Reciprocal
pollinations between self-incompatible B. oleracea and
A. thaliana obeyed the SI X SC rule, but the stigmas of a
B. oleracea strain carrying a kinase-deleted SRK was still
able to reject A. thaliana pollen (Kandasamy et al. 1994).
Similarly, analysis of 2 B. rapa strains that differed in their
stigmas’ ability to reject B. oleracea pollen found no evidence
for the involvement of SRK or MLPK in interspecific incom-
patibility (Udagawa et al. 2010). Finally, a genome-wide asso-
ciation study involving a large collection of accessions that
differ in their ability to reject pollen from distantly related
crucifer species identified the stigma-specific Stigmatic
Privacy 1 (SPR1) gene which encodes a previously uncharac-
terized protein that acts in an SRK-independent manner
(Fujii et al. 2019). Interestingly, SPRT may use a somewhat dif-
ferent pollen rejection pathway than that used by SI because
it does not inhibit the hydration of interspecific pollen but
rather blocks pollen germination and pollen tube entry
into the stigma (Fujii et al. 2019).

In contrast to these examples of SRK-independent inter-
specific incompatibility, other studies did find evidence for
the involvement of SRK-dependent pathways, thus pointing
to the mechanistic complexity of interspecific pollen rejec-
tion. A genetic analysis of unilateral interspecific and inter-
generic pollen rejection in the relatives of A. thaliana
inferred that these systems share a common pollen rejection
pathway with SI (Li et al. 2018). More recently, the SI X SC
type of Ul was found to be based on SRK-dependent activa-
tion of FER-controlled ROS production, this time triggered,
not by SCR, but by a signal from heterospecific pollen
(Huang et al. 2023). In this context, it should be noted that
the conclusion that SI and interspecific incompatibility are
coordinately gained or lost (Huang et al. 2023) does not
agree with the previously reported uncoupling of the two in-
compatibility systems in Brassica and in transgenic A. thali-
ana (Kandasamy et al. 1994; Nasrallah et al. 2002)
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(Table 1). In any case, the nature of the proposed heterospe-
cific pollen-derived signal, if it interacts with SRK or with an
as-yet unidentified receptor, and if the same signal is pro-
duced by pollen donor species irrespective of their phylogen-
etic relationship to the recipient species are not known. Also
not known is how the SRK-dependent FER-to-ROS pathway
would apply to unilateral interspecific incompatibilities that
do not conform to the SI X SC rule, especially those observed
in SC X SC species pairs (Li et al. 2018).

Breakdown of SI: spontaneous mutations,
evolutionary transitions to self-fertility, and
experimental manipulation of SI

Spontaneous mutations and evolutionary transitions
to self-fertility

In the face of varying selective pressures for outcrossing and
selfing, SI has experienced recurring origin and loss and has
occasionally been regained (Zhao et al. 2022). As a means
of reproductive assurance when outcross pollen is limiting
or when mates are scarce, evolutionary transitions to self-
fertility have occurred frequently and are a major evolution-
ary trend in plants. Consequently, crucifer genera, like many
other angiosperm genera, are generally comprised of self-
incompatible and secondarily evolved SC species, and a
predominantly self-incompatible species often includes self-
fertile strains or cultivars. These strains have been used to
identify the genetic events that underlie transitions to self-
fertility, first by classical genetic analysis and more recently
by large-scale DNA sequencing of populations segregating
for self-fertility or of self-fertile species or strains collected
from the wild. Together, these analyses have identified
loss-of-function mutations in SRK, SCR, or both which inacti-
vate the S locus (Nasrallah et al. 1994; Boggs et al. 2009a; Guo
et al. 2011; Tsuchimatsu et al. 2017) and other mutations
that disrupt “modifier” loci unlinked to the S locus, some
of which function in the regulation of S-locus gene expres-
sion (Nasrallah 1974; Nasrallah et al. 1992, 2002), while others
have as yet unknown functions.

The evolutionary transition to self-fertility is best under-
stood in A. thaliana. The fact that several A. thaliana acces-
sions acquire the Sl trait when transformed with functional
SRK-SCR gene pairs indicates that the species descended
from a self-incompatible ancestor. The A. thaliana S locus,
whose genomic location was identified by comparison with
the A. lyrata S locus (Kusaba et al. 2001), was initially ana-
lyzed in a small number of geographical accessions (Kusaba
et al. 2001; Sherman-Broyles et al. 2007; Tang et al. 2007;
Boggs et al. 2009a) and more recently in a comprehensive
species-wide analysis of the entire S-locus region in 1,083 ac-
cessions by mining resequencing data and by targeted rese-
quencing (Tsuchimatsu et al. 2017). Together, these studies
found no evidence for the existence of functional S haplo-
types in the species. The data demonstrate that A. thaliana
has retained only 3 groups of divergent S haplotypes
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Table 1. Discrepancies in the reported response of stigmas to heterospecific pollen
POLLEN PARENT®
Barbarea vulgaris
STIGMA PARENT? A. thaliana A. lyrata A. lyrata Brassica oleracea References
S20520 S13S13 Brassica rapa
1. SC Arabidopsis thaliana C C C C Nasrallah et al. 2002
2. SI A. thaliana C24[AIS ) C 1 C Nasrallah et al. 2002

3. Sl A. thaliana [AhS;3]
4. SI B. oleracea S¢S 1
5.SI B. rapa S;sS4s 1

6. SC B. oleracea SRKsg;SRKsf1 I

7. SC B. rapa BrSRKA™BrSRKA™

1 Huang et al. 2023
Kandasamy et al. 1994
1 Huang et al. 2023

Nasrallah et al., 1994
Kandasamy et al. 1994

C Huang et al. 2023

“The first column shows the plants from which stigmas used for pollination were derived: (1) self-compatible (SC) untransformed A. thaliang; (2) self-incompatible (SI) A. thaliana
C24 plants carrying the SRK-SCR transgenes from the A. lyrata S,, haplotype (AlS,); (3) SI A. thaliana (accession unknown) carrying SRK-SCR transgenes from the A. halleri S;3
haplotype (AhS;3); (4) SI B. oleracea S¢Ss homozygote; (5) SI B. rapa S,5546 homozygote; (6) SC B. oleracea homozygous for the defective SRKsg; gene which lacks the kinase domain;

(7) SC B. rapa homozygous for the defective BrSRK™

gene which lacks the transmembrane domain. Note that the AlS;; and AlS,, designations replace, respectively, the AlSa and

AISb designations in Nasrallah et al. (2002) which predated the current numbering of A. lyrata S haplotypes.

®Columns 2-5 show the outcome of manual pollinations in which stigmas derived from plants in column 1 are pollinated with pollen derived from A. thaliana, A. lyrata, Barbarea,
or Brassica strains. C: compatible pollination; I: incompatible pollination. Shaded boxes highlight discrepancies in the reported outcome of heterospecific pollinations of stigmas
from transgenic A. thaliana plants that express SI (shaded boxes in rows 2 and 3) and from Brassica strains that are self-compatible due to defective SRK genes (shaded boxes in

rows 6 and 7).

(designated S haplogroups) which share high sequence simi-
larity with 3 S haplotypes found in extant accessions of self-
incompatible A. lyrata and A. halleri, 2 species from which
A. thaliana diverged approximately 5 million years ago.
These haplogroups have been inactivated by loss-of-function
mutations or partial deletions of their SRK or SCR genes or
both. The fact that these ancient polymorphisms have
been retained and that some S haplotypes still contain func-
tional SRK genes is indicative of a recent switch to self-fertility
in A. thaliana, consistent with estimates that the species
transitioned to selfing between 150,000 and 1 million years
ago (Payne and Alvarez 2018). Nevertheless, different acces-
sions harbor nonfunctional S haplotypes in various states of
decay which arose independently of one another (Fig. 4C).
These haplotypes exhibit extensive restructuring and dele-
tion of substantial segments of the locus, or they can result
from interhaplogroup recombination events. These features
are consistent with the expectation that the switch to self-
fertility is associated with a reduced number of S haplotypes
and with relaxation of selective pressures for maintaining the
integrity of the S locus and its genes.

In addition to nonfunctional S haplotypes, A. thaliana ac-
cessions harbor cryptic mutations at Sl “modifier” loci which
seemingly arose stochastically in different populations of the
species, as inferred from the distinct pollination phenotypes
observed in SRK-SCR transformants of different accessions
(Fig. 4G Nasrallah et al. 2004). Due to this complex genetic
architecture of selfing, it is difficult to determine which mu-
tation was the primary mutation that caused loss of SI and
which mutations were secondary mutations resulting from
relaxed selective pressure on Sl-related genes. Indeed, it is

only for accessions which can be reverted to a strong and
stable SI response, and therefore lack these cryptic muta-
tions, that inactivation of the S locus may be deduced
to have been the event that caused self-fertility (Fig. 4G
Boggs et al. 2009a). Because these accessions harbor distinct
S haplotypes of independent origins (Fig. 4C), it is evident
that the self-fertility of A. thaliana resulted from multiple in-
dependent events rather than from the selective sweep of a
single nonfunctional S haplotype.

Mutagenesis of the Sl response in transgenic
self-incompatible A. thaliana

In A. thaliana, genetic screens have long been used to identify
mutations that disrupt specific biological pathways and in
principle, such screens could be performed in SRK-SCR trans-
formants for identification of additional factors required for
SI. However, standard protocols for seed mutagenesis and
mutant screens require large numbers of seed, and their im-
plementation in self-incompatible plants that do not set seed
is challenging, whether in naturally self-incompatible Brassica
spp. or in fully self-incompatible transgenic A. thaliana plants
such as C24[SRK-SCR] transformants. By contrast,
Col-0[SRK-SCR] transformants, which express transient Sl
produce large numbers of seed due to loss of Sl in older stig-
mas, are suitable for standard mutagenesis of the Sl response.
Moreover, an advantage of mutant screens in Col-0[SRK-SCR]
plants is that they can identify mutations that abolish the SI
response in young stigmas (using labor-intensive screening
by manual self-pollination in the young floral buds of thou-
sands of plants) (Strickler et al. 2013) as well as mutations
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Table 2. Pollen-stigma interactions in Brassica and Arabidopsis spp.: some reported differences

Process Brassica Arabidopsis References®

Genetic ablation of papillae in  B. oleracea: A. thaliana C24 plants: Kandasamy et al.,, 1993 (B)

SLGpr:DT-A transgenic plants  Stunted and biochemically inactive Stunted and biochemically inactive papillae. Thorsness et al. 1993 (A)
papillae. Self-sterile, stigma and pollen functional in

Self-sterile and cross-sterile in reciprocal
pollinations to wild type

® ARC1 and Exo70A1;
identified in yeast 2-hybrid
screens

® MLPK; identified by genetic
analysis of a self-fertile strain

Required for Sl in

® B. napus: weakening of Sl by down-
regulation of ARCT or overexpression
of Exo70A1

® B. rapa: complete breakdown of Sl in
most, but not all, plants homozygous
for an MLPK loss-of-function mutation

Activation of autophagy

in the SI response;

proposed to function in
clearing compatibility factors
to the vacuole for degradation

Autophagosomes not observed

reciprocal pollinations to wild type

Abhinandan et al. 2022 (B)
Kitashiba et al. 2011 (A)
Rozier et al. 2020 (A)

Not required for Sl in A. thaliana
C24[SRK-SCR] plants:

® No functional ARCT gene in the
A. thaliana genome

® No disruption of Sl in Exo70A1
overexpressers or in plants carrying a loss-
of-function mutation in the putative
MLPK ortholog

In A. thaliana SRK-SCR transformants and in
A. lyrata: autophagosomes are observed and
loss of autophagy causes weakening of SI

Abhinandan et al. 2022 (A/B)

(A) and (B) indicate that the reference describes work done in Arabidopsis and Brassica, respectively.

that enhance the Sl response (using simple screens for low or
no seed set) (Tantikanjana et al. 2009).

Indeed, the most informative mutation recovered in a screen
of mutagenized Col-0[SRK,,-SCR,] plants is a recessive pleio-
tropic mutation that simultaneously enhances the Sl response
in papillae and increases pistil elongation causing the protru-
sion of stigmas above the anthers (stigma exsertion)
(Tantikanjana et al. 2009). The stigma exsertion mutant pheno-
type requires a catalytically active SRK but does not require
SCR, indicating that SRK has an SCR-independent role in pistil
elongation. Further analysis revealed the involvement of
AUXIN RESPONSE FACTOR3 (ARF3), which is expressed in
the stylar vasculature and is implicated in the regulation of aux-
in signaling in the pistil. ARF3 acts noncell-autonomously from
its location in the style to enhance Sl and simultaneously down-
regulate auxin responses in papillae (Tantikanjana and
Nasrallah 2012). A possible explanation for these effects is
that ARF3 controls the production of a mobile signal that nega-
tively regulates Sl in papillae. The involvement of ARF3 suggests
that auxin would enhance pollen tube growth at the stigma
surface while suppression of auxin signaling would promote,
or be required for, rejection of self-pollen. While this hypothesis
remains to be tested, the analysis has uncovered a mechanistic
link between the Sl and pistil developmental pathways. Such a
link is supported by the frequent association of SI with adapta-
tions in floral architecture, including stigma exsertion, which re-
duce the chance of self-pollination while increasing the
likelihood of cross pollen receipt. The pleiotropic role of SRK
in SI and stigma exsertion shows how selection can act on
one trait and simultaneously affect the other trait, and thus
cause the rapid changes in floral architecture that can occur
after loss of SI during evolutionary switches from out-crossing
to self-fertility (Foxe et al. 2009).

Breaking the SI barrier for pollination

control in breeding programs

SI-based schemes are used in crucifer crop plants to produce
desirable F1 hybrid cultivars and to generate hybrid seeds on
a large scale. These schemes typically use one or more self-
incompatible inbreds as parental lines that must be main-
tained by using some method to break SI.

Several treatments have been traditionally use to break the
SI barrier. One of the more effective treatments is spraying
inflorescences with a 5% sodium chloride solution. It has
been suggested that the breakdown of Sl caused by this treat-
ment is due to sodium chloride-induced changes in the stigma
proteome (Yang et al. 2018). However, a simple explanation is
that sodium chloride induces plasmolysis of papillae and that
retraction of the protoplast leads to physical separation of the
plasma membrane from the cell wall, thus preventing SRK
from interacting with its cell wall-localized cognate SCR ligand
(Fig. 3B; Rea and Nasrallah 2015).

Recent studies have suggested new strategies for breaking
pollination barriers between and within species. One strategy
adds to the number of available treatments for overcoming in-
compatible pollen rejection. It involves treating stigmas with
compounds that reduce ROS to promote the growth of self-
and heterospecific pollen, which in the latter case would en-
able wide crosses for introgression of desirable traits into elite
cultivars (Huang et al. 2023). Another strategy is based on an
unexpected result obtained by transgenic manipulation of
A. thaliana SRK-SCR transformants. An attempt to generate
constitutive SI by expressing SRK along with its cognate SCR
in papillae produced the opposite outcome, namely complete
breakdown of SI due to entrapment of the SRK in the ER
(Tantikanjana and Nasrallah 2015). This phenomenon is
known as cis inhibition, and in the case of SRK, only occurs
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when the receptor is coexpressed with its cognate SCR
(Tantikanjana and Nasrallah 2015). These results have sug-
gested schemes for overcoming the challenges of SI-based
breeding which could be easily incorporated into ongoing
breeding programs for vegetable, root, and seed cruciferous
crops. In these schemes, cis-SCR transgenes designed for ex-
pression of specific SCR variants in papillae would be used
as SRK-off switches for controlled breakdown of SI
(Tantikanjana and Nasrallah 2015). As a bonus, the SRK-off
switch could also be used along with a counter-selection
marker for selection against the cis-SCR transgene to turn
the SI response off and on as required in mutant screens.
This regulatory cassette would overcome the obstacles to
standard mutagenesis posed by the lack of seed in self-
incompatible plants and thus allow the full exploitation of
A. thaliana SRK-SCR plants for genetic analysis of the SI pollen
rejection pathway.

Outlook

The review has highlighted the considerable complexity of the
molecular mechanisms that lead to acceptance or rejection of
pollen at the pollen-stigma interface in crucifers. While much
has been learned, several unanswered questions remain. Some
of the outstanding issues regarding details of compatible and
incompatible pollen-papilla interactions were touched upon
in various sections of the review. A major challenge for the fu-
ture is to integrate the available information and construct a
comprehensive view of pollen acceptance and rejection. It is
critical to understand how the various pathways that coexist
within the papilla operate in parallel or in competition with
one another, to identify the points at which they might inter-
sect, and to explore their possible redundancy. A case in point
is the SRK-dependent and SRK-independent pathways for re-
jection of heterospecific pollen which are superimposed on
the very weak exine-mediated adhesion of heterospecific pol-
len to the papilla (Zinkl et al. 1999). Do these pathways inter-
sect at some point? Are they parallel pathways that reflect a
built-in redundancy to ensure robust rejection of heterospeci-
fic pollen for the all-important preservation of ovules and
maintenance of species integrity? Or does the activation of
each pathway depend on the phylogenetic distance between
pollen and stigma parents? Clearly, it is no longer desirable to
investigate one pathway in isolation from the others.
Another important issue is to understand the various
pathways in the context of documented differences between
crucifer genera, Brassica and Arabidopsis in particular, some
of which are shown in Table 2. It is currently not known if
some of the discrepancies observed among various studies
are due to the use as sources of stigma and pollen of different
combinations of species having different phylogenetic rela-
tionships. Nevertheless, more impactful differences have
emerged. Thus, species differences regarding the roles of
MLPK and of the ARC1-Exo70A1 pathway and its cellular
consequences (Table 2), together with species differences
in the transcriptomic profiles of stigmas pollinated with
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compatible or incompatible pollen (Abhinandan et al.
2022), might suggest that distinct SRK-mediated signaling
pathways may operate in Brassica and Arabidopsis. Given
the major role proposed for the ARC1-Exo70A1 pathway, re-
solving the species discrepancies regarding the role of this
pathway is especially important. The role of ARC1 should
also be evaluated in light of a recent report, should its results
be confirmed. This report describes overexpression in
A. thaliana of an ARCT-like gene from Erigeron breviscapus,
a member of the Asteraceae which exhibit an SSI system un-
related to the crucifer SRK-SCR system (Chen et al. 2020).
Stigmas that over-express this gene exhibit an SI-like pheno-
type in the absence of SRK and SCR genes: self-pollination re-
sults in rejection of pollen at the stigma surface while
reciprocal pollinations with wild type produce profuse pollen
tube growth. Be it as it may, resolving the discrepancies be-
tween crucifer species will require further assessment of
the available data as well as analysis of additional crucifer spe-
cies to determine which results, if any, are genus- or species-
specific and which may be generalized across crucifers.
Most challenging are evolutionary questions related to the di-
versification of the Sl recognition repertoire and the origin of SI
systems and their genes. A better understanding of the diversi-
fication process will require analysis of additional extant S hap-
lotypes, structure-based rational modification of the SRK-SCR
interaction interface for the ultimate goal of engineering a novel
SI specificity, and assessment of engineered variants for binding
affinity in vitro and allele specificity in planta. As for the origin of
SI systems, it has long been proposed that these systems evolved
from pathogen recognition pathways, and this hypothesis, or at
least the notion of convergent evolution of SI and defense, has
been supported by the similar nature of some of the genes that
underlie the two recognition systems (e.g. the defensin-like SCR
in crucifers) (Nasrallah 2005). While a definitive answer to this
question is unlikely, future studies should, at the very least,
seek to assess how many mechanistically different SI systems
have evolved in angiosperms. This endeavor will require analysis
of Sl in many more plant families, a task that is made difficult by
the extensive polymorphisms of Sl specificity genes and the
highly rearranged loci in which they reside. While the effort is
daunting, resolving these most intriguing evolutionary ques-
tions will have profound implications for our understanding
of the coevolution of interacting partners in a variety of self-/
nonself-discrimination systems. It will also be crucial for deci-
phering the complex mechanisms that angiosperms have
evolved to enforce outcrossing and ensure the genetic diversity
required for their long-term fitness while avoiding costly inter-
specific hybridization for the maintenance of species integrity.
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