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Abstract Self-incompatibility (SI) is a mechanism
that prevents self-pollination and inbreeding in many
Xowering plant species. SI in Lolium perenne is con-
trolled by two multi-allelic loci, S and Z. SI has
important consequences for L. perenne breeding as it
prevents the eYcient production of inbred lines and
hybrids. In this study, the cDNA-AFLP approach was
used to identify key components of the SI response, S
and Z, as well as genes involved in the signaling cas-
cade triggered by a SI response in L. perenne. A total
of 169 transcripts displaying an allele-speciWc expres-
sion proWle were identiWed. Several of these tran-
scripts displayed homology to genes involved in
general cellular functions. In other cases, interesting
homologies to proteins, such as kinases, known to be
involved in SI in other plant families were found. A
genome-wide expression analysis, on the other hand,

allowed us to identify 515 transcript derived frag-
ments as putatively related to SI in L. perenne. All the
expression proWles were quantiWed using AFLP-
QuantarProTM and clustered using hierarchical and
AQBC clustering methods. A subset of these genes
was selected for sequencing and assigned into 10
functional categories. Homologies were found to
proteins known to be involved in fertilization and SI
processes in other plant families such as ubiquitin-
related and calcium-related proteins.

Keywords Cluster · Functional category · Self-
incompatibility · Transcript derived fragment (TDF)

Introduction

Self-incompatibility (SI) is a genetically controlled
mechanism that prevents self-pollination and inbreed-
ing in many Xowering plants, thus promoting genetic
diversity. SI is based on the recognition between pol-
len and pistil. While the S locus encodes the determi-
nants of speciWcity, additional factors are required for
a complete SI response (McClure et al. 2000).
Recently, exciting progress has been made in unravel-
ing SI molecularly in the single-locus systems of
Brassicaceae, Papaveraceae and Solanaceae members
(de Graaf et al. 2006; Franklin-Tong and Franklin
2003; Hiscock and Mclnnis 2003; Hua and Kao 2006;
McClure 2006; McClure and Franklin-Tong 2006;
Sonneveld et al. 2005; Staiger and Franklin-Tong
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2003; Thomas et al. 2006 and reviewed by Takayama
and Isogai 2005).

In contrast, SI in the grass family is under the game-
tophytic control of the two multi-allelic loci, S and Z.
Fertilization is prevented when the S and Z alleles pres-
ent in the pollen are matched in the style (Lundqvist
1956). The SI reaction in grasses and the resulting inhi-
bition of the pollen tube growth occurs almost immedi-
ately upon contact with the stigma (Shivanna et al.
1982). In addition to the S and Z components determin-
ing the pollen/stigma recognition, many other genetic
factors are assumed to be involved in the signal cascade
triggered by an incompatible reaction.

SI is widespread among outbreeding species of the
Poaceae such as Secale cereale (rye), Lolium spp.
(ryegrasses) and Phalaris coerulescens. The action of
SI has important consequences for the design of
breeding strategies as it prevents the eYcient produc-
tion of inbred lines and hybrids (Cornish et al. 1979;
Fearon et al. 1983). Although SI can be overcome in
grasses by high temperatures, resulting in pseudo-
compatibility, this strategy is diYcult to employ for
large-scale seed production (Lundqvist 1975). There-
fore, the manipulation of SI in the grasses requires a
better knowledge of the genes that control the SI reac-
tion. Molecular research in P. coerulescens resulted
in the identiWcation of a thioredoxin gene, which was
initially thought to represent the S gene (Li et al.
1995). However, further experiments based on
recombination found between the thioredoxin gene
and S demonstrated that this thioredoxin gene was
located 2 cM from S (Langridge et al. 1999). The
chromosomal position of S and Z has been deter-
mined in rye (Lewis et al. 1980), P. coerulescens
(Leach and Haymann 1987; Bian 2001) and ryegrass
(Cornish et al. 1979; Thorogood 1991; Thorogood
et al. 2002) using linkage analysis. The S locus is
located on linkage group 1 (numbering of linkage
groups follows the consensus map of the Triticeae)
and the Z locus is located on linkage group 2 (Fuong
et al. 1993). Recently, linkage analysis in rye has
revealed one STS marker (TC116908) cosegregating
with Z (Hackauf and Wehling 2005). Furthermore,
the putative ubiquitin-speciWc protease gene, from
which this marker was derived, was strongly
expressed in rye pistils but not in leaves. Moreover,
high resolution maps of the P. coerulescens S and Z
regions have been generated using RFLP probes
(Bian et al. 2004). Two markers (Xbm2 and

Xbcd762) were found to fully cosegregate with S in a
population with 844 individuals and one marker
(Xbcd266) mapped 0.9 cM from Z in a population of
213 individuals (Bian et al. 2004). Whether the genes,
from which these markers were derived, code the sty-
lar or the pollen component of SI or whether they rep-
resent genetic factors involved in SI remains to be
determined. Although this information opens new
perspectives for the isolation of S and Z genes, addi-
tional eVorts to identify candidate SI-related genes
will contribute to a better understanding of SI in Poa-
ceae and to the development of tools to manipulate SI.

The aim of the experiments described here was to
identify genes involved in self-incompatibility in dip-
loid L. perenne. First, a cDNA-AFLP experiment was
designed to identify genes encoded at the S and Z
loci. cDNA-AFLP analysis of (presumed) allelic vari-
ations in S and Z were exploited in an intent to iden-
tify the pistil components coded at these two loci. A
mapping population characterized for S and Z geno-
types was used for this purpose (Thorogood et al.
2002). A similar strategy was used by Kowyama et al.
(2000) to identify S locus gene transcripts in mature
stigmas of Ipomoea triWda, a species displaying a
sporophytic SI response. In addition, a genome-wide
transcript proWling of ryegrass pistils was carried out
to identify genes putatively involved in the signaling
cascade triggered by a SI reaction. For this purpose
cDNA-AFLP proWles of non-pollinated, self-polli-
nated and cross-pollinated pistils were compared and
diVerentially expressed tags were identiWed.

Material and methods

Plant materials

To identify genes coded by S and Z, we used the ILGI
population (P150/112, Bert et al. 1999). The S and Z
genotype of 139 oVspring plants had previously been
determined (Thorogood et al. 2002). As the popula-
tion was derived from a cross between an anther
culture-derived double haploid plant (female, S11Z11,
according to the allele designation of Thorogood et al.
2002) and a fully-compatible heterozygous plant
(S23Z23), only four distinct SI genotypes segregate in
the oVspring, namely, S12Z12, S12Z13, S13Z12 and
S13Z13. Ten plants of each genotypic class were cho-
sen for the experiments described here.
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For the second cDNA-AFLP experiment, the four
L. perenne genotypes, LpM, LpN, LpT3 and LpT6

were used. LpM and LpN were two unrelated plants
chosen at random from the ILVO breeding collection,
while LpT3 and LpT6 were two full-sibs derived from
a cross between two self-incompatible plants selected
at random from the ILVO collection. To determine
the compatibility relationships between LpM and
LpN, on the one side and between LpT3 and LpT6 on
the other side, controlled in vitro pollinations were
carried out in a preliminary experiment using a
slightly adapted version of the method described by
Cornish (1979), in which pistils were transferred to
agar in a Petri dish. To collect pollen, the inXores-
cences of the pollinators were excised and kept in
water-Wlled bottles till Xowering. The release of the
pollen was stimulated by shaking the inXorescences
over the receptive pistils, ensuring that only free-
Xowing, non-clumped, viable pollen was used. Recip-
rocal pollinations between LpM and LpN and
between LpT3 and LpT6 resulted in fully compatible
reactions. We concluded that these two pairs of geno-
types were suitable for the isolation of pistils after
compatible cross-pollination.

Sample collection

For the Wrst experiment, we collected 100 non-polli-
nated pistils from 10 oVspring plants of each geno-

typic class (10 pistils per plant). The Xowers were
Wrst emasculated under a binocular to prevent
unwanted self-pollination and enclosed in cello-
phane bags until sampling in order to prevent pollen
deposition. As it was not known at which stage the
mRNA of S and Z would be detectable in the pistils,
we collected per genotypic class 100 immature and
100 mature pistils to construct separate bulks.
Mature pistils were deWned as fully developed
receptive pistils, from which the stylodia come out
of the spikelets. Immature pistils were not receptive
for pollen and the stylodia were still in the spikelets.
This resulted in 8 samples (2 £ 4 bulks) to compare
(Table 1). These materials were kept at ¡80°C until
RNA extraction.

For the second experiment, non-pollinated, self-
pollinated and cross-pollinated pistils were sampled
(Table 1). For this purpose, controlled pollinations
were carried out. LpM and LpT6 were used as female
parents and were therefore emasculated to avoid self-
pollination. The emasculated inXorescences were
enclosed in cellophane bags until the pistils were
mature and receptive for pollination. The emasculated
inXorescences were used to collect non-pollinated,
self-pollinated (with pollen from the same genotype),
or cross-pollinated (using LpN pollen for LpM and
LpT3 pollen for LpT6) pistils. All pollinations were
carried out on excised inXorescences, which were
kept in water-Wlled bottles in the laboratory. To col-
lect pollen, the inXorescences of the pollinator plants

Table 1 Materials used for RNA extraction and cDNA-AFLP analysis: (a) Samples collected per SI genotypic class in the Wrst exper-
iment and (b) Samples collected per pair-cross (either LpM £ LpN or LpT6 £ LpT3) for the second experiment 

S12Z12, S12Z13, S13Z12 and S13Z13: the four distinct SI genotypes segregating in the oVspring. NP: non pollinated, SP1 h: self pollinated
1 h after pollination, SP4 h: self pollinated 4 h after pollination, SP24 h: self pollinated 24 h after pollination, CP1 h: cross pollinated
1 h after pollination, CP4 h: cross pollinated 4 h after pollination, CP8 h: cross pollinated 8 h after pollination and CP 24 h: cross pol-
linated 24 h after pollination...

(a)

Pistils Genotypic class

S12Z12 S12Z13 S13Z12 S13Z13

Mature X X X X

Immature X X X X

(b)

Genotype Pistils Pollen Leaf

NP SP (1 h) SP (4 h) SP (8 h) SP (24 h) CP (1 h) CP (4 h) CP (8 h) CP (24 h)

Female plant X X X X X X X X X X X

Pollen donor X
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were enclosed in cellophane bags. The release of the
pollen was stimulated by shaking pollinator inXores-
cences above the receptive pistils.

Before sampling, the quality of the ‘fertilization’
was checked on 3 to 5 pistils. For this purpose, stylo-
dia were separated from the ovaries with a scalpel on
microscope slides. Stigmas were placed under a cov-
erslip in a drop of decolourised aniline blue (0.2%
water-soluble aniline blue in 2% K3PO4). Pollen tube
growth was observed microscopically under UV
light. If the expected results were observed (self-
pollinations resulted in malformed pollen tubes and
cross-pollinations resulted in fully grown pollen
tubes), pistils were harvested at four diVerent time-
points after pollination. The Wrst sample was taken
within 1 h after pollination and the other samples
were harvested 4, 8 and 24 h after pollination. Note
that except for the non-pollinated case, each sample
contained pistils and the pollen used for fertilization.
Therefore, pollen (and leaf material) of the female
plants and pollen of the pollinator plants were also
sampled and included as negative controls in the
experiment. This resulted in a total of 12 samples
(Table 1). These materials were kept at ¡80°C until
RNA extraction.

RNA extraction, cDNA synthesis
and template preparation

Total RNA was extracted from 20 to 50 mg frozen
plant material using the ‘guanidinium thiocyanate
method’ described by Chomczynski and Sacchi
(1987). Double stranded cDNA was synthesised from
total RNA (between 25 �g and 50 �g) using a biotin-
ylated oligo(dT)25 primer according to standard proto-
cols (Sambrook et al. 1989). The resulting double
stranded cDNA was chloroform/isoamylalcohol
extracted, ethanol precipitated and dissolved in a Wnal
volume of 20 �l water. The restriction enzymes BstYI
and MseI (Invitrogen) were used as rare and frequent
cutter, respectively, and the digestion was performed
in two steps (Breyne and Zabeau 2001). After diges-
tion with BstYI, the restriction fragments carrying a
biotinylated 3� were collected using streptavidine
magnetic beads. After digestion with the second
enzyme, the restriction fragments, released from the
beads, were collected and used as template in subse-
quent AFLP steps. Adaptors were ligated to the ends

of the restricted fragments and 25 cycles of pre-
ampliWcation (30 s at 94°C, 1 min at 56°C and 1 min
at 72°C) were performed on 5 �l of undiluted ‘adaptor
ligation mix’, with primers without selective nucleo-
tides and complementary to the anchors, following
the standard AFLP procedure (Vos et al. 1995). The
products of the preampliWcation were checked on
1.5% agarose gels (a smear between 100 and 1,000 bp
indicated successful preampliWcation). The template
was diluted 10-fold in TE (Tris-EthyleneDiamineTet-
raaceticAcid) buVer. The following adaptors and
primers were used: BstYI adaptor: 5�-CTCGT
AGACTGCGTAGT-3� and 5�-GATCACTACGCA
GTCTAC-3�; BstYI primer: 5�-GATCACTACGCA
GTCTAC(N1–2)-3�; MseI adaptor: 5�-GACGATGAG
TCCTGAG-3� and 5�-TACTCAGGACTCAT-3�;
MseI primer: 5�- ACGATGAGTCCTGAGTAA(N1–2)-
3�, where N represents the selective nucleotides. For
the PCR reactions, all 16 possible primers of two base
extensions were combined, rendering a total of 162

(256) primer combinations. cDNA-AFLP primer
combinations 1–105 were carried out on samples col-
lected from the genotypes LpM and LpN (LpM as
female plant and LpN as pollen donor). cDNA-AFLP
primer combinations 106–256 were carried out on
materials collected from LpT6 and LpT3 (LpT6 as
female plant and LpT3 as pollen donor).

Radioactive cDNA-AFLP reactions

Radioactive labeling of the BstYI primer was carried
out as described by Vos et al. (1995). Thermocycling
consisted of 35 cycles, including a 12 cycle touch-
down (20 s 94°C, 30 s at 65°C, in which the anneal-
ing temperature was reduced from 65°C to 56°C in
0.7°C steps for 12 cycles, 55 s at 72°C) and then
maintained at 56°C for 23 cycles and a Wnal step for
15 min at 72°C. Samples were boiled after the addi-
tion of loading dye and 50% formamide and
separated on 50 cm, 5% polyacrylamide gels. All gels
were run at standard conditions (120 Watt and 48°C)
with a 10-bp ladder (Sequamark, Genetic Research)
as length marker. Gels were dried on Whatman 3 M
paper using a slab gel dryer. Labeled DNA bands
were visualized by autoradiography. Gels and Wlms
were positionally marked prior to development. Each
two-nucleotide selective extension yielded between
50 and 70 labeled fragments per lane.
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Quantitative measurements of the expression
proWles and data analysis

The cDNA-AFLP proWles of the Wrst experiment
were scored visually and only qualitative diVerences
(presence/absence) were considered. S and Z allele-
speciWc transcripts were identiWed. For example, tran-
scripts present in bulks S12Z12 and S12Z13, but absent
in other bulks, were selected as putatively associated
to allele S2; transcripts present in bulks S12Z13 and
S13Z13, but absent in other bulks were selected as
putatively associated to allele Z3. Alleles S1 and Z1

could not be identiWed in this experiment as they were
present in all the samples compared.

For the second experiment, the gel images were
analyzed quantitatively with AFLP-QuantarProTM

(Keygene, Wageningen, The Netherlands). All the
diVerentially expressed cDNA-AFLP bands, displaying
an interesting expression proWle, were scored and indi-
vidual band intensities were exported to Microsoft Excel
spreadsheets. These raw data were used to estimate the
quantitative expression of each transcript in each sam-
ple, after correction for lane to lane diVerences and stan-
dardization, as described by Breyne et al. (2003).

Cluster analysis of the expression data was carried
out using two complementary approaches. First, the
Quality-Based Clustering method (De Smet et al.
2002) was used (accessible for use at http://www.esat.
kuleuven.ac.be/»thijs/Work/Clustering.html). This
approach is similar to K-means clustering except that
the number of clusters does not need to be deWned in
advance by the user and the expression proWles,
which do not Wt in any cluster at user-speciWed thresh-
old values for speciWc ‘quality’ parameters, are not
assigned to any cluster. As output, genes are grouped
into diVerent clusters and expression proWles are plot-
ted. In this experiment the minimum number of tags
in a cluster was set to 5 and the signiWcance level (S)
to 0.93 (De Smet et al. 2002). In addition, a hierarchi-
cal cluster analysis using average linkage (Saeed et al.
2003), as available at the TIGR MultiExperiment
Viewer software v2.2 (freely available at http://
www.tm4.org/mev.html), was performed. The statis-
tical support of the tree nodes was calculated using
the resampling strategies implemented in Support
Trees (TIGR MultiExperiment Viewer software
v2.2). For this new trees were generated by JackniWng
(resampling and leaving one gene out) the genes. The
number of iterations was set at 1,000.

PCR-reampliWcation and sequencing of selected 
cDNA-AFLP bands

Bands corresponding to diVerentially expressed tran-
scripts were excised from the gel and eluted in 200 �l
of MilliQ water. About 5 �l of this elution was used
for PCR ampliWcation using the same conditions as
for the preampliWcation, but with the primers used in
the selective ampliWcation step (see above). Direct
sequencing reactions were performed in a total vol-
ume of 20 �l, with 50 ng of PCR product, 4 �l of Big
Dyes v. 1.1 (Applied Biosystems), 3.2 pmol of the
BSTY(+XX) primers and 2 �l 5£ Sequenase buVer
(Applied Biosystems). If direct sequencing was not
successful, the reampliWed fragments were cloned in
the TOPO-vector with the TOPO TA cloning kit®
from Invitrogen. For each cDNA-AFLP band at least
8 colonies were picked, indicated with a capital letter
from A till H, and dissolved in MilliQ water. In a next
step, direct colony PCR reactions were carried out
and 5 of them were sequenced with an automatic
sequencer (ABI PrismTM 377). Sequences were com-
pared to the protein database using the BLASTx algo-
rithm (Altschul et al. 1997). SigniWcant candidate
genes were selected not only based on the E-value as
the cDNA-AFLP tags were very short, but also taking
into account the percentages identity and similarity.
A signiWcant hit displays an E-value < E-05, or if an
E-value > E-05, a percentage identity and similarity
>60%. Sequence similarity is the extent to which two
(nucleotide or amino acid) sequences are related and
sequence identity is the extent to which two (nucleo-
tide or amino acid) sequences are invariant (Altschul
et al. 1997).

Results

cDNA-AFLP analysis and selection of TDFs
for sequencing

First experiment: identiWcation of allele-speciWc 
transcripts

To identify S and/or Z candidates in ryegrass cDNA-
AFLP proWles of immature and mature pistils
harvested from plants with known S and Z genotype
were compared. As an example, part of a cDNA-
AFLP gel showing the Wngerprints of the 8 samples
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analyzed with one primer combination is shown in
Fig. 1. A total of 256 primer combinations were
screened and cDNA bands ranging between 100 and
600 bp were considered. A total of 169 transcripts
displayed one of the allele-speciWc expression proWles
are shown in Table 2. As it was not known at which
developmental stage the mRNA of S and Z are pres-
ent in the pistil, we selected all the TDF (Transcript
derived Fragments) displaying an allele-speciWc
expression proWle in the mature and/or immature pis-
til samples. For the deWnition of the categories one
mismatch between mature and immature pistils was
allowed, e.g. row 4 in Table 2. Twenty-two S2 allele-
speciWc TDFs, 53 S3 allele-speciWc TDFs, 39 Z2

allele- speciWc TDFs and 55 Z3 allele-speciWc TDFs
were identiWed (Table 2).

Second experiment: genome-wide expression 
proWling

Self-pollinated (incompatible reaction) and cross-pol-
linated (compatible reaction) pistils were harvested at
four time-points after pollination (1, 4, 8 and 24 h).
Leaf and pollen samples were also taken as control as
described in materials and methods. For each primer

combination 50–70 bands, in the size range 60–
600 bp, were visualized on gel. As a consequence, the
256 primer combinations allowed the screening of
approximately 18,000 transcripts over the 12 diVerent
samples.

A total of 515 bands displaying diVerential expres-
sion were selected visually and scored with AFLP

Table 2 Overview of the diVerent expression proWles identiWed in the cDNA-AFLP analysis of the Wrst experiment 

Number: the number of selected fragments that displayed the corresponding expression proWle. Allele: the S or Z allele, which corre-
sponded to each expression proWle. For the deWnition of the categories one mismatch between mature and immature pistils was allowed
(e.g. a TDF present in sample S12Z12 of immature pistils but absent in sample S12Z13 of immature pistils was considered to represent
allele S2). Nomenclature of the samples as described in Table 1a

Mature pistils Immature pistils Number 
of TDFs

Allele

S12Z12 S12Z13 S13Z12 S13Z13 S12Z12 S12Z13 S13Z12 S13Z13

+ + ¡ ¡ ¡ ¡ ¡ ¡ 11 S2

+ + ¡ ¡ + ¡ ¡ ¡ 5 S2

¡ ¡ ¡ ¡ + + ¡ ¡ 4 S2

+ + ¡ ¡ + + ¡ ¡ 2 S2

¡ ¡ + + ¡ ¡ ¡ + 3 S3

¡ ¡ + + ¡ ¡ ¡ ¡ 35 S3

¡ ¡ + + ¡ ¡ + + 8 S3

¡ ¡ ¡ ¡ ¡ ¡ + + 7 S3

+ ¡ + ¡ ¡ ¡ ¡ ¡ 23 Z2

+ ¡ + ¡ + ¡ ¡ ¡ 12 Z2

+ ¡ + ¡ + ¡ + ¡ 4 Z2

¡ + ¡ + ¡ ¡ ¡ ¡ 49 Z3

¡ + ¡ + ¡ ¡ ¡ + 4 Z3

¡ + ¡ ¡ ¡ + ¡ + 2 Z3

Fig. 1 Part of a cDNA-AFLP gel of the Wrst experiment with
primer combination BstY + GC/MseI + AT
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QuantarProTM. cDNA-AFLP bands ampliWed in leaf
or in pollen control samples were not considered, as
such bands probably represent genes not speciWcally
involved in SI. Raw band intensities were Wrst
corrected for lane-to-lane diVerences. The corrected
values were then standardized as described in Breyne
et al. (2003). After normalization of the data, 36 of
the 515 TDFs, which had been selected in the visual
inspection, were excluded from the dataset as their
coeYcient of variation was smaller than 0.25 after
correction and were considered to be constitutively
expressed (Breyne et al. 2003).

The remaining TDFs were grouped according to
their expression patterns using two alternative meth-
ods: the Adaptive Quality-Based Clustering (AQBC)
method from De Smet et al. (2002) and the average
linkage clustering method implemented in TIGR
MultiExperiment Viewer (Saeed et al. 2003). Data on
self-pollinated pistils 8 h after pollination were not
included in the analyses as they contained too many
missing data and distorted the calculations.

The AQBC analysis clustered 169 (35%) of the
479 TDFs into 11 clusters (Fig. 2). Cluster 1 (44
genes) and cluster 4 (36 genes) were the largest. All
clusters, except numbers 9 and 10, showed clear
diVerences between self-pollinated and cross-polli-
nated pistils. For example, cluster 1 comprises tran-
scripts that are down-regulated during self-pollination
(SI reaction) and display low but stable expression
levels in the cross-pollinated pistils (compatible reac-
tion). Clusters 2 and 3 contain transcripts that are
down-regulated after self-pollination and almost
absent in cross-pollinated pistils. As it is not known
which kind of expression pattern is expected in genes
activated or deactivated as consequence of a self-
incompatible reaction, all clusters were considered to
make a selection of genes to characterize further. The
hierarchical average clustering grouped the 479 genes
into approximately ten groups of co-expressed genes
(data not shown). A high agreement was found
between the two methods and most of the clusters
identiWed by AQBC were also apparent in the average
clustering tree. The between-group JackkniWng sup-
port values were, in general, very low. However,
within group support values of up to 70% were found
(data not shown).

We selected a subset of 168 TDFs for further char-
acterization. These included representatives of the
diVerent AQBC clusters (31 TDFs) and TDFs that

displayed similar expression proWles, but that had not
been assigned to any cluster due to the stringent con-
ditions used for classiWcation (137 TDFs). This latter
group of TDFs was selected using the results of hier-
archical clustering.

Sequencing of cDNA-AFLP transcripts

The 169 TDFs of the Wrst experiment and the 168
TDFs of the second experiment were excised from the
gel (one band of a given sample per TDF), reampli-
Wed and sequenced.

First experiment: identiWcation of allele-
speciWc transcripts

For 55 out of 169 TDFs of the Wrst experiment direct
sequencing failed to get sequence information and
therefore the TDFs had to be cloned. All the cloned
TDFs corresponded to two to Wve diVerent nucleotide
sequences. A band in a gel can correspond to a single
DNA fragment or a mixture of several fragments. The
problem is that the excised band can be contaminated
with unlabeled (invisible) DNA bands resulting in
sequences of low quality. Therefore, a dataset of 261
sequences was compared to the sequences of the pub-
licly available databases of the ‘National Centre of
Biotechnology Information (NCBI)’. For 48% (125/
261) of the transcripts, no homology was found and
for 18% (46/261) of the tags, homology was found to
hypothetical proteins or to proteins for which no gene
ontology information was available. For the other
34% of the sequences a signiWcant hit against genes
with known function was found. Several genes dis-
played homology to genes involved in general cellu-
lar functions, such as, genes involved in the basic
metabolism of the cell, genes involved in the cell
cycle and DNA replication and recombination pro-
cesses, genes involved in transport, transcription, sig-
naling and energy processes and genes involved in
protein fate, synthesis and activity regulation pro-
cesses. In other cases, interesting homologies to pro-
teins known to be involved in SI were found. For
example, TDF cdb39_250 displayed homology to
ubiquitins, which are involved in protein degradation.
Recent data demonstrate that the SI response in sev-
eral gametophytic and sporophytic systems involves
ubiquitin-related protein degradation. Furthermore, a
STS derived from an ubiquitin-speciWc protease gene
123
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Fig. 2 Clusters identiWed using the adaptive quality-based clus-
tering (AQBC) method of De Smet et al. (2002). Each graph
summarizes the expression proWles of a set of genes which dis-
played similar expression patterns and which were assigned to
the same cluster by AQBC. X-axis: samples, Y-axis: normalized
expression values of the genes, which were classiWed by the

clustering algorithm. NP: non pollinated, SP1h: self pollinated
1 h after pollination, SP4 h: self pollinated 4 h after pollination,
SP24 h: self pollinated 24 h after pollination, CP1 h: cross pol-
linated 1 h after pollination, CP4 h: cross pollinated 4 h after
pollination, CP8 h: cross pollinated 8 h after pollination and CP
24 h: cross pollinated 24 h after pollination
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cosegregates with the Z locus in rye (Hackauf and
Wehling 2005). A summary of the most relevant
homologies, according to what is known about SI in
other plant families, is given in Table 3. Several TDFs
displayed homology to serine-threonine protein
kinases.

Second experiment: genome-wide expression 
proWling

The 168 TDFs selected in the second experiment
were cloned and sequenced. Of these, 57 corre-
sponded to 2–4 diVerent sequences, while for 111
TDFs, all clones rendered identical sequences. This
indicates that the patterns of diVerential expression
observed on cDNA-AFLP gels corresponded in most
cases to single transcripts (66% or 111/168 TDFs).
When diVerent sequences were found for diVerent
clones of a given TDF, all were included in further
analyses as it was not possible to determine which
one (if any) represented the ‘original’ diVerentially
expressed gene.

Finally, 259 sequences were compared with the
protein database of NCBI. For 36% of the 259
sequences no signiWcant hit against known proteins
was found and 24% of the 259 tags remained unclas-
siWed as they showed homology to hypothetical pro-
teins or to proteins for which no gene ontology
information was available. The sequences that dis-
played homology to proteins with known function

were classiWed into functional categories using the
MIPS classiWcation system. The annotated genes
were assigned to 10 functional categories (Fig. 3). We
checked whether transcripts clustering together
according to their expression patterns were assigned
to the same functional group, but no correlation
between functional groups and clusters was found.

Discussion

The aim of the experiments described here was to
identify key pistil components of the SI reaction. As
the SI mechanisms are conserved among members of
the same plant family (Nasrallah 2005), the results
obtained for one given species of the Poaceae, such as
L. perenne, would contribute to a better understand-
ing of the SI response in other grass species.

IdentiWcation of allele-speciWc transcripts

The use of cDNA-AFLP (Bachem et el. 1996) in
mature and immature pistils with known SI genotype
to identify S and Z allele-speciWc gene transcripts
relied on the assumption that allele-speciWc polymor-
phisms would be ‘apparent’ at the level of the cDNA
sequence. Using this approach, we selected 169
putative candidates for S and/or Z. The number of
diVerentially expressed genes identiWed using cDNA-
AFLP depends strongly on the experimental set-up,

Table 3 Summary of the most relevant homologies of the putative S and Z allele-speciWc cDNA-AFLP fragments, identiWed in
experiment 1 

The selection was not only based on the E-value, but also taking into account the percentages identity and similarity

TDF GenBank 
Accession 

Putative 
allel

Most signiWcant
homology

Function E-value Identity
(%)

Similarity 
(%)

cdb71_125 EX152686 Z2 Putative CBL-interacting protein kinase 23, 
Oryza sativa (Q6ZLP5)

serine/threonine 
kinase activity

1E-08 92 100

cdb185_226A EX152687 Z2 Putative cyclin-dependent kinase B1-1, 
Oryza sativa (Q8L4P8)

serine/threonine 
kinase activity

1E-07 78 87

cdb183_344C EX152688 Z3 Putative receptor serine/threonine 
kinase PR5K, Oryza sativa (Q5ZC63)

serine/threonine 
kinase activity

1E-06 44 58

cdb136_175B EX152689 S2 Receptor protein kinase PERK1, 
Brassica napus (Q9ARH1)

serine/threonine 
kinase activity

2.1 62 70

cdb48_280 EX152690 S3 Receptor protein kinase-like, 
Oryza sativa (Q5Z661)

serine/threonine 
kinase activity

3E-15 61 80

cdb98_509 EX152691 S3 Serine/threonine protein kinase-like, 
Oryza sativa (Q69U57)

serine/threonine 
kinase activity

8E-22 69 84

cdb39_250 EX152692 S3 Ubiquitin, Triticum aestivum (Q41570) ubiquitinylation 7E-14 95 95
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such as, the tissue type and trait analysed, the condi-
tions used and the criteria for the selection of the can-
didates. However, our results are in line with data
obtained in previous experiments. In an experiment
similar to the one described here Kowyama et al.
(2000) screened 64 cDNA-AFLP primer combina-
tions and identiWed 11 S-allele speciWc fragments in
Ipomea triWda. Durrant et al. (2000) identiWed 290
diVerentially expressed transcripts during Avr9- and
Cf9-mediated defence response in tobacco cell lines.
In tomato, Gabriëls et al. (2006) identiWed 442 tran-
script derived fragments putatively involved in the
hypersensitive response. Bruggmann et al. (2005)
identiWed 363 transcripts that were more expressed in
powdery mildew-inoculated wheat leaves than in the
control plants. Zheng et al. (2004), on the other hand,
identiWed only 12 diVerentially expressed cDNA frag-
ments putatively controlling rice blast resistance.

For 34% of the 261 DNA-sequences investigated
a signiWcant hit against genes with known function
was found. Several TDFs displayed homology to
genes involved in general cellular functions.
Although nothing is known about the recognition
components of the SI reaction in L. perenne, the
TDFs displaying homology to receptor kinases may
be interesting due to the speciWc features of the SI
reaction in the Poaceae (Heslop-Harrison 1982). In
the grass family, microscopic studies have shown
that the inhibition of the pollen tube displays some
similarities with the system active in Brassica

(Heslop-Harrison 1982). It is well known that in
members of the Brassicaceae the SI system is based
on the action of a serine-threonine protein kinase
coded at the S locus (the S locus Receptor Kinase,
SRK) on the female side (Stein et al. 1991) and a
cysteine-rich protein (SCR) on the male side
(reviewed by Takayama and Isogai 2005). SRK is in
fact a receptor with a serine/threonine kinase activity
domain. Transgenic gain-of-function experiments in
Brassica rapa have shown that a functional SRK
alone determines S speciWcity in the stigma
(Takasaki et al. 2000). Several of the TDFs identiWed
in this study displayed homology to receptor kinases
(Table 3) and showed allele-speciWc polymorphisms.
The involvement of these genes in SI and their even-
tual role as the pistil SI component needs, however,
to be veriWed yet. Linkage analysis can help to deter-
mine the map position of the selected genes as some
of the genes involved in the signaling cascade result-
ing in a SI reaction will be located at either S or Z,
but other genes may be dispersed all over the genome
or clustered in certain genomic regions. In the Brass-
icaceae and Solanaceaece it is well known that S loci
are located in chromosome positions where recombi-
nation is suppressed and that contain several genes
interspersed with repetitive sequences and non-func-
tional ORFs. These regions contain not only the
genes coding the components determining SI-speci-
Wcity, but also genes involved in SI and fertilization
(Fukai et al. 2003 and Wang et al. 2004).

Fig. 3 Functional classiW-
cation of the 256 TDFs 
selected in the second 
cDNA-AFLP experiment, 
according to the MIPS 
classiWcation system
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Genome-wide expression proWling

In a parallel experiment, we used cDNA-AFLP
(Bachem et al. 1996) to analyze transcriptional
changes in L. perenne pistils and to identify genes
putatively involved in the signaling cascade triggered
by a SI response, which Wnally results in the inhibi-
tion of the pollen tube growth. This genome-wide
expression analysis allowed us to identify 479 TDFs
displaying a diVerential expression pattern putatively
related to SI in L. perenne. Although diVerentially
expressed and constant bands can be discriminated by
visual scoring, automated analysis with AFLP Quan-
tarProTM proved more sensitive, allowing the genera-
tion of quantitative expression data, what made the
technique very powerful (Breyne et al. 2003). These
quantitative data were analyzed using clustering
methods. A similar approach was applied for tran-
scriptome analysis during cell division in plants
(Breyne et al. 2001, 2002 and 2003), to get insights
into the early response to ethylene (De Paepe et al.
2004) and lateral root initiation in Arabidopsis
(Himanen et al. 2004). Quantitative analysis of the
cDNA-AFLP expression proWles is a very good alter-
native to microarrays and reports demonstrate a good
correlation between cDNA-AFLP and microarray
results in Saccharomyces cerevisiae and Arabidopsis
(Reijans et al. 2003 and De Paepe et al. 2004, respec-
tively). The power of cDNA-AFLP lies in the fact that
it can be used for ‘gene discovery’ in plant species for
which no microarrays are available (Bachem et al.
1996).

The two analysis methods tested (AQBC and aver-
age linkage) grouped the TDFs similarly. The clusters
probably correspond to groups of co-regulated genes
as demonstrated in previous experiments (Branco-
Price et al. 2005; Breyne et al. 2002; De Paepe et al.
2004; Himanen et al. 2004 and Vandenabeele et al.
2004). The main advantage of AQBC over clustering
methods, such as K-means, is that there is no need for
predeWnition of the number of clusters and expression
proWles that do not Wt in any cluster, according to the
predeWned quality parameters, are rejected. It is a
user-friendly and fast approach that renders clusters
containing only tightly related expression proWles. In
this experiment, AQBC only assigned 35% of the
genes analyzed to clusters of co-expressed genes.
Clusters 2 and 3 are probably the most relevant ones,
as they contain transcripts with expression proWles

Wtting what is expected for genes involved in the SI-
response. Both clusters contain transcripts down regu-
lated in the self-pollinated pistils and absent in the
cross-pollinated pistils. The main diVerence between
the two clusters is the expression level in the non-pol-
linated pistils. Cluster 4 is probably less important
with respect to SI as it contains transcripts that are
constitutively expressed in self-pollinated pistils and
displaying diVerential expression in the cross-polli-
nated pistils. These can be genes involved in (success-
ful) pollination and fertilization. Clusters 7 and 8 are
very similar and comprise genes with changing
expression patterns, which are diYcult to explain.
Clusters 9 and 10 comprise genes displaying increas-
ing expression levels in both self-pollinated and
cross-pollinated pistils. These clusters probably con-
tain the genes that are involved in more general pro-
cesses, such as, degradation of the pistils at the end of
the pollination.

The TDFs identiWed in this experiment were clas-
siWed into 10 functional MIPS categories. The largest
categories were Metabolism, Cell cycle and DNA
processing and Biogenesis of cellular components. In
many cases, homologies were found with compo-
nents of general cellular functions. In other cases,
interesting homologies to proteins known to be
involved in fertilization and SI were found. These
results were used to select a group of TDFs represent-
ing L. perenne genes that are putatively involved in
SI and that should get priority in future research
(Table 4). Interestingly, one TDF (Cdb11_255B) dis-
played homology to P-type ATPases, a superfamily
of cation transport enzymes, including Ca2+-trans-
porting proteins. Other TDFs (Cdb15_200 and
cdb22_230I) displayed homologies to actins. It has
been demonstrated in several plant species that the
actin skeleton and calcium gradients are very impor-
tant factors for pollen tube growth (Franklin-Tong
1999). In Papaver, one of the Wrst eVects of a SI
reaction is a fast and rapid rearrangement of the actin
cytoskeleton of pollen tubes. The loss of the Ca2+

gradient, which characterizes the pollen tube tip,
plays a role in the initial inhibition of pollen tube
growth (Franklin-Tong et al. 1993 and 1995).
Cdb16_320 represents a GTP-binding protein. It is
known that Calcium, protein kinases and GTP-bind-
ing proteins are involved in signaling cascades
important in diVerent biological processes and proba-
bly also in SI (Clark et al. 2001).
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Interesting homologies were found to ubiquitin-
related proteins (cdb43_200D). This TDF is of partic-
ular interest for further research as the SI response in
several gametophytic and sporophytic systems
involves ubiquitin-related proteins and presumably
protein degradation (Franklin-Tong and Franklin
2003; Hackauf and Wehling 2005 and Sijacic et al.
2004). Although the speciWc molecular action of these
proteins in SI is still unknown, evidence has accumu-
lated recently that proteins necessary for pollen tube
growth are degraded in incompatible pollen tubes
(Thomas and Franklin-Tong 2004; Qiao et al. 2004
and Stone et al. 2003). In support of this theory an
STS-derived fragment, which cosegregates with Z in
rye, displayed homology to an ubiquitin-speciWc pro-
tease gene (Hackauf and Wehling 2005). Therefore, it
is beyond any doubt that a better understanding of the
involvement of these tags in the SI response should be
the topic of further research.

Finally, TDF, cdb117_300 displayed homology to
an allene oxide cyclase gene, which is important in
jasmonic acid synthesis induced by mechanical
wounding and as defense against pathogens
(Creelman and Mullet 1995 and Creelman et al.
1992). Some of the processes activated in plants
during fertilization and SI could be common to those
triggered by pathogen attack. Although rather specu-
lative at this stage, this hypothesis is very interesting
if we take into account that the growth of the pollen
tube through the transmitting tract of the style is a
process with clear similarities to the growth of fungal
pathogens in plants. In support of this hypothesis,
SRC, the pollen determinant of SI speciWcity in

crucifers (Kachroo et al. 2001), is similar in structure
to defensins, the molecules of innate immunity that
present the Wrst line of defence to microbial challenge
in plants and animals (Nasrallah 2005). Also 5% of
the TDFs displayed homology to transcription factors,
but till now nothing is known about which kind of
transcription factors might be involved in SI.

In conclusion, our results demonstrate that cDNA-
AFLP is a powerful technique to screen for genes
controlling speciWc biological functions when no
prior sequence information is available. Using cDNA-
AFLP we were able to identify a set of genes display-
ing interesting expression proWles concerning SI. The
involvement of these genes in SI is currently being
checked.
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