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† Background and Scope Self-incompatibility (SI) in flowering plants ensures the maintenance of genetic diver-
sity by ensuring outbreeding. Different genetic and mechanistic systems of SI among flowering plants suggest
either multiple origins of SI or considerable evolutionary diversification. In the grasses, SI is based on two
loci, S and Z, which are both polyallelic: an incompatible reaction occurs only if both S and Z alleles are
matched in individual pollen with alleles of the pistil on which they alight. Such incompatibility is referred to
as gametophytic SI (GSI). The mechanics of grass GSI is poorly understood relative to the well-characterized
S-RNase-based single-locus GSI systems (Solanaceae, Rosaceae, Plantaginaceae), or the Papaver recognition
system that triggers a calcium-dependent signalling network culminating in programmed cell death. There is
every reason to suggest that the grass SI system represents yet another mechanism of SI. S and Z loci have
been mapped using isozymes to linkage groups C1 and C2 of the Triticeae consensus maps in Secale,
Phalaris and Lolium. Recently, in Lolium perenne, in order to finely map and identify S and Z, more closely
spaced markers have been developed based on cDNA and repeat DNA sequences, in part from genomic
regions syntenic between the grasses. Several genes tightly linked to the S and Z loci were identified, but so
far no convincing candidate has emerged.
† Research and Progress From subtracted Lolium immature stigma cDNA libraries derived from S and Z geno-
typed individuals enriched for SI potential component genes, kinase enzyme domains, a calmodulin-dependent
kinase and a peptide with several calcium (Ca2+) binding domains were identified. Preliminary findings suggest
that Ca2+ signalling and phosphorylation may be involved in Lolium GSI. This is supported by the inhibition of
Lolium SI by Ca2+ channel blockers lanthanum (La3+) and verapamil, and by findings of increased phosphoryl-
ation activity during an SI response.

Key words: Lolium perenne, perennial ryegrass, grasses, Poaceae, self-incompatibility, calcium inhibitors,
lanthanum chloride, verapamil.

INTRODUCTION

Self-incompatibility (SI) in flowering plants was first
described by Darwin, and has since been recognized for
its pivotal role in evolution and diversification as a means
to promote outbreeding (Allen and Hiscock, 2008).
Various systems have been described in which self-
recognition depends on up to several independent multi-
allelic loci. Recognition can depend solely on the genetic
constitution of the haploid pollen (gametophytic SI, GSI),
or involve the parental genomes (sporophytic SI, SSI), and
self-fertilization can be prevented at any stage between
first pollen/stigma contact and fertilization of the ovule,
indicating considerable differentiation and divergence of SI
mechanisms within plants (Takayama and Isogai, 2005;
see Hiscock and Allen, 2008, for a review on diversity in
pollen/stigma interactions). A four-locus SI system found
in basal eudicot and monocot species is considered as
ancestral, while seemingly simplified one- or two-locus

systems may have been derived (Østerbye, 1975; Heslop-
Harrison, 1978; discussed in Yang et al., 2008).

SI in grasses

The Poaceae have a two-locus (S and Z ) GSI system, in
which the presence of identical S and Z alleles in pollen and
pistil prevents fertilization. Both S and Z are represented by
a polyallelic series: Seventeen S and 17 Z alleles were discri-
minated in a naturally occurring perennial ryegrass pasture
population (Fearon et al., 1994). SI occurs in at least 16
genera. Although first described for Secale cereale
(Lundqvist, 1954) and Phalaris coerulescens (Hayman,
1956), the S–Z system has been found in many other species
(reviewed in Li et al., 1997), and findings from studied
model species will probably also inform investigations in
other grass species, facilitating approaches such as map-based
cloning of SI constituent genes.
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The SI reaction requires at least one more independent locus
for full functionality [T locus in Lolium (Thorogood and
Hayward, 1991); equivalent to the S5 locus in Secale cereale
L. (Voylokov et al., 1998)]. The only variant of this locus is
a loss-of-function mutation that acts gametophytically and
results in self-compatibility. Self-fertile mutants of the S and
Z and T loci have been reported in Phalaris coerulescens
(Hayman and Richter, 1992). Thorogood and Hayward
(1992) also concluded that self-fertility, transferred from an
accession of the self-compatible species Lolium temulentum
to L. perenne and L. multiflorum, was determined by a self-
fertility variant of the Z locus. It was later suggested that self-
fertility was erroneously ascribed to the Z locus but was more
likely to be due to a self-fertility mutation of the S locus
(Thorogood et al., 2002). Any one or more of these three
loss-of-function mutants could explain the emergence of
self- compatible lineages in the grasses, such as the tribes
Oryzeae and Triticeae. Interestingly, the presence of a self-
fertile variant at any one locus does not preclude the existence
of fully functional but, due to the complementarity nature of SI
loci, unexpressed alleles at other loci. Although the fully
sequenced grass model species rice and Brachypodium are
self-compatible they could still be of use for the investigation
of SI, as one or more of the SI genes are likely to be still
present either as fully functional or modified variants.

The notion of a two-locus SI recognition system in grasses
has not gone unchallenged and in-vitro pollination exper-
iments in Briza (Murray, 1974) and Lolium (McCraw and
Spoor, 1983a, b) conclude that, although gametophytically
controlled, SI involves more than two loci. Intriguingly,
Thomas and Murray (1975) reported late-acting stylar inhi-
bition of pollen-tube growth in the grass species Cynodon
dactylon more in common with S-RNase-type gametophytic
systems, which might explain the results of McCraw and
Spoor (1983a) who observed nominally self-compatible
plants that set little or no seed in Lolium.

In crosses of Lolium temulentum with L. multiflorum and
L. perenne, distortion had been observed previously for an
isozyme locus, GOT/3 (Thorogood and Hayward, 1991),
now known to be located on chromosome 3. Thorogood
et al. (2002) reported linkage disequilibrium (LD) between
markers on chromosomes 1 and 3, which also led to distorted
marker segregation ratios in the latter. Mapping of the S locus
revealed that maximum LD occurred in the region of the S
locus on chromosome 1 and in the region of a restriction frag-
ment length polymorphism wheat probe, WG889, used as a
marker, on chromosome 3. The result was that a particular
S/WG889 allele combination was very rarely transmitted
through the male parent. The WG889 marker has high
sequence similarity to a rice SRK gene that is represented
by several clustered copies on chromosome 1. This chromo-
some is broadly synthenic with Lolium chromosome 3
suggesting a causal link. Of further note, it was possible to
genotype plants based on a two-locus (SZ) system when clas-
sifying incompatibility based on pollen-tube inhibition at the
stigmatic surface in the mapping family in which this LD
was observed. If this extra locus determines late-acting
stylar inhibition this could explain (1) Thomas and Murray’s
(1975) observations in C. dactylon and (2) McCraw and
Spoor’s observations (1983) of self-compatibility (as defined

by stigmatic inhibition) in Lolium plants that ultimately set
no seed.

Lolium perenne as a model to unravel SI in grasses

The outcrossing grass Lolium perenne (perennial ryegrass)
is one of the most economically and environmentally impor-
tant grass species and accounts for 70 % of all agricultural
land use in the UK. The economic value of forage grasses in
the UK measured by its end products, meat and milk, is £6
billion per annum (King et al., 2008). In addition to conven-
tional agricultural use, grassland is of fundamental importance
for tourism, leisure, recreation and the environment, including
water quality. Several assets make L. perenne an excellent
model for studying SI in allogamous grasses: (a) the species
is diploid in its natural state; (b) well-characterized germplasm
accessions and breeding populations exist; (c) comprehensive
databases and bacterial artificial chromosome (BAC) libraries
are available; (c) a large and rising number of molecular
markers have been developed; (d ) well-defined genetic maps
have been constructed; (e) a Lolium physical mapping
project is underway; and ( f ) map positions of SI-related loci
have already been determined.

Furthermore, a Lolium reference genome is feasible with the
advent of next-generation sequencing technologies. Among
the economically important grasses, L. perenne is unusual in
still retaining effective SI. As such, L. perenne is a valuable
resource for developing experimental models that will clarify
both the underlying genetic control and the associated physio-
logical and biochemical responses involved in determining SI.

MAPPING THE S AND Z LOCI

Genetic mapping has been used to pinpoint the locations
of the loci involved in the SI response. The isozyme

FI G. 1. Syntenic relationships for the S locus to rice chromosome 5 and
chromosome 1 and the Z locus to rice chromosome 4 and chromosome 2 of
different grass species. MapChart (Voorrips, 2002) was used to create the
maps. (A, B) Syntenic relationships for the S locus of rice chromosome 5
and chromosome 1 of different grass species: markers and candidate genes
are indicated in different colours for the different species: Hordeum bulbosum
(Kakeda et al., 2009) in orange; Secale cereale (Korzun et al., 2001) in green;
Phalaris coerulescens (Bian et al., 2004) in blue and Lolium perenne (Yang
et al., 2009) in dark red. (A) Relationship between the different grass
markers on chromosome 1 and rice chromosome 5. The red arrows as well
as the red part of each chromosome represent the S region. (B)
Representation of the physical position of the closest markers (underlined)
as well as candidate genes (Kakeda et al., 2009; Yang et al., 2009). The
other markers linked to the rice chromosome 5 in (A) are represented by the
coloured bars on the chromosome with the same position. (C, D) Syntenic
relationships for the Z locus of rice chromosome 4 and chromosome 2 of
different grass species: markers and candidate genes were indicated in different
colours for the different species: Secale cereale (Korzun et al., 2001; Hackauf
and Welhing, 2005) in green and blue, respectively; Phalaris coerulescens
(Bian et al., 2004) in orange and Lolium perenne (Yang et al., 2009;
Shinozuka et al., 2010) in dark red. (C) Relationship between the different
grass markers on chromosome 2 and rice chromosome 4. The red arrows as
well as the red part of each chromosome represent the S region. (D)
Representation of the physical position of the closest markers (underlined)
as well as candidate genes (Yang et al., 2009; Shinozuka et al., 2010). The
other markers linked to the rice chromosome 4 in (C) are represented by the

coloured bars on the chromosome with the same position.
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phosphoglycoisomerase (PGI-2) was found to be linked to the S
locus in L. perenne (Cornish et al., 1980). PGI-2 and the leaf
peroxidase Prx-7 genes co-segregated with S in Secale on
chromosome (C) 1R (Gertz and Wricke, 1989). The Z locus
co-segregated with the beta-glucosidase and esterase 4/11
genes on C2R and the additional T locus with the esterase 5–7
complex on C5R in rye (Secale cereale) (Fuong et al., 1993).
Recent mapping analysis in Secale (Voylokov et al., 1998;
Hackauf and Wehling, 2005), Phalaris (Bian et al., 2004) and
Lolium (Thorogood et al., 2002) has confirmed syntenic chro-
mosomal locations of S and Z on C1 and C2, respectively, in
accordance with the Triticeae consensus map (Armstead et al.,
2002; Jones et al., 2002; Sim et al., 2005) (Fig. 1A, B).
Evidence of linkage was also found between either the S or the
Z locus and the isozyme glutamate oxalo-acetate transaminase,
GOT/3, located on C3 (Thorogood and Hayward, 1991).
Segregation distortion was observed on C3, where GOT/3 is
located (Jones et al., 2002). However, this association to C3 is
probably caused by interaction between a C3 gene with either
S or a locus closely linked to S (discussed in Thorogood et al.,
2002). Additionally, a self-fertility locus has been mapped on
C5 of L. perenne, in a position that is likely to be orthologous
to the Secale S5 and Phalaris T loci (Thorogood et al., 2005)
(summarized by Yang et al., 2008).

Towards the identification of the S and Z genes

Numerous efforts have been made to identify the genes
defining the S and Z loci, but to date none of the genes for S
or Z on either the pollen or the pistil side is known.
Candidates are probably expressed in mature pollen or pistil,
and should consist of conserved functional domains, and
more variable regions to account for the necessary allelic
diversity. Li et al. (1994) reported a putative pollen S-gene
clone, Bm2, identified from P. coerulescens. This gene,
encoding a functional thioredoxin protein possibly involved
in post-translational protein modification (Li et al., 1995),
was originally found to co-segregate with the S genotype
and was expressed only in mature pollen (Li et al., 1994).
However, Baumann et al. (2000) found a recombination dis-
tance of 1 cM between Bm2 and S using a larger mapping
population, indicating that Bm2 is not located at the S locus.

More recently, combined fine mapping and transcript identi-
fication efforts were undertaken in Hordeum bulbosum
(Kakeda et al., 2008; Kakeda, 2009) and Lolium perenne
(Van Daele et al., 2008; Yang et al., 2009; Shinozuka et al.,
2010). Kakeda et al. (2008) employed amplified fragment-
length polymorphism (AFLP) markers generated from cDNA
(AMFs) of pistil and anther transcripts for fine mapping of
the S locus in Hordeum bulbosum. They analysed DNA frag-
ments with an S-haplotype-specific expression, and identified
11 representative S-linked clones from the AMF experiment.
Ten of these were converted to PCR markers for detailed
linkage analysis. Two anther-derived markers (HAS31 and
HAS175) showed complete linkage to the S locus, seven
were at a distance of 0.30 cM and another at 0.45 cM. The
marker HPS10 hybridized specifically with the DNA from
S3 haplotype individuals, and co-segregated completely with
S3 in a separate restriction fragment-length polymorphism
linkage analysis, and thus was mapped at the S locus.

The completely linked genes would be candidates for the S
gene, although only HPS10 has potentially sufficient variabil-
ity, as indicated by its haplotype-specific hybridization signal.
More recently, Kakeda (2009) isolated two F-box genes in
rapid amplification of cDNA ends (RACE) reactions based
on the partial clone HAS175. Intriguingly, this finding could
indicate a connection between the grass S–Z system and the
S-RNase-based GSI system in which F-box genes have been
shown to be involved in S-RNase ubiquitination and degra-
dation (discussed in Kakeda, 2009). Kakeda et al. (2009)
reported suppressed recombination around the S locus in
H. bulbosum due to its near-centromeric location. This could
be a hurdle for a map-based cloning approach for the S
locus in grasses generally, or it could simply be a specific
characteristic of H. bulbosum. Suppressed recombination
around S has also been observed in other SI plant species
(e.g. Kamau and Charlesworth, 2005; Rahman et al., 2007)
and could hamper map-based cloning.

In a similar approach to Kakeda et al. (2008), Van Daele
et al. (2008) generated SI-related transcript-derived fragment
(TDF) markers via cDNA-AFLP from pistil mRNA in
Lolium. A total of 169 TDFs were expressed in an allele-
specific way for both the S and the Z haplotypes. Sequence
analysis identified gene functions of general cell metabolism,
but also gene functions known to be involved in SI in other
systems, such as ubiquitinization and receptor kinases.
However, no linkage to any of the SI loci has been demon-
strated so far.

Fine-scale mapping in Lolium

In an effort to isolate the S and Z loci, Shinozuka et al.
(2010) used comparative genomic information to screen a
representative BAC library from L. perenne. For the generation
of a fine-scale map around the S and Z loci, Shinozuka et al.
(2010) used comparative genomic information to develop
cDNA and single sequence repeat-derived markers based on
public sequence information of genes and sequences that
were known to map close to the S and Z loci in other
grasses. The alignment of orthologous sequences facilitated
the identification of conserved sequences suitable for the
design of PCR primers that were able to amplify intervening
corresponding Lolium genomic targets. The new markers
were employed for genotyping a Lolium mapping population
from a UK variety crossed with a Moroccan ecotype.
Although marker order was largely conserved between the
grasses, several markers were reversed against the model
species rye and rice. In an effort to isolate the Z locus phys-
ically, Shinozuka et al. (2010) used three of the markers
close to the Z locus to screen a representative BAC library
from L. perenne DNA. Three BAC clones containing
Z-related DNA were identified and sequenced, and putative
genes were analysed by BLAST database searches. Nine gene-
like sequences were identified. Four were expressed in anther
and pistil; two of these have some degree of nucleotide diver-
sity expected of a Z gene, but the true identity of Z gene(s) will
remain elusive until further functional studies are carried out,
and mutations directly correlated to particular Z phenotypes
are identified.
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THE PHYSIOLOGICAL MECHANISMS
INVOLVED IN GRASS SI

Considering the economic importance of grasses, surprisingly
little is known about the physiological and biochemical events
taking place following an incompatible interaction between
pollen and stigma. It is known that pollen recognition follow-
ing an incompatible pollination is very rapid as pollen tube
growth is inhibited extremely quickly in grasses, within
minutes of pollen contacting the stigma papilla cells. An
extreme example is that observed in Gaudinia fragilis in
which the incompatible response is observed within 30 s of
pollen–stigma contact (Heslop-Harrison, 1982). The depo-
sition of callose at the tube tip follows upon the arrest of
growth, and is evidently a consequence, and not a cause, of
the inhibition (Heslop-Harrison, 1979). Arrest of growth is
generally seen to occur when the emerging and actively
growing tube touches the stigma papilla (Heslop-Harrison,
1982), suggesting that it is the contact between the tube tip
and the papilla that triggers the SI response leading to pollen
tube growth arrest. The timescale of the SI response in
grasses suggests that rapid signalling is already effective
while gene expression is gearing up. Protein modification
and Ca2+ flux signalling may well be involved in these rapid
signalling events because their role in SI has been well demon-
strated in other systems (Giranton et al., 2000; Franklin-Tong
et al., 2002; Miljuš-Ðukić et al., 2003).

Protein phosphorylation

Protein phosphorylation/dephosphorylation by specific
protein kinases/phosphatases is one of the most important
mechanisms for controlling many fundamental processes in
all living organisms, including plants (Huber, 2007).
Phosphorylation events play a crucial role in the signalling
cascade of Papaver GSI and Brassica SSI. Phosphorylation
of SRK (S-receptor kinase) triggers the activation of proteaso-
mal protein degradation in Brassica SI (see Ivanov et al., 2010,
for recent review), while phosphorylation of the p26 pyropho-
sphatases and p56 mitogen-activated protein kinase is crucial
for the SI response in Papaver (Rudd et al., 1996, 2003).
Moreover, a Nicotiana alata pollen Ca2+-dependent protein
kinase has been shown to specifically phosphorylate the SI
S-RNase (Kunz et al., 1996). For the grasses there is only
indirect evidence of kinase participation from studies which
used kinase inhibitor tests in Secale cereale (Wehling et al.,
1994). Wehling et al. (1994) also found a pronounced increase
in phosphorylation activity in rye pollen grains incubated with
‘self’ stigma proteins, and loss of SI in self-compatible rye
mutants was associated with significantly decreased basic
phosphorylation activity in pollen grains. Thus there is some
indirect evidence for the involvement of phosphorylation
events triggered upon an incompatible pollen–pistil interaction
in grasses. However, a detailed analysis of potential phos-
phorylation events involved in grass SI signalling is lacking.

Involvement of calcium as a second messenger

The importance of cytosolic free calcium Ca2+ for the regu-
lation of pollen tube growth is well known (Franklin-Tong,

1999; Holdaway-Clarke and Hepler, 2003; Ge et al., 2007).
The presence of a tip-focused Ca2+ gradient is essential for
pollen tube growth as disruption of this gradient invariably
results in cessation of growth (Pierson et al., 1994).
Franklin-Tong et al. (2002) showed that in Papaver, which
has a gametophytic SI system, a rapid increase of cytosolic
free Ca2+ in the shank region of the pollen tube is induced
by the SI response in incompatible pollen. Concurrently, the
high apical Ca2+, which is a key characteristic of growing
pollen tubes, is lost. Recently, in Brassica rapa, which has a
sporophytic SI system, Ca2+-signalling-related actin reorganiz-
ation and probably depolymerization has been found in papilla
cells after self-pollination, which in turns regulates hydration
and germination of pollen (Iwano et al., 2007). In analogy to
Papaver and Brassica SI, there is some evidence for the invol-
vement of Ca2+-mediated signalling in grass SI. Application of
the Ca2+ channel blockers verapamil and La3+ chloride to iso-
lated stigmas resulted in suppression of the SI response upon
self-pollination in Secale cereale (rye) (Wehling et al.,
1994). Based on rapid pollen tube growth inhibition, the SI
response in grasses could be hypothesized to involve signalling
events initiated by a receptor–ligand interaction similar to that
found in Papaver and Brassica SI. It is tempting to hypoth-
esize that the stigma S and Z determinants act as signal mol-
ecules, by interacting with the ‘self’ pollen S and Z partners
at the tube plasma membrane, inducing a Ca2+-mediated
signal cascade that results in pollen tube inhibition. Such a
mechanism, using Ca2+ as a second messenger, would allow
for the rapid transduction of the ‘self’ signal into the germinat-
ing pollen grain, resulting in the rapid inhibition of tube
elongation. However, the involvement of a Ca2+-mediated
signalling cascade has still not unequivocally been established
in grass SI.

Proteolysis or ubiquitination?

Two well-characterized pathways are mainly responsible for
intracellular proteolysis: the ubiquitin–proteasome pathway
and the autophagy–lysozome/vacuole pathway (for a review
see Zhang et al., 2009). It has been shown that proteolytic
events play important roles in self-pollen rejection during SI
(Zhang et al., 2009; Meng et al., 2011, Solanaceae SI).
Ubiquitin-mediated proteolysis is involved in SI of the
Brassicaceae and the ubiquitin–proteasome pathway and
the vacuole pathway appear to be involved in SI of the
Solanaceae. Programmed cell death, an event related to pro-
teolysis, is involved in SI of the Papaveraceae and may also
play a role in the S-RNase-based SI system. Recent results
also show that SI triggers changes to the vacuole network in
Brassica stigmatic papillae (Iwano et al., 2007), suggesting a
role for the vacuole pathway in the SI response. The fact
that major proteolytic pathways are involved in single-locus
SI systems suggests that similar events might occur in grass
SI. The potential involvement of proteolytic pathways in
grass SI has only been reported in rye: a putative ubiquitin-
specific protease (UBP) gene that co-segregates with the Z
locus is specifically expressed in the pistil (Hackauf and
Wehling, 2005). However, it remains to be determined
whether the UBP gene represents a candidate for the Z gene
in any grass species.
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CHARACTERIZATION/IDENTIFICATION
OF CALCIUM-RELATED TRANSCRIPTS

POTENTIALLY INVOLVED IN LOLIUM SI

Yang et al. (2009) constructed subtractive hybridization cDNA
libraries to identify genes closely linked to the onset of the SI
response. Because of the rapid response in Lolium (Heslop-
Harrison, 1982), the first reacting SI components are probably
already present in the pistil before pollination, and libraries of
mature stigma, before and after pollination, were subtracted
with immature stigma cDNAs to enrich for genes active
within this time window. From a total of 890 clones hybridiz-
ing more strongly with post-pollination cDNAs rather than
stigma cDNA, 82 genes were selected which mapped to
either the S or the Z loci on LG1 and LG2 and which corre-
sponded to rice sequences in regions syntenic around these
loci. After further exclusion of pollen-specific genes, and
genes without tissue-specific expression, ten sequences were
analysed in more detail as potential S or Z gene candidates,
or SI response genes. These genes were expressed in pollinated
stigmas, where low levels of expression were detectable in
mature stigmas only with the aide of real-time PCR (Yang
et al., 2009). Nine genes expressed in a similar pattern, with
a rapid increase and a maximum expression 2–10 min after
pollination, followed by decreased expression over the next
20 min (for details see Yang et al., 2009). Only Can151 had
a second increase in expression between 5 and 10 min after
pollination. Some sequences were identified as related to pro-
teins involved in growth processes (cell wall, lipid metab-
olism), and may regulate these processes in pollen tube
growth or in pollen–pistil interactions. Three kinase genes
and a kinase-partner protein were identified, with sequence
similarity to allele-specific TDFs found by Van Daele et al.
(2008), indicating a potential role for kinase activity in the
Lolium SI response.

Two genes, Can3 and Can94, identified in this suppression
subtractive hybridization experiment (Yang et al., 2009) were
further characterized as they represented promising stigmatic
candidate genes for the S and Z loci in L. perenne. The
expression patterns of both Can3 and Can94 were tested in
in-vitro pollination experiments (see detailed results in Yang
et al., 2009). Mature isolated ovaries placed on agar were
dusted with self-pollen, and both sequences were rapidly
up-regulated, reaching peak expression within 2 min.
Transcript levels remained high until 10 min after pollination
and dropped thereafter. Extended cDNAs were generated
using 5′ and 3′-RACE (Can3 1808 bp: accession number
AM991123; Can94 1115 bp: accession number AM991124).
Can3 comprised two partially overlapping open reading
frames (ORFs) (bp 802–1587, bp 218 – 868) of 261 and 217
amino acids, and Can94 one ORF (bp 169–915) of 248 amino
acids. At present it cannot be predicted if the Can3 message
encodes two separate polypeptides, although similar transcripts
of comparable length were detected in Triticum (AK332180, 88
% identity) and Oryza sativum (AK071552, 85 % identity; ten-
tatively identified as calcineurin B like (CBL)-interacting
serine/threonine protein kinase). Functional domains were
predicted using InterProScan (http://www.ebi.ac.uk/Tools/
InterProScan/). Both Can3 and Can94 have a calcium
calmodulin-dependent protein kinase-related domain. Can3

has a serine/threonine protein kinase domain and a protein
kinase catalytic domain whereas Can94 has four calcium-
binding EF-hand domains (Table 1). To demonstrate the
function of these transcripts it would be desirable to introduce
them into Lolium genotypes which are amenable to plant
transformation and investigate their effects in vivo.

PROTEOMICS APPROACHES TO IDENTIFY
SI PROTEINS

The grass SI reaction has also been preliminarily investigated
at the level of changed protein accumulation and enzymatic
activity in isolated styles treated with pollen coat eluates in
Lolium multiflorum (Kalinowski et al., 2006). The protein
profile in two-dimensional PAGE analysis changed consider-
ably between self-compatible and self-incompatible combi-
nations. Esterase activity was reduced in the SI samples,
while protease activity increased. The observed effects at the
protein level are most likely part of a later response stage of
SI, although phosphatase/kinase signalling could well influ-
ence isozyme patterns and activities. More detailed protein
identification and activity profiles will be necessary before
the results can be integrated with efforts described above to
identify the first truly SI-related transcripts.

The effect of calcium inhibitors on the SI response in Lolium

Ca2+ ions are one of the most widespread second messen-
gers used in signal transduction, and as mentioned previously,
calcium signalling is involved in Papaver and Brassica SI. To
determine if a Ca2+-mediated signalling cascade is triggered
upon an incompatible pollen–pistil interaction in Lolium, we
tested the effect of Ca2+ inhibitors on the SI response in
semi in vivo pollinated pistils of L. perenne plants of the

TABLE 1. Function domains identified for the two SI-involved
candidate genes Can3 and Can94 by comparing their translated
ORFS with the InterPro database* for protein function

prediction

Name
Amino
acids

InterPro
entry Function domain

Can3, ORF1 (261
amino acids, nt
802–1587)

1–71 IPR000719 Protein kinase, catalytic
domain

112–172 IPR004041 NAF domain
21–242 IPR020636 Calcium/calmodulin-dependent

protein kinase-like
Can3, ORF2 (216
amino acids, nt
218–868)

12–216 IPR000719 Protein kinase, catalytic
domain

60–215 IPR020636 Calcium/calmodulin-dependent
protein kinase-like

193–213 n.a. Transmembrane-region
Can94 (248 amino
acids, nt 169–915)

1–228 IPR020636 Calcium/calmodulin-dependent
protein kinase-like

68–96 IPR002048 Calcium-binding EF-hand
104–132 IPR002048 Calcium-binding EF-hand
140–168 IPR002048 Calcium-binding EF-hand
173–201 IPR002048 Calcium-binding EF-hand

* http://www.ebi.ac.uk/Tools/InterProScan/. The Can3 transcript contains
two slightly overlapping ORFs of 261 and 216 amino acids in length which
were analysed independently.
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International Lolium Genome Initiative population (Jones
et al., 2002). Ovaries with attached stigmas were isolated
from closed florets of spikelets which were close to anthesis
and placed on Petri dishes containing either standard
medium or experimental medium. Standard medium contain-
ing 2.5 % agar, 25 % sucrose and 25 p.p.m. boric acid was
used as a control (Thorogood et al., 2002). The experimental
medium contained various calcium inhibitors: 50 mM calcimy-
cin, 10 mM EGTA, 1 mM lanthanum chloride (La3+), 10 mM

ruthenium red and 100 mM verapamil. After incubation on
the medium for 24 h, stigmas were pollinated with self-pollen,
which had been collected in cellophane bags. Each experiment
was repeated three times, with five ovaries at each time.
Tewnty-four hours after in-vitro pollination, styles and
stigmas were separated from the ovaries, stigmas were
stained with a drop of aniline blue-lactophenol and pollen
tube growth was observed by microscopy.

After semi in-vivo self-pollination, self-pollen tubes in iso-
lated stigmas on control medium were arrested at or near the
stigma surface (Fig. 2F). Treatment of isolated stigmas with

the inorganic Ca2+ channel blocker La3+ resulted in the SI
response being partially overcome in L. perenne, such that
self-pollen tube growth was observed in 60 % of the
stigmas and pollen tubes elongated down the style
(Fig. 2A, Table 2). The effect of the organic Ca2+-permeable
channel blocker verapamil was similar to that of La3+ with
38 % of self-pollen tubes showing growth down the style
(Fig. 2B, Table 2). No pollen tube growth was observed in
self-pollinated stigmas treated with the calcium ionophore
calcimycin, the Ca2+ chelator EGTA or the organic Ca2+

channel blocker ruthenium red (Fig. 2C–E, Table 2). More
detailed studies are necessary to distinguish between the
effects of these inhibitors on the SI response and pollen
tube growth per se. However, the clear effects of the Ca2+

channel blockers La3+ and verapamil make a strong case
for the involvement of Ca2+ signalling in the Lolium SI
response. This receives further indirect support from our SI
candidate gene studies that identified Ca2+ binding and
calmodulin-related protein domains in transcripts Can3
and Can94.

TABLE 2. Effects of calcium inhibitors on self-incompatible pollen tube growth

Experiment 1 Experiment 2 Experiment 3 Average pollen tube
growth (%)

No. of
pollen

No. pollen
tubes

Pollen
growth (%)

No. of
pollen

No. of
pollen tubes

Pollen
growth (%)

No. of
pollen

No. of
pollen tubes

Pollen
growth (%)

Control 98 0 0 105 0 0 126 0 0 0
La3+ 84 48 57.1 84 53 63.1 137 81 59.1 59.8+3**
Verapamil 205 77 37.6 144 49 34 167 71 42.5 38+4*
Calcimycin 151 0 0 107 0 0 100 0 0 0
EGTA 130 0 0 100 0 0 114 0 0 0
Ruthenium red 105 0 0 126 0 0 100 0 0 0

Percentage pollen tube growth is given as mean+ s.d. of three replicate experiments. **P , 0.001; *P , 0.01 as determined by Student’s t-test.

0 mm 250

A B

C ED F

FI G. 2. Results of treatment with calcium inhibitors. Unpollinated stigmas were placed on agar plates containing: (A) 1 mM LaCl3, (B) 100 mM verapamil hydro-
chloride, (C) 10 mM EGTA, (D) 10 mM ruthenium red and (E) 50 mM calcimycin; (F) standard agar plate (control). Pollen tube growth (indicated by red arrows)

was detected in (A) and (B). No pollen tube growth was observed in (C), (D) or (E), the same as control (F).
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CONCLUSIONS

Despite a number of efforts undertaken over the past six
decades, largely based on recombination mapping, the nature
and genetics of the gametophytic S–Z SI system in grasses
is still not known and the S and Z loci remain to be identified.
Our current mapping efforts of both S and Z loci in Lolium
perenne have led to the identification of a small number of
candidate genes within physical regions of 100 kb or less.
Our recent studies of SI in Lolium have given some promising
preliminary evidence that calcium signalling and protein phos-
phorylation are involved in the recognition and/or inhibition of
incompatible pollen. Work in progress has identified tran-
scripts predicted to code for proteins which contain calcium-
binding domains and that SI in L. perenne is sensitive to
chemical reagents with known effects on Ca2+ channelling
across membranes. Although we are still far from understand-
ing the precise role of intracellular Ca2+ concentrations in the
L. perenne SI response, these initial results suggest that an
increase in Ca2+ is associated with the SI response and that
the role of Ca2+ in mediating L. perenne SI may be analogous
to its role in the incompatibility responses of other plant
species.

Studies on the mechanistic aspects of SI in grasses need to
be further explored to understand the processes involved in SI
and even if the S and/or Z loci were identified their physiologi-
cal functions and processes need to be studied in greater detail.
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