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Cultivated tomato has defects in both S-RNase and HT
genes required for stylar function of self-incompatibility
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Summary
Cultivated tomato (Lycopersicon esculentum), a self-compatible species, evolved from self-incompatible
(SI) species in the genus Lycopersicon following a breakdown of the self-incompatibility system. In order
to elucidate the molecular basis of this breakdown in L. esculentum, we ®rst analysed the stylar proteins
with an in-gel assay for ribonuclease activity and 2D-PAGE. No S-RNase protein or its activity was
detected in the style of L. esculentum. We then introduced the S6-RNase gene from an SI relative, L.
peruvianum, into L. esculentum. However, the styles of transgenic plants expressing S6-RNase at levels
comparable to those found in the L. peruvianum style were unable to reject self-pollen and L.
peruvianum pollen in an allele-speci®c manner. This indicated that defect in the S-RNase expression was
not the sole reason for the loss of self-incompatibility in tomato. The asparagine-rich HT protein,
originally identi®ed from the style of Nicotiana alata, is the other stylar factor involved in selfincompatibility reaction. We cloned and sequenced two distinct genes encoding HT-A and HT-B proteins
from L. peruvianum (LpHT-A and LpHT-B) and L. esculentum (LeHT-A and LeHT-B). A frame shift
mutation in the coding sequence of LeHT-A and a stop codon in the ORF of LeHT-B were found, and no
LeHT-B transcript was detected in the style of L. esculentum. The results suggest that the breakdown of
self-incompatibility in cultivated tomato is associated with loss-of-function mutations in both S-RNase
and HT genes.
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Introduction
Self-incompatibility is a cell-to-cell recognition mechanism
that allows a pistil to distinguish self from non-self pollen,
and plays a strong role in promoting genetic diversity
through outbreeding. In many species of ¯owering plants,
self-incompatibility is genetically controlled by a single
multi-allelic locus, called the S-locus (de Nettancourt,
1977). In the gametophytic self-incompatibility system of
solanaceous plants, pollen-tube growth is retarded when
the pollen carries an S-allele identical to one of those
ã 2002 Blackwell Science Ltd

carried by the pistil. Stylar ribonucleases (S-RNases) are
the S-allele products in the Solanaceae, Rosaceae and
Scrophulariaceae (see reviews by Kao and McCubbin,
1996; Newbigin et al., 1993). S-RNases are abundant
proteins in the extracellular matrix of the style, where
pollen-tube growth occurs (Anderson et al., 1989).
Transgenic studies have shown that a suf®cient level of
S-RNase expression is necessary for a functional reaction
of gametophytic self-incompatibility in Petunia, Nicotiana
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Figure 1. Analyses of S-RNase protein and enzymatic activity in L.
peruvianum and L. esculentum.
(a)SDS±PAGE of stylar proteins extracted from L. peruvianum (L.p.) and
L. esculentum. Protein extracts were separated on 15% polyacrylamide
and the gel was silver-stained.
(b)In-gel RNase activity staining of SDS±PAGE gel: each lane was loaded
with 2.5 mg protein from three S-genotypes of L. peruvianum and six
tomato cultivars. Molecular mass markers loaded on the left lane are
indicated in kDa; polypeptide and activity bands corresponding to the SRNase are shown by arrowheads. A slight difference was found in
molecular mass of the RNases between SDS±PAGE (a) and activitystained (b) gels. This is due to a non-heat treatment of the protein
extracts before loading onto the gel in activity staining, while in standard
SDS±PAGE, heat-denatured proteins were loaded.

and Solanum (Lee et al., 1994; Matton et al., 1997; Murfett
et al., 1994).
The genus Lycopersicon consists of both self-incompatible (SI) and self-compatible (SC) species. Cultivated
tomato, L. esculentum, is SC and is generally thought to
be derived from an SI species (Miller and Tanksley, 1990;
Rick, 1988). Self-compatible plants arise in SI species as a
consequence of a breakdown of the self-incompatibility

system at some points (de Nettancourt, 1977). Genetic
studies suggest that the breakdown of self-incompatibility
in L. esculentum is due to mutations at some loci,
including the S-locus (Bernatzky et al., 1995). Some spontaneous SC mutants have been reported in otherwise SI
species with defects in the S-RNase. For instance, an SC
accession of L. peruvianum has an amino acid substitution
at one of the essential His residues in the catalytic domain
of the S-RNase that leads to a complete loss of enzymatic
activity (Kowyama et al., 1994; Royo et al., 1994). Similarly,
deletion of an S-RNase gene is associated with a loss of
stylar SI response in an SC cultivar of Pyrus serotina
(Sassa et al., 1997).
Related to the breakdown of self-incompatibility within a
species is another mechanism of pollen rejection, known
as unilateral incompatibility (UI). Unilateral incompatibility
is commonly seen when two related plants, one SI and the
other SC, are reciprocally crossed. Pollen of an SC species
will be rejected when used to pollinate pistils of its SI
relative, whereas the reverse pollination is often compatible, i.e. pollen-tube growth is not arrested in the style
(Lewis and Crow, 1958). Genetic studies suggest the
involvement of multiple loci, including the S locus, in the
UI reaction of Lycopersicon (Chetelat and DeVerna, 1991).
The requirement for S-RNases in interspeci®c pollen
rejection has been shown in Nicotiana (Murfett et al.,
1996). For example, SI Nicotiana alata can reject pollen
from SC Nicotiana species, whereas an SC accession of N.
alata lacking stylar S-RNase cannot reject pollen of SC N.
plumbaginifolia. Transgenic studies further show that SRNase alone is not suf®cient for UI reaction in the SC
genetic background, indicating both the presence of an SRNase-dependent mechanism and the involvement of
genetic factors other than the S-RNase in controlling
interspeci®c pollination (Murfett et al., 1996). Recently,
McClure et al. (1999) identi®ed a small asparagine-rich
protein, designated HT, that was essential for S-allelespeci®c pollen rejection in the style of N. alata. The HT
protein is a factor other than S-RNase involved in selfincompatibility response, but it is not known whether HT is
also required for the UI response.
The reasons for self-compatibility in cultivated tomato,
L. esculentum, are still unclear despite the genetic
studies mentioned above. In the present study we
demonstrate that the style of L. esculentum lacks SRNase activity, and that the expression of a functional
S-RNase in transgenic plants is not suf®cient to confer
S-allele-speci®c or interspeci®c pollen rejection.
Furthermore, from the sequences and expression patterns of HT genes in L. peruvianum and L. esculentum,
we suggest that the HT protein, as well as the S-RNase,
is one of the missing stylar factors for SI pollen
rejection in cultivated tomato.
ã Blackwell Science Ltd, The Plant Journal, (2002), 29, 627±636
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Figure 2. Two-dimensional polyacrylamide gel electrophoresis pro®les of stylar extracts.
2D-PAGE pro®les of stylar extracts from S6S6 homozygote (a); S7S7 homozygote (b); and S6S7 heterozygote (c) of L. peruvianum, and from L. esculentum,
cv. Alisa Craig (d). Stylar extracts were fractionated by non-equilibrium gel electrophoresis in the ®rst dimension and SDS±PAGE in the second dimension,
followed by silver staining. Arrowheads show S-RNases. The 30 kDa doublet spots present in both L. peruvianum and L. esculentum are enclosed by a
circle (see text).

Results

Does cultivated tomato express stylar S-RNases?
The enzymatic activity of S-RNase in the style has been
shown to be essential for rejection of self-pollen in
solanaceous SI species (Lee et al., 1994; Murfett et al.,
1994). To explore the possibility that the lack of S-RNase
activity is also the cause of self-compatibility in L.
esculentum, we performed SDS±PAGE followed by in-gel
RNase activity assay on protein extracts from mature
styles of L. esculentum and SI and SC genotypes of L.
peruvianum. Under standard SDS±PAGE of stylar extracts,
the S-RNases in the SI and SC L. peruvianum plants
migrated as a band of approximately 30 kDa (Figure 1a,
lanes 1±3). The protein bands in the two SI lines (S6S6 and
S7S7) showed a strong RNase activity in the in-gel assay
(Figure 1b, lanes 1±2). In contrast, none of the extracts
from the SC genotype (ScSc) of L. peruvianum and the
cultivated varieties of L. esculentum exhibited such strong
RNase-active bands of approximately 30 kDa (Figure 1b,
lanes 3±9). In addition to the 30 kDa proteins, high levels of
ã Blackwell Science Ltd, The Plant Journal, (2002), 29, 627±636

RNase activity were detected around 22 kDa in all the
samples examined (Figure 1b) that are estimated to be
non-S RNase, corresponding to the RNase LE and RNase
LX of tomato (Kock et al., 1995) from sequence analyses of
the cDNA clones (K.K. and co-workers, unpublished data).
Weak doublets of RNase activity that varied slightly in size
among the lanes were observed around 30 kDa in the
tomato cultivars. These also were not thought to represent
an S-RNase, because similar weak bands were observed in
extracts from the SC L. peruvianum plant (Figure 1b, lane
3). These bands were seen in styles 4 days before anthesis,
when S-RNases are normally not expressed in the SI L.
peruvianum line (data not shown). Analysis of stylar
proteins from L. esculentum (cv. Alisa Craig) and three Sgenotypes of SI L. peruvianum by two-dimensional PAGE
(2D-PAGE) showed that a 30 kDa doublet was present
(Figure 2, circled), indicating they are not S-RNases. The
strong RNase-active band of around 30 kDa seen in the ingel assay of stylar extracts from SI L. peruvianum corresponded to abundant 30 kDa protein seen by 2D-PAGE
analysis (Figure 2a±c). By contrast, the stylar extract from
L. esculentum had no major spots typical of S-RNase
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except for the 30 kDa doublet (Figure 2d), suggesting that
the styles of L. esculentum either lack S-RNase or contain
very low levels of this protein.
Production of transgenic tomato plants expressing SRNase
The results mentioned above suggest the possibility that
the loss of S-RNase expression in L. esculentum could
cause a loss of self-incompatibility during the evolution of
this species. To test this possibility, we produced transgenic tomato plants (cv. Alisa Craig) that accumulate the L.
peruvianum S6-RNase in their styles. The construct used
(pBICS6) is shown in Figure 3(a). A chitinase gene
promoter (ChiP) that drives a high level of expression
speci®cally in mature styles of solanaceous plants
(Harikrishna et al., 1996) was ligated to the genomic
sequence of the S6-RNase gene. Plants transformed with
the pBICS6 construct ef®ciently expressed the transgene in
the style at both mRNA and protein levels (see below).
Analyses of 42 transgenic plants revealed the presence of
one to four copies of the transgene and various levels of
S6-RNase mRNA (data not shown). We selected seven
representative plants with different levels of transgene
expression for further analyses.
S-RNases are not suf®cient for self- and S-allele-speci®c/
interspeci®c pollen rejection in L. esculentum

Figure 3. Analysis of S6-RNase expressing transgenic plants.
(a) T-DNA construct harbouring the S6-RNase gene from L. peruvianum
used for transformation of L. esculentum. The plasmid pBICS6 consists
of a tomato chitinase promoter (ChiP) and an L. peruvianum S6 RNase
genomic fragment, which covers the entire coding exons, an intron and
the 3¢ untranslated region. Nucleotide position indicated by +1 is the
translational initiation site.
(b±e) Detection of S6-RNase and pollination behaviour in transgenic
tomato plants. Stylar extracts from L. peruvianum S6S6 plant,
untransformed tomato cv. Alisa Craig (control), and seven independent
transgenic plants (ACS6-25, 39, 60, 96, 82, 65 and 30) were analysed by
SDS±PAGE followed by silver staining (b); in-gel RNase activity assay (c);
and RNase activity assay of the extracts (d). Pollination behaviour was
determined by pollen-tube growth (e). Lycopersicon peruvianum S6S6,
S6S7 pollens and L. esculentum pollen were used for the pollination.
Compatible and incompatible pollinations are indicated by (+) and (±),
respectively.

SDS±PAGE and in-gel RNase assays were used to analyse
stylar proteins from the seven representative S6-RNase
transformants, and revealed that all the transgenic plants
expressed a major 30 kDa protein with RNase activity that
was absent from an untransformed tomato plant, and comigrated with the S6-RNase in an S6 homozygous L.
peruvianum plant (Figure 3b,c). The levels of S6-RNase
transcript roughly paralleled with the accumulation of the
30 kDa protein and its associated RNase activity (data not
shown). Transgenic S6-RNase expression was also accompanied by increases in the total RNase activity of the stylar
extract (Figure 3d).
The pollination behavior of the transgenic plants was
examined to see whether self, S-allele-speci®c or interspeci®c pollen rejection occurred. Compatibility with selfpollen and pollen with different S-genotype was assessed
by monitoring pollen-tube growth in the style. The slowed
growth characteristic of an incompatible pollen tube was
clearly seen in the SI cross (L. peruvianum S6S6 style with
S6 pollen; Figure 4a), whereas this was not observed when
self-pollinated in the styles of a transgenic plant that
expressed transgenic S6-RNase at levels comparable to
those in an L. peruvianum plant (Figure 4b) or pollinated
with either S6 (Figure 4c) or S7 pollen (Figure 4d). Seeds
were set after self-pollination of the transgenic plants.
ã Blackwell Science Ltd, The Plant Journal, (2002), 29, 627±636
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Figure 3(e) summarizes the results of the pollination test of
each transgenic plant. The results indicate that the lack of

S-RNase expression is not solely responsible for the lack of
capacity for pollen rejection in L. esculentum.

Figure 4. Pollen tube growth on the styles of transgenic L. esculentum expressing
S6-RNase and the SI and SC accessions of L. peruvianum after self- or
interspeci®c crosses.
Pollen-tube behaviour was observed under an epi¯uorescence microscope after
aniline blue straining. (a) Self-pollination of L. peruvianum S6S6 plant; (b) selfpollination of a transgenic plant, ACS6-39; (c) ACS6-39 transgenic style pollinated
with L. peruvianum S6 pollen; (d) ACS6-39 transgenic style pollinated with L.
peruvianum S7 pollen; (e) L. peruvianum S6S6 style pollinated with
untransformed L. esculentum pollen; (f) untransformed L. esculentum style
pollinated with L. peruvianum S6 pollen; (g) self-compatible L. peruvianum (ScSc)
style pollinated with untransformed L. esculentum pollen.

ã Blackwell Science Ltd, The Plant Journal, (2002), 29, 627±636

631

632

Katsuhiko Kondo et al.
In interspeci®c crosses, the SI style of L. peruvianum
rejected the pollen of SC L. esculentum (Figure 4e), but the
reverse cross was compatible (Figure 4f). The SC accession
of L. peruvianum (ScSc) that lacks S-RNase activity was
compatible with L. esculentum pollen (Figure 4g), indicating that the UI in the cross between L. esculentum and L.
peruvianum is S-RNase dependent. However, as mentioned above, S-RNase-expressing L. esculentum transformants were compatible to L. peruvianum pollen,
suggesting the UI response involves other factor(s) in
addition to the S-RNase.
L. esculentum has a defect in HT genes

Figure 5. Comparison of the deduced amino acid and nucleotide
sequences in the HT genes.
(a) Similarity of amino acid sequences in HT-A and HT-B proteins among
species. ScHT-A and ScHT-B are from Solanum chacoense (D. Matton,
personal communication). NaHT is an HT protein reported from
Nicotiana alata (McClure et al., 1999). Dashes and black background
indicate deletions and identity in the sequences, respectively.
(b) Nucleotide/amino acid sequences of LpHT-A from L. peruvianum
(Accession no. AB066582) and LeHT-A from L. esculentum (Accession no.
AB066584).
(c) Nucleotide/amino acid sequences of LpHT-B (Accession no. AB066583)
from L. peruvianum and LeHT-B (Accession no. AB066585) from L.
esculentum.
Arrowheads in (b) and (c) show a single deletion and a stop codon in the
ORF, respectively,

Genetic studies with solanaceous species, including
Lycopersicon, suggest that, in addition to S-RNase, other
genetic factors are required for incompatible pollen rejection in SI (Bernatzky et al., 1995). The only one of these
factors characterized so far is a small asparagine-rich
protein from N. alata, designated HT (McClure et al., 1999).
In order to examine if functional HT homologues were
present in Lycopersicon species, degenerate primers
based on the amino acid sequences of HT proteins from
N. alata (McClure et al., 1999) and Solanum chacoense
(D. Matton, personal communication) were used for RT±
PCR ampli®cations of stylar total RNA in L. peruvianum.
The nucleotide sequences of the cloned cDNAs revealed
the presence of two distinct HT homologues in L.
peruvianum that were designated LpHT-A and LpHT-B.
Sequence comparison showed that LpHT-B was more
similar to the N. alata HT protein, with 47% amino acid
identity (Figure 5a). Southern analysis with LpHT-A and
LpHT-B probes indicated that the L. esculentum genome
also contains these genes, and they are located in tandem
within 10 kbp of the genomic DNA (Figure 6a). Nucleotide
sequences and the deduced amino acid sequences of the
tomato homologues (LeHT-A and LeHT-B) were obtained
by PCR ampli®cation of genomic DNA (Figure 5a).
Northern blot hybridization revealed that the LeHT-B
transcript did not accumulate to a high level in stylar
RNA (Figure 6b). Furthermore, the nucleotide sequence of
the LeHT-B gene revealed the presence of a stop codon in
the coding sequence (Figure 5c), indicating that LeHT-B is
a non-functional gene. In contrast, the LeHT-A transcript
was detected at signi®cant levels in the style (Figure 6b),
but its coding region had a single nucleotide deletion that
causes frame shift and would result in the production of an
aberrant protein (Figure 5b). Therefore both HT genes in L.
esculentum were estimated to be non-functional.
Discussion
In the present study, we have shown that the styles of
cultivated tomato, L. esculentum, either do not express an
ã Blackwell Science Ltd, The Plant Journal, (2002), 29, 627±636
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S-RNase, or do so only at a very low level. It is not known
whether the defect affecting S-RNase expression in L.
esculentum is at the transcriptional or translational level,
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or whether a sequence corresponding to the S-RNase gene
is deleted in the L. esculentum genome. An unsuccessful
attempt to amplify the S-RNase sequence using primer
pairs for conserved regions was made using genomic DNA
and cDNA from the different tomato cultivars. This
approach had been successfully used to amplify 18
different S-RNase alleles from several Lycopersicon species (Kondo et al., 2001). This suggests that the S-RNase
sequences in the genome of L. esculentum have been
either deleted or extensively mutated. A similar situation
has been reported for Arabidopsis thaliana, a self-compatible species (Kusaba et al., 2001). They suggest that selfcompatibility in A. thaliana is associated with inactivation
of genes involved in the self-incompatibility.
As a high level of S-RNase expression in the style has
previously been shown to be essential for the gametophytic self-incompatibility response in the Solanaceae, the lack
of S-RNase expression may be why tomato styles fail to
reject self-pollen. However, expression of a functional S6RNase gene in transgenic tomato plants, even at levels
comparable to those in SI L. peruvianum, did not result in
the ability to reject either self-pollen or S6 pollen from L.
peruvianum. As the tomato cultivar used in transgenic
study is SC, it may be a natural consequence for the styles
of the transgenic plants not to reject self-pollen. However,
it should be noted that L. peruvianum styles reject L.
esculentum pollen through the UI reaction. Thus the
inability of the transgenic plants to reject S6 pollen from
L. peruvianum indicates that other stylar component(s)
required for S-allele-speci®c pollen rejection are also
missing from L. esculentum. The result is consistent with
previous genetic studies on lines of L. esculentum into
which chromosomal fragments derived from SI accession
of L. hirsutum had been introgressed (Bernatzky et al.,
1995).
A candidate for the stylar factor missing from L.
esculentum is the HT protein, which has been shown to
be required for S-allele-speci®c pollen rejection in N. alata
(McClure et al., 1999). We have identi®ed two distinct
cDNA clones for HT protein homologues in L. peruvianum,
LpHT-A and LpHT-B, and have shown that the latter has a
higher level of amino acid identity to the N. alata HT
protein than the former. Thus the HT gene originally
reported in N. alata corresponds to HT-B. Southern

Figure 6. DNA and RNA gel-blot analyses of HT-A and HT-B genes.
(a) DNA (5 mg) prepared from L. peruvianum S6S6 homozygote (upper)
and L. esculentum cv. Alisa Craig (lower) was digested with some
restriction enzymes indicated and analysed by DNA gel-blot hybridization
using 32P-labeled LpHT-A or LpHT-B cDNA as a probe.
(b) Total RNA prepared from the styles of L. peruvianum (S6S6 and S7S7)
and L. esculentum versus Alisa Craig (Ac), Mini Carol (Mc) and Chelsea
mini (Cm) was analysed by RNA gel blot probed with 32P-labeled LpHT-A
or LpHT-B cDNA. rRNA is shown as a loading control.

ã Blackwell Science Ltd, The Plant Journal, (2002), 29, 627±636
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hybridization and PCR analysis with genomic DNA from L.
esculentum revealed the presence of LeHT-A and LeHT-B
genes, which corresponded to LpHT-A and LpHT-B,
respectively. However, neither of these genes encodes a
functional protein. LeHT-A was transcribed at a high level,
but had a single nucleotide deletion that caused a frame
shift in the coding region. LeHT-B was not transcribed in
the style. Although it is not known if both HT gene
products are required for pollen rejection in self-incompatibility reactions, the results suggest that HT-B is one of
the missing stylar factors in L. esculentum beside the SRNase. The lack of both S-RNase and HT protein has been
also described for N. plumbaginifolia (McClure et al., 1999).
As the role of HT proteins in the S-RNase mediated selfincompatibility system of Lycopersicon is not uncertain,
further studies are required through biochemical and
molecular analyses of transformed plants.
The failure to confer the capacity for S-allele-speci®c and
interspeci®c pollen rejection has also been reported in
transgenic SC N. plumbaginifolia with an introduced SRNase gene from N. alata (Murfett et al., 1996). The
absence of HT-B expression is common to both species,
N. plumbaginifolia and L. esculentum, and may be one of
the factors still missing in the transgenic plants, as
described here. Our study suggests a molecular basis for
self-incompatibility breakdown in the cultivated tomato.
Nothing is known about whether stylar gene products
other than the S-RNase and HT are required for selfincompatibility and are missing in SC species in the genus
Lycopersicon. Above all, identi®cation of pollen factor(s)
involved in the recognition system of gametophytic selfincompatibility remains an important issue. While the
molecular identi®cation of such genes is essential for a full
understanding of how SC species evolved from SI ancestors, our knowledge of this issue will be advanced by
further detailed analyses of transgenic plants with both SRNase and HT genes in cultivated tomato.
SI plants usually reject pollen from related SC species,
while the reverse pollination is compatible. Such interspeci®c cross relationships are known as UI. Although a
mechanism distinct from that of SI has been proposed for
UI in Lycopersicon (Hogenboom, 1972), genetic studies
indicate the involvement of the S locus in UI. Three
separate loci, one of which is at or near the S locus, were
shown to be involved in interspeci®c pollen rejection in
Lycopersicon (Chetelat and DeVerna (1991). Murfett et al.
(1996) demonstrated the presence of both S-RNasedependent and -independent mechanisms in the UI
among various Nicotiana species. The SC genotype
(ScSc) of L. peruvianum that lacks S-RNase activity clearly
showed a decreased UI response, which implicates the SRNases in rejection of L. esculentum pollen on the style of
L. peruvianum. In contrast, transgenic tomato styles
expressing S6-RNase showed no UI response towards L.

esculentum and L. peruvianum pollen. This suggests the
involvement of a stylar factor(s) other than the S-RNase in
the UI response of the Lycopersicon. Whether the HT
proteins are also involved in interspeci®c pollen rejection
is currently under investigation.
Experimental procedures
Plant materials
Lycopersicon peruvianum plants homozygous for three S-alleles,
S6, S7 and Sc, were described in an earlier study (Kowyama et al.,
1994). Seeds of seven tomato cultivars were a gift of the National
Institute of Vegetable and Tea Science, Japan. One of these
cultivars, Alisa Craig, was used for transformation.

Protein electrophoresis and in-gel activity assay
Styles were collected from ¯owers at anthesis, immediately
frozen in liquid nitrogen, and stored at ±80°C until needed. For
protein extraction, styles were ground into a ®ne powder in liquid
nitrogen and homogenized in extraction buffer [0.1 M Tris±HCl
pH 7.8, 10 mM EDTA, 1.5% (w/v) ascorbic acid and 2% (w/v)
polyclar AT (polyvinylpyrrolidone) (Nacalai tesque, Kyoto,
Japan)]. The extract was separated by the centrifugation at
12 500g for 10 min. The supernatant was recovered and stored
at ±20°C. Protein concentration was determined with the
Coomassie blue protein assay kit (Bio-Rad, Hercules, CA, USA)
using bovine serum albumin as a standard. SDS±PAGE and in-gel
activity assay were performed according to the method described
previously (Kowyama et al., 1994). Proteins in the SDS±PAGE gel
were detected by silver staining using the Sil-Best Stain for
protein/PAGE (Nacalai tesqu, Japan).

Two-dimensional gel electrophoresis
Proteins were extracted with a lysis buffer containing 8 M urea,
2% ampholine (Amersham Pharmacia Biotech, Piscataway, NJ,
USA), pH 3.5±10.0, 1% Polyclar-AT and 5% 2-mercaptoethanol,
and the supernatant fraction was recovered by centrifugation.
Two-dimensional polyacrylamide gel electrophoresis (non-equilibrium gel electrophoresis in the ®rst dimension and SDS±PAGE
in the second) was performed as described (Sassa et al., 1993).

Plant transformation
Plasmid pBICS6 was constructed to contain the tomato chitinase
promoter (ChiP) provided by Gasser (University of California,
Davis, USA), and ligated to the genomic DNA fragment of S6RNase gene (Figure 3a). The plasmid was electroporated into
Agrobacterium tumefaciens LBA4404. Tomato plants cv. Alisa
Craig were transformed by a leaf disk method (Horsch et al., 1985)
using the cotyledons as explants.

Pollination assay
Flowers were emasculated 1 day before anthesis. Pollinations
were performed at anthesis using fresh, mature pollen. Pollinated
pistils were harvested 48 h after pollination, ®xed with 25% acetic
acid, treated with heat at 80°C for 20 min, stained with aniline blue
ã Blackwell Science Ltd, The Plant Journal, (2002), 29, 627±636
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(Kho and Baer, 1968), and observed under an epi¯uorescence
microscope with a green ®lter. The incompatible reactions were
assessed with pollen-tube growth in the style.

PCR ampli®cation and sequencing of cDNA and genomic
DNA encoding the HT genes
Three degenerate primers were designed based on the amino
acid sequences of HT-proteins from N. alata (McClure et al., 1999)
and Solanum chacoense (D. Matton, personal communication).
The sequence of the upstream primer [HT-NS2: 5¢-ATA TCA TCA
GA(G/A) GTT ATT GC(A/T) AGG GA(A/T) GGG A(A/T)A TG-3¢] was
derived from the signal peptide sequences, and the sequences of
the downstream primers [HT-C1: 5¢-TCC TTT ATT CAA CCA AT(C/
T) TCA TAT TA-3¢; HT-C2B: 5¢-CAA AAA TAT TAC ATA ATA TTT
TGT AGT CG-3¢] from the C-terminus of HT proteins. First-strand
cDNA was synthesized from 4 mg total RNA prepared from the
styles using a ®rst-strand cDNA synthesis kit (Amersham
Pharmacia Biotech). The PCR ampli®cation was performed with
0.1 mg genomic DNA or the ®rst-strand cDNA corresponding to
4 mg of total RNA as a template in a 50 ml reaction containing
1.25 mM each of upstream and downstream primers, 250 mM
dNTPs, 10 mM Tris±HCl pH 8.0, 50 mM KCl, 2.0 mM MgCl2, and
2.0 units of Ex Taq DNA polymerase (Takara, Shiga, Japan), with
cycles of 95°C for 1 min, 50°C for 1 min, then 72°C for 1 min. The
PCR products corresponding to HT-A and HT-B obtained after the
ampli®cation with primer pairs of HT-NS2 and HT-C1 primers, and
HT-NS2 and HT-C2B, respectively, were puri®ed by agarose gel
electrophoresis, subcloned into pCRII (Invitrogen, Carlsbad, CA,
USA) and sequenced. The sequence analysis was performed by
using a CEQ dye terminator cycle-sequencing quick-start kit and
CEQ 2000 DNA analysis system (Beckman Coulter, Fullerton, CA,
USA).

RNA gel-blot analysis
The RNA was prepared from styles by a hot phenol method
(Chirgwin et al., 1979). For Northern analysis, 10 mg total RNA
were fractionated on a 1.2% agarose gel containing formaldehyde
and blotted to a nylon membrane (Bio-Rad, USA). RNA was ®xed
to the membrane by baking at 80°C for 2 h, prehybridized in a
hybridization buffer (50% formamide, 5 3 SSC, 5 3 Denhardt's
solution, 0.1% SDS, 50 mM NaHPO4, 0.5 mg ml±1 salmon sperm
DNA) at 42°C for 1 h and hybridized in the same buffer containing
32
P-labelled probes at 42°C for 16 h. The hybridized ®lter was
washed in 2 3 SSC containing 0.1% SDS at room temperature for
20 min and then in 0.1 3 SSC/0.1% SDS at 55°C for 20 min, three
times. The DNA probe was labeled using a random primer
labeling kit according to the manufacturer's instructions (Takara).

DNA-blot analysis
Total DNA was prepared from leaves as described previously
(Rogers and Bendich, 1988). After digestion with restriction
enzymes, DNA was separated by electrophoresis on a 0.7%
agarose gel, transferred to a nylon membrane, and hybridized as
described above for RNA gel-blot analysis.
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