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Signaling the Arrest of Pollen 
Tube Development in 

Self-Incompatible Plants 
J. B. Nasrallah,* J. C. Stein, M. K. Kandasamy, M. E. Nasrallah 

Self-incompatibility (SI), the cellular recognition system that limits inbreeding, has served 
as a paradigm forthe study of cell-to-cell communication in plants since the phenomenon 
was first described by Darwin. Recent studies indicate that SI is achieved by diverse 
molecular mechanisms in different plant species. In the mustard family, the mechanism 
of SI shows parallels to the signaling systems found in animals that are mediated by 
cell-surface receptors with signal-transducing protein kinase activity. 

T h e  ability to distinguish between self 
and nonself and to allow only legitimate 
cellular unions during fertilization is an 
essential component of sexual reproduc- 
tion in plants as in other organisms. How- 
ever, in flowering plants, fertilization is 
preceded by a series of cell-cell interactive 
events dictated by the anatomy of the 
reproductive structures (Fig. 1A). Pollen 
grains are released from the anther in a 
desiccated state. They will hydrate and 
germinate to produce a pollen tube when 
delivered to the appropriate cell surface, 
which is generally that of the specialized 
epidermal cells of the stigma, a structure 
located at the distal end of the pistil. In 
species with solid pistils, the pollen tube, 
which extends by tip growth, must then 
invade the pistil and grow in the intercel- 
lular matrix of the central transmitting 
tissue of the stigma, style, and ovary before 
gaining access to the ovule (Fig. 1B) and 
delivering its cargo of sperm cells that will 
effect the double fertilization events 
unique to plants ( 1  ). 

The pistil acts as an efficient screen of 
pollen grains, promoting the germination 
and growth of "appropriate" pollen tubes 
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but not of "inappropriate" pollen tubes. 
Thus, gametes are preserved by interspe- 
cific pollination barriers that prevent the 
activation or growth of foreign pollen that 
is indiscriminatelv disseminated bv wind. 
insect, or animal pollinators. Because the 
proximity of pistil and anther in plants 
with perfect flowers renders self-pollina- 
tion more likelv than cross-uollination. 
intraspecific bariiers to polliiation have 
also evolved, presumably as a means to 
avoid the deleterious effects of inbreeding 
and to promote outbreeding. One class of 
such barriers, namely genetic self-incom- 
patibility (SI), is a prezygotic barrier that 
is widelv distributed in both dicots and 
monocots. In self-incompatible plants, 
highly polymorphic loci control the ability 
of the pistil to inhibit the germination or 
subseauent develoument of self-related, 
but not genetically unrelated, pollen. SI 
systems can vary greatly between plant 
families with respect to site of pollen in- 
hibition (in stigma, style, or ovary) and 
mode of genetic control (by one or more 
loci; sporophytic or gametophytic control 
of pollen phenotype) (2). 

The specificity of self-incompatible pol- 
len-pistil interactions has provided plant 
biologists with the opportunity to investi- 
gate the basis of plant cell-cell communica- 
tion. In this article, we present an overview 
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of our current understanding of the molec- 
ular basis and diversitv of genetic SI svs- , u 

tems, with a particular emphasis on the 'SI 
svstem of the crucifer (mustard) familv. A 
cbnsideration of the underlying mo~edu~ar 
mechanisms is not only critical to the un- 
derstanding of plant reproduction, but is 
also likely to shed light on the ways in 
which a plant cell interacts with neighbor- 
ing plant cells during differentiation and 
morphogenesis, as well as with pathogens 
and svmbionts. 

Pollination Responses and 
Self-Incompatibility in Crucifers 

The sequence of postpollination events 
that lead to successful fertilization is con- 
served in all cruciferous plants (3, 4),  
whether they are members of self-compat- 
ible genera in which no SI has been re- 
ported, such as Arabidopsis, or of largely 
self-incompatible genera, such as Brassica. 
In Arabidopsis, the four phases of pollen 
tube growth proceed at an astoundingly 
rauid rate. and the uollen tube reaches the 
o;ary 2 hours after the pollen grain is 
delivered to the stigma surface (Fig. 1B). 
Particularly rapid are the very early events 
that take place at the pollen-papillar cell 
interface, including the establishment of a 
zone of adhesion between the pollen grain 
and the "dry" surface of a papillar cell 
(Fig. ZA), hydration of the pollen grain, 
establishment of polarity within the pol- 
len grain in preparation for germination 
(Fig. ZB), tip growth and elaboration of 
the pollen tube, and ingress of the pollen 
tube into the uauillar cell wall, uresumablv 

& 

through the action of hydrolytic enzymes 
located at the pollen tube tip. 

It is during this one-on-one interaction 
between a pollen grain and papillar cell 
that the SI reaction is manifested: A pol- 
len tube is either not formed or is unable 
to invade the papillar cell wall. The SI 
reaction is highly localized to the site of 
contact. because in mixed uollinations of a 
papillar cell with incompatible and com- 
patible pollen grains, the latter are not 
arrested (5). 
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Receptor-Mediated Cell-Cell 
Signaling in the Recognition 

of Self 

The specificity of the incompatible pollen- 
stiema interaction in crucifers is controlled - ~ 

by"a single, highly polymorphic Mendelian 
locus, the S locus: Inhibition of pollen oc- 
curs when the same allele of the S locus is 
active in the pistil and during pollen devel- 
opment, whether pistil and pollen are de- 
rived from the same plant or from different 
plants that carry the same allele. However, 
this apparently simple genetic basis belies 
the underlying complexity of the phenom- 
enon and its controlling locus (6). Recent 
molecular analyses of the S-locus region in 
Brassica have identified a region of -200 kb 
containing several physically linked tran- 
scriptional units that cosegregate perfectly 
with SI phenotype (7,8) and that comprise 
an "S haplotype." A subset of genes within 
the Szlocus complex is highly polymorphic, 
and specific combinations of allelic forms of 
each of these genes may define different SI 
specificities. In this respect, the Brussica S 
locus is similar to other complex recogni- 
tion loci, such as the major histocompati- 
bility complex of mammals that comprises 
many genes, some polymorphic and others 
not. all involved in the immune resDonse. 

TWO of the highly polymorphic i-locus 
genes represent a pair of related but not 
identical genes. The S-locus receptor kinase 
(SRK) gene is predicted to encode a trans- 
membrane serine-threonine protein kinase 
(7) with structural similarity to the receptor 
  rote in kinases that have been well charac- 
ierized in animal systems. The S-locus gly- 
coprotein (SLG) gene encodes an abundant 
glycoprotein that is secreted into the papil- 
lar cell wall. SLG exhibits a high degree of 
sequence identity to the extracellular do- 
main of SRK and was apparently generated 
by duplication of the SRK gene. The SLG- 
SRK gene pair can diverge by >30% be- 
tween different S haplotypes; however, 
within an S haplotype, SLG and the exua- 
cellular domain of SRK are >90% identi- 
cal, suggesting that the two genes coevolve. 
The two genes are coordinately regulated 
(9, 1 O), and the stigmatic papillar cells are 
the major site of SRK (Fig. 3) and SLG (1 0) 
promoter activity. Both promoters also ex- 
hibit a lower level of activity in anthers (9, 
lo), although the significance of this activ- 
ity is not clear. In contrast, there is strong 
genetic evidence that the expression of the 
SLG and SRK genes in papillar cells is 
required for the operation of SI. Several 
self-compatible mutant strains of Brussicu 
have been identified in which self-compat- 
ibility is associated with spontaneous muta- 
tions at the S locus that disrupt the SRK 
gene (1 1,12). In addition, spontaneous mu- 
tations at loci unlinked to the S locus that 

Fig. 1. Reproductive structures and pollination in crucifers. The scanning electron micrograph (A) shows 
an Arabidopsis flower at 75x magnification. The female reproductive structure, the pistil, consists of the 
stigma (St) crowned by papillar cells (P), the style (Sy), and the ovary (Ov). The male reproductive 
structure, the stamen, consists of the filament (F) and anther (An) shown here releasing pollen grains (Po). 
The ultraviolet-fluorescence micrograph (B) shows the path of pollen tube growth in the crucifer pistil. A 
pollinated Arabidopsis pistil was treated with decoloriied aniline blue to stain the pollen tubes (Pt). 
Adhesion of the pollen grain to the stigma surface as well as the establishment of polarity and pattern of 
tip growth occur within 15 min after pollen comes in contact with the stigma. The next 25 min are 
characterized by pollen tube growth within the papillar cell wall, and the following 60 min by basipetally 
oriented intercellular growth in the central region of the stigma, style, and ovary. Once in the ovary, the 
pollen tubes fan outward as they are targeted toward the ovules. A whole mount of a 1-mm upper 
segment of the pistil is shown in (B). 

down-regulate the SLG gene (13), and 
transgene-induced mutations that down- 
regulate the SLG (14) and SRK genes (IS), 
are associated with the loss of the pistil's 
ability to inhibit self pollen. 

Although the SLG and SRK genes are 
necessary, it is not clear if they are sufficient 
for the operation of the SI response in the 
pistil. Attempts to modify SI specificity by 
transformation experiments have so far 
been unsuccessful, largely as a result of 
transgene-induced cosuppression (1 4, 15). 
Nevertheless, the data are consistent with a 
mechanism based in the papillar cell where- 
by the SRK protein kinase is activated by 
contact between a papillar cell and self 

Fig. 2. Early pollination 
events at the pollen-pap- 
illar cell interface in Ara- 
bidopsis. The transmis- 
sion electron micro- 
graphs show (A) the for- 
mation of an adhesion 
zone derived from pollen 
coat, evident 5 min after 
pollination, and (9) the 
establishment of polarity 
and the initiation of tip 
growth 10 min after pol- 
lination. P, papillar cell; 
Po, pollen grain; PC, pol- 
len coat; and Pt, emerg- 
ing pollen tube. Bars, 2 
Pm (A) and 1 Pm (B). 

pollen (Fig. 4). By phosphorylating intra- 
cellular substrates, the SRK protein would 
couple the initial molecular recognition 
events at the papillar cell-pollen interface 
to the signal-transduction chain that leads 
ultimately to pollen rejection. Because SLG 
and SRK are both expressed in papillar cells 
in the absence of pollen, a pollen-borne 
component, possibly a ligand for SRK, is 
postulated (Fig. 4). Such an extracellular 
ligand would be highly polymorphic and 
encoded within the S-locus complex. It 
would activate the receptor in a haplotype- 
specific manner, thus providing the speci- 
ficity inherent in "self" recognition. SLG, 
which is freely diffusible in the cell wall, 
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Fig. 3. Localization of SRK promoter activity to the 
papillar cells of the stigma. Arabidopsis was trans- 
formed with a chimeric gene consisting of a 450- 
base pair SRK promoter fragment fused to the 
p-glucuronidase reporter gene (9). The transgenic 
flower shows intense blue staining of papillar cells 
after histochemical staining for p-glucuronidase 
activity. Bar, 600 p,m. 

would be essential. either bv actine as an " 
extracellular regulator of ligand access to 
the signaling receptor or by being an inte- 
gral part of a functional receptor complex. 

The operation of a signaling receptor is 
consistent with the rapidity of the SI re- 
action in crucifers and the inhibition of 
pollen at the papillar cell surface. Because 
of the highly localized nature of the SI 
response, it is anticipated that the signal- 
transduction pathway initiated by the ac- 
tivation of SRK is spatially limited to the 
region immediately subjacent to the in- 
compatible pollen grain. Self-pollination 
mav induce the localized release bv the 
papillar cell of a preformed or newly syn- 
thesized ~ollen-inhibitorv susbstance (1 6) .  , , 

Alternatively, stigmatic wall components 
such as "adhesion factors" required for 
interaction with the pollen coat may be 
modified or inactivated (Fig. 4). The ex- 
istence of such factors has been ~redicted 

1 

by microscopic observations of early pol- 

lination events in crucifers (4) and by 
studies in which adhesion was inhibited 
on stigmatic surfaces treated with protease 
(1 7). We propose that once adhesion, 
which may be a prerequisite for the estab- 
lishment of cellular polarity in the pollen 
grain, is inhibited or weakened, the initi- 
ation of normal tip growth and the direct- 
ed growth of the pollen tube into the 
papillar cell wall would be aborted. 

Relation to Other 
Self-Incompatibility Systems 

Does receptor-mediated signaling operate 
in other SI systems as well? A definitive 
answer is not available, as only a few SI 
svstems have been analvzed at the molecu- 
lar or biochemical levels. The involvement 
of kinase-based mechanisms has been sue- - 
gested by biochemical studies in two species 
that also exhibit stigmatic inhibition: Pa- 

where they degrade cytoplasmic RNA 
(20). Transgenic experiments reporting on 
loss and gain of the pistil SI response in 
Nicotiana and Petunia bv transformation 
with antisense and sense S-RNase genes 
(21 ) suggest that the S-RNase is the sole 
determinant of SI specificity in the pistil, 
although rigorous progeny analysis dem- 
onstrating the cosegregation of the modi- 
fied SI response with the transgene is as 
yet unavailable. In addition, and as in the 
Brassica system, information relating to 
the nature of the Dollen comDonent of the 
SI response is lacking, and the basis of 
allelic specificity is not understood. A fa- 
vored hypothesis is based on the operation 
of an allele-specific translocator system 
that would operate in pollen tubes to al- 
low the uptake of self RNase but not of 
nonself RNase. The identification of the 
relevant pollen molecules is clearly crucial 
and will no doubt shed lieht on some - 

paver (poppy), where a calcium-mediated 
signaling pathway is apparently activated in 
pollen by an SI-specific stigmatic glycopro- 
tein (18); and Secak (rye), where the SI 
response is inhibited by treatment of pistils 
with protein kinase inhibitors (1 9). 

A verv different mechanism has been 
proposed'for the extensively studied SI 
system of the Solanaceae (the nightshade 
family, which includes ornamental Nicoti- 
ana and Petunia), and also for the Rosace- 
ae (the rose familv. which includes fruit , . 
trees) and the Scrophulariaceae (the snap- 
dragon family) (20). In these families, the 
SI reaction occurs within the style after 
pollen germination and pollen tube in- 
gress into the pistil. The arrest of pollen 
tube growth and bursting of pollen tube 
tips observed after an incompatible polli- 
nation has been postulated to result from 
the cytotoxic action of a class of polymor- 
phic nonspecific ribonucleases (RNases), 
called S-RNases because they are associat- 
ed with the single multiallelic SI locus 
(20). S-RNases are secreted into the in- 
tercellular matrix within the styles and are 
presumably taken up into the pollen tube 

Fig. 4. A model of pap~llar 
cell-based s~gnal~ng In 
the SI response of Bras- '' 
s~ca The d~agram shows 
the local~zat~on of the SLG 
and SRK molecules at the 
pap~llar cell surface. A 
phosphorylat~on cascade 
IS postulated to be preclp- 
~tated w~th~n the pap~llar 

1 - 
cell by the b~nd~ng of a BCQ 

pollen-borne l~gand to the 
receptor. The sequence ' t 
of events proposed to cul- 

UDM. 

mlnate In locallzed mod~fi- I 
cat~on of the papillar cell 

w . L 4 m  r <  

surface and the arrest of pollen tube development IS outl~ned to the nght. 

" 
puzzling observations, such as the detec- 
tion of S-RNase transcripts and proteins 
in pollen (22) and the apparently nonspe- 
cific uptake of nonself as well as self S- 
RNase by pollen tubes grown in vitro (23). 

Thus, the current data favor the conclu- 
sion that SI evolved several times durine " 
the expansion of the angiosperms. Al- 
though it is not ~ossible to estimate how - 
many different mechanisms of intraspecific 
pollen inhibition might exist, at least two 
broad classes have emerged: One class, 
based on the operation of protein kinases 
within cells of the pistil or pollen, may 
operate in species with a rapid stigmatic 
inhibition of Dollen; another class. based on 
cytotoxic efflcts, may be characieristic of 
species in which inhibition is delayed until 
after the pollen tube has grown into the 
pistil. 

Relation to Other Cellular 
Communication Phenomena 

in Plants 

Another important evolutionary question 
has to do with the origin of SI within each 
plant family. It is likely that the genes 
involved in these highly specific pollen- 
pistil interactions were recruited from genes 
that function in other plant processes. An 
often formulated hypothesis relates SI to 
host-pathogen interactions because of par- 
allels between pollen rejection and the in- 
hibition of invading pathogens (24). The 
recent cloning from tomato of a cytoplas- 
mic serine-threonine kinase involved in 
disease resistance may be taken as support 
for the evolutionary relatedness of host- 
pathogen responses to the Brassica SI sys- 
tem, but could simply reflect the require- 
ments for a rapid response in the two sys- 
tems. An alternative hypothesis is suggested 
from the analysis of several recently identi- 
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fied SLG- and SRK-related genes. Sequences and targets of the stigmatic proteins, will be 11. D. R. Goring, T. L. Glavinj U, Schafer, S. J. Rothstein, 
Plant Cell 5, 531 (1993). 

encoded by this family of genes have been important for understanding the fundamen- 2, J, B, Nasrallah, S, J, Rundle, M, E, Nasrallah, Plant J, 

cloned from diverse plants and tissues, such tal nature of cell-cell signaling during the 5, 373 (1 9941. 
as maize roots. carrot cell cultures. and Ara- 
bidopsis shoots and roots (6). The cell type- 
specific pattern of expression exhibited by 
the vegetatively expressed SRK-like genes of 
Arabidopsis (25) is consistent with the hy- 
pothesis that the Brassica S-locus genes are 
derived from ancestral genes having a very 
basic role in intercellular communication 
during plant development. 

Characterization of these eenes will de- 
LZ 

termine how far the lessons learned from 
the study of SI can be applied to other plant 
systems. This question is of more than aca- 
demic interest. for it will determine if the 
mechanism by which a plant controls the 
formation and growth of a pollen tube bears 
similarity to how it controls the growth of 
invading pathogens or the growth of its own 
cells in various phases of its development. 
Thus, further refinement of the mechanism 
of SI, including identification of activators 

development of the plait body. 
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hormonal milieu that directs changes in the lm~lantation and the Placenta: uterusnecessarvf~rpregnancv~ocontinue. 

Key Pieces of the 
Development Puzzle 

James C. Cross,* Zena Werb, Susan J. Fisher 

The mammalian embryo cannot develop without the placenta. Its specialized cells (tro- 
phoblast, endoderm, and extraembryonic mesoderm) form early in development. They 
attach the embryo to the uterus (implantation) and form vascular connections necessary 
for nutrient transport. In addition, the placenta redirects maternal endocrine, immune, and 
metabolic functions to the embryo's advantage. These complex activities are sensitive to 
disruption, as shown by the high incidence of early embryonic mortality and pregnancy 
diseases in humans, as well as the numerous peri-implantation lethal mutations in mice. 
Integration of molecular and developmental approaches has recently produced insights 
into the molecules that control these processes. 

I n  a remarkable series of events, implanta- 
tion and placental development physically 
connect the mammalian embryo to its 
mother. Establishing this connection is the 
embryo's first priority, which is essential for 
its subsequent development. The impor- 
tance of this simple fact is often overlooked, 
but is underscored by the temporal se- 
quence in which the differentiated embry- 
onic cell types appear. In mammals, the 
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initial developmental decisions set aside 
three unique extraembryonic lineages that 
are the precursors of the placenta. The first 
differentiation event gives rise to tropho- 
blasts, the specialized epithelial cells of the 
~lacenta  that physically connect the em- 
bryo and the uterus. The remaining cells 
segregate at one e ole of the embryo to form 
the inner cell mass (ICM). Endodermal and 
mesodermal components of the ~lacenta  are 
later derivatives of the ICM. In contrast. 
the differentiation of ICM cells that give 
rise to the embryo proper does not begin 
until the first placental structure has formed. 
The placenta also establishes functional . < 

in the Deoartment of Stomatoloav. Universitv of Califor- connections that are critical for embryonic 
nia, San irancisco, CA 94143, USA. survival. For example, trophoblasts redirect 
*To whom correspondence should be addressed. the maternal endocrine system to create the 

Trophoblasts express paternal proteins and 
interact directly with maternal immune cells 
but somehow avoid rejection. Another crit- 
ical step is the establishment of a hybrid 
vasculature in which the fetal trouhoblasts, 
acting like endothelial cells, are in direct 
contact with maternal blood, where thev 
transport nutrients and gases. 

Failures in implantation and placental 
development are clinically important. 
About one-third of normal human pregnan- 
cies end in sDontaneous abortion: 22% of 
such abortions occur before pregnancy is 
detected clinically (1 ). Similarly, failures in 
development during the ~eri-implantation 
~e r iod  account for almost 80% of the em- 
bryonic loss that occurs in farm animal 
species (2, 3). Even seemingly minor de- 
fects in   lac en tat ion can have severe nega- 
tive consequences. In humans, for example, 
abnormalities in the vascular connections 
result in preeclampsia, a disease of pregnan- 
cy with significant morbidity and mortality 
to both mother and fetus (4). Such disorders 
not onlv affect the health of the mother and 
fetus, bit also represent significant societal 
costs. Currently, the approaches for diagno- 
sis and treatment of diseases of pregnancy 
are limited mainlv because of our inabilitv to 
understand their causes. 

Implantation and development of the 
~lacenta  occur in a stepwise manner (Table 
1). Recent analyses of naturally occurring 
mouse mutants and several mutants created 
by gene targeting experiments have high- 
lighted these processes as major determi- 
nants of fetal growth and development (Ta- 
ble 2). The important conclusion from 
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