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Recognition and Rejection of Self
in Plant Reproduction

June B. Nasrallah

Plant self-incompatibility (SI) systems are unique among self/nonself
recognition systems in being based on the recognition of self rather than
nonself. Sl in crucifer species is controlled by highly polymorphic and
co-evolving genes linked in a complex. Self recognition is based on
allele-specific interactions between stigma receptors and pollen ligands
that result in the arrest of pollen tube development. Commonalities and
differences between S| and other self/nonself discrimination systems are

discussed.

The concept of self/nonself discrimination
was elaborated by Burnet (/) as a way to
describe specificity in the immune response
and is most often associated with the field of
immunology. It is perhaps less well known
that, in the plant kingdom, sophisticated self-
recognition systems have evolved that allow
plants with perfect (hermaphroditic) flowers
to avoid inbreeding. These intraspecific
prefertilization mating barriers are collective-
ly known as self-incompatibility (SI). This
term encompasses several systems that are
mechanistically distinct but have the same
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outcome, namely the inhibition of self-related
pollen tube development and, consequently,
the prevention of sperm cell delivery to the
ovules.

SI systems are said to discriminate be-
tween self and nonself because they pro-
duce different outcomes in self- and cross-
pollinations. Specificity in SI is typically
controlled by one or more highly polymor-
phic genetic loci. In the context of SI, self
and nonself mean, respectively, genetic
identity and nonidentity at the SI locus (or
loci) in pistils and pollen. The outcome of
this discrimination is the converse of that of
the immune response, in which case self
has been classically defined as those ele-

ments that are tolerated and do not elicit a
response. In SI, self is the condition that
elicits the response and is inhibited, where-
as nonself is the condition that is ignored
and does not elicit a response.

A Variety of Plant S| Systems

As an advantageous outbreeding device, SI
is widely distributed in flowering plants
(2). It evolved independently in several
lineages, and the SI systems adopted by
different plant families vary with respect to
site and mechanism of self inhibition. In
self-incompatible species of the crucifer
family (e.g., Brassica species and close
relatives of Arabidopsis thaliana), SI dis-
rupts hydration and germination of a pollen
grain on the stigma epidermis, thus pre-
venting growth of pollen tubes into the
subepidermal tissues of the pistil. In other
families, SI acts after pollen germination
and pollen tube ingress into the pistil, either
within the stigmatic zone (as in the poppy
family), or later, within the style (as in the
tobacco, rose, and snapdragon families).
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These differences are reflected in dras-
tically different mechanisms of recognition
and of pollen or pollen tube arrest. In the
early-acting SI system of crucifers, recog-
nition of pollen is mediated by a receptor/
ligand system, with a signaling cascade
being triggered within the stigma epider-
mis. In late-acting SI systems, the invading
pollen tubes are actively destroyed. In the
poppy, a glycoprotein secreted by cells of
the stigma somehow induces within self

.pollen tubes a signal transduction cascade

manifested by increases in cytosolic calci-
um, disruption of the cytoskeleton, and ces-
sation of growth (3). In plant species with
stylar inhibition, an RNase (4) secreted by
cells of the style enters pollen tubes and
degrades cytoplasmic RNA selectively in
self tubes. Only in the SI system of cruci-
fers has the molecule expressed in pollen
that identifies it as self and invites destruc-
tion been identified.

The Self-Recognition Genes
of Crucifers

The SI (S) locus of crucifers is highly
polymorphic, with the number of variants
estimated at more than 100 in some species
(5). This locus behaves genetically as a
single Mendelian locus, but it is in fact
molecularly complex and contains two un-
related highly polymorphic recognition
genes that are in tight genetic and physical
linkage (Fig. 1). Transgenic (6-9) and bio-
chemical (10, 11) studies have shown that
the products of these genes function as
receptors and ligands that determine spec-
ificity in the stigma epidermis and pollen,
respectively. The products of these genes
also are the primary determinants of the
outbreeding mating habit in crucifers. De-
letion or inactivation of one or both genes
is the principle mutation underlying the
evolutionary switch from an outbreeding to
an inbreeding mating system in this family
12).

In the stigma epidermis, the determinant
of SI specificity is the S-locus receptor
protein kinase (SRK), a single-pass trans-
membrane serine/threonine kinase (/3). In
pollen, SI specificity is determined by the
S-locus cysteine-rich protein gene SCR
[(6); also designated SP-11 (7, 11, 14)],
which encodes small secreted hydrophilic
and positively charged proteins of 50 to 59
amino acids. Both SRK and SCR are mem-
bers of large families of genes that are
expressed in a variety of plant tissues but
have unknown functions, which suggests
that they were recruited from genes for
receptors and ligands that function in plant
processes unrelated to reproduction. SRK is
the prototypic member of a family of plant
receptor-like protein kinases defined by a
distinctive ectodomain (/5). The SCR pep-
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tides exhibit some resemblance, but not
sequence identity, to defensins, a ubiqui-
tous class of small cysteine-rich antimicro-
bial peptides found in mammals, insects,
and plants that function primarily in innate
immunity, although some have functions
unrelated to defense (16, /7). Defensin-like
proteins are grouped into highly diverged
classes whose evolutionary relationships
have been difficult to resolve (/6), and it
will be even more difficult to retrace the
evolutionary path connecting the rapidly
evolving SCR gene to defensins. Neverthe-
less, we speculate that a function directed
at recognizing nonself patterns in microbial
pathogens was co-opted for self recognition
in the SI response.

Self-pollination

5:8,Q X g5l
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Receptor/Ligand Interactions and
Activation of the S| Response

Maturation of the flower in self-incompatible
crucifers is accompanied by the insertion of
SRK into the plasma membrane of stigma
epidermal cells and of SCR into the pollen
coat (7, 10). By the time anthers release their
pollen and the flower opens to receive polli-
nators laden with pollen, the stigma epider-
mal cell has its SRK sentinel and SI surveil-
lance system in place and is poised to screen
among pollen grains. For their part, mature
pollen grains carry specific SCR variants that
identify them as self or nonself, thus marking
them for rejection or acceptance. SRK inter-
acts with SCR (10, 11), and this interaction
occurs only between receptor and ligand vari-

7/ —

S,S,

J

Cross-pollination

5,8,Q X 5,8, o
v

pollen
ve N vy
Vi Y

SRK-SCR binding
SRK activation

Pollen inhibition

stigma
cell wall

No SRK-SCR binding
No SRK activation

Pollen tube growth

Fig. 1. Recognition and inhibition of self pollen in crucifers. The outcomes on an §.S, stigma of
self-pollination (left) and cross-pollination with pollen from an S5, heterozygote (right) are shown.
At the top, the S haplotypes carried by each plant are shown with their SRK (closed rectangles) and
SCR (crosshatched rectangles) genes. Variable distances and arrangements of the genes illustrate
the structural heteromorphism of the S locus. SRK and SCR genes and gene products derived from
the same S haplotype are drawn in the same color. Microscopic analysis shows inhibition of self
pollen at the stigma surface as a result of the binding of the SCR ligand to its cognate SRK receptor,
SRK activation, and phosphorylation of ARC1 (37). Nonself pollen forms pollen tubes, because

nonself SCR neither binds nor activates SRK.
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ants encoded by the same S haplotype (10).

The allele-specific binding of SCR to the
SRK ectodomain explains the high degree of
specificity in the SI response. After pollina-
tion, the SCR protein is delivered to the
surface of a stigma epidermal cell as the
pollen coat flows over the surface at the site
of pollen contact (/8). We believe it would
then be rapidly translocated toward the plas-
ma membrane within the region of the stigma
epidermal cell wall subtending the zone of
pollen contact. In a pollination with self pol-
len, SCR would interact with its cognate
SRK, leading to receptor activation and the
triggering within the stigma epidermal cell of
a signaling cascade that culminates in the
arrest of self pollen tube development (Fig.
1). In a cross-pollination, nonself SCR would
not bind SRK, the signaling pathway would
not be activated, and pollen tube develop-
ment would proceed unhindered (Fig: 1). The
SCR peptide is the only pollen factor required
for SRK activation, because the SI response
can be reproduced by addition to the stigma
surface of self SCR expressed in bacteria or
produced synthetically (10, 11, 14).

The binding of self SCR to the SRK ectodo-
main apparently causes oligomerization, trans-
phosphorylation of the receptor (19, 20), and
phosphorylation of specific substrates. One
such substrate is the arm repeat—containing pro-
tein ARC1 (21). A U-box motif in ARC1 (22)
suggests a role for ubiquitination in the SI
response, but the immediate cause of inhibition
of self pollen remains unknown. Nor is it
known if events downstream of SRK activation
are mediated by components shared with other
signaling pathways.

Receptor/Ligand Polymorphisms and

the Evolution of New SI Specificities

The S haplotype specificity of SRK-SCR
binding is not surprising given the extraordi-
narily high levels of allelic polymorphism
attained by SRK and SCR. SRK ectodomains
can diverge by as much as 35%. Alignment of
SRK sequences reveals numerous base pair

The Coprinus B locus
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substitutions over the length of the domain as
well as insertions and deletions and suggests
that intragenic recombination has shuffled
hypervariable regions among alleles (13, 23).
For their part, SCR alleles are so diverged (6,
12, 24) that unambiguous alignment of SCR
DNA sequences is not possible. Only seven
cysteine residues and one glycine residue are
conserved among the 22 SCR sequences iso-
lated to date, and the spacing between the
cysteines is also variable. A challenge for the
future is to sift through this variability and
identify the specific residues or domains that
form the points of contact between SRK and
SCR and consequently determine specificity
in receptor-ligand binding.

Another challenge is to explain how allel-
ic polymorphisms in SRK and SCR translate
into the puzzling interactions of co-domi-
nance, dominance, incomplete dominance, or
mutual weakening that are exhibited by dif-
ferent S haplotypes. These interactions occur
not only in stigmas but also in pollen, be-
cause in crucifers the SI specificity of a pol-
len grain is determined by the diploid geno-
type of the plant that produced it rather than
by its own genotype. Importantly, these allel-
ic interactions can affect the distribution of SI
alleles in populations. For example, reces-
siveness in pollen confers an advantage on an
S haplotype by allowing pollen carrying it to
evade the SRK-mediated stigmatic surveil-
lance. S haplotypes are arranged in domi-
nance hierarchies that can differ in stigma
and pollen, consistent with the activity of
distinct specificity determinants in stigma
and pollen. As more SRK and SCR alleles are
being isolated, investigations into mecha-
nisms of dominance are becoming possible
(25, 26), and these studies are beginning to
reveal the unusual ways in which SI alleles
have diverged. In a study of a dominant-
recessive interaction in pollen, recessiveness
was ascribed to allelic differences in the pat-
tern of SCR transcript accumulation and si-
lencing of the recessive allele (26). Future
studies of other allelic interactions are likely

The Brassica S locus
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Fig. 2. Recognition of self in SI and of nonself in fungal mating systems. The left panel [adapted
from (30)] shows the B locus of Coprinus cinereus, which contains three groups of genes, with each
group encoding a G protein—coupled pheromone receptor (closed rectangles) and two pheromones
(crosshatched rectangles). In contrast to crucifer S| (right) (Fig.1), productive interactions occur
only between receptors and pheromones encoded by genes in the same group but in different loci.
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to uncover allelic differences in the relative
affinities of different SCRs for their cognate
SRKSs or the relative efficiencies with which
SRK variants recruit downstream targets.

An even more difficult issue to resolve is
how multiple SI specificities evolve. In this
two-gene system, SRK and SCR proteins en-
coded in one S haplotype must co-evolve to
maintain their interaction. Therefore, a muta-
tion in one component that disrupts their
interaction will lead to the loss of SI, and a
new specificity can arise only if a compensa-
tory mutation in the second component with-
in the same S haplotype restores the interac-
tion. Schemes outlining how this process
might have occurred repeatedly to evolve a
multiplicity of SI specificities usually involve
sequential mutations through a self-compati-
ble intermediate (27). Evolution through a
dual-specificity intermediate has also been
proposed (28), but this scheme has been crit-
icized because it requires at least three muta-
tions in a single S haplotype for each new
specificity (29).

Commonalities with Other
Self/Nonself Recognition Phenomena

A unique feature of plant SI systems is that
they are based on the recognition of self,
whereas all other known recognition systems
are based on the recognition of nonself. This
distinction holds true, even in comparisons to
other mate recognition systems that also pre-
vent self-mating. For example, in basidiomy-
cete fungi, multiallelic genes at two unlinked
loci specify a large number of different mat-
ing types, and mating can only occur between
individuals that differ at both loci (30). One
of these loci contains genes for lipopeptide
pheromone ligands and pheromone receptors
and is therefore at least superficially analo-
gous to the crucifer S locus (Fig. 2). A major
difference, however, is that a given phero-
mone can only activate receptors encoded in
a different haplotype and not a receptor en-
coded in the same haplotype (Fig. 2). Addi-
tionally, a pheromone can activate several
different receptors, and one receptor can be
activated by more than one pheromone. This
relaxed specificity is essential in such a non-
self recognition system, because a one-to-one
correspondence between receptor and ligand,
which maximizes the number of compatible
mates in self-incompatible crucifer popula-
tions, would instead have the unfavorable
effect of severely restricting flexibility in
mate choice in the fungal system.

Despite their unique features, plant SI sys-
tems share important similarities with other eu-
karyotic self/nonself recognition systems, such
as the vertebrate major histocompatibility com-
plex (MHC), histocompatibility in colonial ma-
rine invertebrates, and mating type in Chlamy-
domonas and fungi. The striking parallels
among these disparate systems, which have
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been noted by immunologists grappling with
the origin of adaptive immunity (/, 31), are a
consequence of similar selective pressures for
diversification and co-evolution of recognition
functions to retain affinity between interaction
partners.

A hallmark of these specific recognition
systems is that their genes are subject to
intense diversifying selection. Large numbers
of alleles are commonly found, and extraor-
dinarily high levels of intraspecific polymor-
phism are typically achieved, in some cases
resulting from accelerated rates of evolution
(18, 32). Due to balancing selection, poly-
morphisms in these genes can persist for long
periods of time and often predate species
diversification. Trans-species polymorphisms
have been described in the MHC (33) and in
SI systems (34), and in both cases, diver-
gence of some allelic lineages appears to
have occurred at least 20 million years ago.

Another emerging commonality between
recognition loci is their structural heteromor-
phism, which apparently reduces intralocus
recombination events and prevents disruption
of the co-adapted gene complex. The crucifer
S locus has been extensively restructured by
expansion or contraction of the physical dis-
tance between SRK and SCR, gene duplica-
tion, as well as rearrangement of these two
genes relative to each other and to flanking
markers (Fig. 1) (8, 35). Similarly, the MHC
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has undergone frequent gene duplications and
deletions during its evolution (33), and the
mating-type locus of Chlamydomonas con-
tains a highly rearranged region that causes
suppression of recombination over a 1-mega-
base chromosomal region (36).

Thus, in many respects, the challenges
facing research in the crucifer SI system are
similar to those facing researchers of other
recognition systems. Comparisons of these
different systems should lead to insight into
common selective pressures that drive the
diversification and co-evolution of self/non-
self recognition genes and shape the structure
of their controlling loci.

References and Notes

. F. M. Burnet, Nature 232, 230 (1971).

2. D. De Nettancourt, Incompatibility and Incongruity in
Wild and Cultivated Plants (Springer-Verlag, Berlin,
2001).

. ). ). Rudd, V. E. Franklin-Tong, New Phytol. 151, 7 (2001).

4. K. Ida et al,, J. Mol. Biol. 314, 103 (2001).

. 1.S. Nou, M. Watanabe, A. Isogai, K. Hinata, Sex. Plant
Reprod. 6, 79 (1993).

6. C.R.Schopfer, M. E. Nasrallah, ). B. Nasrallah, Science
286, 1697 (1999).

. H. Shiba et al., Plant Physiol. 125, 2095 (2001).

. T. Takasaki et al., Nature 403, 913 (2000).

. Y. Cui, Y.-M. Bi, N. Brugiere, M. Arnoldo, S. J.
Rothstein, Proc. Natl. Acad. Sci. USA. 97, 3713
(2000).

10. A. P. Kachroo, C. R. Schopfer, M. E. Nasrallah, J. B.

Nasrallah, Science 293, 1824 (2001).

11. S. Takayama et al., Nature 413, 534 (2001).

12. M. Kusaba et al., Plant Cell 13, 627 (2001).

13. ). C. Stein, B. Howlett, D. C. Boyes, M. E. Nasrallah,

_

w

v

o LN

VIEWPOINT

IMMUNITY AND BEYOND

J. B. Nasrallah, Proc. Natl. Acad. Sci. US.A. 88, 8816
(1991).

14. S. Takayama et al., Proc. Natl. Acad. Sci. USA. 97,
1920 (2000).

15. S.-H. Shiu, A. B. Bleecker, Proc. Natl. Acad. Sci. USA.
98, 10763 (2001).

16. A. L. Hughes, Cell. Mol. Life Sci. 56, 94 (1999).

17. V. Vanoosthuyse, C. Miege, C. Dumas, ). M. Cock,
Plant Mol. Biol. 46, 17 (2001).

18. ). B. Nasrallah, Curr. Opin. Plant Biol. 3, 368 (2000).

19. J.-L. Giranton, C. Dumas, J. M. Cock, T. Gaude, Proc.
Natl. Acad. Sci. USA. 97, 3759 (2000).

20. D. Cabrillac, J. M. Cock, C. Dumas, T. Gaude, Nature
410, 220 (2001).

21. S. L. Stone, M. Arnoldo, D. R. Goring, Science 26, 1729
(1999).

22. C. Azevedo, M. J. Santos-Rosa, K. Shirasu, Trends Plant
Sci. 6, 354 (2001).

23. T. Nishio, M. Kusaba, Ann. Bot. 85 (Suppl. A), 141
(2000).

24. M. Watanabe et al., FEBS Lett. 473, 139 (2000).

25. K. Hatakeyama et al., Plant J. 26, 69 (2001).

26. M. Kusaba, C.-W. Tung, M. E. Nasrallah, ). B. Nasrallah,
Plant Physiol. 128, 17 (2002).

27. M. K. Uyenoyama, Y. Zhang, E. Newbigin, Genetics
157, 1805 (2001).

28. D. P. Matton et al., Plant Cell 11, 2087 (1999).

29. D. Charlesworth, Curr. Bjol. 10, R184 (2000).

30. A.J. Brown, L A. Casselton, Trends Genet. 17, 393 (2001).

31. ). Klein, Natural History of the Major Histocompati-
bility Complex ( Wiley, New York, 1986).

32. P. ). Ferris, C. Pavlovic, S. Fabry, U. W. Goodenough,
Proc. Natl. Acad. Sci. US.A. 94, 8634 (1997).

33. J. Klein, A. Sato, S. Nagl, C. O’'hUigin, Annu. Rev. Ecol.
Syst. 29, 1 (1998).

34. M. Uyenoyama, Genetics 139, 975 (1995).

35. D. C. Boyes, M. E. Nasrallah, ). Vrebalov, J. B. Nasral-
lah, Plant Cell 9, 237 (1997).

36. P. ). Ferris, E. V. Armbrust, U. W. Goodenough, Ge-
netics 160, 181 (2002).

37. ). B. Nasrallah, data not shown.

38. Supported by grants from the NIH, NSF, and USDA.

Self-Representation in Nervous Systems

Patricia S. Churchland*

The brain’s earliest self-representational capacities arose as evolution
found neural network solutions for coordinating and regulating inner-body
signals, thereby improving behavioral strategies. Additional flexibility in
organizing coherent behavioral options emerges from neural models that
represent some of the brain’s inner states as states of its body, while
representing other signals as perceptions of the external world. Brains
manipulate inner models to predict the distinct consequences in the
external world of distinct behavioral options. The self thus turns out to be
identifiable not with a nonphysical soul, but rather with a set of repre-
sentational capacities of the physical brain.

What Is “the Self"?

Descartes proposed that the self is not iden-
tical with one’s body, or indeed, with any
physical thing. Instead, he famously conclud-
ed that the essential self—the self one means
when one thinks, “I exist”—is a nonphysical,
conscious thing. At this stage of scientific de-
velopment, the Cartesian approach is unsatis-
factory for three reasons: (i) psychological
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functions generally, including conscious
thoughts such as “I exist,” are activities of the
physical brain (/, 2); (ii) aspects of self-regula-
tion (e.g., inhibiting sexual inclinations), and
self-cognition (e.g., knowing where I stand in
my clan’s dominance hierarchy), may be non-
conscious (3); and (iii) as the Scottish philoso-
pher David Hume (1711-1776) realized, there
is in any case no introspective experience of the
“self” as a distinct thing apart from the body
(4). Introspection, Hume concluded, reveals
only a continuously changing flux of visual
perceptions, sounds, smells, emotions, memo-
ries, thoughts, feelings of fatigue, and so forth.

To identify the phenomenon that we want
explained, it is useful to start with the idea that
one’s self-concept is a set of organizational tools
for “coherencing” the brain’s plans, decisions,
and perceptions. Thus, if a brick falls on my
foot, I know the pain is mine. [ know without
pausing to figure it out that “this body is my
own,” and that a decision to fight rather than flee
is a decision affecting my body’s painful en-
counter with the body of another. If 1 scold
myself about jaywalking, I know that it is me
talking to myself. We know that if we fail to
plan for future contingencies, our future selves
may suffer, and we care now about that future
self. Sometimes we use “myself” to mean “my
body,” as when we say “I weighed myself.” By
contrast, when we say “I deceived myself,” we
are not referring to our physical bodies. We talk
of our social and our private selves. of discov-
ering and realizing ourselves, of self-control,
self-improvement, and self-denial (5).

This remarkably diverse range of uses of the
self-concept motivates recasting problems about
“the self” in terms of self-representational ca-
pacities of the brain. Doing so deflates the temp-

12 APRIL 2002 VOL 296 SCIENCE www.sciencemag.org



