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Abstract The specificity of S-RNase-based self-incom-

patibility (SI) is controlled by two S-locus genes, the pistil

S-RNase gene and the pollen S-locus-F-box gene. S-RNase

is synthesized in the transmitting cell; its signal peptide is

cleaved off during secretion into the transmitting tract; and

the mature ‘‘S-RNase’’, the subject of this study, is taken

up by growing pollen tubes via an as-yet unknown mech-

anism. Upon uptake, S-RNase is sequestered in a vacuolar

compartment in both non-self (compatible) and self

(incompatible) pollen tubes, and the subsequent disruption

of this compartment in incompatible pollen tubes correlates

with the onset of the SI response. How the S-RNase-con-

taining compartment is specifically disrupted in incom-

patible pollen tubes, however, is unknown. Here, we

circumvented the uptake step of S-RNase by directly

expressing S2-RNase, S3-RNase and non-glycosylated

S3-RNase of Petunia inflata, with green fluorescent protein

(GFP) fused at the C-terminus of each protein, in self

(incompatible) and non-self (compatible) pollen of trans-

genic plants. We found that none of these ectopically

expressed S-RNases affected the viability or the SI

behavior of their self or non-self-pollen/pollen tubes. Based

on GFP fluorescence of in vitro-germinated pollen tubes,

all were sequestered in both self and non-self-pollen tubes.

Moreover, the S-RNase-containing compartment was

dynamic in living pollen tubes, with movement dependent

on the actin–myosin-based molecular motor system. All

these results suggest that glycosylation is not required for

sequestration of S-RNase expressed in pollen tubes, and

that the cytosol of pollen is the site of the cytotoxic action

of S-RNase in SI.
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Introduction

Self-incompatibility (SI) is a reproductive strategy adopted

by flowering plants to prevent inbreeding and promote

outcrossing (de Nettancourt 2001). SI allows the pistil to

distinguish between genetically related (self) and unrelated

(non-self) pollen. As a result of this self/non-self recogni-

tion, self-pollen is rejected either on the stigmatic surface

or during tube growth in the style, whereas non-self-pollen

is accepted for fertilization (for a comprehensive treatise,
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see Frankin-Tong 2008). S-RNase-based SI, found so far in

the Solanaceae, Rosaceae, and Plantaginaceae families, is

of the gametophytic type, i.e., the SI phenotype of the

pollen is determined by its own S-haplotype. Pollen is

recognized as self-pollen only if the S-haplotype it carries

is identical to one of the two S-haplotypes of the pistil.

Two separate genes, S-RNase and S-locus-F-box (SLF or

SFB, SLF will be used hereafter), at the highly polymor-

phic S-locus, control the pollen and pistil SI specificity,

respectively (for review, see Kao and Tsukamoto 2004;

Hua et al. 2008; McClure 2009). S-RNase was first iden-

tified in Nicotiana alata by Anderson et al. (1986), and the

function of the S-RNase gene in SI was established by both

gain-of-function and loss-of-function experiments (Lee

et al. 1994; Murfett et al. 1994). S-RNase shows a high

degree of allelic sequence diversity (Ioerger et al. 1991),

and it was so named because of its ribonuclease activity

(McClure et al. 1989; Singh et al. 1991), which has been

shown to be essential for its function in SI (Huang et al.

1994). Full-length cDNA sequences of S-RNases predict

the existence of a signal peptide in the nascent protein,

which is removed during the secretion of S-RNase from the

transmitting cells to the transmitting tract of the pistil.

Hereafter, the term ‘‘S-RNase’’ refers to the mature form

(without the signal peptide), which is the form taken up by

pollen tubes in the style. S-RNases are glycoproteins with

various numbers of N-linked glycan chains; however, the

carbohydrate moiety is not required for their recognition

function, suggesting that the S-allelic specificity resides in

the protein backbone (Karunanandaa et al. 1994).

S-locus-F-box was first identified at the S-locus of

Antirrhinum hispanicum (Lai et al. 2002), and subsequently

identified in the S-loci of Prunus mume (Entani et al. 2003)

and Prunus dulcis (Ushijima et al. 2003) through

sequencing of the locus. In P. inflata, sequencing of a

328-kb region that contains the S2-RNase gene led to the

identification of P. inflata SLF (PiSLF), which is located

161 kb downstream of the S2-RNase gene (Wang et al.

2004). Evidence that SLF is the pollen SI determinant was

obtained by a transgenic experiment, where PiSLF2 (the

S2-allele of PiSLF) was introduced into S1S1, S1S2 and S2S3

plants of P. inflata and shown to cause breakdown of SI in

heteroallelic (S1 and S3) pollen, but not in homoallelic (S2)

pollen (Sijacic et al. 2004). These results are consistent

with the prediction based on a well-documented genetic

phenomenon in S-RNase-based SI, called competitive

interaction, which refers to the breakdown of SI in het-

eroallelic pollen (containing two different S-alleles), but

not in homoallelic pollen (containing duplication of the

same allele). In the Rosaceae, analyses of naturally

occurring pollen-part mutants of SI have attributed break-

down in SI function in pollen to defects in SLF (e.g.,

frameshift mutants, deletions), thus providing strong

evidence for SLF being the pollen S-gene (Sonneveld et al.

2005; Tsukamoto et al. 2006). Interestingly, in the sub-

family Amygdaloideae (including the genus Prunus) of the

Rosaceae, SI does not break down in heteroallelic pollen,

unless both pollen alleles are non-functional (Hauck et al.

2006), suggesting that the underlying biochemical mecha-

nisms of SI in the Rosaceae and Solanaceae may not be the

same.

Most F-box proteins whose functions have been char-

acterized to date are a component of various SCF (Skp1-

Cullin-F-box) E3 ubiquitin ligase complexes, which are

involved in ubiquitin-26S proteasome-mediated protein

degradation (Hershko and Ciechanover 1998; Moon et al.

2004; Smalle and Vierstra 2004). Qiao et al. (2004a, b) and

Wang and Xue (2005) showed that AhSLF2, the S2-allele

product of A. hispanicum SLF, might be a component of a

typical SCF complex, which targets S-RNases for ubiqui-

tination; however, the specificity of this process remains to

be examined (Qiao et al. 2004a; McClure 2009). Studies

from P. inflata suggest that PiSLF might be involved in a

novel E3 ubiquitin ligase complex, which contains

PiCUL1-G (a Cullin-1) and PiSBP1 (P. inflata S-RNase-

Binding Protein; a RING-HC protein) but does not contain

Skp1 or Rbx1 (Hua and Kao 2006). In vitro binding assays

showed that PiSLF interacts with its non-self S-RNases

more strongly than with its self S-RNase, and vice versa.

This finding provides a biochemical explanation for how

PiSLF and S-RNase interact inside a pollen tube to deter-

mine the specificity of the SI process (Hua et al. 2008).

Results from an in vitro protein degradation assay and

biochemical reconstitution of S-RNase ubiquitination sug-

gest that ubiquitin-26S proteasome-mediated degradation

of S-RNase is likely an integral part of SI (Hua and Kao

2006, 2008). Sequence and functional comparisons of

PiSLF and PiSLF-like genes identified three regions that

are specific to PiSLF and revealed that PiSLF is unique in

its function in SI (Hua and Kao 2006; Hua et al. 2007).

S-RNase is taken up by pollen tubes in a non-S-haplo-

type-specific manner (Luu et al. 2000; Goldraij et al. 2006),

but the mechanism of transport is unknown. Goldraij et al.

(2006) observed that S-RNases are initially sequestered in

compatible and incompatible pollen tubes, but later on, only

the compartment in incompatible pollen tubes is disrupted,

presumably releasing S-RNases to result in rejection of self-

pollen tubes. This finding about the initial fate of S-RNase

in the pollen tube is interesting, and it raises a question as to

how the compartment is specifically disrupted in incom-

patible pollen tubes to trigger the SI response.

Prior to the identification of SLF as the pollen S-gene,

Dodds et al. (1999) examined whether S-RNase might also

control pollen specificity. They found that ectopic expres-

sion of Lycopersicon peruvianum S3-RNase in pollen of

S1S2 transgenic plants did not confer S3-haplotype
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specificity on the S1 or S2 transgenic pollen (i.e., both

transgenic pollen types were accepted by S3-haplotype-

containing pistils), nor did it affect the viability of the

transgenic pollen. Interestingly, Dodds et al. (1999)

showed, by immunoelectron microscopy, that S3-RNase

was located in the inner part of the pollen cell wall close to

the plasma membrane, and not in the cytosol or compart-

mentalized as reported for S-RNase taken up by pollen

tubes from the transmitting tract of the pistil (Luu et al.

2000; Goldraij et al. 2006).

In this work, we ectopically expressed S2-RNase and

S3-RNase of Petunia inflata in their respective self and

non-self-pollen in transgenic plants and examined their

effect on the SI behavior of the transgenic pollen and their

localization inside transgenic pollen tubes. Moreover, we

have previously shown that glycosylation is not required

for the function of S-RNase in SI (Karunanandaa et al.

1994), and that deglycosylation of S3-RNase significantly

enhances the extent of degradation by pollen tube extracts

in vitro (Hua and Kao 2006). Thus, we also ectopically

expressed the non-glycosylated form of S3-RNase in its self

and non-self-pollen in transgenic plants to examine whe-

ther, if S-RNase is found to be sequestered in pollen tubes,

glycosylation is required for this process.

To monitor their localization, we fused the C-terminus

of each S-RNase with a GFP tag using a 13-amino-acid

linker. Since this linker has previously been shown to have

no effect on the normal SI function of PiSLF2 or GFP

fluorescence of the PiSLF2:GFP fusion protein produced in

pollen (Hua et al. 2007), the fusion of GFP will not likely

affect the function of S-RNase in vivo. We found that none

of these S-RNases (glycosylated or non-glycosylated)

affected the SI behavior or viability of their respective self

or non-self-pollen/pollen tubes, and that all the ectopically

expressed S-RNases were sequestered in their self and non-

self-pollen tubes. We also showed that the S-RNase-con-

taining compartment was dynamic, and its movement

inside the pollen tube was dependent on the actin–myosin,

and not the microtubule, based molecular motor system.

Materials and methods

Plant material

The four S-genotypes of Petunia inflata, S1S1, S2S2, S2S3,

and S3S3, used in this study were described by Ai et al.

(1990).

Construction of Ti plasmids and plant transformation

The plasmids used for the transformation experiments were

constructed from the Ti plasmid, pBI101 (Clontech, CA,

USA), by using the coding sequences (CDS) of the mature

S2-RNase, S3-RNase, and S3-RNase(N29D) of P. inflata.

S3-RNase(N29D) is the non-glycosylated form of S3-RNase,

with the AAC codon for the only N-linked glycosylation site,

Asn-29, changed to GAC for Asp (Karunanandaa et al.

1994). The CDS for each S-RNase, with an NcoI site at the 50

end and an NotI site at the 30 end, was subcloned into pGEM-

T Easy vector (Promega, WI, USA). The NcoI–NotI frag-

ment containing the CDS of each S-RNase was released from

pGEM-T Easy vector and used to replace the 0.72-kb NcoI–

NotI fragment (containing the CDS for GFP) in pLAT52-

GFP (Dowd et al. 2006) to result in a pLAT52-S-RNase

construct. The CDS for GFP, plus a 39-bp linker encoding a

13-amino-acid (Ala)3(Gly)10 peptide linker, was amplified

by polymerase chain reaction (PCR) from pLAT52-PiS-

LF2:GFP (Hua et al. 2007) and inserted into each pLAT52-

S-RNase construct to produce a pLAT52-S-RNase:GFP

construct. The Sal1–EcoRI fragment, containing pLAT52,

CDS for S-RNase, linker, CDS for GFP, and the Nos ter-

minator, was released from each pLAT52-S-RNase:GFP

construct and used to replace the Sal1–EcoRI fragment

(containing the CDS for GUS and the Nos terminator) in

pBI101 to yield a pBI LAT52-S-RNase:GFP construct. The

schematics for pBI LAT52-S2-RNase:GFP, pBI LAT52-S3-

RNase:GFP, and pBI LAT52-S3-RNase(N29D):GFP con-

structs are shown in Supplementary Fig. 1 online. All of the

constructs were introduced into Agrobacterium tumefaciens

strain LBA4404 and used for Agrobacterium-mediated

transformation as described by Lee et al. (1994).

Genomic DNA isolation and gel blot analysis

Genomic DNA was purified from 0.5 g of young leaf tissue

of each plant using Plant DNAzol reagent (Invitrogen, CA,

USA) according to the manufacturer’s procedure. Genomic

DNA (15 lg) isolated from each plant was digested over-

night with HindIII (for S2-RNase:GFP transgenic plants) or

EcoRI (for S3-RNase:GFP and S3-RNase(N29D):GFP

transgenic plants). The digests were separated on 0.7%

(w/v) agarose gels and transferred to charged nylon

membranes, Biodyne B (Pall, NY, USA). The S2-RNase

and S3-RNase probes, obtained from PCR using each CDS

as template, were labeled with 32P using the Ready-To-Go

DNA Labeling kit (GE Healthcare, NJ, USA). Prehybrid-

ization, hybridization, and washing of the membranes were

performed as described by Skirpan et al. (2001). The

membrane was exposed to X-ray film at -80�C for 48 h

with an intensifying screen.

PCR genotyping and analysis of transgenes

Genomic DNA was extracted as described under ‘‘Geno-

mic DNA isolation and gel blot analysis’’ except that 0.2 g
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of young leaf tissue was used for each plant. For each plant,

100 ng of genomic DNA was used for PCR with one of the

following primer pairs: S2-RNase_FOR (50-TTTGACTA

CTTCCAACTCG-30) and GFP_REV (50-AGGTGGTCAC

GAGGGTG-30) for S2-RNase:GFP; S3-RNase_FOR (50-G
CGAATTTTGACTACATC-30) and GFP_REV (50-AGGT

GGTCACGAGGGTG-30) for S3-RNase:GFP and S3-RNa-

se(N29D):GFP; S2-RNase_FOR and S2-RNase_REV (50-T
CATCTCCGAAACAGAGTCT-30) for S2-RNase; SLF3-

_FOR (50-AATGGTGTTTTAAAGAAATTGC-30) and

SLF3- _REV (50-AAAGTTTTGTACTTTTGTACTGTAC

TC-30) for PiSLF3. PCR was performed with 95�C dena-

turation for 2 min followed by 30 cycles of 95�C (30 s),

55�C (30 s), and 72�C (60 s). A 10 min extending reaction

was further performed after the completion of the cycles.

For each reaction, 15 ll of the amplified product was

subjected to electrophoresis on 1% (w/v) agarose gels and

visualized under ultra-violet lamp after staining with ethi-

dium bromide.

Reverse transcription (RT)-PCR analysis

Total RNA was isolated from in vitro-germinated pollen

tubes of each transgenic plant or a wild-type S2S3 plant as

described by Hua and Kao (2006), except that the TURBO

DNA-free kit (Ambion, TX, USA) was used to remove any

contaminating genomic DNA according to the manufac-

turer’s procedure. Reverse transcription was carried out

according to Hua et al. (2007). PCR was carried out on

250 ng RNA, 250 ng cDNA, or 0.1 lg genomic DNA

using one of the following primer pairs: S3-RNase_FOR

and GFP_REV for S3-RNase:GFP and S3-RNa-

se(N29D):GFP (see the ‘‘PCR genotying and analysis of

transgenes’’ section above); S2F_FOR (50-CCATGGCGA

ATGGTATTTTAAAG-30) and GFP_REV for PiS-

LF2:GFP; Actin_FOR (50-GGCATCACACTTCTACAAT

GAGC-30) and Actin_REV (50-GATATCCACATCAC

ATTTCATGAT-30) for the actin gene. PCR was performed

with 95�C denaturation for 2 min followed by 25 or

30 cycles of 95�C (30 s), 56�C (30 s), and 72�C (60 s) for

amplifying S3-RNase:GFP, S3-RNase(N29D):GFP and

PiSLF2:GFP, or followed by 20 cycles of 95�C (30 s),

60�C (30 s), and 72�C (50 s) for amplifying the actin gene.

A 10 min extending reaction was further performed after

the completion of the cycles. For each reaction, 12 ll of the

amplified product was subjected to electrophoresis on 1%

(w/v) agarose gels.

Protein extraction and immunoblot analysis

Total protein was extracted from stage 5 anthers (Lee et al.

1996) from each plant by grinding the tissues in liquid

nitrogen as described by Hua et al. (2007). Protein

concentrations were determined using the BioRad protein

assay system (Bio-Rad, CA, USA). Total protein was

resolved on 10% polyacrylamide gels using a mini-protean

system (Bio-Rad) and blotted onto polyvinylidene difluo-

ride (PVDF) membranes (Millipore, MA, USA). GFP and

its fusion proteins were detected by a rabbit anti-GFP

antibody (1:1500 dilution; Abcam, MA, USA) and perox-

idase-linked sheep anti-rabbit IgG (1:10000 dilution; GE

Healthcare).

Pollen tube germination and confocal imaging

Pollen collected from open flowers of each plant was

germinated in pollen germination medium [0.07% (w/v)

Ca(NO3)2�4H2O, 0.02% (w/v) MgSO4�7H2O, 0.01% (w/v)

KNO3, 0.01% (w/v) H3BO3, 0.2% (w/v) sucrose, 15%

(w/v) polyethylene glycol 4000, and 20 mM MES, pH 6.0]

for 2 h at 30�C with shaking at 200 rpm. The subcellular

localization of each S-RNase:GFP protein in pollen tubes

was observed under an Olympus FV1000 Laser Scanning

Confocal Microscope (Olympus, PA, USA). Z-series of

sections were stacked from 50 pictures, with 0.15 s per

scan. GFP was imaged using 488 nm excitation and 520–

560 nm emission. Data were collected and analyzed by

software FV10-ASW version 1.7 (Olympus).

2,3-butanedione monoxime (BDM) and oryzalin

treatment

A stock solution of 1 M 2,3-butanedione monoxime

(BDM) was prepared as described by Tominaga et al.

(2000). Stock solutions of 1 and 0.2 mM oryzalin were

prepared by dissolving the chemical in ethanol and stored

at 4�C. After pollen was germinated in pollen germination

medium for 1.5 h, BDM and oryzalin were separately

added in different concentrations as described in Supple-

mentary Movies 1 and 2. The pollen tubes were cultured

for 1 more hour before confocal imaging.

Results

Expression of S2-RNase:GFP, S3-RNase:GFP,

and S3-RNase(N29D):GFP in transgenic pollen

did not affect viability or SI behavior of their

respective self or non-self-pollen

We used the promoter of a pollen-specific gene of tomato,

LAT52 (Twell et al. 1990), to ectopically express S2-RNase:

GFP in S1S1 and S2S2 plants. Table 1 summarizes num-

bers of transgenic plants with one or two copies of the

transgene obtained in the course of this and subsequent

S-RNase:GFP fusion protein experiments. For the S1S1
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transgenic line, nine independent transgenic plants with a

single copy of the transgene (e.g., S2-RNase:GFP/S1S1-1

shown in lane labeled ‘‘1’’ in Fig. 1a) and four independent

transgenic plants with two copies of the transgene were

identified (e.g., S2-RNase:GFP/S1S1-6 shown in lane

labeled ‘‘6’’ in Fig. 1a). For the S2S2 transgenic line, two

independent transgenic plants with a single copy of the

transgene (one of the plants, S2-RNase:GFP/S2S2-2, shown

in lane labeled ‘‘2’’ in Fig. 1b) and one transgenic plant

with two copies of the transgene (S2-RNase:GFP/S2S2-1

shown in lane labeled ‘‘1’’ in Fig. 1b) were identified.

We first examined whether expression of S2-RNase:GFP

was toxic to its self (S2) and/or non-self (S1) pollen. Pollen

from transgenic plants S2-RNase:GFP/S1S1-9 (Fig. 1a)

and S2-RNase:GFP/S2S2-2 (Fig. 1a), both of which con-

tained a single copy of the transgene, was used to pollinate

wild-type plants (Table 2). The crosses S2S2 9 S2-RNase:

GFP/S1S1-9, S1S1 9 S2-RNase:GFP/S2S2-2, and S3S3 9

S2-RNase:GFP/S2S2-2 were expected to be compatible,

because half of the pollen produced by each transgenic

plant did not inherit the transgene and should behave

normally in SI. Indeed, all these pollinations resulted in

large fruits with the average seed number per fruit of

130 ± 15 for S2S2 9 S2-RNase:GFP/S1S1-9, 150 ± 30 for

S1S1 9 S2-RNase:GFP/S2S2-2, and 145 ± 25 for S3S3 9

S2-RNase:GFP/S2S2-2. We then used PCR to analyze the

inheritance of the transgene in the resulting progenies.

Approximately, half of the plants in each progeny carried

the transgene (Table 2), suggesting that S2-RNase:GFP did

not affect the viability of either its self (S2) or non-self (S1)

pollen. We further examined the SI behavior of S1 and S2

transgenic pollen by pollinating wild-type S1S1 plants with

pollen from S2-RNase:GFP/S1S1-9 and by pollinating wild-

type S2S2 plants with pollen from S2-RNase:GFP/S2S2-2.

These pollinations resulted in very small fruits with the

average seed number per fruit of 30 ± 15 and 5 ± 5

(Table 2). Thus, the S2-RNase:GFP transgene did not

affect the SI behavior of its self or non-self-pollen.

To rule out the possibility that the finding with

S2-RNase:GFP is specific to this S-RNase, we next

examined whether ectopic expression of S3-RNase:GFP

has any effect on its non-self (S2) and self (S3) pollen. We

identified four independent transgenic S2S3 plants carrying

one copy of the transgene (S3-RNase:GFP/S2S3-9 and -33

shown in lanes labeled ‘‘9’’ and ‘‘33,’’ respectively, in

Fig. 1c) and two independent transgenic plants each car-

rying two copies of the transgene (S3-RNase:GFP/S2S3-7

and -12 shown in lanes labeled ‘‘7’’ and ‘‘12,’’ respectively,

in Fig. 1c). We chose S3-RNase:GFP/S2S3-9 and S3-RNa-

se:GFP/S2S3-33 for pollination test. Pollen of both

Table 1 Summary of transgenic plants with one or two copies of one of the three S-RNase:GFP transgenes

Transgene Genotype of plants

used for transformation

Number of transgenic

plants with one copy

of transgene

Number of transgenic

plants with two copies

of transgene

Number of one- and two-copy

transgenic plants showing GFP

fluorescence in pollen tubes

S2-RNase:GFP S1S1 9 4 13

S2-RNase:GFP S2S2 2 1 3

S3-RNase:GFP S2S3 4 2 6

S3-RNase(N29D):GFP S2S3 3 4 7

Fig. 1 Genomic DNA gel blot analysis of the presence and copy

numbers of the S2-RNase:GFP transgene in S1S1 and S2S2 transgenic

plants, and the S3-RNase:GFP and S3-RNase(N29D):GFP transgenes

in S2S3 transgenic plants. Fifteen micrograms of genomic DNA

isolated from each plant was digested with HindIII (for a, b) or EcoRI

(for c, d), and separated on 0.7% (w/v) agarose gels. The blots were

hybridized with a 32P-labeled cDNA probe of S2-RNase (a, b) or

S3-RNase (c, d) at 65�C. a S1S1 transgenic plants carrying one or two

copies of the S2-RNase:GFP transgene. The fragment corresponding

to the endogenous S1-RNase gene is indicated with an asterisk. b S2S2

transgenic plants carrying one or two copies of the S2-RNase:GFP
transgene. The fragment corresponding to the endogenous S2-RNase
gene is indicated with double asterisks. c, d S2S3 transgenic plants

carrying one or two copies of the S3-RNase:GFP transgene (c), and

one or two copies of the S3-RNase(N29D):GFP transgene (d). The

fragments corresponding to the endogenous S3-RNase and S2-RNase
genes are indicated with double and triple asterisks
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transgenic plants were compatible with pistils of wild-type

S2S2 plants (with the average seed number per fruit being

155 ± 20 and 145 ± 25), but incompatible with pistils of

wild-type S2S3 plants (with the average seed number per

fruit being 20 ± 10 and 10 ± 5) (Table 2). Thus, ectopic

expression of S3-RNase:GFP in the pollen of S2S3 trans-

genic plants did not affect their SI behavior.

We also ectopically expressed a non-glycosylated

S3-RNase GFP fusion protein, S3-RNase(N29D):GFP, to

study whether it had a different effect on the SI behavior or

viability of self and non-self-pollen than the native gly-

cosylated protein. We identified three independent S2S3

transgenic plants with a single copy of the transgene (two,

S3-RNase(N29D):GFP/S2S3-17 and -22, shown in lanes

labeled ‘‘17’’ and ‘‘22,’’ respectively, in Fig. 1d) and four

independent S2S3 transgenic plants with two copies

(S3-RNase(N29D):GFP/S2S3-12 and -112 shown in lanes

labeled ‘‘12’’ and ‘‘112,’’ respectively, in Fig. 1d). We used

all three single-copy transgenic plants, S3-RNa-

se(N29D):GFP/S2S3-17, -22, and -23, for pollination test-

ing. Pollinations of wild-type S2S2 plants by all these

transgenic plants resulted in large fruits with average seed

number per fruit ranging from 135 ± 15 to 165 ± 20.

Pollinations of wild-type S1S1 and S3S3 plants by S3-RNa-

se(N29D):GFP/S2S3-22 also resulted in large fruits

(Table 2). In contrast, pollinations of wild-type S2S3 plants

by all these three transgenic plants resulted in very small

fruits (Table 2), suggesting that the S3-RNase(N29D):GFP

transgene did not affect the SI behavior of either its self

(S3) or non-self (S2) pollen.

To examine whether expression of S3-RNa-

se(N29D):GFP was toxic to, and had any effect on the SI

behavior of, its self and/or non-self-pollen, we further used

PCR to determine the inheritance of the transgene in the

progenies obtained from the crosses between the wild-type

S2S2 plants and the three single-copy transgenic plants,

S3-RNase(N29D):GFP/S2S3-17, -22, and -23. Approximately,

50% of the plants in each progeny analyzed carried the

transgene (Table 2; Fig. 2). Moreover, a total of 29 plants in

the progenies from S2S2 9 S3-RNase(N29D):GFP/S2S3-22

and S2S2 9 S3-RNase(N29D):GFP/S2S3-23 (Table 2) were

genotyped by PCR, using primers specific to S2-RNase and

primers specific to PiSLF3, and they were all found to be

S2S3 (data not shown), suggesting that the expression of

S3-RNase(N29D):GFP did not affect the viability of its

self (S3) pollen or the SI behavior of its non-self (S2)

pollen. We also examined the inheritance of the transgene

in the progeny of the cross between a wild-type S3S3 plant

and a S3-RNase(N29D):GFP/S2S3-23 (Table 2). In this

case, the wild-type S3 pollen should be rejected by the

S3S3 pistil, and thus the observed *50% transmission of

the transgene into the progeny suggests that the expres-

sion of S3-RNase(N29D):GFP did not affect the viability

of its non-self (S2) pollen or the SI behavior of its self

(S3) pollen either. In the cross between a wild-type S1S1

plant and a S3-RNase(N29D):GFP/S2S3-22, *50% of

the progeny carried the transgene (Table 2), consistent

with the results described earlier that the expression of

S3-RNase(N29D):GFP did not affect the viability of its

self or non-self-pollen.

Lastly, when in vitro-germinated pollen tubes from all

the earlier mentioned single-copy and two-copy trans-

genic plants carrying S2-RNase:GFP, S3-RNase:GFP, or

S3-RNase(N29D):GFP were examined under a fluores-

cence microscope, fluorescent pollen tubes were observed

for each transgenic plant (Table 1). In the case of the

Table 2 Summary of pollination results testing the effect of each S-RNase transgene on SI behavior and viability of transgenic pollen

Transgenic plant (male parent) Compatible pollination Incompatible pollination

Genotype of wild-type

plant (female parent)

Average number

of seeds per fruita
Percentage of progeny

inheriting transgeneb
Genotype of wild-type

plant (female parent)

Average number

of seeds per fruita

S2-RNase:GFP/S1S1-9 S2S2 130 ± 15 45% (20) S1S1 30 ± 15

S2-RNase:GFP/S2S2-2 S1S1 150 ± 30 60% (15) S2S2 5 ± 5

S2-RNase:GFP/S2S2-2 S3S3 145 ± 25 50% (14)

S3-RNase:GFP/S2S3-9 S2S2 155 ± 20 S2S3 20 ± 10

S3-RNase:GFP/S2S3-33 S2S2 145 ± 25 S2S3 10 ± 5

S3-RNase(N29D):GFP/S2S3-17 S2S2 140 ± 25 57% (14) S2S3 20 ± 10

S3-RNase(N29D):GFP/S2S3-22 S2S2 135 ± 15 43% (14) S2S3 15 ± 10

S3-RNase(N29D):GFP/S2S3-22 S1S1 140 ± 20 48% (31)

S3-RNase(N29D):GFP/S2S3-23 S2S2 165 ± 20 53% (15) S2S3 20 ± 15

S3-RNase(N29D):GFP/S2S3-23 S3S3 165 ± 15 57% (14)

a Each number was calculated from five fruits
b The number in the parentheses is the total number of plants analyzed by PCR
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single-copy transgenic plants, *50% of the pollen tubes

for each plant showed fluorescence (data not shown),

consistent with the prediction that 50% of the pollen

produced carried the transgene, and no morphological

differences were observed among the fluorescent pollen

tubes. These results also suggest that none of the S-RNase

transgenes affected the viability of their self- or non-self-

pollen.

Lack of cytotoxic effect of the S2-RNase:GFP,

S3-RNase:GFP, and S3-RNase(N29D):GFP transgenes

on pollen is not due to absence of their expression

in transgenic pollen/pollen tubes

Pistil-expressed S-RNase is thought to act as a cytotoxin to

degrade the RNAs in self-pollen tubes, thus resulting in

their growth inhibition (McClure et al. 1989). However, as

described earlier, none of the three ectopically expressed

S-RNases affected the SI behavior or the viability of the

transgenic pollen. To rule out the possibility that this lack

of cytoxicity was due to an absence of the expression of the

transgenes, we first performed RT-PCR on total RNA

isolated from in vitro-germinated pollen tubes of five

transgenic plants, S3-RNase:GFP/S2S3-9, -33 (Fig. 1c) and

S3-RNase(N29D):GFP/S2S3-12, -17, -112 (Fig. 1d). As

shown in Fig. 3, a DNA fragment of the expected size

(*0.73 kb) was detected in the cDNA samples of all these

five transgenic plants after 25 and 30 cycles of the reaction,

but not in the cDNA sample of a wild-type S2S3 plant

(upper two panels marked with RT?), or in the RNA

samples of these plants even after 30 cycles of the reaction

(upper two panels marked with RT-). An RT-PCR product

of the expected size was obtained using RNA isolated from

in vitro-germinated pollen tubes of a previously generated

transgenic plant carrying PiSLF2:GFP/S2S3-5 (also driven

by the LAT52 promoter; Hua et al. 2007) (upper two panels

marked with RT?). We had previously shown that PiS-

LF2:GFP produced in the pollen of this transgenic plant

caused breakdown of SI in S3 pollen, but not in S2 pollen,

similar to the effect of PiSLF2 (Hua et al. 2007). When

PCR was performed on plasmid DNA containing PiS-

LF2:GFP, S3-RNase:GFP, or S3-RNase(N29D):GFP, the

size of the DNA fragment produced from each plasmid

DNA was similar to that of the corresponding RT-PCR

product (upper two panels marked with plasmid). These

results suggested that both S3-RNase:GFP and S3-RNa-

se(N29D):GFP transgenes were transcribed in their

respective transgenic pollen tubes. The same RNA samples

used for RT-PCR were also amplified using a primer pair

for actin, and the results show that these samples contained

approximately equal amounts of RNA (lower panel marked

with RT?). Finally, when the genomic DNA of the wild-

type S2S3 plant was amplified (lane labeled ‘‘G’’) and when

these RNA samples were amplified without reverse trans-

criptase (lower panel marked with RT-), only the genomic

DNA sample yielded a fragment. This fragment, as

expected, was larger in size, due to the presence of an

intron, than the RT-PCR product of this wild-type plant

(lane labeled ‘‘S2S3’’ in the lower panel marked RT?),

indicating that all the RNA samples used in RT-PCR were

free of genomic DNA contamination.

We next used an anti-GFP antibody to examine whether

the GFP fusion proteins, S2-RNase:GFP, S3-RNase:GFP,

and S3-RNase(N29D):GFP, were produced in stage 5

anthers (which contain pollen in its late developmental

stages; Lee et al. 1996) of their respective transgenic plants

(Fig. 4). A protein band of the size expected of these fusion

proteins (*50 kD) was detected in stage 5 anthers of each

of the transgenic plants analyzed, but not in those of wild-

type plants of S1S1, S2S2, or S2S3 genotype. The PiS-

LF2:GFP/S2S3 transgenic plant used as a positive control in

RT-PCR was also used as a positive control for the GFP

fusion protein. A PiSLF2:GFP band was detected in stage 5

anthers, and as expected, this band had a higher molecular

mass than the band corresponding to the GFP fusion pro-

teins of the S-RNases. For all the GFP fusion proteins of

the S-RNases, a protein band with a molecular mass

matching that of the GFP band in stage 5 anthers of a

previously generated GFP/S2S3 transgenic plant (with the

expression of GFP driven by the LAT52 promoter; Dowd

et al. 2006) was also detected. The GFP was most likely

Fig. 2 PCR analysis of the transmission of the S3-RNa-
se(N29D):GFP transgene into the progenies of the crosses between

three independent transgenic plants and wild-type S2S2 plants. The

name of each transgenic plant is indicated at the top of each panel.
Genomic DNA (*100 ng) extracted from each progeny plant was

used as template for PCR with a specific primer pair corresponding to

the coding sequence of S3-RNase(N29D):GFP. The PCR products

from genomic DNA of each of the three transgenic plants (indicated

as T0 in each panel) and the Ti plasmid used for transformation

(indicated as P in each panel) are shown as positive controls. M
indicates EcoRI and HindIII digested k DNA used as size markers
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released from these fusion proteins during sample prepa-

rations by the abundant proteases in the anther extract.

Indeed, different preparations produced different intensities

of this protein band. The detection of the GFP fusion

proteins, S2-RNase:GFP, S3-RNase:GFP, and S3-RNa-

se(N29D):GFP, suggested that their lack of cytotoxicity

was not due to absence of these proteins in pollen/pollen

tubes.

Pollen expressed S2-RNase:GFP, S3-RNase:GFP,

and S3-RNase(N29D):GFP are sequestered

in in vitro-germinated pollen tubes

Taking advantage of the GFP tag in the fusion proteins, we

used confocal microscopy to examine real-time subcellular

localization of S2-RNase:GFP, S3-RNase:GFP, and

S3-RNase(N29D):GFP in in vitro-germinated pollen tubes

of the following transgenic plants: S2-RNase:GFP/S1S1-9,

S2-RNase:GFP/S2S2-2, S3-RNase:GFP/S2S3-9, -33, and

S3-RNase(N29D):GFP/S2S3-17, -22 (Fig. 1; Table 1). As

controls, we also examined the two previously generated

transgenic plants, PiSLF2:GFP-5 (Hua et al. 2007) and

GFP/S2S3 (Dowd et al. 2006) mentioned earlier. Pollen

grains were separately collected from all the transgenic

plants and germinated for 2 h. At least 50 pollen tubes

were examined for each transgenic plant; representative

results are shown in Fig. 5 and Supplementary Movies 1

and 2. S2-RNase:GFP was sequestered in both S1 (Fig. 5a)

and S2 pollen tubes (Fig. 5b). In contrast, GFP fluorescence

Fig. 3 RT-PCR analysis of RNA transcripts of S3-RNase:GFP and

S3-RNase(N29D):GFP in in vitro-germinated pollen tubes of trans-

genic plants. Pollen was separately collected from five S2S3 transgenic

plants that carried either the S3-RNase:GFP or the S3-RNa-
se(N29D):GFP transgene, a previously generated S2S3 transgenic

plant carrying the PiSLF2:GFP transgene (also driven by the LAT52
promoter), and a wild-type S2S3 plant. Pollen was germinated in vitro

for 2 h, and 5 lg of RNA isolated for each plant was used for reverse

transcription; 250 ng of the resulting cDNA was used for PCR. As

negative controls, 250 ng of RNA for each plant was used for PCR

without reverse transcription. The upper two panels show the results

of 25 and 30 cycles of amplification of the RNA samples either in the

presence (RT?) or in the absence (RT-) of reverse transcriptase, as

well as the results of 25 and 30 cycles of amplification of plasmid

DNA containing each of the three transgenes indicated. The lower
panel shows the results of 20 cycles of amplification in the presence

or absence of reverse transcriptase, using a primer pair specific to the

actin gene. To control for genomic DNA contamination, 0.1 lg

genomic DNA of the wild-type S2S3 plant was used for PCR (lane
labeled G in the lower panel). Marker indicates the EcoRI and HindIII

digested k DNA used as size markers

Fig. 4 Protein gel blot analysis of the presence of S2-RNase:GFP,

S3-RNase:GFP and S3-RNase(N29D):GFP in stage 5 anthers of

transgenic plants. The transgenic plants, as well as wild-type S1S1,

S2S2 and S2S3 plants and two previously generated transgenic plants

used as controls, are indicated at the top of each panel. The single
asterisk indicates the protein band corresponding to S2-RNase:GFP,

S3-RNase:GFP, or S3-RNase(N29D):GFP. The double asterisks
indicate the band corresponding to the free GFP, and the arrow
indicates the band corresponding to PiSLF2:GFP. Molecular mass

markers are shown on the left of the figure
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was distributed throughout the cytosol of in vitro-germi-

nated pollen tubes of GFP/S2S3 (Fig. 5c) and PiSLF2:GFP/

S2S3-5 (Fig. 5d). The cytosolic localization of PiSLF2 is

consistent with the finding by Wang and Xue (2005), based

on electron-immuno imaging, that AhSLF2 of A. hispani-

cum is cytosolically localized. Like S2-RNase:GFP,

S3-RNase:GFP was also sequestered in in vitro-germinated

pollen tubes of both transgenic plants analyzed (Fig. 5e).

Figure 5f shows that none of the S3-RNase:GFP-containing

compartments were present in the subapical region of the

pollen tube shown in Fig. 5e, as would be expected for live

and actively growing pollen tubes (Hepler et al. 2001).

Although native S-RNases are glycosylated, glycosylation

is not required for the sequestration of S-RNase:GFP in

pollen tubes, as S3-RNase(N29D):GFP was also seques-

tered in the in vitro-germinated pollen tubes of all three

transgenic plants analyzed (Fig. 5g). Moreover, there was

no discernible difference in the morphology of the com-

partments containing either S3-RNase(N29D):GFP or

S3-RNase:GFP, and the S3-RNase(N29D):GFP:containing

compartments were also absent from the subapical region

of the pollen tube (results not shown). The compartments

varied in size, from 2 to 7 lm, and the smaller compart-

ments were somewhat circular, whereas the larger com-

partments were ellipsoid or linear in shape. To further

visualize the S-RNase:GFP-containing compartments

observed from single optical sections of pollen tubes by

confocal microscopy, we took a Z-series of optical sections

of a transgenic pollen tube expressing S3-RNase:GFP, and

present in Fig. 5h two different views of the distribution of

the compartments in the pollen tube. Note that the com-

partments are absent in the tip region.

Thus, in contrast to the distribution of GFP fluorescence

throughout the cytoplasm of pollen tubes expressing GFP

alone (Fig. 5c) or PiSLF2:GFP fusion protein (Fig. 5d), all

the ectopically expressed S-RNase:GFPs were compart-

mentalized (Fig. 5 a, b, e–h), and this compartmentaliza-

tion is independent of the S-haplotype of the pollen tube

and does not require glycosylation of S-RNase. This

finding suggested that the compartmentalization blocked

the cytotoxic function of S-RNase expressed in pollen

tubes.

Fig. 5 Subcellular localization of S2-RNase:GFP, S3-RNase:GFP,

S3-RNase(N29D):GFP, PiSLF2:GFP, and GFP in in vitro-germinated

pollen tubes of transgenic plants. For each transgenic plant, the left
panel is the GFP channel, and the right panel is the bright-field

channel. The bar in each image represents 5 lM. Sequestration of

S2-RNase:GFP in S1 (a) and S2 (b) transgenic pollen tubes. c Cytosolic

localization of GFP in an S2 or S3 transgenic pollen tube. d Cytosolic

localization of PiSLF2:GFP in an S2 or S3 transgenic pollen tube.

e Sequestration of S3-RNase:GFP in an S2 or S3 transgenic pollen

tube; f magnification of the subapical region of the pollen tube shown

in e. g Sequestration of S3-RNase(N29D):GFP in an S2 or S3

transgenic pollen tube. h Two different views of a Z-series of 50

optical sections (0.15 s per scan) of S3-RNase:GFP in an S2 or S3

transgenic pollen tube. The blue arrowhead in each picture denotes

the growing tip region

c
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The S-RNase:GFP-containing compartments are

associated with actin–myosin-based motor system

We monitored the movement of the compartments con-

taining S3-RNase:GFP or S3-RNase(N29D):GFP in the

cytoplasm of in vitro-germinated pollen tubes (Supple-

mentary Movies 1 and 2). By tracing the movement of the

compartments, we determined that both S3-RNase:GFP-

containing compartments and S3-RNase(N29D):GFP-con-

taining compartments moved at a speed of 0.5–0.7 lm/s.

The mobility of sub-organelles inside a cell can be driven

by either a microtubule based motor system or an actin–

myosin-based motor system, with different speeds; the

former is approximately 150 nm/s and the latter is

approximately several micrometers per second (Romagnoli

et al. 2003). The observed speed of the movement of the

S-RNase:GFP-containing compartments fell in between that

of the microtubule and actin–myosin-based systems. To

identify which system was responsible for the movement of

the S-RNase-containing compartments, we incubated in

vitro-germinated pollen tubes expressing S3-RNase:GFP or

S3-RNase(N29D):GFP with either 2,3-butanedione mon-

oxime (BDM), a myosin inhibitor (Yagi et al. 1992;

McKillop et al. 1994), or oryzalin, which causes depoly-

merization of microtubules (Morejohn et al. 1987; Cleary

and Hardham 1988). Incubation of pollen tubes with

30 mM BDM for 1 h significantly slowed down the

movement of both S3-RNase:GFP- and S3-RNase

(N29D):GFP-containing compartments, and incubation of

pollen tubes with 50 mM BDM, a moderate concentration

for inhibiting the movement of the actin–myosin system

(Tominaga et al. 2000), completely inhibited the movement

of both compartments. However, treatment of pollen tubes

with oryzalin for 1 h at 50 lM, a concentration higher than

normally required to inhibit the activity of microtubules

(Poulter et al. 2008), did not significantly affect the traf-

ficking of either S3-RNase:GFP- or S3-RNase(N29D):GFP-

containing compartments (Supplementary Movies 1 and 2).

Thus, we concluded that both the glycosylated and the non-

glycosylated forms of S-RNase were sequestered in com-

partments that are associated with the actin–myosin

molecular motor system.

Discussion

Since S-RNase is secreted into the transmitting tract of the

style, it must be taken up by self-pollen tubes in order to

exert its cytotoxic function to inhibit tube growth. It was

challenging to demonstrate the localization of S-RNase in

the pollen tube, because the presence of very high levels of

S-RNase in the transmitting tissue/transmitting tract of the

pistil makes it difficult to discern the relatively small

amount of S-RNase taken up by pollen tubes during their

growth through the transmitting tract. Therefore, the

detection of S-RNase inside pollen tubes by immunolo-

calization by Luu et al. (2000) and Goldraij et al. (2006)

represents a major step forward. Both Luu et al. (2000) and

Goldraij et al. (2006) found that S-RNase is localized in

compatible and incompatible pollen tubes, suggesting that

uptake of S-RNase by the pollen tube is not S-haplotype-

specific. These two studies, however, differ in their find-

ings of the subcellular localization of S-RNase. Luu et al.

(2000) showed that S-RNase is localized in the cytosol,

whereas Goldraij et al. (2006) showed that S-RNase is

initially sequestered in a vacuolar compartment in both

compatible and incompatible pollen tubes, and that this

compartment is later disrupted in incompatible pollen tubes

but remains intact in compatible pollen tubes.

In this work, we directly expressed three GFP tagged

S-RNases, S2-RNase, S3-RNase and non-glycosylated

S3-RNase, in pollen of transgenic plants and used GFP as a

reporter to monitor the subcellular localization of these

S-RNases in in vitro-germinated pollen tubes (both com-

patible and incompatible) of the transgenic plants. This

approach does not require fixation of pollen tubes, which

may cause artifacts, and can also provide a dynamic picture

of S-RNase inside the pollen tube, rather than a static one

revealed by immunolocalization. Moreover, this approach

bypasses the uptake step of S-RNase, an as-yet poorly

understood process, and allows examination of the fate of

S-RNase alone in pollen tubes and of any effect the

ectopically expressed S-RNase may have on the SI

behavior of self and non-self-pollen tubes.

Two groups have previously examined the effect of

ectopic expression of S-RNase in pollen/pollen tubes.

Kirch et al. (1995) used the LAT52 promoter to express the

coding sequence of S2-RNase (including the signal peptide)

of Solanum tuberosum in self-compatible Nicotiana taba-

cum and showed that the fertility of the pollen of the

transgenic plants was not affected, even though S2-RNase

was produced. However, the effect of S2-RNase on the SI

behavior of pollen could not be addressed as it was

expressed in pollen of a different and self-compatible

species. Dodds et al. (1993, 1999) observed low levels of

expression of the S-RNase gene in developing pollen of

Nicotiana alata and Lycopersicon peruvianum, and they

used the LAT52 promoter to express cDNA encoding

mature S3-RNase (without the signal peptide) of L. peru-

vianum in pollen of S1S2 plants to test whether S-RNase

also controls the pollen specificity in SI (Dodds et al.

1999). The results showed that expression of S3-RNase did

not confer on transgenic pollen S3-haplotype specificity,

and, similar to the finding of Kirch et al. (1995), did not

affect the viability of the transgenic pollen. Since S3-RNase

was only expressed in its non-self (S1 and S2) pollen, the
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lack of inhibitory effect on its compatible pollen tubes was

no different from what would be expected for pistil-

expressed S3-RNase on its compatible pollen tubes. In this

work, two different S-RNases of P. inflata were separately

expressed in their respective self (incompatible) and non-

self (compatible) pollen in transgenic plants, so that we

could examine whether there is any difference between the

fates of ectopically expressed S-RNase in compatible and

incompatible pollen tubes.

Consistent with the results of Dodds et al. (1999), we

found that the S2-RNase:GFP and S3-RNase:GFP trans-

genes did not affect the viability of their respective non-

self-pollen tubes (S1 pollen tubes for the former and S2

pollen tubes for the latter). But, interestingly, neither

S2-RNase:GFP nor S3-RNase:GFP affected the viability of

their respective self-pollen tubes either. For the S2S3

transgenic plants that carried one copy of S3-RNase:GFP,

we further used RT-PCR and protein gel blotting to show

that the lack of toxic effect on both self and non-self-pollen

tubes was not due to lack of expression of the transgene.

Subcellular localization of S2-RNase:GFP in living in

vitro-germinated pollen tubes by confocal imaging showed

that it was sequestered inside both its self (S2) and non-self

(S1) pollen tubes, thus suggesting that compartmentaliza-

tion of S2-RNase precludes the protein from gaining access

to pollen tube RNA to exert its cytotoxic effect. Similarly,

S3-RNase:GFP was sequestered in in vitro-germinated

pollen tubes of S2S3 transgenic plants. Although we cannot

distinguish between S2 and S3 transgenic pollen, the fact

that all the *100 fluorescent pollen tubes we examined

from two independent transgenic plants showed the same

localization would suggest that, like S2-RNase:GFP,

S3-RNase:GFP was sequestered in both its non-self (S2)

and self (S3) pollen tubes.

Both Kirch et al. (1995) and Dodds et al. (1999) used

immunoelectron microscopy to examine the subcellular

localization of the S-RNase expressed in pollen of the

transgenic plants of N. tabacum and L. peruvianum,

respectively. Kirch et al. (1995) showed that the ectopically

expressed S2-RNase of S. tuberosum was localized in the

cytosol of mature pollen of transgenic N. tabacum plants,

whereas Dodds et al. (1999) showed that the ectopically

expressed S3-RNase of L. peruvianum was located in the

cell wall of mature pollen. It might be possible that

the sequestration of S2-RNase:GFP and S3-RNae:GFP in

the pollen tube was caused by the GFP tag, as GFP has

been reported to cause aggregation of GFP fusion proteins

(Hitchcock et al. 2005). However, this does not seem likely

based on our examination of the subcellular localization of

PiSLF2:GFP (Fig. 5d) in in vitro-germinated pollen tubes

of an S2S3 transgenic plant we had previously generated

(Hua et al. 2007). This GFP fusion protein contains the

same 13-amino-acid linker and GFP tag as was used in the

S2-RNase:GFP and S3-RNase:GFP fusion proteins exam-

ined in this work, but it was localized in the cytosol, a

location consistent with the electron immunolocalization

results of AhSLF2 of A. hispanicum (Wang and Xue 2005).

In this study, we also examined whether glycosylation is

required for the compartmentalization of S-RNase in the

pollen tube. This was prompted by the following obser-

vations we had previously made. First, S3-RNase(N29D)

produced in the pistil of transgenic S1S2 plants was able to

reject S3 pollen (Karunanandaa et al. 1994), suggesting that

glycosylation is not required for the uptake of S-RNase by

the pollen tube, or the SI function of S-RNase inside the

pollen tube. Second, deglycosylated native S3-RNase and

recombinant S3-RNase(N29D) were much more efficiently

degraded in pollen tube extracts than native S3-RNase

purified from pistils (Hua and Kao 2006). These findings

raised a possibility that deglycosylation of S-RNase might

be necessary for S-RNase to locate to the cytosol and be

subjected to degradation mediated by SLF. The results

obtained in this work, however, suggest that the compart-

mentalization of S-RNase is independent of glycosylation.

Goldraij et al. (2006) identified the S-RNase-containing

compartment in both compatible and incompatible pollen

tubes as a vacuolar compartment, based on the co-locali-

zation of S-RNase and a vacuolar membrane marker,

vacuolar pyrophosphatase. The identity of the S-RNase-

containing compartment observed in this work remains to

be determined, but it is interesting to note that this com-

partment is dynamic in living pollen tubes with the

movement driven by the actin–myosin-based motor sys-

tem. Goldraij et al. (2006) observed that the S-RNase-

containing compartment is disrupted in incompatible pol-

len tubes, but not in compatible pollen tubes, when the

morphology of incompatible pollen tubes begins to differ

from that of compatible pollen tubes. However, we did not

observe any disruption of the S-RNase-containing com-

partment in in vitro-germinated pollen tubes (compatible or

incompatible), even after pollen tubes had grown for up to

16 h (data not shown).

If the S-RNase-containing compartment observed in

this work is the same as the vacuolar compartment

observed by Goldraij et al. (2006), it raises a question as

to what the fundamental difference is between uptake of

S-RNase by the pollen tube and direct expression of

S-RNase in the pollen that could account for the different

fates of the compartment in incompatible pollen tubes.

One possibility is that one or more of the pistil-expressed

proteins that are required for the SI response in the pollen

tube are missing when S-RNase is directly produced in

the pollen. For example, HT-B, a pistil-specific protein,

has been shown to be required for SI in N. alata (McC-

lure et al. 1999), S. chacoense (O’Brien et al. 2002), and

L. peruvianum (Kondo et al. 2002), as suppression of its

Sex Plant Reprod (2009) 22:263–275 273

123



expression leads to breakdown of SI. Goldraij et al.

(2006) showed that HT-B is taken up by both compatible

and incompatible pollen tubes, is associated with the

membrane of the S-RNase-containing vacuolar compart-

ment, and is less stable in compatible pollen tubes than in

incompatible pollen tubes. Thus, they proposed that

rejection of self-pollen tubes during incompatible polli-

nation is caused by the disruption of the S-RNase-con-

taining compartment mediated by HT-B (Goldraij et al.

2006; McClure 2009). However, in P. inflata, the role of

HT-B in SI is not as clear-cut because Puerta et al. (2009)

showed that [1000-fold suppression of HT-B transcript in

the pistil of transgenic plants only leads to partial

breakdown of SI. Regardless, the absence of non-S-specific

pistil proteins (HT-B and/or some other proteins) that are

required for SI and have to be taken up by the pollen tube

during its growth in the pistil can explain why the

S-RNase-containing compartment is not disrupted in in

vitro-germinated pollen tubes.

However, the lack of non-S-specific pistil proteins can-

not explain why the ectopically expressed S-RNase does

not reject its self-pollen tubes in a compatible pistil (i.e., in

vivo). For example, when pollen of a transgenic S2S3 plant

ectopically expressing S3-RNase is used to pollinate a wild-

type plant of S2S2 genotype, the S3 transgenic pollen tubes

would take up S2-RNase, along with all the non-S-specific

factors, during its initial growth in the S2S2 pistil. The

S3-RNase-containing compartment might then fuse with

the S2-RNase-containing compartment to result in a com-

partment containing both S2- and S3-RNases. This com-

partment would be equivalent to the compartment formed

when a wild-type S3 pollen tube is growing in an incom-

patible S2S3 pistil, and thus we would expect that S3

transgenic pollen ectopically expressing S3-RNase:GFP to

be rejected by an S2S2 pistil. But, this is not what we found.

Thus, it is likely that the ectopically expressed S-RNa-

se:GFP-containing compartment, observed in this work,

and the pistil-expressed S-RNase-containing compartment,

observed by Goldraij et al. (2006), are different.

Considering that none of the ectopically expressed

S-RNases affect pollen viability, the compartment is most

likely formed as soon as S-RNases are produced. At

present, it is not known whether this compartment, like the

compartment observed by Goldraij et al. (2006), would be

disrupted when pollen tubes are growing in an incompati-

ble pistil. It is possible that the sequestration of ectopically

expressed S-RNase in the pollen/pollen tube is a general

defense mechanism to detoxify toxic molecules in pollen

tubes.

The compartmentalization of S-RNase in pollen/pollen

tubes is an interesting phenomenon, and since it is clear

that S-RNase must be released from the compartment in

order to exert its function in SI, the challenge is to

determine how SLF, located in the cytosol, and/or any

other pistil factors mediate this process to allow the

S-specific interaction with SLF in the cytosol.
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