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regions of SRK? had a number of differences from those
of SRK?®. Although, the SOdomain ofSRK” from B. oleracea
also exhibited very high similarity to SRK* from B. rapa,
the hypervariable regions of these SRKs differed by two
amino acid residues in the hypervariable region Il (Kusaba
and Nishio 1999). Moreover, Cabrillac et al., (1999) have
observed that S'® haplotype has two distinct SLG genes.
This implies that the two SLG genes are redundant or that
they are not required for recognition in Sl.

Recently, Takasaki et al., (2000) have confirmed that
the SRK, but not SLG determines SOhaplotype specificity
in the pistil. They examined the function of SRK by
introducing an SRK gene of S%®0Ohaplotype (class 1) into
plants homozygous for a class Il S®°Ohaplotype. Using this
way they minimize the problem of co-suppression
encountered in all the previous transformation experiments.
Obtained SRK?8 transgene plants rejected pollen of S28
haplotype. The role of the SLG gene in the Sl reaction
remains unclear. Nasrallah et al., (1992) demonstrated that
the scf-1 mutation, which reduces expression of SLG but
not SRK, causes a self-compatible phenotype in B. rapa.
But Gaude et al., (1995) pointed out that there is also
reduced expression of SLR1 and SLR2. It became clear
that SLG was not involved in SOhaplotype specificity
however Takasaki et al., (2000) have shown that, although
SRKalone is sufficient for the pistil SOhaplotype specificity
the self-incompatibility response is strongest if SLG of the
same SOhaplotype is also present.

Current Model of Sl Reaction

By analogy with mammalian intercellular signalling
mechanisms the SLG and SRK are envisaged as
constituting a receptor complex. In the case of self-
pollination, SCR protein (pollen ligand) is bound to SRK,

Figure 4. Hydration of self and cross
pollen as represented by change in grain
axis ratio with time (Elleman and
Dickinson 1994).

resulting in activation of the receptor and initiation of a signal
transduction cascade that ultimately leads to pollen
inhibition (Kao and McCubbin 2000). It is possible that an
SLG has a role in the binding of its cognate SRK with the
pollen ligand by forming a complex with the SOdomain of
the SRK and facilitating the process of the recognition
reaction (Takasaki et al., 2000; Figure 5). The Sl reaction
is localized to the site of contact because in mixed
pollinations of a papillar cell with incompatible and
compatible pollen grains, the latter are not arrested (Sarker
et al., 1988). Some important data for the study of Sl have
been provided by investigation of pollen hydration.

For successful pollen tube growth and fertilization grain
must rehydrate on the stigma. This requires stigmatic water
to flow from the papillae through the pollen coat into the
grains. In the Brassicaceae, the connection between the
pollen and stigma in established by the formation of an
appressorium-like structure from pollen coat material
(Kandasamy et al., 1995). Water flows into the grains via
this connection. Ruiter et al., (1997) has characterized
oleosins, which allowed transport of water from the stigma
to the pollen across the pollen coat. In the presence of Si
haplotypes, hydration is arrested in the second phase,
before the pollen becomes fully turgid (Figures 3 and 4).
The second phase of hydration lasts barely 10 min and
involves the rapid transfer of water to the grain until it
achieves turgor (Zuberi and Dickinson 1985, Elleman and
Dickinson 1994). Therefore, water transfer from stigmatic
papillar cells to pollen is a one of the checkpoints at which
the outcome of pollen-stigma interactions in the crucifer
family is determined. By analysis of one genetic modifier
of self-incompatibility, the spontaneous mod mutation of
B. rapa, it has been shown that the MOD protein
(aquaporin-like protein) probably forms a channel in the
plasma membrane and transports water (Ikeda et al. 1997).
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Upon pollination, the PCR protein (male determinant)
must move, with other PCP proteins, into the stigmatic cell
wall through the microchannels. This diffusion must occur
at an early stage post-pollination (Figure 3), for once
hydratation of the pollen grain has commenced, the rate
of water flow through the microchannels suggests that
diffusive movement into the stigma is unlikely (Dickinson
1995). PCPs are abundant in the pollen cell wall and
contact with abundant SLG and SLR1 proteins in the stigma
cell wall. SLG, which is freely diffusible within the cell wall,
could bind PCR at the papillar cell wall-pollen interface for
presentation at the membrane and would thus act as an
extracellular regulator of ligand access to the signaling
receptor (Figure 5). PCR protein is presumably bound to
amino acid residues within the extracellular domain of SRK.
In the classical model the Sl response in initiated by ligand-
dependent dimerization of SRK (Nasrallah et al., 1994).
Giranton et al., (1999) have analysed the enzymatic
properties of recombinant SRK and they suggest that signal
transduction during Sl response is mediated by modification
of a pre-existing SRK oligomeric complex rather than by
ligand-dependent dimerization of SRK molecules. Similar

Pollen grain
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Figure 5. A model depicting the
hypothetical interaction between
SLG, SRK, SLR1, and pollen ligand
SCR at the surface of a stigma
epidermal cell. When a pollen grain
alights on the papilla surface, the
pollen coat, containing pollen coat
proteins (PCPs — circles) and pollen
ligand SCR (squares), flows to the cell
wall. Arrows represents a signal
transduction pathway initiated by
activation of SRK and acting on its
putative target, a membrane protein
related to water-transporting
aquaporins.

Papillar cell

conclusions have been drawn in animals from the study of
TGF-B signal transduction via its serine/threonine kinase
receptors (Wrana et al., 1994). SRK/igand interaction could
allow the recruitment of cytoplasmic targets following a
conformational change of the SRK kinase domain (Giranton
etal., 1999).

Little is understood about the molecular mechanisms
in the SRK-mediated signal transduction pathway.
Treatment of pistils with okadaic acid has led to a
breakdown in Brassica self-incompatibility, suggesting that
type 1 or type 2A phosphatases are involved in this pathway
(Rundle et al., 1993). In a search for components of the
Brassica self-incompatibility signaling cascade, several
proteins have been found to bind to the SRK kinase domain.
Two members of the thioredoxin-h family interact
specifically with the SRK kinase domain, however the
interaction does not seem to be phosphorylation dependent
(Bower et al., 1996). Another protein that has been shown
to interact with the SRK kinase domain is the kinase-
associated protein phosphatase (KAPP; Braun et al., 1997).
Subsequent analysis revealed that KAPP binds to a number
of different plant receptor kinases, suggesting that it may
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play a more general regulatory role. Gu et al., (1998) has
isolated a plant gene called ARC1 (Arm Repeat Containing)
which encodes a protein that is specifically phosphorylated
by the kinase domain from different SRK. In addition ARC1
mRNA has been detected only in the stigma, where the
self-incompatibility pathway would be occurring. Recently,
Stone et al., (1999) have provided definitive evidence that
ARC1 is required for Sl response. A homology search of
the amino acid sequence revealed the presence of arm
repeats in the C-terminal region of ARC1. The arm repeats
have been found to participate in protein interaction (Su et
al., 1993). The N-terminal half of ARC1 may represent
another binding domain to interact with the next step of
the signaling pathway.

At the end of this signaling pathway there is probably
the aquaporin-like MOD protein. The activation of SRK on
self-pollination would result in MOD activation and an
increase in the flow of water into the papillar cell away
from pollen, thus preventing adequate rates of pollen
hydration (lkeda et al., 1997).

Other Control Mechanisms in Sl

The observation of Dearnaley et al., (1997) that raised
humidity overcomes the Sl hydration block and pollen
growth is blocked at a latter stage is one of several pieces
of evidence that self-incompatibility in Brassica has
numerous checkpoints (Heslop-Harrison 1975). Dearnaley
etal., (1999) suggest that the involvement of the aquaporin-
like gene in self-incompatibility in Brassica species may
only operate at low relative humidities and that other control
mechanisms function in other environmental conditions.
Despite equivalent hydration frequencies in two pollen-
stigma interactions used, the germination frequency of Sl
pollen is considerably lower than the compatible interaction.
Since it is unlikely that Sl pollen fails to hydrate fully under
these conditions of high relative humidity, blockage of
incompatible pollen germination supports the existence of
a papilla-derived germination inhibitor as previously
suggested. Blocking incompatible pollen tubes from
penetrating papillae may be next step in this process.
Further checkpoints could include the inhibition of tube
growth in style similar to the gametophytic self-
incompatibility system (Dzelzkalns et al.,1992). This
assumption was recently supported by the observation of
Stone et al., (1999) that transgenic plants with ARC1-
antisense gene are affected mainly at the early stages of
the self-incompatibility response (adhesion, hydration and
germination). Another unknown component of the signaling
pathway must act later to block the infiltration of the pollen
tube into the stigmatic papillar cell wall.

The role of Ca®* in Brassicaremains unclear although
concentrations of these ions are critical for pollen tube
growth. It is well documented that Ca®* plays an important
role in many plant signal transduction pathways. Franklin-
Tong et al., (1995) have shown that the Sl response of
Papaver pollen tubes is mediated by a rise in cytosolic
Ca?*. Dearnaley et al., (1997) have found that both
compatible and diverse incompatible pollinations in
Brassica napus cause transient peaks in [Ca2+]i, but at
varying frequencies.

References

Bateman, A.J. 1955. Self-incompatibility systems in angiosperms. lIl.
Cruciferae. Heredity. 9: 52-68.

Bernacchi, D., and Tannksley, S.D. 1997. An interspecific backcross of
Lycopersicon esculentum X L. hirsutum: linkage analysis and a QTL study
of sexual compatibility factors and floral traits. Genetics. 147: 861-877.

Bower, M.S., Matias, D.D., Fernandes-Carvalho, E., Mazzurco, M., Gu, T.,
Rothstein, S.J., and Goring, D.R. 1996. Two members of the thioredoxin-
h family interact with the kinase domain of Brassica SOlocus receptor
kinase. The Plant Cell. 8: 1641-1650.

Boyes, D.C., Nasrallah, M.E., Vrebalov, J., and Nasrallah, J.B. 1997. The
self-incompatibility (S) haplotypes of Brassica contain highly divergent
and rearranged sequences of ancient origin. Plant Cell. 9: 237-247.

Boyes, D.C., and Nasrallah, J.B. 1995. An anther-specific gene encoded
by an S-locus haplotype of Brassica produces complementary and
differentially regulated transcripts. Plant Cell. 7: 1283-1294.

Boyes, D.C., Chen, C.H., Tatikanjana, T., Esch, J.J., and Nasrallah, J.B.
1991. Isolation of a second S-locus-related cDNA from Brassica oleracea:
genetic relationships between the S locus and two related loci. Genetics.
127:221-228.

Boyes, D.C., Nasrallah, M.E., Vrebalov, J., and Nasrallah, J.B. 1997. The
self-incompatibility (S) haplotypes of Brassica contain highly divergent
and rearranged sequences of ancient origin. Plant Cell. 9: 237-247.

Brace, J., Rydes, C.D., and Ockedon, D.J. 1994. Identification of S-alleles
in Brassica oleracea. Euphytica. 80: 229-234.

Braun, D.M., Stone, J.M., and Walker, J.C. 1997. Interaction of the maize
and Arabidopsis kinase interaction domains with a subset of receptor-
like protein kinases; implication for transmembrane signaling in plants.
Plant J. 12: 83-95.

Cabrillac, D., Delorme, V., Garin, J., Ruffio-Chable, V., Giranton, J., Dumas,
C., Gaude, T., and Cock, J.M. 1999. The S, ; self-incompatibility haplotype
in Brassica oleracea includes three SOgene family members expressed
in stigma. The Plant Cell. 11: 971-986.

Casselman, A.L., Vrebalov, J., Conner, J.A., Singal, A., Giovanni, J.,
Nasrallah, M.E., and Nasrallah, J.B. 2000. Determining the physical limits
of the Brassica SOlocus by recombinational analysis. Plant Cell. 1223-
33.

Cock, J.M., Stanchey, B., Delorme, V., Croy, R.R.D., and Dumas, CH. 1995.
SLR3: a modified receptor kinase gene that has been adapted to encode
a putative secreted glycoprotein similar to the SOlocus glycoprotein. Mol.
Gen. Genet. 248: 151-161.

Cui, Y., Brugiere, N., Jackman, L., Yong-Mei, B., and Rothstein, J. 1999.
Structural and transcriptional comparative analysis of the SOlocus region
in two self-incompatible Brassica napus lines. The Plant Cell. 11: 2217-
2231.

Dearnaley, J.D.W., Clark, K.M., Heath, |.B., Lew, R.R., and Goring, D.R.
1999. Neither compatible nor self-incompatible pollination of Brassica
napus involve reorganization of the papillar cytoskeleton. New. Phytol.
141:199-207.

Dearnaley, J.D.W., Levina, N.N., Lew, R.R., Heath, I.B., and Goring, D.R.
1997. Interrelationships between cytoplasmic Ca* peaks, pollen hydration
and plasma membrane conductances during compatible and incompatible
pollinations of Brassica napus papillae. Plant Cell Physiol. 38: 985-999.

Delorme, V., Giranton, J. L., Hatzfeld, Y., Friry, A., Heizmann, P., Ariza, M.
J., Dumas, C., Gaude, T., and Cock, J.M. 1995. Characterization of S locus
genes, SLG and SRK, of the Brassica S3 haplotype: identification of a
membrane-localized protein encoded by the S locus receptor kinase gene.
Plant J. 7: 429-440.

Dickinson, H.G., Doughty, J., Hiscock, S.J., Elleman, C.J., and Stephenson,
A.G. 1998. Pollen-stigma interaction in Brassica. In: Control of Plant
Development: Genes and Signals. A.J. Greenland, E.M. Meyerowitz and
M. Steer, eds. (Cambridge, UK: Company of Biologists Limited). p. 51-
57.

Dickinson, HG. 1995. Dry stigmas, water and self-incompatibility in Brassica.
Sex. Plant Reprod. 8: 1-10.

Doughty, J., Dixon, S., Hiscock, S.J., Willis, A.C., Parkin, I.A.P., and
Dickinson, H.G. 1998. PCP-A1, a defensin-like Brassica pollen coat protein
that binds the SOlocus glycoprotein, is the product of gametophytic gene
expression. The Plant Cell 10: 1333-1347.

Doughty, J., Hedderson, F., McCubbin, A., and Dickinson, H.G. 1993.
Interaction between a coating-borne peptide of the Brassica pollen grain
and S (incompatibility)-locus linked stigmatic glycoproteins. Proc. Natl.
Sci. USA. 90: 467-471.

Downey, R.K., and Rakow, G.F.W. 1987. Rapeseed and mustard. In:
principles of cultivar development. W.R. Fehr, eds. (New York: Mac-millan).
p. 437-486.

Dzelzkalns, V.A., Nasrallah, J.B., and Nasrallah, M.E. 1992. Cell-cell
communication in plants: self-incompatibility in flower development. Dev.



Biol. 153: 70-82.

Elleman, C.J., and Dickinson, H.G. Pollen-stigma interaction during
sporophytic self-incompatibility in Brassica oleracea. 1994. In: Genetic
Control of Self-incompatibility and Reproductive Development in Flowering
Plants. E.G. Williams, A.E. Clarke and R.B. Knox, eds. Amsterdam: Kluwer.
p. 67-87.

Franklin, T.M., Oldknow, J., and Trick, M. 1996. SLR1 function is dispensable
for both self-incompatible rejection and self-compatible pollination
processes in Brassica. Sex. Plant Reprod. 9: 203-208.

Franklin-Tong, V.E., Ride, J.P., and Franklin, F.C.H. 1995. Recombinant
stigmatic self-incompatibility (S-) protein elicits a Ca?* transient in pollen
of Papaver rhoeas. Plant J. 8: 299-307.

Gaude, T., Rougier, M., Heizmann, P., Ockendon, D.J., and Dumas, C.
1995. Expression level of the SLG gene is not correlated with the self-
incompatibility phenotype in the class Il SOhaplotypes oBrassica oleracea.
Plant Mol. Biol. 27: 1003-1014.

Giranton, J.L., Ariza, M.J., Dumas, C., Cock, J.M., and Gaude, T. 1995.
The SOlocus receptor kinase gene encodes a soluble glycoprotein
corresponding to the SRK extracellular domain in Brassica oleracea. Plant
J. 8:101-108.

Giranton, J.L., Passelegue, E., Dumas, C., Cock, J.M., and Gaude, T. 1999.
Membrane proteins involved in pollen-pistil interactions. Biochemie. 81:
675-680.

Goring, D. R., Glavin, T. L., Schafer, U., and Rothstein, S. J. 1993. An
S receptor kinase gene in self-compatible Brassica napus has a 1-bp
deletion. The Plant Cell. 5: 531-539.

Goring, D.R., and Rothstein, S.J. 1992. The S-locus receptor kinase gene
in self-incompatible Brassica napus line encodes a functional serine/
threonine kinase. Plant Cell 4: 1273-1281.

Gowers, S. 1989. Self-incompatibility interactions of Brassica napus.
Euphytica 42: 99-103.

Gu, T., Mazzurco, M., Sulaman, W., Matias, D.D., and Goring, D.R. 1998.
Binding of arm repeat protein to the kinase domain of the S-locus receptor
kinase. Proc. Natl. Acad. Sci. USA. 95: 382-387.

Hatakeyama, K., Takasaki, T., Watanabe, M., and Hinata, K. 1998. Molecular
characterization of SOlocus genes, SLG and SRK, in a pollen-recessive
self-incompatibility haplotype of Brassica rapa L. Genetics. 149: 1587-
1597.

Heslop-Harrison, J. 1975. Incompatibility and the pollen-stigma interaction.
Annual Review of Plant Physiology. 26: 403-425.

Hiscock, S.J., Doughty, J., Willis, A.C., and Dickinson, H.G. 1995. A 7-kDa
pollen coating-borne peptide from Brassica napus interacts with S-locus
glycoprotein and S-locus related glycoprotein. Planta. 196: 367-374.

Chen, C.-H., and Nasrallah, J.B. 1990. A new class of SOsequences defined
by a pollen recessive self-incompatibility allele of Brassica oleracea. Mol.
Gen. Genet. 222: 241-248.

lkeda, S., Nasrallah, J.B., Dixit, R., Preiss, S., and Nasrallah, M.E. 1997.
An aquaporin-like gene required for the Brassica self-incompatibility
response. Science. 276: 1564-1566.

Kamisugi, Y., Nakayama, S., O’'Neil, C.M., Mathias, R.J., Trick, M., and
Fukui, K. 1998. Visualization of the Brassica self-incompatibility S-locus
on identified oilseed rape chromosomes. Plant Molecular Biology. 38:
1081-1087.

Kandasamy, M.K., Nasrallah, J.B., and Nasrallah, M.E. 1995. Pollen-pistil
interaction and developmental regulation of pollen tube growth in
Arabidopsis. Development. 120: 3405-3418.

Kandasamy, M.K., Paolillo, D.J., Faraday, C.D., Nasrallah, J.B., and
Nasrallah, M.E. 1989. The SOlocus specific glycoproteins ofBrassica
accumulate in the cell wall of developing stigma papillae. Dev. Biol. 134:
462-472.

Kao, T.H., and McCubbin, A.G. 2000. A social stigma. Nature. 403: 840-
841.

Kusaba, M., and Nishio, T. 1999. Comparative analysis of S haplotypes
with very similar SLG alleles in Brassica rapa and Brassica oleracea.
The Plant J. 17: 83-91.

Kusaba, M., Matsushita, M., Okazaki, K., Satta, Y., and Nishio, T. 2000.
Sequence and structural diversity of the SOlocus genes from dierent lines
with the same self-recognition specificities in Brassica oleracea. Genetics.
154: 413-420.

Kusaba, M., Nishio, T., Satta, Y., Hinata, K., and Ockedon, D. 1997. Striking
sequence similarity in inter- and intra-specific comparisons of class | SLG
alleles from Brassica oleracea and Brassica campestris: Implications for
the evolution and recognition mechanism. Proc. Natl. Acad. Sci. USA.
94: 7673-7678.

Lalonde, B.A., Nasrallah, M.E., Dwyer, K.G., Chen, C.-H., Barlow, B., and
Nasrallah, J.B. 1989. A highly conserved Brassica gene with homology
to the S-locus-specific glycoprotein structural gene. Plant Cell. 1: 249-
258.

Letham, D.L.D., and Nasrallah, J.B. 1998. A ClpP homolog linked to the

Self-Incompatibility in Brassica 111

Brassica self-incompatibility (S) locus. Sex. Plant. Reprod. 11: 117-119.

Luu, D.T., Marty-Mazars, D., Trick, M., Dumas, CH., and Heizmann, P. 1999.
Pollen-stigma adhesion in Brassica spp involves SLG and SLR1
glycoproteins. The Plant Cell. 11: 251-262.

Nasrallah, J. B., Kao, T. H., Goldberg, M. L., and Nasrallah, M. E. 1985. A
cDNA clone encoding an S-locus specific glycoprotein from Brassica
oleracea. Nature. 318: 263-267.

Nasrallah, J.B., Nishio, T., and Nasrallah, M.E. 1991. The self-incompatibility
genes of Brassica: Expresion and use in genetic ablation of floral tissues.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 42: 393-422.

Nasrallah, J.B., Rundle, S.J., and Nasrallah, M.E. 1994. Genetic evidence
for the requirement of Brassica oleracea S-locus receptor kinase in the
self-incompatibility response. Plant J. 5: 373-384.

Nasrallah, M. E., Kandasamy, M. K., and Nasrallah, J.B. 1992. Agenetically
defined trans-acting locus regulates S-locus function in Brassica. Plant
J. 2: 497-506.

Nou, I., Watanabe, M., Isogai, A., and Hinata, K. 1993. Comparison of S-
alleles and S-glycoproteins between two wild populations of Brassica
campestris in Turkey and Japan. Sex. Plant Reprod. 6: 79-86.

Okazaki, K., Kusaba, M., Ockendon, D.J., and Nishio, T. 1999.
Characterization of SOtester lines inBrassica oleracea: polymorphism of
restriction length of SLG homologues and isoelectric points of S-locus
glycoproteins. Theor. Appl. Genet. 98: 1329-1334.

Pastuglia, M., Roby, D., Dumas, C., and Cock, J.M. 1997a. Rapid induction
by wounding and bacterial infection of an S-gene family receptor-like
kinase gene in Brassica oleracea. Plant Cell. 9: 49-60.

Pastuglia, M., Ruffio-Chable, V., Delorme, V., Gaude, T., Dumas, C., and
Cock, J.M. 1997b. Afunctional S locus anther gene is not required for the
self-incompatibility response in Brassica oleracea. Plant Cell. 9: 2065-
2076.

Ruiter, R.K., Eldik, G.J., Herpen, R.M.A., Schrauwen, J.A.M., and Wullems,
G.J. 1997. Characterization of oleosins in the pollen coat of Brassica
oleracea. The Plant Cell. 9: 1621-1631.

Rundle, S.J., Nasrallah, M.E., and Nasrallah, J.B. 1993. Effects of inhibitors
of protein serine/threonine phosphatases on pollination in Brassica. Plant
Physiol. 103: 1165-1171.

Sampson, D.R. 1957. The genetics of self-incompatibility in the radish. J.
Heredity. 48: 26-29.

Sarker, R.H., Elleman, C.J., and Dickinson, H.G. 1988. Control of pollen
hydration in Brassica requires continued protein synthesis, and
glycosylation is necessary for intraspecific incompatibility. Proc. Natl. Acad.
Sci. USA. 85: 4340-4344.

Sato, T., Thorness, M.K., Kandasamy, M.K., Nishio, T., Hirai, M., Nasrallah,
J.B., and Nasrallah, M.E. 1991. Activity of an S locus gene promoter in
pistils and anthers of transgenic Brassica. Plant Cell. 3: 867-876.

Shiba, H., Hinata, K., Suzuki, A., and Isogai, A. 1995. Breakdown of self-
incompaibility in Brassica by the antisense RNA of the SLG. Proc. Jpn.
Acad. 71: 81-83.

Schopfer, C.R., Nasrallah, M.E., and Nasrallah, J.B. 1999. The male
determinant of self-incompatibility in Brassica. Science. 286: 1697-1700.

Stanchey, B.S., Doughty, J., Scutt, C.P., Dickinson, H., and Croy, R.R.D.
1996. Cloning of PCP1, a member of a family of pollen coat protein (PCP)
genes from Brassica oleracea encoding novel cysteine-rich proteins
involved in pollen-stigma interactions. Plant J. 10: 303-313.

Stein, J. C., Howlett, B., Boyes, D. C., Nasrallah, M. E., and Nasrallah, J.
B. 1991. Molecular cloning of putative receptor protein kinase gene
encoded at the self-incompatibility locus of Brassica oleracea. Proc. Natl.
Acad. Sci. USA. 88: 8816-8820.

Stephenson, A.G., Doughty, J., Dixon, S., Elleman, C., Hiscock, S., and
Dickinson, H.G. 1997. The male determinant of self-incompatibility in
Brassica oleracea is located in the pollen coating. The Plant Journal.
12:1351-1359.

Stone, S., Arnoldo, M., and Goring, D. 1999. A breakdown of Brassica self-
incompatibility in ARC1 antisense transgenic plants. Science. 286: 1729-
1731.

Su, L.-K., Vogelstein, B., and Kinzler, K.W. 1993. Association of the APC
tumor suppresor protein with catenins. Science. 262: 1734-1737.

Suzuki, G., Kai, N., Hirose, T., Fukui, K., Nishio, T., Takayama, S., Isogai,
A., Watanabe, M., and Hinata, K. 1999. Genomic organization of the
SOlocus: identification and characterization of genes in SLG/SRK region
of S° haplotype of Brassica campestris (syn. rapa). Genetics. 153: 391-
400.

Takasaki, T., Hatakeyama, K., Suzuki, G., Watanabe, M., Isogai, A., and
Hinata, K. 2000. The SOreceptor kinase determines self-incompatibility in
Brassica stigma. Nature. 403: 913-916.

Takayama, S., Shiba, H., lwano, M., Asano, K., Hara, M., Che, F.S.,
Watanabe, M., Hinata, K., and Isogai, A. 2000 b. Isolation and
characterization of pollen coat proteins of Brassica campestris that interact
with SOlocus-related glycoprotein 1 involved in pollen-stigma adhesion.



112 Sobotka et al.

Proc. Natl. Acad. Sci. USA. 28: 3765-3770.

Takayama, S., Shiba, H., lwano, M., Shimosato, H., Che, F.S., Kai, N.,
Watanabe, M., Suzuki, G., Hinata, K., and Isogai, A. 2000 a. The pollen
determinant of self-incompatibility in Brassica campestris. Proc. Natl. Acad.
Sci. USA. 97: 1920-1925.

Tantikanjana, T., Nasrallah, M.E., and Nasrallah, J.B. 1996. The Brassica
S gene family: molecular characterization of the SLR2 gene. Sex. Plant
Reprod. 9: 107-116.

Tantikanjana, T., Nasrallah, M.E., Stein, J.C., Chen, C.-H, and Nasrallah,
J.B. 1993. An alternative transcript ofthe SOlocus glycoproteine gene in
class Il pollen-recessive self-incompatibility haplotype of Brassica oleracea
encodes a membrane-anchored protein. Plant Cell. 5: 657-666.

Thomson, K.F., and Taylor, J.P. 1966. Non-linear dominance relationships
between S-alleles. Heredity. 21: 345-362.

Toriyama, K., Stein, J.C., Nasrallah, M.E., and Nasrallah, J.B. 1991.
Transformation of Brassica oleracea with an S-locus gene from B.
campestris changes the self-incompatibility phenotype. Theor. Appl.
Genet. 81: 769-776.

Watanabe, M., lto, A., Takada, Y., Ninomiya, C., Kakizaki, T., Takahata, VY.,
Hatakeyama, K., Hinata, K., Suzuki, G., Takasaki, T., Satta, Y., Shiba, H.,
Takayama, S., and Isogai, A. 2000. Highly divergent sequence of the
pollen self-incompatibility (S) gene in class-I SOhaplotypes ofBrassica
campestris (syn. rapa) L. FEBS Lett. 12: 139-144.

Wrana, J.L., Attisano, L., Wiesner, R., Ventura, F., and Massague, J. 1994.
Mechanism of activation of TFG-beta receptor. Nature. 370: 341-347.
Yu, K., Schafer, U., Glavin, T.L., Goring, D.R., and Rothstein, S. 1996.
Molecular characterization of the S locus in two self-incompatible Brassica

napus lines. Plant Cell. 8: 2369-2380.

Zuberi, M.I., and Dickinson, H.G. 1985. Pollen-stigma interaction in Brassica.

Il. Hydration of the pollen grains. J. Cell Sci. 76: 321-336.





