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Self-incompatibility (SI), a genetically controlled mecha-
nism to prevent inbreeding in plants, offers a relatively
simple model system for studying the interactions be-
tween plant cells or between a plant cell and the secreted
product or products of another cell. Examples of two
major types of SI, gametophytic and sporophytic, have
been studied by cloning cDNAs corresponding to glyco-
proteins of the female tissues that segregate with partic-
ular variants encoded by the putative S locus. These
secreted glycoproteins are envisaged to interact with the
currently undescribed pollen component to cause arrest of
pollen tube growth.

UTBREEDING WITHIN A POPULATION OF FLOWERING

plants is favored by specific mechanisms that prevent self-

fertilization. One of the most important of these mecha-
nisms is self-incompatibility (SI), which ensures that a plant is
fertilized by a genetically distinct individual of the same species (1).
Self-incompatibility is a mechanism for self-recognition that results
in rejection of self pollen by the female somatic tissues. This
rejection of self is in contrast to the animal histocompatibility
system, in which nonself tissue is recognized and rejected.

In many plant species, the incompatibility reaction is mediated by
the interaction of a product of the haploid genome of the male
gametophyte (carried within the pollen grain) and a product of the
diploid genome of the female tissue of the sporophyte, the pistil. If
the pollen carries the same allele as one of the two in the pistil,
fertilization is not achieved. This system is known as gametophytic
SI. Another, less widely distributed type is sporophytic SI; in these
cases, the incompatibility reaction is between factors carried by the
pollen but specified by the diploid tissues of the pollen parent and a
product of the female pistil. In the simplest case, pollen tube growth
is arrested if either of the alleles of the pollen parent is also present
in the pistil.

The pathway of pollen tube growth through the pistil is shown in
Fig. 1 (A to C). Pollen carried to the stigma surface of the pistil
hydrates and germinates to produce tubes that penetrate the stigma
and grow through the style to the ovary, where fertilization occurs.
In plants with a solid style, the pollen tubes grow intercellularly,
between the cells of the central transmitting tract. These cells are
arranged in longitudinal files, which are separated by mucilage
produced by the cells of the transmitting tract. In some species the
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pistils have hollow styles and, in these cases, pollen tubes grow
through the central, mucilage-lined canal.

In gametophytic systems, pollen tube growth is commonly ar-
rested within the style and involves contact between the pollen tube
and the mucilage secreted by cells of the transmitting tract. In
sporophytic systems, tube growth is arrested at the stigma surface or
soon after penetration and involves contact between the pollen grain
or emerging pollen tube and material secreted into the cell walls or
onto the surface of the stigmatic papillac. The products of the
presumptive S-locus of the pistil are secreted into the style mucilage
in Nicotiana alata (2), a species with a gametophytic SI system. In
Brassica oleracea, a species with a sporophytic SI system, the products
of the presumptive S-locus in the pistil are present in the cell walls
of the stigmatic papillae (3). In both systems, arrest of tube growth
involves changes in the morphology of the tube wall. A major
component of the tube wall, (1 — 3)-B-glucan (callose) gives a
characteristic fluorescence when stained with a specific fluoro-
chrome, revealing, in a pollinated pistil, the profiles of the growing
pollen tubes. In a compatible pollination, the tubes are interrupted
at regular intervals by cross walls of heavily staining material (Fig. 1,
D and E). This material is thought to be laid down to isolate the
tube tip, which contains the cytoplasm and sperm cells, from the
spent grain. Self (incompatible) pollination in species with gameto-
phytic SI commonly results in changes in this staining pattern,
which include an irregular appearance of the cross walls and swelling
of tips of arrested tubes. In species with sporophytic SI, self
pollination results in deposition of callose in the pollen grain, the
rudimentary tube, and the stigmatic papilla. Thus, in both types of
SI, self (incompatible) mating results in arrest of tube growth
accompanied by changes in the wall structure of the pollen tube.

Models (4) proposed to account for the arrest of growth of self
(incompatible) pollen tubes are built on the knowledge that the
simplest systems are controlled by a single locus, the S locus, with
multiple alleles. This highly polymorphic locus may have more than
40 S alleles in natural populations (5). Further, SI is developmen-
tally regulated and the SI barrier can often be overcome by
hand-pollination of immature flowers with mature pollen from the
same plant (in this way, homozygous plants can be produced).
Observations that SI is overcome or weakened by increased temper-
ature and by treatment with inhibitors of protein or RNA synthesis
are also encompassed by these models. Of all the models proposed,
variations of an oppositional hypothesis have been most generally
accepted. These models assume that the pollen and pistil products of
identical S alleles interact in some way to interfere actively with
growth of the pollen tube. Direct interaction of like products of the
same S allele and indirect interaction involving different products of
the same S allele in pollen and pistil have both been proposed (4). In
contrast, a complementary hypothesis is based on an assumption
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that pollen tube growth requires factors only supplied by nonself
styles. However, no one model accommodates all the genetic and
physiological observations. During the last 5 years, the techniques of
molecular biology have been applied to investigations of both
gametophytic and sporophytic SI. This approach is giving a new
dimension to understanding SI, but no system can yet be described
in sufficient detail to support any one of the theoretical models

proposed.

Distribution and Evolution of SI

SI has been estimated to be present in more than half of all
angiosperm species (6, 7); of 275 families of angiosperms, SI has
been described in 91 families (8). However, it is often difficult to
demonstrate whether or not a species is self-incompatible, and there
is little information for many taxa (8). Notwithstanding these
uncertainties, SI is clearly present in diverse taxa, and may have
arisen early in angiosperm evolution (7). It is envisaged that the
self-compatible taxa, which are often closely related to taxa with SI,
arose by mutation of the S locus or of genes involved in regulation
(7, 9). Success of self-compatible plants is dependent on the
of inbreeding depression in the population (10). It has been
suggested that sporophytic SI was derived during evolution from
the more widely distributed gametophytic SI (11) or alternatively
that sporophytic SI arose earlier than gametophytic SI (12). Other
possibilities are that the two systems arose independently during
evolution (13) or that there has been a monophyletic origin of the SI
system for each family (8). The sequences of the S-glycoproteins of
the SI species of the Solanaceae and the S locus—specific glycopro-
teins (SLSGs) of Brassica species have no apparent homology,
supporting the suggestion of independent origin of the two systems.
Recent evidence for the presence of gametophytic control as well as
sporophytic control in the Brassicaceae (14) further complicates the
issue. More detailed knowledge of the molecular genetics of the
two systems will give greater insight into the evolution of the

systems.

Molecular Genetics of SI

Study of the molecular biology of both gametophytic and sporo-
phytic SI systems began with the cloning of complementary DNA
(cDNAs) encoding the protein component of pistil glycoproteins
that segregate with S-phenotype (S-glycoproteins) (15, 16). Plants

Fig. 1. Pathway of pollen tube growth through the female sexual tissues of
a flower. (A) Flower, cut away to show the sexual organs. The female pistil
consists of the stigma (sg), style (st), and ovary (o). The anthers (a) bear the
pollen grains, which contain the sperm cells. (B) Stigma and upper part of
the style. Pollen grams (p) from a compatible flower have been brought to
the stigma surface where they germinate to produce polien tubes, which
grow through the central transmitting tract (tt) of the style. (C) Part of the
transmitting tract tissue which the pollen tubes (pt) grow. The
transmitting tract consists of files of elongated cells, which are separated at
maturity by a secreted mucilage (m). The pollen tubes grow in the mucilage
between files of cells. The sperm cells (sc) are contained within the tips of the
pollen tubes. The m contains mixtures of proteins, glycoproteins, and
proteoglycans as high molecular weight components. (D and E) Micro-
graphs showing pollen tubes within the style of N. alata after a compatible
pollination, stained with the synthetic luorochrome specific for (1 — 3)-B-
glucans and viewed by fluorescence microscopy (38). (D) Section including
stigma. Pollen grains and tube walls fluoresce. (E) Section within the style
adjoining that shown in (D). [Reprinted from (39) with permission, ©1990
Macmillan.] The pollen tube walls fluoresce. Intensely fluorescent deposits
containing (1 — 3)-B-glucan are present at regular intervals.
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with gametophytic SI for which style glycoproteins segregating with
S-genotype are known are from three families, the Solanaceae,
Rosaceae, and Papaveraceae (17, 18). These S-glycoproteins have
relative molecular mass (M,) in the range of 20,000 to 40,000 and
have a characteristically high pI (19). Nicotiana alata (Solanaceae) is
the most extensively studied species with gametophytic SI. Studies
of sporophytic SI have been focused on two species of Brassica (20),
B. oleracea (16) and B. campestris (21). The SLSGs of these systems are
also characteristically of high pl, but they are of higher M,, in the
range of 50,000 to 65,000. The only report of S allele—related
pollen components is an early immunological study of Oenothera
organensis (Onagraceac) (22).

Molecular genetics of gametophytic SI in the Solanaceae. A cDNA
encoding the 32-kD style glycoprotein that segregated with the S,
allele of N. alata was described in 1986 (15). Information from the
sequence of this cDNA was then used to obtain cDNAs correspond-
ing to the S; and Sg alleles of N. alata (2). Alignment of the derived
amino acid sequences showed a conserved hydrophobic region of 15
amino acids at the NH,-terminus of the mature protein, as well as
two other conserved regions separated by hypervariable regions. In
addition, for the S, and S, alleles, 5’ sequences encoding signal
peptides were obtained, consistent with the expectation that the
proteins are secreted into the style mucilage. Information from these
sequences lead to cloning of cDNAs corresponding to additional S
alleles of N. alata (23), as well as S alleles from Petunia inflata (24) and
Solanum tuberosum (25). The deduced amino acid sequences are
compared in Fig. 2A. The N. alata sequences fall into two groups,
one comprised of the S, S,, S3, and S sequences (51.5% identity
between sequences) and the other of S and Sg,, (61.2% identity).
The sequence identity between the two groups is 33%. The latter
group seems to be more related to the P. inflata sequences with which
they share 46.0% (Sg,),) and 55.2% (S,) identity (24). These relations
might reflect the phylogeny of these S-glycoproteins in that their
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allelic separation may have occurred before the species separated.

In total, 46 amino acids (22.4%) are conserved in all ten
sequences. These residues are likely to play important roles in
general functions associated with all S-glycoproteins from the
Solanaceae. Since the conserved residues include seven of the eight
to ten cysteines of each protein, it seems likely that these proteins
have similar tertiary structures. There is only one hypervariable
region of significant length in both the N. alata and P. inflata
S-glycoproteins (around position 60 in Fig. 2A). A peptide se-
quence from this region of the S,-glycoprotein has been used to
generate antibodies that were specific to the S,-glycoprotein of N.
alata when tested by protein blot analysis of style extracts. These
antibodies were used in immunocytochemical studies of the distri-
bution of the S,-glycoprotein within the pistil (2). As anticipated,
the S,-glycoprotein was present in the extracellular mucilage of the
central transmitting tract of the style. It was also present in the walls
of a specific layer of cells in the ovary, the inner epidermis of the
placenta. This distribution of the S,-glycoprotein mirrors the in situ
hybridization pattern seen from the use of S,-cDNA probe (26).
The expression of these products, both the RNA and the protein,
coincide with the pathway of the pollen tubes as they grow through
the transmitting tract, over the inner epidermis of the placenta to the
ovules.

Analysis of N. alata genomic DNA from plants containing the S,
S5, S3, Sg, and S, alleles, with the use of the S,, S3, and Sg cDNAs
as probes, showed that most restriction enzymes produced single
fragments that hybridized strongly (2, 27). In some cases, weakly
hybridizing bands could also be detected, but the significance of
these bands is not known. The major, strongly hybridizing bands
were only large enough to accommodate one or a few copies of the
coding sequence, suggesting a single-locus, single-copy genetic
system. The abundance of restriction fragment length polymor-
phisms between S alleles revealed by these analyses indicates vari-
ability in flanking regions. The weak cross-hybridization between
alleles reflects the variability within the coding region. The locus is
thus highly polymorphic.

A pollen component that corresponds to a particular S allele has
not been identified by probes from or antibodies to S-glycoproteins,
combined with pollen RNA or pollen protein blot analyses. Another
approach to understanding the basis of specificity is to reproduce the
allele-specific inhibition of pollen tube growth in vitro with
S-glycoproteins isolated from style extracts and pollen tubes grown
in vitro. Such a system would allow examination of the changes in
gene expression in pollen induced by contact with S-glycoproteins
corresponding to the same and to different alleles as that borne by
the test pollen. However, pollen tubes grown in vitro are not normal

100

NFEYHQLVLTWPTAFCHVMN- —CERT- PTNFTIHGLWPDNVSTELNYCD”RQKKFKL:-‘E-DDK](QNDLDDRNPDLTLDRDDCKHGQGFHSYEYMHGTCCLPSYNQEQY
AFEYMOLVLTWPITFCRIKH-—CERT-PTNFTIHGLWPDNHTTMLNYCD--RSKP YNMF T-DGKKKNDLDERWPDLTKTKF DS LDKQAFWKDE YVKHGTCCSDKFDREQY
AFEYMOLVLOWPAAFCHTTPSPCKRI ~PNNF TIHGLWPDNVSTMLNYCS-~GEDEYEKLD-DDKKKKDLDDRWPDLT IARADC I EHQVFWKHE YNKHGTCCSKSYNLTQY
AFEYMQLVLOWPTAFCHTT-~PCKNI-PSNFTIHGLWPDNVSTTLNFCG--KEDDYNI IM-DGPEKNGLYVRWPDLI REKADCMKTQNFWRREYTKHGTCCSETYNQVQY

L RWPDL hD Q FW EY KHGTCC £d QY

DFEYLQLVLTWPASFCY--ANHCERIAPNNF TIHGLWPDNVKTRLHNCK --PKPTYSYF T --GKMLNDLDKHWMQLKFEQDYGRTEQPSWKYQY I KHGSCCOKRYNONTY
DFDYHQLVLTH‘PASE‘CY—PKNFCSRIAEKNFTIHGMDKVRGRLQE‘CT—-SE ~KYVNFAQDSPILDDLDHHWME LKYHRDFGLENQF LWRGQYQKHGTCCIPRYNQMQY

RFEYLQLVLTWPASFCFRPKNICKRP-AKNF TIHGLWPEITGFRLEFCT--GDPKYETFK-DNNIVDYLERHWVOMKFDENYAKY HOP LWSYEYRKHGMCCSKIYNQKAY
NFDYFQLVLTWPASFCY-PKNFCKRK-SNNFTIHGLWPENKHFRLEFCT--GD-KYSRFK~ EDNIINVLERHWIQOMRFDEKYASTKQP LWEHEYNRHGICCKNLYDQEAY
NFDYIQLVLTWPASFCYRPKNICKRI-PNNFTIHGLWPEKEHFRLEFCD--GD-KFVSFSLEKDRIVNDLERHWVQMKFDEKFAK I KQP LWTHE YNKHGI CSSNLYDQRAY

d Iid LERHWiQMhFDE fA hQPLW EY hHGiC iYdQ aY
DFELLELVSTWPATFCY-AYGCSKRPIPNNF TIHGLWPDNKSTVLNFCNLAHEDEYIPIT-DHKILTELDKRWPQLRYDYLYGIRKQYLWKNEFIKHGSCSINRYKQPAY

Fig. 2. Alignment of de-
duced amino acid se-
quences of S-glycopro-
teins from three Solana-
ceous plants. (A) Amino
acid sequence align-
ments. The amino acid
sequence is numbered
beginning with 1 for the
first amino acid of the
mature protein. The pu-
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a w demsgc ¢ y tative signal sequences
. s + are not shown. Se-
quences were aligned
with the program CLUSTAL (40). Po-
tential N-glycosylation sites are under-
lined. A consensus sequence for the
four N. alata sequences S, S,, Si, and
S is shown beneath the Sg N. alata
sequence. The perfectly conserved
amino acids are shown by their single-
letter codes (41); similar residues
within the groups PAGST, EDNQ,
RKH, MILV, and FWY are shown in
lowcrcasc as a, d, h, i, and f, respec-
tively. A consensus sequence for the
three Petunia inflata S-glycoproteins is
shown in the same way. An overall consensus sequence for all the
S-glycoproteins shown is given on the bottom line. Asterisks indicate
residues that are also conserved in the fungal Aspergillus RNase T, (30) and
Rhizopus RNase Rh (42). The sequences are taken from references (2) (N.
alata S,, S5, and Sg), (23) (N. alata Sy, S,, Sz, and Sg,,), (24) (P. inflata S,
S,, and 83), and (25) (S. tuberosum S,). The alignment of these ten sequences
differs from that previously published (31), in that Cys at position 193 is
aligned with the corresponding cysteine of the fungal RNases; Cys at
position 16 is not aligned. (B) Hydropathy plot. Some information from the
alignment in (A) is highlighted in this plot which is based on the S,-
glycoprotein sequence of N. alata. Conserved regions from the S), S, Ss,
Se sequences of N. alata, covering the hydropholic sequence at the |
NH,-terminus of the coding region and two regions which include the
presumptive active site histidine residues, are shown in pink. There are three
hypervariable regions (yellow) identified from comparison of these four
sequences. The largest of these represents the single region identified as
hypervariable in all sequences of S-glycoproteins from the Solanaceae.
Conserved cysteine residues are shown as dotted lines; residues not con-
served in alignments with the fungal RNases Rh and T, are marked with a
cross. The signal peptide was not included in the alignment; potential
N-glycosylation sites are indicated by T .
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in that they have thickened walls and grow to a fraction of the length
of tubes grown in vivo. Nonetheless, an in vitro system for the
poppy Papaver rhoeas showed specific interactions between pollen
and isolated S-glycoprotein and will be extremely valuable for
studies of the pollen component (28). With N. alata, absolute
specificity was not obtained: each isolated S-glycoprotein inhibited
tube growth of each genotype to a certain extent, although in some
cases there was greater inhibition of the pollen bearing the same
allele as that of the source of the S-glycoprotein (29).

Ribonuclease function of the S-glycoproteins in N. alata. An unexpected
finding, that the S-glycoproteins of N. alata are ribonucleases
(RNases), resulted from sequence comparison of the S-glyco-
proteins with sequences of the secreted fungal RNases from Aspergil-
lus oryzae (RNase T,) and Rhizopus niveus (RNase Rh) (30, 31). The
sequence homology between the Solanaceous S-glycoproteins and
the fungal RNases is not extensive. Of 122 amino acids conserved
among three N. alata S-glycoproteins (S,, Sz, and Sg), 30 were
aligned with identical amino acids in the fungal RNases, and
another 22 were aligned with related amino acids. However, the
conserved regions include residues surrounding two putative active
site histidine residues and five cysteine residues. These sequence
homologies suggested structural and functional similarity with the
fungal RNases, so we assayed the isolated S-glycoproteins for
intrinsic RNase activity. The specific RNase activities measured in
absorbance units at 260 nm (A,) ranged from 170 (S,-
glycoprotein) to 2200 (S,-glycoprotein) compared with the purified
fungal RNase T, activity of 3900 (A,so units per minute per
milligram) (31). The RNase activity associated with the
S-glycoproteins accounted for 40 to 80% of the total recovered
RNase activity of style extracts, depending on S-genotype. Style
extracts from a related self-compatible species, N. tabacum, had
RNase activity of less than 1% of that of the N. alata extracts. These
observations raise the question of whether the RNase activity is
directly involved in arrest of pollen tube growth (Fig. 3). Does the
RNase, for example, pass into the pollen tube to act on a cytoplasmic
RNA substrate? Because ribosomal RNA (rRNA) genes are not
transcribed in mature or germinating pollen (32) viability of the
growing tube would be reduced by entry of an RNase that degraded
rRNA. Possibly, the RNase activity is not related to the SI function
of the S-glycoproteins, and RNase was “recruited” during evolution
for a purpose unrelated to its catalytic activity. Further study is
needed in this area.

Molecular genetics of sporophytic SI in Brassica species. S locus—specific
glycoproteins of stigma extracts separated by SDS—polyacrylamide
gel electrophoresis (SDS-PAGE) appear as a group of bands at 50 to
65 kD. Complementary DNAs encoding SLSGs corresponding to
the Sg, S;3, and S, alleles of B. oleracea have been obtained and
sequenced (33). The nucleotide sequence of the cDNA from S
SLSG corresponds to a 436—amino acid protein and includes a
31-amino acid hydrophobic signal peptide at the NH,-terminus of
the polypeptide. Consistent with this observation, immunocyto-
chemical studies show that the SLSG is secreted into the wall of the
cells of the stigmatic papillae (3). In addition, SLSGs from B.
campestris have been identified and sequenced by direct amino acid
sequencing of peptide fragments (21). The cDNAs encoding four S
alleles of B. oleracea have 90% sequence homology at the DNA level
(20). The derived peptide sequences include a conserved NH,-
terminal region, a variable region, and a conserved COOH-terminal
region, which contains 11 invariant cysteine residues. The amino
acid sequences of the S-glycoproteins from the Brassica species are
more than 80% homologous (34), which is significantly more than
is seen in the Solanaceae.

Analysis of Brassica genomic DNA with ¢cDNA from SLSGs
shows multiple bands reflecting a family of at least 11 related
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sequences (16, 33). Two of these have been isolated and sequenced;
one is the structural gene and the other is S-locus related (SLR1).
Both are expressed in the mature stigma. The SLR1 sequences are
highly conserved and are present in plants homozygous for different
S alleles, whereas the SLSG sequences have some variation. SLR1 is
not considered to be involved in determination of allelic specificity
(20). Gene-specific probes for the SLSG sequences will allow further
analysis of this locus. Two recent interesting observations may have
some bearing on the mechanism of sporophytic SI. (i) Transforma-
tion of the self-compatible species N. tabacum with genomic clones
corresponding to the B. oleracea S,; and S,, alleles resulted in gene
expression in the style transmitting tract (35). This pattern of
expression closely parallels the pattern observed for the style product
of the S locus in N. alata, implying similarities in the promoter
regions of the two genes. (ii) A cDNA from Zea mays that encodes
a putative serine/threonine—specific receptor protein kinase is appar-
ently linked through a transmembrane domain to an extracellular
domain with homology to the Brassica SLSG sequence (36). The
significance of this observation is not clear but the sequence
homology between these molecules in such divergent species sug-
gests a role of fundamental importance.

S-entry?

S action?

+ |s the S-RNase functional in S|?

» Does S-RNase enter the pollen
tube cytoplasm?

« |f so, what is substrate?

Fig. 3. Diagram of a pollen tube tip growing in the extracellular mucilage
between the cells of the transmitting tract. The mucilage contains
S-glycoproteins secreted from these cells, which is in direct contact with the
surface of the pollen tube. There is zonation of organelles including vesicles,
endoplasmic reticulum, mitochondria, and Golgi bodies in the tip region of
the pollen tube. The questions of whether S-RNases enter the pollen tube
and how they function to arrest the growth of tubes after incompatible
pollination are presently being studied.
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Directions for the Future

The study of SI is at an exciting stage with many leads to be
followed from the current information. A major unanswered ques-
tion is that of the nature of the pollen product of the S locus.
Although RNA and protein blot analysis with specific cDNAs and
antisera have not revealed any pollen component corresponding to
S-genotype, the possibility that a homologous species is present in
low abundance or that there is limited homology between the pollen
and style products remains. Polymerase chain reaction (PCR)
techniques can be used to test these possibilities. Another possibility
is that the products of the S locus in pollen and style are distinct; in
this case, the two must be closely linked as the two functions have
never been separated by conventional breeding. An approach to
testing this possibility would be chromosome walking.

There is a cluster of questions relatng to how the products of the
S locus in pollen and style interact; is a protein-protein interaction
involved? Do the style S-locus products move into the pollen tube?
If so, how do they cross the barriers of the pollen tube cell wall and
plasma membrane? What role does the glycosyl component of the
style S-glycoproteins play? How is the specificity of the interaction
controlled? What is the mechanism of signal transduction? Is RNase
activity found for the S-glycoproteins of N. alata present in other
S-glycoproteins? Is it involved in SI function? In relation to this
question, it was recently found that S allele—specific degradation of
rRNA occurs in vivo (37).

Relating the knowledge that will come from further studies of the
molecular genetics of SI to the physiology of pollen tube growth
will be difficult because of the gaps in our knowledge of structure
and biosynthesis of cell walls in general, and that of pollen tubes in
particular. What is the normal process of nutrition of the tube? What
are the cell wall components present in pollen tubes? How are these
components synthesized and deposited in the growing tube? There
is only fragmentary knowledge available relevant to these questions.
An overriding uncertainty is the possibility that different SI systems
may operate in different plant families, and that differences are not
restricted to those between families with gametophytic or sporo-
phytic control. This possibility highlights the pitfalls in drawing
general conclusions as to the mechanism of SI from what is, at
present, a very narrow knowledge base.
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