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RNases have been detected in the styles of Japanese pear
(a member of the family Rosaceae), and it is possible that these
are also S-related glycoproteins (Sassa et al., 1992). This is
of particular interest because it is the first indication that
RNases may be associated with Sl outside the Solanaceae.
However, this is not a universal phenomenon, because the
S-glycoproteins of poppy, a member of the Papaveraceae, do
not have RNase activity (Franklin-Tong et al., 1991).

LOCALIZATION OF THE S-RNASES WITHIN
THE PISTIL TISSUE

Immunocytochemical studies using S-RNase-specific antibod-
ies raised to a synthetic peptide corresponding to one of the
“hypervariable” regions (Figure 4) showed that S-glycoproteins
are present on the surface of the stigmatic papillae and the
extracellular matrix that separates the files of transmitting tract
cells of the style. S-RNases are also present in the ovary but
are restricted to the single layer of cells that makes up the in-
ner epidermis of the placenta (Anderson et al., 1989). As might
be expected, in situ hybridization studies show that S-RNase
mRNA accumulates in the same tissues in which the protein
is found (Cornish et al., 1987). A most interesting aspect of
this localization is that it coincides with the path that the pol-
len tube follows as it grows through the style and across the
inner epidermis of the placenta to individuai ovules. There-
fore, the pollen tube is in direct contact with RNase throughout
its growth through the stigma and style to the ovules (Jahnen
et al., 1989).

ROLE OF S-RNASES IN THE ARREST OF
POLLEN TUBE GROWTH

The obvious question that arises from the discovery that sty-
lar S-glycoproteins are RNases is whether the enzymatic
function is involved in the Sl response. One hypothesis is that
the S-RNase is taken up by the incompatible pollen tube as
it grows through the extracellular matrix. Once taken into the
pollen tube, the RNase then degrades RNA, resuliting in pol-
len tube death. In view of the fact that rRNA genes are not
transcribed in pollen (Mascarenhas, 1990; McClure et al.,1990;
Mascarenhas, 1993, this issue), this would be a very effective
way of ensuring pollen tube death. In this case, the specificity
of the interaction would be controlled either by the uptake of
the S-RNase into the pollen tube or by the presence of an in-
hibitor that would act in an allele-specific manner to prevent
RNA degradation in compatible polien tubes.

However, it is possible that the RNase activity of the S-gly-
coproteins is unrelated to their function in Sl. In this case, it
could be envisaged that the enzyme was recruited during evo-
lution for a role in Sl unrelated to its catalytic activity. One way
to test whether RNase activity is involved in Sl is to follow the

fate of pollen RNA in styles after compatible and incompati-
ble pollinations. To do this, radioactive pollen prepared by
growing N. alata plants in the presence of Phosphorus-32
(McClure at al., 1990) was placed on either compatible or in-
compatible stigmas, and RNA was prepared from styles 24
hr later.

Initially, it was observed that less radioactive (i.e., pollen-
derived) RNA was recovered from incompatible pollinations
than from compatible pollinations. When this RNA was frac-
tionated on an agarose gel, it was apparent that the rRNAs
from pollen were intact in samples from compatible crosses
but degraded in samples from incompatible crosses. These
results are consistent with the hypothesis that Sl is mediated
by degradation of polien RNA in incompatible pollen tubes dur-
ing their growth within the style. However, the experiments do
not exclude the possibitity that degradation of the rRNA is an
effect father than the cause of pollen tube death.

If the S-RNases do act to inhibit pollen tube growth by de-
struction of rRNA (as well as other types of RNA), then the
question of allelic specificity arises. When the S-RNases from
P inflata are tested on homopolymeric substrates (Singh et al.,
1991), they show a cleavage preference of poly(C) over poly(A)
or poly(U). However, this is unlikely to be related to biological
function because the S-RNases have no obvious differences
in RNA substrate specificity and effectively degrade RNA from
many sources. For example, RNA from pollen genotypes S¢Sg
and S.S; as well as yeast and wheat germ RNA were all
degraded in vitro by purified style S»- and Sg-RNases
(McClure et al., 1990). ltis also unlikely that the S-RNases func-
tion in a way analogous to the DNA restriction endonucleases,
i.e., that they cleave a specific sequence motif. The evidence
is, first, the lack of base specificity on polymeric substrates,
and, second, that S-RNase added to pollen tubes growing in
vitro affects the synthesis of all pollen proteins rather than a
specific subset (Gray et al., 1991). The existing data are there-
fore consistent with the idea that the S-RNases act to arrest
pollen tube growth by degrading RNA. However, the cellular
processes that lead to degradation occurring only in pollen
tubes from incompatible pollinations but not those from com-
patible pollinations are unclear.

NATURE OF THE POLLEN $§ ALLELE PRODUCT

Lewis (1960) envisaged the gametophytic S locus as having
three parts, a part expressed in the pistil, a part expressed
in the pollen, and a third part, encoding allelic specificity. This
“tripartite” theory is based on the findings that pollen and style
Sl functions can be mutated independently of each other. One
possible mechanism by which Sl might function is that the prod-
ucts of the poilen and stylar parts of the S locus are identical
and come together in incompatible matings to form an active
dimer. Careful experiments to search for a pollen protein that
segregates with S genotype or that cross-reacts with antisera
raised to a peptide corresponding to the hypervariable region



of the style S-RNase did not turn up candidate molecules (Mau,
1990; S-L. Mau and A.E. Clarke, unpublished observations).
Likewise, no candidate has been found in a search for pollen
transcripts homologous to the S-RNase. If a molecule with ho-
mology or identity to the style S-RNase exists in pollen, then
it must be present at levels below that detectable by the tech-
niques used. Alternatively, the gene may be expressed only
after contact with the style or at a particular stage of pollen
deveiopment. There is some evidence that supports the latter
suggestion (PN. Dodds, |. Bénig, H. Du, J. Rédin, B. McClure,
M.A. Anderson, E. Newbigin, and A.E. Clarke, manuscript sub-
mitted). It is also possible, however, that the pollen part of the
Sl interaction may be the product of a separate gene within
the S locus. Establishing the nature of the pollen part of the
S gene will probably require a concerted approach using mo-
lecular genetics to map the S locus and biochemical techniques
to follow the interaction between style S-RNases and pollen
tubes.

SIGNAL TRANSDUCTION DURING
SELF-INCOMPATIBILITY

N. alata pollen extracts contain protein kinase activity that phos-
phorylates model proteins and a range of endogenous pollen
proteins (Polya et al., 1986). However, to date, there are no
reports of a protein kinase gene being involved in gametophytic
Sl. Recently, a gene encoding a putative protein kinase has
been described in Brassica oleracea (Stein et al., 1991; see
Nasrallah and Nasrallah, 1993, this issue), a plant with the
sporophytic type of Sl. This gene, which is expressed in the
cells of the stigma and is within the Brassica S locus, may be
involved in signal transduction, although this has not yet been
demonstrated.

Whatever the nature of the signal transduction system that
leads to pollen incompatibility, the effect of a self-incompatible
mating is, ultimately, the arrest of pollen tube growth within
the style. Several potential stages of pollen tube growth could
be affected (Harris et al., 1984). For example, the rate of pol-
len tube extension depends on a balance between turgor
pressure exerted by the contents of the pollen tube and the
pressure exerted by the wall. If turgor pressure diminishes but
cell wall biosynthesis proceeds, then wall abnormalities would
result. Alternatively, direct interference with wall synthesis
would lead to wall abnormalities. The processes of wall bio-
synthesis and pollen tube growth are not yet understood in
detail (see Mascarenhas, 1993, this issue, for a discussion of
pollen tube growth), but knowledge of these fields will be neces-
sary for a complete understanding of how a seif-incompatible
mating results in arrest of pollen tube growth.

GLYCOSYLATION OF S-RNASES OF N. ALATA

All the isolated S-glycoproteins bear N-glycosyl chains. Four
potential glycosylation sites (Asn-XThr/Ser) are conserved
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among the S,-, S3-, and Sg-glycoproteins of N. alata, and the
Ss-glycoprotein has an additional site. Each of these S-glyco-
proteins also contains one unsubstituted glycosylation site:
hydrolysis of the S,-, Ss-, and Ss-glycoproteins with N-gly-
canase indicates that three of the four potential glycosylation
sites in the S,- and Sg-glycoproteins bear chains, as do four
of the five sites in the Ss-glycoprotein. The single glycosyla-
tion site on the Sy-glycoprotein is occupied (Woodward et al.,
1989). The structure of the N-glycan chains has been estab-
lished by fast atom bombardment mass spectrometry and
TH-nuclear magnetic resonance. Four different structures
were found for both the S;- and Sg-glycoproteins, with one
form being dominant. The finding that S;-glycoprotein has
only one potential site indicates heterogeneity with respect to
the chains at a single site (Woodward et al., 1992). Whether
these N-glycosyl chains are involved in any way in the func-
tion of the S alleles is not known.

SEQUENCES RELATED TO S-RNASES
FROM OTHER TISSUES

Recent experiments have shown that proteins similar to
S-RNases are found in tissues other than the style of solana-
ceous plants. By using polymerase chain reaction techniques
and primers corresponding to the conserved sequences
around the presumptive active site histidine residues, frag-

_ ments with sequence similarity to the S-glycoproteins were

obtained from a cDNA library prepared from total green tis-
sue from Arabidopsis (Taylor and Green, 1991). Proteins with
sequence similarity to the S-RNases have also been isolated
from seeds of Momordica charantia (bitter gourd; Ide et al.,
1991) and from the culture medium of phosphate-starved L.
esculentum cells (Jost et al., 1991). These findings prompt a
review of the evidence that the S-RNases are indeed prod-
ucts of the S locus. The most compelling evidence is the
absolute correspondence between genomic DNA fragments
hybridizing to a particular cDNA encoding an S-RNase and
the Sl phenotype, as revealed by test crosses. This correspon-
dence is also seen in populations examined for the correlation
between the allelic glycoproteins separated by gel electropho-
resis and the S| phenotype. Over 100 plants, the F, progeny
of crosses between N. alata plants bearing different S alleles,
have been examined in this way, as well as a smaller number
of F, plants, and in no case has any anomalous behavior
been detected (Anderson et al., 1989; M.A. Anderson and
A.E. Clarke, unpublished observations). Plants from several
other solanaceous species have also shown absolute corre-
spondence between the RFLP andfor glycoprotein and
breeding behavior (T-H. Kao, unpublished observations).
The definitive experiment would be to induce a change of
breeding behavior by transforming a self-compatible plant with
anovel S allele. However, to date, these experiments have been
unsuccessful. When the S,-RNase gene of N. alata was in-
troduced into the self-compatible tobacco, the amount of protein
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in the style was very low compared with that found normally
in the style of an N. alata plant expressing the S, allele (Murfett
et al., 1992). Perhaps because of this lower protein level, the
plants showed no change in the incompatibility phenotype.

PERSPECTIVE AND FUTURE DIRECTIONS

In this review, we have given a brief history of the molecular
basis of gametophytic S, concentrating on N. alata as an ex-
ample. It is likely that the mechanism for recognition and
rejection of self-pollen is common in all members of the
Solanaceae. However, our knowledge of systems outside the
Solanaceae is very limited, and we should be cautious in draw-
ing broad principles from such a narrow data set.

The sequences of the allelic series S-RNases expressed
in female tissue do not seem to have a direct counterpart in
the sporophytic system of Brassica species; conversely, there
is no evidence for systems in N. alata that correspond to the
S locus glycoproteins or S-receptor kinases of Brassica spe-
cies. It may be that the two systems operate by quite different
means, although there are such wide gaps in our knowledge
at present that we cannot unequivocally rule out some under-
lying similarities.

We have highlighted some of the key questions for the fu-
ture. What is the nature of the pollen part of the S locus? How
do the products of the pollen and style parts of the locus cause
the incompatible response? What is the signaling mechanism?
How are molecules transported from the extracellular matrix
across the wall of the pollen tube to the cytoplasm? What is
the mechanism of pollen tube wall biosynthesis? How is the
required nutrient supply maintained? What is the relationship
of the different macromolecules in the extracellular matrix of
the transmitting tract? All these questions and others relevant
to the pollen—pistil interactions have counterparts in more
general aspects of plant molecular biology and physiology. The
self-recognition implicit in S1 may well have similarity with
aspects of plant development, symbiosis, and pathogenesis.
The mechanisms by which macromolecules are secreted
through cell walls or taken up and transported through the cell
wall to the cytoplasm are common to all types of cells. Cell
wall biosynthesis, tip growth, and callose deposition are all
fields of study with direct implications for other systems. Our
knowledge in many of these areas is not particularly thorough,
but we now have the experimental tools available to move for-
ward and gain a greater insight into the cycle of reproduction
and development in flowering plants.
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