
Synthetic mRNA was injected into the yolk of embryos previously injected with
morpholino. The following plasmids were linearized, and sense-strand-capped mRNA was
synthesized: pCS2 þ zebrafish LIV1 (NotI, SP6), pCS2 þ zebrafish STAT3 (NotI, SP6)10,
and pCS2 þ mouse Snail (NotI, SP6)14. The cDNA sequence of full-length mouse Snail
(1–264)20 and C-terminus-deleted mouse Snail (1–151)20 was amplified by high-fidelity
PCR using specific oligonucleotides primers that created an EcoRI site at the 3 0 end. The
resulting PCR product was cloned into a unique EcoRI site located upstream of the ATG of
the GFP gene in the pCS2 expression plasmid.

Cell culture, RNAi and RT–PCR
Mouse proB cell lines Baf/B03 stably expressing human G-CSFR-gp130 chimaeric
receptors were maintained as described17. Cells were starved with factor-free medium for
6 h followed by stimulation with medium containing 100 ng ml21 of human G-CSF for the
indicated time. Human prostate-cancer cell line DU145 was cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS).
The small interfering RNA (siRNA) for human STAT3 and siFector were purchased from
Dharmacon and B-Bridge, respectively. RNA interference (RNAi) screens were performed
according to the manufacturers’ protocols. Primers used for reverse transcription
(RT)–PCR were as follows: mLIV1; 5

0
-AAAAATCCTAGAACTAGTCTAGGGAAAGGA-3

0

(sense), 5 0 -CCTTCAGCTCCTCTCGAGAGTAGCGCTGGC-3 0 (antisense), mSOCS3;
5

0
-ATGGTCACCCACAGCAAGTTT-3

0
(sense), 5

0
-TTAAAGTGGAGCATCATACTG-3

0

(antisense), mG3PDH; 5 0 -TGAAGGTCGGTGTGAACGGATTTGGC-3 0 (sense),
5 0 -CATGTAGGCCATGAGGTCCACCAC-3 0 (antisense), hSTAT3; 5 0 -GATCTGAATGG
AAACAACCAG-3

0
(sense), 5

0
-GCACACTTTAATTTTAAGCTG-3

0
(antisense), hLIV1;

5 0 -GCAATGGCGAGGAAGTTATCT-3 0 (sense), 5 0 -CTATTGTCTCTAGAAAGTGAG-3 0

(antisense), hSOCS3; 5
0
-ATGGTCACCCACAGCAAGTTT-3

0
(sense), 5

0
-TTAAAGC

GGGGCATCGTACTG-3
0

(antisense), hCyclophilin-B; 5
0
-ATGCTGCGCCTCTCCG

AACGC-3 0 (sense), 5 0 -GTACTCCTTGGCGATGGCAAA-3 0 (antisense), hG3PDH;
5

0
-TGAAGGTCGGAGTCAACGGAT-3

0
(sense), 5

0
-CATGTGGGCCATGAGGTCCAC-3

0

(antisense).

Cell-tracing experiments
Cell-tracing experiments were performed essentially as described previously10. 100 pl of
0.5% DMNB-caged fluorescein-dextran (molecular weight 10,000, Molecular Probes) was
injected into the yolk cell of one-cell-stage embryos previously injected with 10 ng of the
indicated morpholino. To uncage the dye, a beam of ultraviolet light (l , 360 nm),
generated using a DAPI filter set, was directed for 1 s at the dorsal or lateral blastoderm
margin.

Transplantation experiments
Transplantation experiments were performed essentially as described previously10. Donor
embryos were injected into the yolk cell of one-cell-stage embryos with 100 pl of 0.5%
rhodamine-dextran (m r 10,000, Molecular Probes) or with 100 pl of 0.5% fluorescein-
dextran (m r 10,000, Molecular Probes), and 10 ng of the indicated morpholino. A small
population of deep cells (10–30 cells) from the embryonic shield of donor embryos was
transplanted into the embryonic shield of host embryos at the same developmental stage.

Reporter assays
Reporter assays were performed essentially as described previously14. The reporter
construct pGL3-E-cadh promoter (2.5 pg), which corresponds to the 2178 to þ92 human
E-cadherin promoter fragment, was injected into one-cell-stage embryos with or without
the synthetic RNA and/or the antisense morpholino. Firefly luciferase (Luc) and Renilla
reniformis luciferase (Rlluc) activities were measured using the Dual Luciferase Reporter
Assay System (Promega) at the shield stage (6 hours post fertilization, h.p.f.), according to
the manufacturer’s protocol. Luc activity was always normalized to the Rlluc activity.
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Many flowering plants have adopted self-incompatibility mecha-
nisms to prevent inbreeding and promote out-crosses1. In the
Solanaceae, Rosaceae and Scrophulariaceae, two separate genes at
the highly polymorphic S-locus control self-incompatibility
interactions: the S-RNase gene encodes the pistil determinant
and the previously unidentified S-gene encodes the pollen deter-
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minant2–4. S-RNases interact with pollen S-allele products to
inhibit the growth of self-pollen tubes in the style. Pollen-
expressed F-box genes showing allelic sequence polymorphism
have recently been identified near to the S-RNase gene in
members of the Rosaceae and Scrophulariaceae5–8; but until
now have not been directly shown to encode the pollen determi-
nant. Here we report the identification and characterization of
PiSLF, an S-locus F-box gene of Petunia inflata (Solanaceae). We
show that transformation of S1S1, S1S2 and S2S3 plants with the
S2-allele of PiSLF causes breakdown of their pollen function in
self-incompatibility. This breakdown of pollen function is con-
sistent with ‘competitive interaction’, in which pollen carrying
two different pollen S-alleles fails to function in self-incompat-
ibility1,9,10. We conclude that PiSLF encodes the pollen self-
incompatibility determinant.

To maintain self-incompatibility, genes encoding the pollen and
pistil specificity determinants must be tightly linked at the S-locus.
Otherwise, intergenic recombination would cause the breakdown of
self-incompatibility by generating different pollen and pistil speci-
ficities within a single S-haplotype. We thus searched for the pollen
S-gene of P. inflata on a previously constructed 328-kilobase (kb)
bacterial artificial chromosome (BAC) contig that contains S2-
RNase11,12. Sequence analysis of this contig revealed an open reading
frame for 389 amino acids, located ,161 kb downstream of the
S2-RNase gene. The predicted protein contains an F-box motif at its
amino terminus, and was named PiSLF2 (P. inflata S-locus F-box,
with ‘2’ indicating the allele number).

To ascertain whether PiSLF is expressed, an 888-base-pair (bp)
fragment of the PiSLF2 coding region (without the F-box coding
sequence) was used as a probe in RNA gel blot analysis (Fig. 1a). A
,1.4-kb transcript was detected in anthers, mature pollen and
pollen tubes, but not in any of the other tissues examined. During
pollen development, the transcript was first detected in stage-three
anthers (containing microspores undergoing mitosis), peaked in
stage-four anthers (containing immature bicellular pollen) and
subsequently declined. Although this expression pattern is some-
what unexpected for a gene that may function during pollen-tube
growth in the style, transcript abundance may not reflect protein
levels and the pollen tubes obtained by in vitro germination may not
reflect the situation in vivo. Genomic DNA blot analysis revealed an

S-haplotype-specific restriction-fragment length polymorphism
(RFLP) (Fig. 1b).

We used reverse transcription polymerase chain reaction (RT–
PCR) to isolate a ,1.3-kb complementary DNA fragment of PiSLF2

from total RNA of S2 pollen; the cDNA sequence is identical to the
sequence of the corresponding region of PiSLF2 in the 328-kb
contig. To determine the degree of allelic sequence diversity of
PiSLF, we used RT–PCR to obtain cDNAs for PiSLF1 and PiSLF3

from the total RNA isolated from S1 and S3 pollen, respectively. The
cDNA obtained for each S-genotype was used as a probe in genomic
DNA blot analysis, and generated the same RFLP pattern as shown
in Fig. 1b (results not shown), confirming that these cDNAs
correspond to alleles of PiSLF. The deduced amino acid sequences
of the S1-, S2- and S3-alleles of PiSLF (Supplementary Fig. S1) show
10.3% to 11.6% allelic sequence diversity, which is lower than that of
the S-RNase (18.9% to 26.4%)13, but higher than that of two other
S-linked F-box proteins of P. inflata that we had previously
identified (3.2% to 5.1% for A113 and 1.8% to 3.4% for A134)14.

To ascertain whether PiSLF encodes the pollen S-determinant, we
took advantage of a well-documented cause of breakdown of pollen
S-function in the Solanaceae, termed competitive interaction.
Competitive interaction occurs in self-incompatible plants that
carry two different S-haplotypes when one of the S-loci, or some
part of it that contains the pollen S-allele, is duplicated, or if these
plants become tetraploids1,9,10. Among the pollen grains produced,
those carrying two different pollen S-alleles (that is, heteroallelic
pollen), but not those carrying two copies of the same pollen S-allele
(that is, homoallelic pollen), fail to function in self-incompatibility.
How different pollen S-alleles ‘compete’ to cause the breakdown of
self-incompatibility function is not understood. We reasoned that if
PiSLF is the pollen S-gene, then introducing its S2-allele into self-
incompatible plants of S1S1 genotype should render the transgenic
plants self-compatible. As illustrated in Fig. 2a, if an S1S1 plant
carries one copy of the PiSLF2 transgene, half the pollen produced
will carry the transgene. Upon self-pollination, pollen carrying the
transgene will be compatible with the pistil because of competitive
interaction between the endogenous S1-allele and the introduced
S2-allele of PiSLF. In contrast, pollen not carrying the transgene will

Figure 1 Characterization of PiSLF. a, RNA gel blot analysis of expression of PiSLF. Each

lane contains 20 mg of total RNA. The anther stages are defined by flower-bud size as

previously described21. b, Genomic DNA blot analysis of six S-genotypes. Each lane

contains 15 mg of genomic DNA digested with EcoRI. The probe used for the upper blot in

a and for the blot in b was an 888-bp fragment of PiSLF2 without the F-box motif region.

DNA and RNA size markers are indicated.

Figure 2 Schematic representation of transformation experiments to ascertain the

function of PiSLF. a, Self-incompatibility behaviour of an S1S1 transgenic plant carrying a

single copy of the PiSLF2 transgene. b, Self-incompatibility behaviour of an S2S3

transgenic plant carrying a single copy of the PiSLF2 transgene. The genotypes of pollen

produced, the predicted S-genotypes of the progeny resulting from self-pollination, and

inheritance of the transgene are indicated.
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behave normally and be rejected by the pistil. Thus, all the progeny
from self-pollination will carry the PiSLF2 transgene and be self-
compatible.

A ,4.3-kb fragment of PiSLF2 (Supplementary Fig. S2) was
introduced into S1S1 plants via Agrobacterium-mediated transform-
ation. Genomic DNA blot analysis showed that of the 25 T0

transgenic plants obtained, 20 (for example, the plant designated
S1S1/PiSLF2-3) carried two or more copies of the transgene, and five
(designated S1S1/PiSLF2-1, -2, -4, -5, -6) carried a single copy
(Fig. 3a). The mature flowers of these five transgenic plants were
self-pollinated and all pollinations resulted in large fruits, with an
average seed number per fruit ranging from 115 to 170, comparable
to those obtained from compatible pollination between wild-type
plants. These five plants were further analysed to determine whether
the breakdown of self-incompatibility was caused by competitive
interaction.

First, we designed two pairs of PCR primers, one specific to
PiSLF1 and the other to PiSLF2, and used RT–PCR to examine the
expression of both alleles of PiSLF in pollen. Products specific to
PiSLF1 and PiSLF2 were obtained in all five plants (Fig. 3b),
demonstrating that both endogenous PiSLF1 and the PiSLF2 trans-
gene were expressed. This is consistent with the suggestion that
competitive interaction is not due to silencing of pollen S-alleles
present in heteroallelic pollen15.

Next, we examined whether it was the pollen or the pistil that
failed to function in self-incompatibility. When a wild-type S1S1

plant was pollinated by pollen from S1S1/PiSLF2-1, large fruits were
obtained with an average seed number per fruit of 120. However,
when S1S1/PiSLF2-1 was pollinated by pollen from the wild-type
S1S1 plant, no fruits were obtained. Similar results were found
when S1S1/PiSLF2-2 was reciprocally crossed with the wild-type S1S1

plant. Thus, the presence and expression of the PiSLF2 transgene
caused the breakdown of the pollen function, but not of the pistil
function, in self-incompatibility.

We raised 30 progeny (T1 plants) from self-pollination of S1S1/
PiSLF2-1 and examined the inheritance of the PiSLF2 transgene.
PCR analysis revealed that all 30 plants carried the PiSLF2 transgene
(the results for eight T1 plants are shown in Fig. 3c). The presence of
the transgene in these eight T1 plants was further confirmed by
genomic blot analysis (Fig. 3d). The finding that all the progeny
from self-pollination of S1S1/PiSLF2-1 inherited the PiSLF2 trans-
gene is consistent with the breakdown of self-incompatibility
resulting from competitive interaction between PiSLF1 and PiSLF2

(Fig. 2a). Moreover, all eight T1 plants were self-compatible and set
large fruits with an average seed number per fruit ranging from 132
to 165. We also pollinated a wild-type S1S1 plant with pollen from
S1S1/PiSLF2-1 and -2, and found from PCR analysis that all 50 T1

plants of S1S1/PiSLF2-1 and all 49 T1 plants of S1S1/PiSLF2-2 carried
the transgene (results not shown).

To further examine whether the PiSLF2 transgene specifically
affects the self-incompatibility behaviour of heteroallelic pollen, we
introduced the PiSLF2 transgene into S1S2 and S2S3 plants (the
predicted results for S2S3 are shown in Fig. 2b). Self-pollinations of
three S1S2 transgenic plants and three S2S3 transgenic plants, all of
which carried a single copy of the transgene, resulted in large fruits
(with an average seed number per fruit ranging from 125 to 178). All
of these plants rejected pollen from wild-type plants of the same
S-genotype. The progeny from self-pollinations of S1S2/PiSLF2-1
and S2S3/PiSLF2-1 were analysed for the S-genotype and inheritance
of the transgene. For S1S2/PiSLF2-1, all 46 T1 plants were either S1S1

(16) or S1S2 (30); for S2S3/PiSLF2-1, all 48 T1 plants were either S3S3

(18) or S2S3 (30). Figure 4 shows representative results of the
progeny of S2S3/PiSLF2-1. The absence of S2S2 genotype in the
progeny of these two transgenic plants suggests that S2 pollen was
rejected, and hence the PiSLF2 transgene does not affect the self-
incompatibility function of S2 pollen. Moreover, all of the 94 T1

plants examined carried the PiSLF2 transgene, suggesting that only
S1 pollen carrying the transgene and S3 pollen carrying the transgene
were compatible with S1S2 and S2S3 pistils, respectively.

From the results of the analyses of the T0 and T1 transgenic plants,
we conclude that PiSLF encodes the pollen determinant of S-RNase-
mediated self-incompatibility. The finding that an F-box protein

  

Figure 3 Analyses of S1S1 transgenic plants carrying PiSLF2 transgene. a, Transgene

copy number of six T0 plants. Genomic DNA was digested with XbaI and hybridized with

the same PiSLF2 probe as that used in Fig. 1. b, RT–PCR analysis of endogenous PiSLF1

and the PiSLF2 transgene in the five T0 plants (S1S1 /PiSLF2 -1, -2, -4, -5, -6) carrying a

single copy of the transgene. c, PCR analysis of inheritance of the PiSLF2 transgene in

eight T1 plants from self-pollination of S1S1/PiSLF2 -1. d, DNA blot analysis to confirm the

results shown in c. In a and d, asterisks denote the endogenous PiSLF1 gene, and

additional hybridizing fragment(s) correspond to the PiSLF2 transgene. Wild-type plants

are included as controls.

Figure 4 Analysis of progeny of an S2S3 transgenic plant, S2S3 /PiSLF2-1, carrying a

single copy of the PiSLF2 transgene. Genomic DNA was digested with Xba I and hybridized

with the same PiSLF2 probe used in Fig. 1. Asterisks denote the endogenous PiSLF2 and

PiSLF3 genes indicated in parentheses. The additional hybridizing fragment in each lane

corresponds to the PiSLF2 transgene. A wild-type plant of S2S3 genotype is included as a

control.

letters to nature

NATURE | VOL 429 | 20 MAY 2004 | www.nature.com/nature304 ©  2004 Nature  Publishing Group



determines pollen specificity in self-incompatibility interactions has
important implications for how S-RNases specifically inhibit the
growth of self-pollen tubes. It has been shown that RNase activity is
required for the function of S-RNases16, and that both self and non-
self S-RNases are taken up by pollen tubes growing in a pistil17.
Therefore, it seems that only self S-RNase is able to function inside a
pollen tube, degrading RNA substrate(s) to inhibit pollen-tube
growth. This raises the question as to how the toxicity of non-self
S-RNases is neutralized.

Recently, it has been shown that an S-locus F-box protein of
Antirrhinum (Scrophulariaceae), AhSLF-S2, is a likely component of
the SCF complex (composed of Skp1, Cullin1, Rbx1 and an F-box
protein)18, which is involved in ubiquitin-mediated protein degra-
dation by the 26S proteasome19. Interestingly, AhSLF-S2 interacts
with both self and non-self S-RNases, but appears to mediate
degradation of only non-self S-RNases18. Because there are multiple
S-linked F-box genes in Antirrhinum8 and P. inflata14, whether
AhSLF is an orthologue of PiSLF remains to be determined. If
PiSLF is a component of the SCF complex, its interaction with a
domain common to all S-RNases might lead to ubiquitination
and degradation, but this interaction would be prevented by an
alternate specific interaction between PiSLF and its cognate self
S-RNase. A

Methods
DNA and RNA gel blot analyses
Isolation of genomic DNA from young leaves and genomic DNA blot analysis were carried
out as previously described14, as was isolation of total RNA and RNA gel blot analysis20.

Construction of transgene and Agrobacterium-mediated transformation
An,11-kb DNA fragment containing PiSLF2 was released from BAC clone 145J16 (ref. 12)
by BamHI digestion and cloned into the BamHI site of pBluescript KS þ (Stratagene) to
yield pBS-11K. pBS-11K was digested with SalI, made blunt-ended by Klenow enzyme,
and digested with XbaI to release a , 4.3-kb fragment containing PiSLF2. A Ti plasmid,
pBI101 (Clontech), was digested with SacI, made blunt-ended by T4 DNA polymerase,
and digested with XbaI. The ,4.3-kb DNA fragment containing PiSLF2 was ligated into
the XbaI site and the blunt-end site of pBI101 (see Supplementary Fig. S2). The
recombinant Ti plasmid was electroporated into Agrobacterium tumefaciens strain
LBA4404 using a Cell-Porator (Life Technologies). The transformation of P. inflata leaf
strips with Agrobacterium was carried out as described previously2.

PCR and RT–PCR
To clone PiSLF1, PiSLF2 and PiSLF3 by RT–PCR, cDNA was separately synthesized from
5 mg of total RNA isolated from S1, S2 and S3 pollen using 200 units of SuperScript II
RNaseH-reverse transcriptase (Invitrogen). PCR was carried out on the cDNA of each
S-genotype in a standard reaction buffer containing 0.25 mM each of forward primer
(5

0
-GATCCAGTTGAATGAGATGG-3

0
) and reverse primer, oligo (dT)17, and two units of

Taq DNA polymerase (Fisher Scientific). The reaction mixture was denatured at 94 8 C for
1 min, then subjected to 30 cycles, with each cycle consisting of denaturation at 94 8 C for
45 s, annealing at 45 8C for 45 s and extension at 72 8C for 1 min. After the last cycle, the
sample was kept at 72 8C for an additional 10 min. PCR products were gel-purified and
ligated into pGEM-T Easy vector (Promega).

To assess the presence of the PiSLF 2 transgene in T0 and T1 transgenic plants, PCR was
carried out on 5 ng of genomic DNA isolated from each plant as described above, except
that the forward primer was 5 0 -TATTAACATTTCCAGTGAAATCTCTTAT-3 0 , the reverse
primer was 5 0 -GTATCAGGCATTTTCATATCATGAAAC-3 0 and the annealing
temperature was 58 8C. To examine the expression of PiSLF1 and PiSLF2 in T0 transgenic
plants, cDNA was synthesized as described above. PCR conditions were the same as those
described above except that for PiSLF1, the annealing temperature was 63 8C and the
primers used were: 5

0
-TGTTAACATTTCCCGTTAAATCTCTCCT-3

0
(forward primer)

and 5 0 -ATCTTTT ACTGGATCAATAGAGCTTATTGG-3 0 (reverse primer). To use actin as
the control in RT–PCR, two primers, 5

0
-GGCATCACACTTTCTACAATGAGC-3

0

(forward) and 5
0
-GATATCCACATCACATTTCATGAT-3

0
(reverse), were designed on the

basis of the sequence of pollen-expressed Arabidopsis actin 12 (At3g46520).
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Sexual reproduction in many angiosperm plants involves self-
incompatibility (SI), which is one of the most important mecha-
nisms to prevent inbreeding. SI is genetically controlled by the
S-locus, and involves highly specific interactions during pollina-
tion between pollen and the pistil on which it lands. This results
in the rejection of incompatible (‘self ’) pollen, whereas compa-
tible (‘non-self ’) pollen is allowed to fertilize the plant1. In
Papaver rhoeas, S-proteins encoded by the stigma component
of the S-locus interact with incompatible pollen, triggering a
Ca21-dependent signalling network2–7, resulting in the inhibition
of pollen-tube growth. Programmed cell death (PCD) is a
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