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Abstract

There are several different types of self-incompatibility in different flowering plant species, and there
has recently been progress in understanding their molecular genetics by using combined molecular
and evolutionary approaches. Questions include the mechanism of self-incompatibility (both the
nature of the proteins encoded by the genes and whether incompatibility systems all have separate
genes for the pollen and pistil recognition proteins, which is the focus of this mini-review) and
whether these systems involve chromosome regions with suppressed recombination and, if so, the
size of these regions.

Introduction and context
Self-incompatibility (SI) systems in flowering plants are
either homomorphic, with many different incompat-
ibility types (Figure 1a) whose flowers are indistinguish-
able, or heteromorphic, with only two or three
incompatibility types that also have different positions
of flower parts (often called heterostyled plants). The
incompatibility types of plants with homomorphic
incompatibility can be determined only by testing the
compatibility of different individuals, whereas in hetero-
styled plants, the flower morphology usually indicates
the incompatibility type [1]. Heterostyly is an interesting
example of a genetically controlled polymorphism for
flower morphology. In distyly, half of the plants have
flowers with long styles and anthers deep inside the
flowers, whereas the other half have the reciprocal
arrangement (Figure 1b); an incompatibility system
ensures that long- and short-styled plants are each
compatible only with the other morph.

For many years, the mechanisms of these types of
recognition systems remained unknown. Genetic studies
showed that SI systems do not involve self-recognition
(cross-incompatibility occurs between different indivi-
duals that have the same incompatibility type) but rather
are genetically determined chemical recognition systems.

These studies also showed that there are different types of
SI in different flowering plant families. Although genetic
studies raised interesting questions in both homo-
morphic and heteromorphic systems, progress stalled
until molecular studies became possible.

Now, molecular genetic work and molecular evolution-
ary approaches in different systems have revealed the
recognition genes and the detailed mechanisms involved
in the recognition event in several homomorphic SI
systems [2,3], including the steps downstream of these
events [4,5]. Similar progress should be possible in other
self-incompatible plants, including those with hetero-
morphic systems, in which no S genes have yet been
identified. Once genes are identified, it becomes possible
to study how self-recognition works (i.e., the mechanism
or mechanisms rejecting incompatible pollen).

Early genetic studies of incompatibility in Nicotiana [6]
and Oenothera [7], with homomorphic systems, discov-
ered multiple alleles at a single genetic locus (the
incompatibility or self-incompatibility locus [S-locus]),
and multi-allele S-loci are now known in several other
plant families. In many self-incompatible species, the
incompatibility type of the haploid pollen grains is
controlled by the allele carried (gametophytic control;
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Figure 1a); the pistil cells are diploid, and both alleles are
expressed – the plant rejects pollen carrying either of its
own alleles. With allele numbers as high as 50 or more, it
was very surprising that, when sequences of the S-locus
genome region of some of these species were obtained,
separate genes were found for the recognition proteins
expressed by pollen grains and pistils (i.e., the genetic
S-locus includes at least two incompatibility genes:
one for the pistil incompatibility protein and one or –
as explained below – perhaps more than one gene
controlling the pollen incompatibility types). With two
or more genes, correct combinations of alleles must be
maintained to avoid combinations that allow self-
compatibility, and obviously very close genetic linkage
between the pistil and pollen genes will prevent such
disadvantageous combinations. However, it is mystify-
ing how new combinations (alleles with new incompat-
ibility types) can ever arise given that at least two genes
must change appropriately – this is a puzzle that has not
yet been solved.

Major recent advances
Homomorphic systems
A recent study adds Papaver rhoeas to the species in which
two component genes have been identified. Sixteen years
after the pistil gene was characterised [8], the pollen gene
of the S1 type was identified only 457 base pairs away
[9]; the distance might be different in alleles of other
incompatibility types as variation in the physical
arrangement of genes is known in other systems,
including self-incompatible Arabidopsis species, such as
Arabidopsis lyrata [10]. Sequences of alleles with three
different incompatibility types were as different as those
of the P. rhoeas pistil incompatibility gene (with mean
non-synonymous differences per site around 30-40%
and extremely high synonymous site differences), and
each sequence was found only in plants with a particular
incompatibility type. This supports long-term mainte-
nance of different pairs of alleles at the pollen and pistil
loci (reviewed in [11]), consistent with in vitro tests [9]
providing evidence that the gene encodes the pollen

Figure 1. Flower parts and S genotypes

(a) Homomorphic self-incompatibility (SI). Gametophytic control of pollen incompatibility types is shown; the haploid pollen grains express the allele they
carry. This system is known in Solanaceae, Papaveraceae, Rosaceae, and Antirrhinum species (in an unrelated angiosperm family, Plantaginaceae). In other
families, pollen specificities are controlled by the genotype of the diploid anther tissue (sporophytic system). This is known in Brassicaceae and in Ipomoea, in
the family Convolvulaceae (e.g., [32]). (b) Heteromorphic SI. Long- and short-styled primrose flowers (showing the pollinations that are compatible) from
[29-31] and the three genes hypothesised to control style length, pollen incompatibility type, and anther position.
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recognition protein. Although trans-membrane motifs
are recognisable, the sequence suggests a new kind of
recognition protein.

In the family Brassicaceae, self-incompatible Brassica
species and A. lyrata and its close relative Arabidopsis
halleri have an incompatibility system that involves a
protein kinase stigma protein that recognises a pollen
surface protein [10,12]. The two proteins are encoded by
adjacent genes (respectively, called SRK and SCR [or
SP11]). The amino acid sequences of both genes are
highly diverged when alleles of plants with different
incompatibility types are compared [10,13-15]. Pollen
incompatibility types are controlled by the diploid
genotype of the donor plant (sporophytic control), and
in addition to the advances in understanding the
mechanism of SI, the control of the incompatibility
type expressed by pollen is now understood [16,17].

Breakdown of SI is almost as interesting as its
mechanism and maintenance, and a recent study
advances the understanding of the evolution of self-
compatibility in Arabidopsis thaliana [18]. Both the
pollen and pistil genes are still present in A. thaliana
[10]. Different A. thaliana individuals have different
sequences of these genes [19], recognisably correspond-
ing to sequences of types known in A. lyrata [20], so
self-compatibility clearly did not evolve simply by a
loss-of-function mutation (in one S gene) that spread
throughout the species (as this would have led to
sequence uniformity in the species). However, the new
paper [18] found that 95% of European A. thaliana have
one sequence type, A, in which SCR is disrupted by a
213-base pair inversion without actual loss of any of its
sequence (relative to the intact version in the rarer
sequence type, C, and the corresponding A. halleri
sequence). Transgenic tests showed that stigmas of
A. thaliana plants with intact type A SRK sequences
(found in several A strains) specifically reject pollen of
A. halleri plants carrying this type of SCR allele; that is,
the kinases of these strains probably function normally.
Furthermore, transgenic A. thaliana plants with such
type A alleles acquire self-compatibility in experiments
when the SCR inversion was re-inverted, suggesting that
this is their sole defect.

These results greatly clarify the loss of SI in this plant.
European A. thaliana clearly evolved via a mutation
inactivating SCR function, and the mutations inactivat-
ing most type A SRK sequences probably occurred later
and spread in populations after the SRK gene had
become functionless in the absence of active pollen
ligand. A. thaliana plants from elsewhere most likely
acquired self-compatibility through independent

mutations, probably also affecting S-locus genes [21].
Plants with type B alleles have several mutations and
rearrangements in the S-locus region, but it is difficult to
determine which was the initial one [21]. Satisfyingly,
loss of SI through a pollen mutation is predicted to be
the commonest type of breakdown [22]. However, more
cases of breakdown of SI need to be studied before it will
be clear whether there is really a general trend for pollen
mutations to be the cause.

Heterostyled (heteromomorphic) systems
Like homomorphic systems, distyly is thought to be
controlled by tightly linked incompatibility genes, but
unlike homomorphic systems, several genes are believed
to control different aspects of the flower morphology as
well as the incompatibility type. This ‘supergene’
hypothesis for the distyly S-locus is now supported by
deletion mutants in plants of Turnera subulata [23]. The
new work used markers in loci previously shown to be
closely genetically linked to the S-locus. The parent
plants were chosen so that mutants with loss of the
dominant allele at any of the loci causing short-styled
flowers could be detected by their flower phenotypes.
Among these deletion mutants, most appeared to be
normal long-styled (including their incompatibility) and
two were ‘homostyled’. All of them had lost markers, and
all genotypes except one fit a simple multiple-gene
model (Figure 2). Overall, the results reject the possibi-
lity, which previously could not be excluded, that alleles
at a single heterostyly gene somehow control all three
flower characters.

Future directions
As candidate pollen as well as pistil genes are discovered
in more species, it seems increasingly likely that SI always
involves recognition reactions between proteins encoded
by different genes (‘lock-and-key systems’, including
fungal incompatibility systems involving pheromones
and receptors [24,25], which are not homologous to any
known plant S-gene products). To date, the very different
SI systems in all of the unrelated flowering plant taxa in
which the molecular basis of SI is understood (Solana-
ceae, Papaveraceae, Rosaceae, and Antirrhinum, all with
gametophytic control of pollen incompatibility, and
Brassicaceae with a sporophytic system) have such
systems with two or more genes. However, many self-
incompatible plants remain unstudied at the molecular
level, and single-gene systems may yet be found. With
recently developed methods for high-throughput genetic
mapping [26], it may soon become possible to discover
the S-locus regions in plants in other taxa with
gametophytic systems, such as Oenothera organensis [7]
and in grasses, which have two incompatibility loci, both
as yet undiscovered (e.g., [27,28]).
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Genetic maps should lead to tests of whether the S-locus
regions have suppressed recombination (as expected if
alleles at two or more loci must be kept in the correct,
incompatible combinations). Molecular evolutionary
studies to estimate recombination rates in S genes and
other nearby genes should allow estimates of how many
loci are included in any non-recombining region. It
should also be possible to discover whether suppressed
recombination has evolved around these genes in a
chromosome region where recombination occurs versus
S-locus regions evolving in regions where recombination
is suppressed (e.g., the large pericentromere regions of
many plants); the Hordeum bulbosum S-locus appears to
be in a pericentromere region, as was previously found in
some other plants [28].

If large regions, containing many genes, are maintained
with only a subset of all possible combinations of alleles,

the S-locus regions may resemble sex-determining
regions of sex chromosomes, such as Y chromosomes,
most of which do not recombine with the X, and this has
resulted in Y-linked genes becoming fixed for sequence
variants (leading to sequence divergence from their
X-linked homologues) and also for mutant alleles. In the
distylous system of T. subulata, most of the deletions
identified were transmitted poorly to progeny when used
as male parents in crosses, suggesting that they cause
defects in pollen function and hinting that the region
may contain many genes and may thus resemble a sex-
determining region. It may soon be possible to get direct
evidence on this point in T. subulata and also in
primroses (Primula vulgaris; Figure 1b), the classical
species for studying distyly [29-31].

However, discovering an S-locus region may not allow
the component genes to be identified. If they are located

Figure 2. Phenotypic effects of deletions in Turnera subulata, detected using genetic markers

The presence (+ and grey boxes when the data are observed and grey boxes without text when the presence of a gene is inferred) or absence (-, white boxes)
of five genetic markers present in a T. subulata parent plant is shown. Two markers are on the left of the self-incompatibility locus (S-locus), and three are
on the right (at the indicated genetic map distances). The parent plant was short-styled and homozygous for the dominant alleles at the S-locus genes (G, P, and A;
Figure 1b) [23]. This parent plant was irradiated to produce deletions in pollen gametes and crossed with a long-styled plant (carrying only the recessive alleles
at the S-locus: genotype gpa) that also lacked the markers. Deletions detected as changed flower phenotypes in some progeny of the irradiated parent
were checked for loss of one or more markers (to ensure that the changed flower phenotype is due to a change in the S-locus region). The incompatibility
reactions of the deletion progeny are also listed. Stigma incompatibility types were tested by pollination tests with pollen from long-styled and short-styled
plants (loss of the G gene should change the stigma reaction from the short-styled type to the long-styled type, rejecting pollen from long-styled donors and
accepting pollen from short-styled ones – denoted in the figure by ‘g’). Similarly, loss of the P gene was tested on stigmas of both style types, by using the pollen of
the eight non-sterile progeny. The results overall show that the A gene must lie to one side of G and P. One short homostyled plant (at the bottom of the figure)
does not fit the inference from the markers, assuming a single deletion. This phenotype requires changing the anther position from the high position of the
short-styled parent (i.e., an A → a deletion) and also its pollen incompatibility type to accept pollen from long-styled donors (i.e., a deletion changing P → p).
In other words, its S-locus genotype under the three-gene model should be Gpa, requiring deletions on both sides of the G gene.
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within a large non-recombining region, it will be difficult
to determine which of the genes in S-locus regions are
the S genes [28]. As mentioned above, analysis of
nucleotide diversity is necessary to complement mole-
cular genetic studies. Using the predicted high number of
sequence differences between different S alleles [11] will,
however, identify the recognition genes only in recom-
bining genome regions. Without recombination, the
whole region will have high inter-allele sequence
divergence if the alleles have been maintained poly-
morphic for a long time, just as non-recombining Y- and
X-linked alleles are highly diverged, and the differences
will include synonymous as well as amino acid
differences [14]. Recombination rate estimates may
help illuminate the puzzlingly low sequence divergence
between the putative pollen gene alleles in Antirrhinum
and the presence of multiple highly variable putative
pollen gene copies in apple and pear species [11].

The generation of new S alleles in homomorphic systems
remains a mystery. Currently, ideas for how new
functional combinations of pollen and pistil alleles
might be generated in a species are theoretical [3,22], and
the empirical results still shed little light on this puzzle.

Abbreviations
S-locus, self-incompatibility locus; SCR, Sex combs
reduced; SI, self-incompatibility; SP11, S-locus protein
11; SRK, S-locus receptor kinase.
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