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ABSTRACT
Many flowering plants possess self-incompatibility (SI), an intraspecific reproductive barrier by
which pistils reject self-pollen to prevent inbreeding and accept non-self pollen to promote
outcrossing. In Petunia, the polymorphic S-locus, which controls self/non-self recognition,
contains an S-RNase gene which regulates pistil specificity and multiple S-locus F-box (SLF)
genes which collectively regulate pollen specificity. The collaborative non-self recognition model
predicts that, for a given S-haplotype, each SLF recognizes a subset of non-self S-RNases to
mediate their ubiquitination and degradation by the 26S proteasome, and multiple SLFs
collaboratively recognize and detoxify all non-self S-RNases to allow compatible pollination.

The overall goal of my dissertation research is to study how SLF proteins interact with SRNases in order to understand the biochemical basis of self/non-self recognition during SI
interactions. The function of the S-RNase gene in controlling pistil specificity has been
established through both gain- and loss-of-function experiments; however, only gain-of-function
experiments have been used to demonstrate the function of several types of SLF genes in
controlling pollen specificity. In Chapter 2, using a gain-of-function assay, I examined the
relationships between S2-SLF1 (S2-allelic product of Type-1 SLF) and four S-RNases. The results
suggest that S2-SLF1 interacts with S7- and S13-RNases, and the previously identified S1- and S3RNases, but not with S5- or S11-RNase. An artificial microRNA expressed by the S2-SLF1
promoter, but not by the vegetative cell specific promoter, Late Anther Tomato 52 (LAT52),
suppressed expression of S2-SLF1 in S2 pollen, suggesting that SLF1 is specific to the generative
cell. The S2 pollen with S2-SLF1 suppressed was compatible with S3-, S5-, S7-, S11-, and S13carrying pistils, confirming that other SLF proteins are responsible for detoxifying S5- and S11RNases, and suggesting that S2-SLF1 is not the only SLF in S2 pollen that interacts with S3-, S7-,
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and S13-RNases. Petunia may have evolved at least two types of SLF proteins to detoxify any
non-self S-RNase to minimize the deleterious effects of mutation in any SLF.

An SLF is predicted to be the F-box protein component of an SCF complex (composed of
Cullin1, Skp1, RBX1 and an F-box protein), which mediates ubiquitination of protein substrates
for degradation by the 26S proteasome. However, the precise nature of the complex is unknown.
In Chapter 3, I used pollen extracts of a transgenic plant expressing S2-SLF1:GFP for coimmunoprecipitation (Co-IP) followed by mass spectrometry (MS). I identified PiCUL1-P (a
pollen-specific Cullin1), PiSSK1 (a pollen-specific Skp1-like protein) and PiRBX1 (an RBX1).
Thus, all components but RBX1 of the SLF-containing complex may have evolved specific
isoforms in SI.

According to the collaborative non-self recognition model, SLFs collectively mediate
ubiquitination and degradation of non-self S-RNases. In Chapter 4, I describe a surprising finding
that SLF1 of P. inflata itself was subject to degradation via the ubiquitin-26S proteasome
pathway (UPP), and identified an 18-amino-acid (18-aa) sequence in the C-terminal domain of
S2-SLF1 (SLF1 of S2-haplotype) that contains a degradation motif. Four of the 18 amino acids are
conserved among all 17 SLF proteins of S2-haplotype and S3-haplotype involved in pollen
specificity, suggesting that the stability of all SLF proteins is likely subject to similar regulation.
Deleting the 18-aa sequence from S2-SLF1 stabilized the protein but abolished its function in SI,
suggesting that regulation of the stability of SLF proteins is an integral part of their function in SI.
I used S2-SLF1:GFP as the bait to perform Co-IP followed by MS, and identified PiDCN1
(defective in cullin neddylation 1) and PiUBC12 (NEDD8-conjugating enzyme) that may be
involved in neddylation of PiCUL1-P to activate SCFSLF complexes; and identified PiCAND1
(cullin-associated NEDD8-dissociated protein 1), UPL1-like protein (a mono-subunit E3 ligase
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containing a HECT domain) and an E2 ubiquitin-conjugating enzyme, that may mediate
dissociation of SLF proteins from their SCFSLF complexes and degradation.

In Chapter 5, I describe an ongoing project to validate the role of PiDCN1 and PiUBC12
in neddylation of PiCUL1-P, and the function of PiCAND1 in dissociation of SLF proteins from
their SCFSLF complexes, based on the results obtained from Chapter 4. I also discuss some of the
experiments I carried out to further pinpoint the degradation motif of S2-SLF1 in yeast.

Finally, in Chapter 6, I summarize all the major findings of my dissertation research, and
describe how these findings have advanced our understanding and laid a foundation for future
studies of S-RNase-based SI.
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Chapter 1
Literature Review

Part of this chapter is taken from a book chapter published in Sun et al., Sexual
Reproduction in Animals and Plants: 289-303, 2014.

Justin Stephen Williams prepared Figure 1-2, and Shu Li prepared Figure 1-4.
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Unlike animals, plants cannot freely move about to select appropriate mates. In order to preserve
species identity and to generate genetic diversity within species, it is imperative that plants
possess mechanisms by which their female reproductive tissues, pistils, can prevent
unwanted/unsuitable pollen from delivering sperm cells to the ovary to effect fertilization. For
example, many flowering plants that produce bisexual flowers have adopted a genetically
controlled pre-zygotic barrier, called self-incompatibility (SI). SI involves a self/non-self
recognition process between pollen and pistils. As a result of the recognition, self-pollen is
rejected by the pistil to prevent inbreeding, and only non-self pollen is accepted to promote
outcrosses.

SI can be classified into two types: heteromorphic and homomorphic. Heteromorphic SI
is usually associated with floral morphological polymorphism. For example, some species
produce two different types of flowers, one bearing a long pistil and short stamens and the other
bearing a short pistil and long stamens. To achieve a compatible pollination, pollen not only must
come from genetically unrelated flowers, but also from stamens that are of the same height as the
pistil being pollinated (de Nettancourt, 2001). However, in homomorphic SI, the same
morphological type of flowers are produced within each species, and the success of pollination is
solely dependent on the genetic identity of the pollen and pistils. The specific recognition process
involves the interaction between pistil specificity determinant and pollen specificity determinant,
both of which are encoded by genes tightly linked at a highly polymorphic locus, named the Slocus. Variants of the S-locus are referred to as S-haplotypes and designated S1, S2, S3, etc. As my
dissertation research focuses on studying a homomorphic SI mechanism, hereafter the term SI
refers to this type of SI.

3

1.1 Major Types of SI Mechanisms
Earlier genetic studies have classified SI into two types, GSI (gametophytic SI) and SSI
(sporophytic SI) (Takayama and Isogai, 2005). For GSI, the SI phenotype of pollen is controlled
by its own S-haplotype, whereas for SSI the SI phenotype of pollen is controlled by the Shaplotypes of its diploid parent. SI is quite common in flowering plants, but to date understanding
of the molecular and biochemical basis is limited to five of the estimated more than 60 families
that possess SI. Extensive studies on these five families since the mid-1980s have revealed three
distinct mechanisms (Takayama and Isogai, 2005; Iwano and Takayama, 2012): the Brassicaceae
type, Papaveraceae type and Solanaceae type SI.

The Brassicaceae type SI belongs to SSI. Its pollen specificity determinant is a small
cysteine-rich protein (SCR; synthesized in the tapetum and deposited to the pollen coat of mature
pollen grains) and its pistil specificity determinant is the S-locus receptor kinase (SRK) located in
the stigma surface cell. The interaction between an allelic variant of SCR and its matching allelic
variant of SRK triggers a signaling cascade leading to the inhibition of germination of self pollen
on the stigmatic surface (Takayama and Isogai, 2005; Iwano and Takayama, 2012).

The Papaveraceae type SI belongs to GSI, and the interaction between matching allelic
products of the pollen and pistil specificity determinants induces a Ca2+-dependent signaling
network within self pollen, which eventually leads to cell death of self pollen (Takayama and
Isogai, 2005; Iwano and Takayama, 2012).

The Solanaceae type SI also belongs to GSI, and is possessed by Solanaceae, Rosaceae
and Plantaginaceae families. The pistil determinant was initially named S-allele-associated
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glycoprotein or S-protein, and has been renamed S-RNase after the discovery that it has
ribonuclease activity (McClure et al., 1989; Lee et al., 1994; Murfett et al., 1994). The pollen
determinant was initially thought to be encoded by a single SLF (S-locus F-box) gene, also named
the SFB gene (Lai et al., 2002; Entani et al., 2003; Ushijima et al., 2003; Ikeda et al., 2004;
Sijacic et al., 2004). However, recently it was discovered that pollen specificity is controlled by
multiple polymorphic SLF genes (Kubo et al., 2010).

Our lab has been studying the Solanaceae type SI using primarily Petunia inflata, a wild
relative of garden petunia, as a model. Therefore I use P. inflata exclusively in my dissertation
research. All the discussion below pertains to this type of SI.

1.2 Identification and Characterization of the S-RNase Gene
To identify the gene that controls pistil specificity, pistil proteins that showed S-haplotypespecific differences in molecular mass and/or isoelectric point were first identified (Bredemeijer
and Blaas, 1981; Anderson et al., 1986). These proteins were deemed likely candidates, as allelic
products of the pistil gene involved in SI were expected to be different in their amino acid
sequences such that they might be different in molecular mass and/or isoelectric point. This
approach led to the identification of the S-RNase gene in Nicotiana alata (Anderson et al., 1986).
However, the biochemical nature of S-RNase wasn’t known until the determination of the amino
acid sequence of the fungal RNase T2 (Kawata et al., 1988) whose catalytic domain shares a
significant degree of sequence homology with a conserved domain of several allelic variants of SRNases (Mcclure et al., 1989). Subsequently, S-RNase was shown to indeed possess RNase
activity in vitro (Mcclure et al., 1989; Broothaerts et al., 1991; Singh et al., 1991). The S-RNase
gene was shown to be solely responsible for pistil specificity in SI by gain- and loss-of-function
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experiments (Lee et al., 1994; Murfett et al., 1994). For example, in Petunia inflata, expression of
the S3-RNase gene in pistils of wild-type plants of S1S2 genotype enabled the pistils of the
transgenic plants to reject S3 pollen, whereas expression of an antisense S3-RNase gene in wildtype plants of S2S3 genotype abolished the ability of the transgenic plants to reject S3 pollen, but
did not affect their ability to reject S2 pollen (Lee et al., 1994). These experiments suggest that SRNase is necessary and sufficient for the pistil to recognize and reject self-pollen.

The characteristics of S-RNase are also consistent with its being involved in pistil
specificity. For example, S-RNase is specific to the pistil. It is first synthesized in the transmitting
cell of the style and then secreted into the extra-cellular space of the transmitting tract. It is most
abundant in the upper third segment of the style, where inhibition of incompatible pollen tubes
occurs (Ai et al., 1990). Moreover, S-RNase has a high degree of allelic sequence diversity, with
the highest divergent pair sharing only 38% sequence identity (Tsai et al., 1992; McCubbin and
Kao, 2000), which is expected for a protein that is involved in self/non-self recognition. Sequence
comparison revealed the presence of five conserved regions, C1-C5 (with C2 and C3 similar to
the corresponding domains of RNase T2), and two hypervariable regions, HVa and HVb (Ioerger
et al., 1991; Tsai et al., 1992; Takayama and Isogai, 2005). Crystallographic analysis of a
Solanaceae S-RNase showed that the protein folding topology is typical for the RNase T2 family
(Ida et al., 2001). Moreover, the results also showed that both HVa and HVb are exposed on the
surface of the S-RNase protein and accessible to solvent, raising the possibility that these two
regions have the allelic-specific function (Ida et al., 2001; Matsuura et al., 2001).

To further understand the function of S-RNase in SI, site-directed mutagenesis was used
to replace the codon for one of the two catalytic His residues (located in C3) of S3-RNase of P.
inflata with an Asn codon. The mutant S3-RNase gene was introduced into P. inflata plants of
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S1S2 genotype, and the transgenic plants producing this mutated S3-RNase failed to reject S3
pollen, suggesting that the RNase activity of S-RNase is an integral part of its function and that
the biochemical mechanism of SI involves degradation of RNAs in incompatible pollen tubes
(Huang et al., 1994). Moreover, as all S-RNases are glycoproteins with various numbers of Nlinked glycan chains, a question was raised as to whether the recognition function of S-RNase
resides in the glycan moiety, the protein backbone, or both. To address this question, the codon
for the only potential N-glycosylation site of S3-RNase was replaced with a codon for Asp, and
the mutant S3-RNase gene was introduced into wild-type plants of S1S2 genotype to examine
whether expression of the non-glycosylated S3-RNase could still confer on the transgenic plants
the ability to reject S3 pollen. The results showed that the nonglycosylated S3-RNase retained the
full ability to reject self-pollen, suggesting that the recognition function of S-RNase resides in its
amino acid sequence (Karunanandaa et al., 1994). Domain-swapping experiments were
performed to examine the role of the two hypervariable domains in allelic specificity (Kao and
McCubbin, 1996; Matton et al., 1997; Zurek et al., 1997; Matton et al., 1999). Swapping HVa and
HVb between S11-RNase and S13-RNase of Solanum chacoense (which differ by four amino acids
in the hypervariable regions) was sufficient to switch the allelic specificity (Matton et al., 1997;
Matton et al., 1999). However, in the case of P. inflata and N. alata S-RNases examined, the two
hypervariable regions are necessary but not sufficient for allele specificity. This conclusion is
consistent with the finding that two P. inflata S-RNases, S6-RNase and S9-RNase, have identical
sequences in HVa and differ by only two amino acids in HVb (Wang et al., 2001; Kao and
Tsukamoto, 2004).

In order for S-RNase to inhibit growth of self-pollen tubes, it must be able to enter
incompatible pollen tubes to exert its cytotoxicity. Using immunocytochemistry, Luu et al. (2000)
showed that S-RNase was localized in the cytoplasm of both self and non-self pollen tubes. In
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contrast, Goldraij et al. (2006), using triple antibody labeling immunolocalization, showed that SRNase was initially sequestered in a vacuole-like compartment of both self and non-self pollen
tubes, but the compartment was later disrupted only in incompatible pollen tubes, releasing SRNase into the cytoplasm. Both groups are in agreement that S-RNase is taken up by self and
non-self pollen tubes; however, the mechanism of S-RNase uptake is as yet unknown.

1.3 Identification of the First S-Locus F-Box Gene, SLF1
One would expect that the approach used to successfully identify S-RNase and clone the S-RNase
gene could be used to identify the pollen specificity determinant. However, no pollen protein that
show S-haplotype specific differences in molecular mass or isoelectric point were ever identified.
Another approach, RNA differential display, was used to identify pollen-specific genes that are
tightly linked to the S-locus (Wang et al., 2003). This approach was based on the prediction that
the gene controlling pollen specificity must be tightly linked to the S-RNase gene and shows
allelic sequence diversity. Thirteen such genes of P. inflata were identified (Dowd et al., 2000;
McCubbin et al., 2000). However, none of them were considered good candidates for the pollen
specificity gene because of their low allelic sequence diversity (Wang et al., 2003). Ultimately, it
was sequencing of the S-locus region containing the S-RNase gene that first identified a good
candidate in Antirrhinum hispanicum (Plantaginaceae), which also possesses S-RNase-based SI
(Lai et al., 2002). This gene is located ~9 kb downstream from the S2-RNase gene and its deduced
amino acid sequence contains an F-box motif at the N-terminus. Thus, the gene was named
AhSLF (A. hispanicum S-locus F-box gene). Subsequently, PmSLF, encoding an F-box protein,
was identified in Prunus mume of Rosaceae through genomic sequence analysis of an ~60 kb
region containing S-RNase (Entani et al., 2003), and SFB (S haplotype-specific F-box gene), also
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encoding an S-locus F-box protein, was identified in another rosaceous species, Prunus dulcis
(almond) (Ushijima et al., 2003).

In P. inflata, PiSLF (P. inflata SLF) was identified from sequencing a 328-kb contig of
an S-locus region containing the S2-RNase gene (Wang et al., 2004). PiSLF is located ~161 kb
downstream from the S2-RNase gene. RNA blotting results showed that PiSLF is specifically
expressed in developing pollen and mature pollen/pollen tubes. It also shows S-haplotype-specific
restriction-fragment length polymorphism, as expected of a gene located at the S-locus. The
deduced amino acid sequences of three alleles (S1, S2 and S3) of PiSLF show 10.3-11.6% allelic
sequence diversity. These properties of PiSLF suggest that it is a good candidate for the pollen
specificity gene. PiSLF control of pollen specificity was established by a transgenic functional
assay of its S2-allele, PiSLF2, designed based on the phenomenon named competitive interaction.
This phenomenon was first observed in solanaceous species, including P. inflata and P. hybrida
(Stout and Chandler, 1942; Brewbaker and Natarajan, 1960; Entani et al., 1999), where it was
found that SI breaks down in heteroallelic pollen carrying two different S-alleles. For example,
when a self-incompatible plant of the S1S2 genotype is converted to tetraploid, the tetraploid plant
becomes self-compatible, as its S1S2 pollen is compatible with its S1S1S2S2 pistil, as well as with
the S1S2 pistil of the diploid plant (Figures 1-1A and 1-1B). Heteroallelic pollen can also result
from duplication of one of the S-loci of self-incompatible plants carrying two different Shaplotypes (Golz et al., 1999). It was reasoned that if PiSLF controls pollen specificity,
introducing PiSLF2 into S1S1, S1S2 and S2S3 plants should cause breakdown of SI in S1 and S3
pollen carrying the transgene, due to competitive interaction between the endogenous S1-allele or
S3-allele of PiSLF and the introduced S2-allele. The results of these experiments were precisely as
expected (Sijacic et al., 2004). For example, as shown in Figure 1-2A, expression of a PiSLF2
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transgene in an S2S3 transgenic plant caused breakdown of SI in S3 pollen (heteroallelic), but not
in S2 pollen (homoallelic).

1.4 Protein Degradation Model Based on the Assumption that Pollen
Specificity Is Controlled by a Single SLF Gene

1.4.1 Protein Degradation Model
As stated in 1.2 above, both self- and non-self S-RNases are taken up by a pollen tube, but only
self-S-RNase can exert its cytotoxicity to inhibit the growth of the pollen tube. Prior to the
discovery of the involvement of multiple SLF genes in pollen specificity (see 1.6 below), our lab
proposed a protein degradation model, based on the assumption that PiSLF (SLF1) is the sole
pollen determinant, to explain why only self-S-RNase can function inside a pollen tube (Hua and
Kao, 2006; Hua et al., 2008). The model predicts that for pollen of a given S-haplotype, (1) the
allelic variant of PiSLF interacts with all its non-self S-RNases in the cytoplasm of the pollen
tubes to mediate their ubiquitination and ultimate degradation by the 26S proteasome, thus
allowing the growth of non-self pollen tubes, and (2) the allelic variant of PiSLF does not interact
with its self-S-RNase, allowing the self-S-RNase to degrade pollen tube RNAs to cause growth
inhibition of self-pollen tubes. These predictions were largely based on the findings by Hua and
Kao (2006) that bacterially expressed S-RNases were ubiquitinated and degraded via the 26S
proteasome pathway in an in vitro cell-free system, and that an allelic variant of PiSLF interacted
with its non-self S-RNases more strongly than with its self-S-RNase in an in vitro protein binding
assay. Moreover, the following findings are consistent with this model: (1) The subcellular
localization of AhSLF-S2 (the S2-allelic variant of an SLF in Antirrhinum) detected by
immunocytochemistry suggests that it is localized in the cytoplasm of pollen tubes (Wang and
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Xue, 2005); (2) In S. chacoense, the level of total stylar S-RNase after compatible pollination was
~30% lower than that after incompatible pollination (Liu et al., 2009); (3) Six lysine residues in
S3-RNase of P. inflata were found to be necessary for targeting ubiquitination and degradation
(Hua and Kao, 2008).

This protein degradation model can explain why expression of a PiSLF2 transgene in
heteroallelic pollen causes breakdown of SI. For example, when a PiSLF2 transgene is introduced
into an S2S3 plant, it causes specific breakdown of SI in S3 transgenic pollen (Figure 1-2A). As
shown in Figure 1-2C, in the S3 transgenic pollen, PiSLF2 produced from the transgene interacts
with S3-RNase, a non-self S-RNase, to mediate its ubiquitination and degradation. As PiSLF3
produced by the endogenous gene interacts with S2-RNase, a non-self S-RNase, to mediate its
ubiquitination and degradation, both S2-RNase and S3-RNase taken up by the transgenic S3 pollen
tube are detoxified, allowing the S3 transgenic pollen tube to be compatible with the S3-carrying
pistil.

1.4.2 Biochemical Characterization of the SLF-Containing Complex
As most F-box proteins are components of SCF complexes, a class of E3 ubiquitin ligases
involved in ubiquitin-mediated protein degradation, the protein degradation model provided a
reasonable explanation for the biochemical basis of the SI process. Since SLF contains an F-box
domain at its N-terminus, it has been hypothesized to function as an F-box protein in a canonical
SCF complex to target its substrate, S-RNase, for ubiquitination and subsequent degradation by
the 26S proteasome (Figure 1-3, Lai et al., 2002). This protein degradation system consists of
three enzymes. E1 (ubiquitin-activating enzyme) mediates an ATP-dependent transfer of
ubiquitin to E2 (ubiquitin-conjugating enzyme). E2 catalyzes the transfer of the activated
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ubiquitin moiety directly to the substrate bound to E3 (ubiquitin ligase) (Hershko et al., 1983; Bai
et al., 1996). One type of E3 is the RING-finger class, which can be either monomeric or
multisubunit complexes. A conventional F-box protein is a component of the SCF complex, a
multisubunit E3, which also contains Skp1, Cullin1 and RBX1. Cullin1 serves as the scaffold
interacting with both Skp1 and RBX1, and the F-box protein interacts with Skp1 through its Fbox domain and recognizes substrates through its substrate specific domain (Zheng et al., 2002).
The substrates are thus brought close to E2, which binds RBX1. Multiple mono-ubiquitin proteins
are then transferred to the substrate from E2.

However, to date, biochemical characterization of the SLF-containing complex has been
based entirely on assessing physical binary interactions between putative components of the
complex by yeast two-hybrid and pull-down assays. Using AhSLF-S2 as bait in yeast two-hybrid
screens of a pollen cDNA library of A. hispanicum, Huang et al. (2006) identified an interacting
protein, named AhSSK1 (A. hispanicum SLF-interacting SKP1-like1). AhSSK1 is specifically
expressed in pollen but is not linked to the S-locus. Yeast two-hybrid assays showed that
AhSSK1 interacted with AhSLF-S2 and AhSLF-S5, but not with two other allelic variants,
AhSLF-S1 and AhSLF-S4. However, bacterially expressed MBP (Maltose Binding Protein)tagged N-terminal 93 residues of AhSLF-S1 and AhSLF-S2 could be pulled down by bacterially
expressed GST (Glutathione-S-Transferase)-tagged AhSSK1 in an in vitro binding assay. In a
GST pull-down assay using GST-tagged AhSSK1 against A. hispanicum pollen extracts, a protein
band was detected by immunoblotting with an anti-AtCUL1 (Arabidopsis Cullin1) antibody and
was named Antirrhinum CUL1-like protein. These results suggested that AhSSK1 might function
as an adaptor that bridges certain allelic variants of AhSLF to a CUL1-like protein to form an
SCF-like complex.
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In Petunia hybrida, PhSSK1 (P. hybrida SSK1) was identified based on its sequence
similarity with AhSSK1 (48.3% sequence identity) (Zhao et al., 2010). Similar to AhSSK1,
PhSSK1 is pollen specific but not S-haplotype specific. In yeast two-hybrid assays, PhSSK1
interacted with AhSLF-S2, AhSLF-S5 and PhSLF-Sv. In pull-down assays, bacterially expressed
MBP:PhSLF-Sv, -S3L, -S1 and -S3 pulled down PhSSK1 in pollen extracts, and bacterially
expressed GST-PhSSK1 also pulled down an anti-AtCUL1 reactive protein, named P. hybrida
CUL1-like protein, in pollen extracts. Subsequently, Zhao et al. (2010) identified PhCUL1, the
homolog of PiCUL1-G of Petunia inflata (see below), and showed that HA (human influenza
hemagglutinin)-tagged PhSSK1 and Myc-tagged PhCUL1, both expressed an in vitro
transcription/translation system, interacted with each other as revealed by immunoprecipitation
using an anti-HA antibody. All these results taken together suggested that PhSSK1, like AhSSK1,
might act as an adaptor in an SCF-like complex.

Our lab had previously shown that SLF1 of P. inflata (formerly named PiSLF) might be a
component of a non-canonical SCF complex based on the following findings. First, yeast twohybrid assays showed that none of the three Skp1 proteins of P. inflata (PiSK1, PiSK2 and
PiSK3) interacted with S2-SLF1 (S2 allelic variant of SLF1), nor did any of the seven members of
Arabidopsis Skp1 isoforms (Hua and Kao, 2006). Second, using S2-SLF1 as bait in yeast twohybrid screens of an S2S2 pollen prey library yielded only one interacting protein, PiSBP1 (P.
inflata S-RNase binding protein 1; Hua and Kao, 2006). PiSBP1, containing a RING-HC domain,
is the homolog of PhSBP1 (P. hybrida SBP1) first identified by Sims and Ordanic (2001) as an
interacting protein of S-RNase. PiSBP1 is neither pollen specific nor S-haplotype specific. Third,
PiSBP1 interacted with S2-SLF1, PhUBC1 (a P. hybrida E2) and PiCUL1-G (one of the two
Cullin1s identified in P. inflata; Hua and Kao, 2006) in yeast two-hybrid assays, as well as by in
vitro binding assays using bacterially expressed GST:PiSBP1 and (His)6:T7-tagged PiCUL1-G,
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S2-SLF1 and PhUBC1 (Hua and Kao, 2006). In contrast, PiRBX1 (P. inflata RBX1) did not
interact with PiCUL1-G, S2-SLF1, or PhUBC1 in yeast two-hybrid assays (Hua and Kao, 2006).
Fourth, PiSSK1 (P. inflata SSK1), the homolog of AhSSK1 and PhSSK1, did not interact with
any of the three allelic variants of SLF1, S1-SLF1, S2-SLF1 and S3-SLF1, in yeast two-hybrid
assays (Meng et al., 2011). All these results taken together suggested that PiCUL1-G, PiSBP1 and
SLF might be components of a novel E3 ubiquitin ligase complex, with PiSBP1 playing the roles
of Skp1 and RBX1.

1.5 Evidence against SLF1 Being Solely Responsible for Controlling Pollen
Specificity
After the transgenic functional assay showing that one allele of PiSLF, PiSLF2, behaved as
precisely as expected for the gene controlling pollen specificity, it was thought that the long
search for the pollen specificity gene was over. However, further analyses of this gene, now
named SLF1, revealed puzzling results that called this notion into question.

1.5.1

Evolutionary Consideration

First, the degree of allelic sequence diversity of SLF1 is much lower than that of the S-RNase
gene. For example, the allelic sequence diversity is only ~10% for three alleles (S1, S2 and S3) of
PiSLF, but ranges from 19 to 26% for the same three alleles of S-RNase. Most puzzlingly, the
allelic sequence diversity of four alleles (S1, S2, S4, S5) of AhSLF (A. hispanicum) ranges from
only 1 to 3%, whereas that of the same four alleles of S-RNase ranges from 36 to 51% (Zhou et
al., 2003; Newbigin et al., 2008). The high degree of allelic sequence diversity observed for SRNase is what would be expected for a gene that controls pistil specificity in SI interactions with
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pollen. During the evolution of the SI system, any new S-haplotype that arises in a population has
a reproductive advantage over all existing haplotypes, because its frequency is lower to begin
with and thus has a higher probability of successful fertilization. As such, the new S-haplotype
will increase in its frequency in the population. Under this kind of frequency-dependent selection,
there is pressure for sequence divergence in the genes that constitute S-haplotype specificity in
order to generate new S-haplotypes. Thus, the low degree of allelic sequence diversity of the
SLF1 gene is not consistent with its presumed pollen specificity role in SI.

Second, the evolutionary history of S-RNase is consistent with the ancient origin of SI,
but SLF1 seemed to have evolved much more recently. Phylogenetic studies of S-RNase alleles
from several solanaceous species revealed that polymorphism of S-RNase predated divergence of
these species (e.g., some P. inflata alleles are more similar to some N. alata alleles than to other P.
inflata alleles) (Ioerger et al., 1990). Allelic polymorphism of S-RNase was shown to exist in the
common ancestor of the solanaceous species 30 to 40 million years ago (Paape et al., 2008).
However, phylogenetic studies of SLF1 alleles from P. inflata and A. hispanicum showed that
SLF1 has a much shorter evolutionary history (Newbigin et al., 2008).

Third, the evolution of S-RNase and SLF1 seems not to be concordant. Coevolution of
genes controlling pistil and pollen specificity has long been a central theory in SI. In
Brassicaceae-type SI, the genes encoding pollen and style specificity determinants have been
shown to be coevolved (Sato et al., 2002; Takebayashi et al., 2003). However, as stated above, SRNase and SLF1 seem to have different evolutionary histories, and moreover, genealogies of SRNase and SLF1 do not show a pattern of coevolution (Newbigin et al., 2008).
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1.5.2 Experimental Data
When the same transgenic functional assay used to establish the function of PiSLF2 in pollen
specificity was used to examine two other alleles of PiSLF and several alleles of SLF1 of P.
hybrida, the results showed that none of them behaved as expected for the pollen specificity gene.
For example, as shown in Figure 1-2B, introduction of S3-allele of PiSLF, PiSLF3, into P. inflata
plants of S2S3 genotype did not cause breakdown of SI in S2 transgenic pollen, even though the
transgenic S2 pollen is heteroallelic (Kubo et al., 2010). Moreover, S7-allele of P. hybrida SLF1
caused breakdown of SI in S9 and S17 transgenic pollen, but not in S5, S11, or S19 transgenic pollen
(Kubo et al., 2010). These results, on one hand, further confirm the involvement of SLF1 in
pollen specificity, but on the other hand, suggest that SLF1 is not the only gene involved in pollen
specificity. For example, based on the protein degradation model discussed in 1.4 above, the
failure of a PiSLF3 transgene to cause breakdown of SI in S2 pollen suggests that PiSLF3 does not
interact with S2-RNase, a non-self S-RNase, to mediate its ubiquitination and degradation (Figure
1-2D). This raises a question as to whether PiSLF3 interacts with any other non-self S-RNases.
Most importantly, this finding suggests that there must be additional protein(s) produced in S3
pollen that can interact with and detoxify S2-RNase, as S3 pollen is compatible with S2-carrying
pistils.

The most definitive evidence for the involvement of additional gene(s) in pollen
specificity came from the finding that the deduced amino acid sequences of S7-allele of SLF1 of
P. hybrida and S9-allele of SLF1 of P. axillaris are completely identical, even though S7 and S9 are
genetically distinct S-haplotypes and the deduced amino acid sequences of their S-RNase alleles
are only 45% identical (Kubo et al., 2010).
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1.6 Involvement of Additional SLF Genes in Controlling Pollen Specificity
After the identification of the first SLF gene, SLF1, it was discovered that there are additional Fbox genes tightly linked to the S-locus. For example, our lab identified four such PiSLF-like
genes, named PiSLFLa, PiSLFLb, PiSLFLc and PiSLFLd (Hua et al., 2007). Interestingly, these
genes are also specifically expressed in pollen, and at least three of them show allelic specific
sequence differences. However, these PiSLF-like genes were initially thought not to be involved
in pollen specificity, as when PiSLFLc-S1, PiSLFLb-S2, PiSLFLd-S2 were introduced into S1S2,
S2S3 and S2S3, respectively, none of them caused breakdown of SI in S2 pollen (in the case of
PiSLFLc-S1) or S3 pollen (in the case of PiSLFLb-S2 and PiSLFLd-S2) (Hua et al., 2007). The
likely involvement of additional gene(s) in pollen specificity prompted the re-examination of
these PiSLF-like genes, as well as additional SLF1-like genes of P. hybrida identified by the lab
of Seiji Takayama.

Takayama’s lab used PCR primers designed based on the sequences of PiSLFLb-S2,
PiSLFLc-S1, PiSLFLd-S2 to identify 30 SLF-like genes from different S-haplotypes of P. hybrida,
and classified them into five types, Type-2 SLF (or SLF2) to Type-6 SLF (SLF6) (Kubo et al.,
2010). Within each type, the sequence identity between different alleles is high, ranging from
70.3% to 99%. However, the sequence identity between different types is only ~50%. To date,
SLF2 and SLF3 have been shown to be involved in pollen specificity as well. For example, S7SLF2 (SLF2 of S7 haplotype) caused breakdown of SI in S9, S11, and S19 pollen, and S11-SLF3
(SLF3 of S11 haplotype) caused breakdown of SI in S7 pollen. The results also suggest that
additional SLF genes are required for pollen specificity. For example, SLF1, SLF2 and SLF3 of
S7-haplotype did not cause breakdown of SI in S5 pollen (Kubo et al., 2010).
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1.7 Collaborative Non-Self Recognition Model
After the discovery that multiple SLF proteins are involved in pollen specificity, a modified
protein degradation model, named collaborative non-self recognition, was proposed. This model
proposes that, for a given S-haplotype, each type of SLF protein interacts with a subset of nonself S-RNases and that multiple types of SLF proteins are required to recognize the entire suite of
non-self S-RNases to mediate their degradation. Similar to the original protein degradation
model, the new model also predicts that none of the SLF proteins produced in pollen of a given Shaplotype interact with their self-S-RNase. The prediction that an SLF interacts with a subset of
its non-self S-RNases was confirmed by a co-immunoprecipitation (co-IP) experiment. This
experiment showed that S7-SLF2:FLAG produced in transgenic pollen co-precipitated, by an antiFLAG antibody, with S9-RNase and S11-RNase, but not with S5-RNase or S7-RNase, in style
extracts. Moreover, the transgenic functional assay showed that expression of S7-SLF2 caused
breakdown of SI in S9 and S11 pollen, but did not cause breakdown of SI in S5 or S7 pollen (Kubo
et al., 2010). Thus, the co-IP results not only provide strong support for the protein degradation
aspect of collaborative non-self recognition, but also are entirely consistent with the results of the
transgenic functional assay.

The collaborative non-self recognition model is graphically illustrated in Figure 1-4. This
figure explains how an S5 pollen is accepted by S17-, S11- and S9-carrying pistils but rejected by S5carrying pistils, based on the results obtained from the transgenic functional assay (Kubo et al.,
2010). When S5-RNase is taken up by the S5 pollen tube, none of the SLF proteins produced in S5
pollen can interact with their self-S-RNase, S5-RNase, thus pollen RNAs are degraded by S5RNase and pollen tube growth is inhibited (leftmost panel). When S17-RNase is taken up by the S5
pollen tube, S5-SLF1 interacts with S17-RNase to mediate its ubiquitination/degradation (second
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panel from left). When S11-RNase is taken up by the S5 pollen tube, S5-SLF2 interacts with S11RNase to mediate its ubiquitination/degradation (second panel from right). When S9-RNase is
taken up by the S5 pollen tube, both S5-SLF1 and S5-SLF2 will be able to interact with S9-RNase
to mediate its ubiquitination/degradation (rightmost panel). Thus, in cross pollinations, at least
one SLF protein can interact with and detoxify a non-self S-RNase, allowing the pollen tube to
grow down through the style for fertilization.

The collaborative non-self recognition model can explain the puzzles about the properties
of SLF1 mentioned in 1.5.1, e.g., the low allelic sequence diversity of SLF1. As multiple types of
SLF proteins act collaboratively to interact with all non-self S-RNases, each SLF only has to
interact with a small number of non-self S-RNases, and thus it is unnecessary to have a high
degree of allelic sequence diversity. In extreme cases, some allelic variants of an SLF can have
identical amino acid sequences, as is the case for S7-SLF1 and S19-SLF1 of P. axillaris (Kubo et
al., 2010). In this case, S7 and S19 pollen most likely use their SLF1 proteins (with identical
sequences) to interact with the same subset of their common non-self S-RNases (i.e., not
including S7-RNase or S19-RNase). S7 and S19 pollen could then use some other SLF protein(s)
with allelic sequence diversity, or use different types of SLF proteins, to recognize and detoxify
S19-RNase and S7-RNase, respectively. Indeed, the degree of amino acid sequence diversity
between different types of SLF proteins is comparable to that of S-RNase, allowing different
types of SLF proteins to interact with different S-RNases.

1.8 Hypotheses and Objectives
The overall goal of my dissertation research is to study how SLF proteins interact with S-RNases
in order to understand the biochemical basis of self/non-self recognition during SI interactions.
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The collaborative non-self recognition model proposes that, for pollen of a given S-haplotype,
each SLF protein recognizes a subset of its non-self S-RNases to mediate their ubiquitination and
degradation by the 26S proteasome, and a complete suite of SLF proteins collaboratively
recognize and detoxify all their non-self S-RNases to allow compatible pollination. However,
none of the SLF proteins can interact with their self S-RNase, allowing the self S-RNase to use its
ribonuclease activity to degrade pollen RNAs to result in incompatible pollination.

The function of the S-RNase gene in controlling pistil specificity has been established
through both gain- and loss-of-function experiments; however, only gain-of-function experiments
have been used to demonstrate the function of several types of SLF genes in controlling pollen
specificity. In Objective 1, I used both gain- and loss-of-function assays to study S2-SLF1. Using
the gain-of-function transgenic functional assay previously established by our lab, I examined the
relationship between S2-SLF1 and four of its other non-self S-RNases, to see whether it interacts
with any of them. According to a previous transgenic functional assay, S9-RNase interacts with
both SLF1 and SLF2 of S5 pollen (Kubo et al., 2010). I therefore hypothesized that pollen of any
S-haplotype would employ at least two types of SLF protein to recognize any of its non-self SRNases in order to minimize the effect of mutation in any SLF gene on the SI behavior of pollen.
In this way, if an SLF loses its ability to interact with a non-self S-RNase, pollen still remains
compatible with pistils producing this non-self S-RNase. To test this hypothesis, I used the
artificial microRNA (amiRNA) approach to suppress the expression of S2-SLF1 in S2 pollen, and
determined whether the S2 pollen carrying the transgene could still be accepted by an S3S3 pistil.
If the S2 transgenic pollen is still accepted by an S3S3 pistil, it suggests that S2-SLF1 is not the
only SLF in S2 pollen that interacts with S3-RNase. As S2-SLF1 was found to interact with two of
the four non-self S-RNases through the gain-of-function transgenic functional assay, similar
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approach was taken to determine whether S2-SLF1 is the only SLF in S2 pollen that interacts with
these S-RNases. I describe this project in Chapter 2.

An SLF may be the F-box protein component of an SCF complex (composed of Cullin1,
Skp1, RBX1 and an F-box protein), which mediates ubiquitination of protein substrates for
degradation by the 26S proteasome. However, the precise composition of the complex is
unknown. Based on in vitro pull-down and yeast two-hybrid assays, SLF of A. hispanicum and P.
hybrida has been proposed to be a component of an SCF complex, whereas SLF of P. inflata has
been proposed to be a subunit of a nonconventional E3 ubiquitin ligase complex. Objective 2 of
my dissertation research was to identify the SLF-containing complex. I used pollen extracts of a
transgenic plant expressing S2-SLF1:GFP for co-immunoprecipitation (Co-IP) followed by mass
spectrometry (MS), to identify proteins that directly or indirectly interact with S2-SLF1:GFP. I
describe this project in Chapter 3.

A transgenic functional assay is routinely used to determine whether an SLF produced by
pollen of a given S-haplotype interacts with any particular non-self S-RNase to mediate its
ubiquitination and degradation in the pollen tube. However, this assay requires time-consuming
transformation and regeneration of transgenic plants, and labor-intensive progeny analysis. Thus,
another graduate student, Shu Li, and I tested whether the yeast two-hybrid assay could be an
alternative approach for assessing interactions between SLFs and S-RNases. However, we made
an interesting discovery that the full-length S2-SLF1 protein and truncated protein without the Nterminal F-box domain, but not the truncated protein containing only the F-box domain, were
degraded in yeast. Based on this finding, I hypothesized that S2-SLF1 might contain a degradation
motif in its C-terminal domain. Therefore, Objective 3 of my dissertation research was to study
regulation of the stability of SLF proteins in pollen tubes. I first examined whether the
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degradation of S2-SLF1 in yeast was via the 26S proteasome. To pinpoint the degradation motif, I
made a series of progressively truncated forms of S2-SLF1, introduced the constructs into yeast,
and examined the stability of the truncated proteins. I also examined whether degradation of SLFs
occurred in planta and if so, whether it was via the 26S proteasome pathway. As I identified a
degradation motif in the C-terminal domain of S2-SLF1 in yeast, I then determined its effect on
the stability of S2-SLF1 in pollen. To identify the proteins involved in regulating the stability of
S2-SLF1, I subjected pollen extracts expressing S2-SLF1:GFP to in vitro degradation, and used
S2-SLF1:GFP as bait to perform co-immunoprecipitation followed by mass spectrometry. I
describe this project in Chapter 4.
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Figure 1-1. Competitive interaction.
Growth of incompatible pollen tubes is arrested in the upper segment of the style.
(A) Self-incompatible plant of S1S2 genotype.
(B) Self-compatible S1S1S2S2 plant derived from an S1S2 self-incompatible plant. Presence of the
S-loci of two different haplotypes, S1 and S2, causes breakdown of SI in pollen.
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Figure 1-2. Transgenic functional assay showing that PiSLF is not the sole pollen specificity
gene.
(A) Self-pollination of an S2S3 transgenic plant carrying a PiSLF2 transgene. The transgenic plant
produces four different genotypes of pollen as indicated. White triangles and blue triangles denote
S2-RNase and S3-RNase molecules, respectively. Based on the findings that S2S3 and S3S3, but no
S2S2, genotypes were present in the self progeny and that all progeny inherited the transgene
(either one copy or two copies), only S3 pollen carrying the PiSLF2 transgene was accepted by the
pistil. White and blue triangles marked with a broken line across denote those S2-RNases and S3RNases, respectively, that are inside pollen tubes but fail to exert their cytotoxicity. That PiSLF2
causes breakdown of SI in S3, but not in S2, pollen is consistent with the prediction by competitive
interaction that SI breaks down in pollen carrying two different S-alleles.
(B) Self-pollination of an S2S3 transgenic plant carrying a PiSLF3 transgene. The transgenic plant
produces four different genotypes of pollen as indicated. White triangles and blue triangles denote
S2-RNase and S3-RNase molecules, respectively. The transgenic plant remained self-incompatible,
suggesting that all four genotypes of pollen were rejected by the pistil. White and blue triangles
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marked with a broken line across denote those S2-RNases and S3-RNases, respectively, that are
inside pollen tubes but fail to exert their cytotoxicity. The finding that PiSLF3 does not cause
breakdown of SI in S2 pollen is not consistent with the prediction by competitive interaction.
(C) A protein degradation model based on the assumption that PiSLF is solely responsible for
pollen specificity. This model predicts that a PiSLF interacts with all S-RNases, except its self-SRNase, to mediate their ubiquitination and ultimate degradation by the 26S proteasome. In the
example shown, PiSLF2 interacts with S3-RNase and Sx-RNase (with Sx denoting S-RNases
produced by any additional haplotype except S2) to mediate their ubiquitination and degradation,
as indicated by a broken line across S3-RNase and Sx-RNase; however, PiSLF2 does not interact
with S2-RNase, its self-S-RNase. This model can explain the results of the transgenic functional
assay shown in (A). In S3 pollen tubes expressing the PiSLF2 transgene, PiSLF3 produced by the
endogenous gene interacts with S2-RNase, and PiSLF2 produced from the transgene interacts with
S3-RNase. As a result, both S2-RNase and S3-RNase are ubiquitinated and degraded, thus
allowing the pollen tube to circumvent the toxic effect of these S-RNases.
(D) Interpretation of the results of the transgenic functional assay shown in (B) based on the
protein-degradation model shown in (C). The failure of the PiSLF3 transgene to cause breakdown
of SI in S2 pollen suggests that PiSLF3 cannot interact with S2-RNase, a non-self S-RNase, raising
a question of whether PiSLF3 can interact with any other non-self S-RNases. Most importantly,
this finding suggests that there must be additional protein(s) involved in pollen specificity that
allow(s) S3 pollen to interact with and detoxify S2-RNase to result in compatible pollination
between S3 pollen and S2-carrying pistils.
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Figure 1-3. Protein degradation model.
An SLF may be the F-box protein component of an SCF complex (containing Skp1, Cullin1, Fbox and Rbx1), which mediates ubiquitination of protein substrates (S-RNase) for degradation by
the 26S proteasome.
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Figure 1-4. Collaborative non-self recognition model.
For pollen of a given S-haplotype, multiple types of SLF proteins collaboratively interact with all
their non-self S-RNases, with each type of SLF only interacting with a subset of the non-self SRNases. For the sake of simplicity, only two different types of SLF proteins, SLF1 and SLF2, are
shown for S5 pollen. When S5-RNase is taken up by the S5 pollen tube (leftmost panel), no SLF
proteins can interact with their self-S-RNase, S5-RNase. Pollen RNA is degraded by S5-RNase
and pollen tube growth is inhibited. When S17-RNase is taken up by the S5 pollen tube (second
panel from left), S5-SLF1 interacts with S17-RNase to mediate its degradation. When S11-RNase is
taken up by the S5 pollen tube (second panel from right), S5-SLF2 interacts with S11-RNase to
mediate its degradation. When S9-RNase is taken up by the S5 pollen tube (rightmost panel), both
S5-SLF1 and S5-SLF2 interact with S9-RNase to mediate its degradation. Degradation of S17RNase, S11-RNase and S9-RNase inside S5 pollen tubes mediated by one or more types of SLF
proteins explains compatible pollinations between S5 pollen and S17-, S11- and S9-carrying pistils.
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Chapter 2
Self-Incompatibility in Petunia inflata: the Relationship between a SelfIncompatibility-Locus F-box Protein and Its Non-Self S-RNases

The work described in this chapter has been published in Sun and Kao, Plant Cell 25 (2):
470-485, 2013.
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2.1 Introduction
If a single SLF gene were solely responsible for pollen specificity, mutation in this gene would be
lethal for pollen, as pollen tubes would be unable to detoxify any S-RNase and be incompatible
with pistils of any S-genotype. However, based on the collaborative nature of multiple SLF genes,
mutation in any SLF gene will affect the SI behavior of pollen only if the protein encoded by this
gene is solely responsible for recognizing and detoxifying one or more non-self S-RNases. In this
case, pollen will be incompatible with pistils producing this (these) non-self S-RNases, but will
remain compatible with pistils producing all other non-self S-RNases. It seems logical that pollen
of any S-haplotype would employ more than one type of SLF protein to recognize any of its nonself S-RNases in order to minimize the effect of mutation in any SLF gene on the SI behavior of
pollen. Indeed, the results obtained from a transgenic functional study of three types of SLF genes
of Petunia, SLF1, SLF2 and SLF3, showed that SLF1 and SLF2 of S5 and S7 pollen all caused
breakdown of SI in S9 transgenic pollen, suggesting that S9-RNase interacts with SLF1 and SLF2
of S5 and S7 pollen (Kubo et al., 2010).

To date, it is not known how many types of SLF proteins constitute the pollen specificity
determinant of any S-haplotype, but there must be more than the three types that have already
been shown to be involved, because (1) for each of the four S-haplotypes studied, at least one of
its non-self S-RNases examined did not interact with any of these three types of SLF proteins
(Kubo et al., 2010), (2) only five non-self S-RNases were examined for each S-haplotype, a small
number considering that at least a total of 36 distinct S-haplotypes have been reported in P.
inflata and P. hybrida and considering that there may be up to 40 more, if these haplotypes
identified from P. axillaris are genetically distinct from any of the S-haplotypes identified in P.
inflata or P. hybrida (Sims and Robbins, 2009). The function of any potential SLF gene in SI
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needs to be examined by the well-established gain-of-function transgenic assay (Sijacic et al.,
2004; Hua et al., 2007; Kubo et al., 2010), and its role in SI can only be established if it causes
breakdown of SI in heteroallelic transgenic pollen carrying certain S-haplotype(s). Thus, the
success of identifying any additional SLF protein involved in pollen specificity depends on
whether the S-haplotypes available for testing contain at least one that encodes an S-RNase with
which this SLF protein interacts.

Our lab previously showed that expression of Type-1 SLF of S2-haplotype, S2-SLF1
(formerly named SLF2), of P. inflata caused breakdown of SI in S1 and S3 pollen (Sijacic et al.,
2004), suggesting that S2-SLF1 interacts with S1- and S3-RNases to mediate their degradation,
thereby allowing S1 and S3 transgenic pollen to be compatible with S1- and S3-carrying pistils,
respectively. As a first step toward a comprehensive study of the relationship between each type
of SLF involved in pollen specificity and its non-self S-RNases, in this chapter, I first used the
transgenic functional assay to examine the relationship between S2-SLF1 and four other non-self
S-RNases in Petunia inflata, and the results suggest that it interacts with two of them, S7- and S13RNases. To determine whether S2-SLF1 is the only type of SLF that interacts with S3-, S7- and
S13-RNases, I used the approach of artificial microRNA (amiRNA) to suppress the expression of
S2-SLF1 in S2 pollen of S2S3 transgenic plants and examined the effect on the SI behavior of the S2
transgenic pollen. I showed that amiRNA targeting S2-SLF1 or GFP when expressed by a pollen
vegetative cell specific promoter of tomato (Solanum lycopersicum), Late Anther Tomato 52
(LAT52) (Twell et al., 1990), suppressed the expression of an S2-SLF1:GFP transgene driven by
the LAT52 promoter, but had no effect on the endogenous S2-SLF1 gene. I then showed that the
same amiRNA targeting S2-SLF1 when expressed by the S2-SLF1 promoter suppressed the
expression of the endogenous S2-SLF1 gene. S2 pollen with S2-SLF1 suppressed remained
compatible with S3-, S5-, S7- and S13-carrying pistils.
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2.2 Methods

2.2.1 Plant Material
S2S2, S3S3, and S2S3 genotypes of Petunia inflata were described by Ai et al. (1990). S5-, S11-, S7-,
and S13-haplotypes of P. inflata were described by Wang et al. (2001), and S5S11 and S7 S13 plants
were generated by crosses between S5S5 and S11S11, and between S7S7 and S13S13 plants,
respectively. Plants of S2S5 and S2S11 genotypes were generated by crosses between S2S3 and S5S11
plants, and plants of S2S7 and S2S13 genotypes were generated by crosses between S2S3 and S7 S13
plants. The S-genotypes of all the plants used were determined by PCR using primers specific to
S-RNase or SLF1 of each haplotype. The AS-S3-RNase/S3S3 transgenic plants were identified from
selfed progeny of the AS-S3-RNase/S2S3 transgenic plants described by Lee et al. (1994).

2.2.2 Construction of AmiS2-SLF1 and AmiGFP Stem-Loop Precursors
The 423-bp stem-loop precursor AmiS2-SLF1 was constructed by integrating the amiRNA
sequence targeting S2-SLF1 into the miR319a stem-loop precursor on plasmid pRS300 following
the protocol of Schwab et al. (2006). Primers SPL1-ImiRs, SPL1-IImiRa, SPL1-IIImiR*s, SPL1IVmiR*a, SPLA and SPLB (Table 2-1) corresponding to segments I, II, III, IV, A and B,
respectively (Figure 2-1) were used in separate PCRs with the pRS300 template to generate
fragments A-IV, III-II and I-B. These three fragments were then fused together to yield fragment
SPLA-SPLB by overlapping PCR using the primers corresponding to segments A and B. The
fragment SPLA-SPLB was further amplified using SPLNcoIfor and SPLNotIrev as primers to
introduce the NcoI and NotI restriction sites. The 423-bp stem-loop precursor AmiGFP was
similarly constructed except that primers SPL9-ImiRs, SPL9-IImiRa, SPL9-IIImiR*s and SPL9-
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IVmiR*a corresponding to segments I, II, III and IV, along with primers SPLA and SPLB, were
used generate fragments A-IV, III-II and I-B.

2.2.3 Generation of Ti Plasmid Constructs and Plant Transformation
All Ti plasmid constructs used in plant transformation are schematically shown in Figure 2-2.
pBI101-LAT52P:S2-SLF1:GFP was described by Hua et al. (2007). The 423-bp stem-loop
precursor AmiS2-SLF1 was subcloned into pGEM-T Easy Vector (Promega), released by
NcoI/NotI digestion, and the 423-bp NcoI-NotI fragment was used to replace the 0.72-kb NcoINotI fragment of the GFP coding sequence in pLAT-LAT52P:GFP (Dowd et al., 2006) to yield
pLAT-LAT52P:AmiS2-SLF1. pLAT-LAT52P:AmiGFP was similarly generated using the 423-bp
stem-loop precursor AmiGFP. The fragment containing LAT52P:AmiS2-SLF1 was released from
pLAT-LAT52P:AmiS2-SLF1 by SalI/EcoRI digestion and inserted into the SalI/EcoRI digested
pBI101 and pCAMBIA1300 to yield pBI101-LAT52P:AmiS2-SLF1 and pCAMBIA1300LAT52P:AmiS2-SLF1, respectively. The fragment containing LAT52P:AmiGFP was re-amplified
using pLAT-LAT52P:AmiGFP as template and SPLXhoIfor/SPLSpeIrev as primers, subcloned
into pGEM-T Easy Vector, released by XhoI/SpeI digestion, and inserted into the XhoI/SpeI
digested pTA7001 to yield pTA7001-LAT52P:AmiGFP. The 2577-bp S2-SLF1 native promoter,
S2P, was released from pBI101-S2P:S2-SLF1 by SalI/NcoI digestion, and used to replace the
SalI/NcoI fragment of the Late Anther Tomato 52 (LAT52) promoter in pLAT-LAT52P:AmiS2SLF1 to yield pLAT-S2P:AmiS2-SLF1. pLAT-S2P:AmiS2-SLF1 was digested by SalI/EcoRI, and
S2P:AmiS2-SLF1 was cut into two fragments, the 2.2-kb fragment of S2P and the 1.1-kb fragment
containing the rest of S2P and AmiS2-SLF1. The 2.2-kb fragment was first inserted into
SalI/EcoRI digested pBI101; the resulting plasmid was digested by EcoRI, and the 1.1 kb
fragment was ligated into it to yield pBI101-S2P:AmiS2-SLF1. pBI101-S2P:GFP was similarly
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generated using pLAT-LAT52P:GFP. The 2577-bp S2-SLF1 native promoter, S2P, was released
from pBI101-S2P:S2-SLF1 by SalI/NcoI digestion, and used to replace the SalI/NcoI fragment of
the LAT52 promoter in pLAT-LAT52P:S2-SLF1:GFP (Hua et al., 2007) to yield pLAT-S2P:S2SLF1:GFP. The S2P:S2-SLF1:GFP fragment was amplified by PCR using “INFUSION PBI
S2Pfor” and “INFUSION PBI NOSrev” as primers, and ligated into SalI/EcoRI digested pBI101
using the In-Fusion HD cloning kit (Clontech) to yield pBI101-S2P:S2-SLF1:GFP. All the Ti
plasmids were electroporated into Agrobacterium tumefaciens (LBA4404), and plant
transformation was performed as described in Lee et al. (1994).

2.2.4 Visualization of GFP Fluorescence
Mature pollen was collected and germinated in pollen germination medium for 2 h as described
by Meng et al. (2009). The pollen tubes shown in Figure 2-3 were visualized using a Nikon
Eclipse 90i epifluorescence microscope, and the pollen tubes shown in Figures 2-4A to 2-4D
were visualized using a Nikon Eclipse E800. For subcellular localization of S2-SLF1 shown in
Figures 2-4E to 2-4H, mature pollen was collected and resuspended in the pollen germination
medium, and the pollen samples were visualized by a Zeiss LSM 510 META confocal
microscope with a lambda spectral scan.

2.2.5 Real-Time PCR Analysis to Determine Levels of S2-SLF1 Transcript and Mature
amiRNA, and Copy Numbers of Transgene
Total RNA was isolated from stage 5 anthers (purple buds between 2.0 and 2.5 cm containing
anthers before anthesis) using Trizol reagent (Invitrogen). For measuring the total transcript level
of S2-SLF1 (endogenous plus S2-SLF1:GFP) or endogenous transcript level of S2-SLF1
total RNA was reverse transcribed using oligo-dT and Smart-Scribe reverse transcriptase
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following the manufacturer’s protocol (Clontech). Real-Time PCR was performed on ABI7300
(Applied Biosystems) using 50 ng of cDNA for each technical replicate and PerfeCTa SYBR
Green FastMix, ROX (Quanta Biosciences) following the manufacturer’s protocol. The cycling
conditions were 95℃ for 30 s for initial denaturation, followed by 40 cycles of 95℃ for 10 s,
60℃ for 20 s, 72℃ for 29 s, and then the Melt Curve stage. Primers ACTIN4for and ACTIN4rev
were used for amplifying the control gene Actin. A wild-type S2S3 plant was used as the control
plant. The “delta-delta Ct” method was used to calculate the ratio of target gene expression in a
test plant and the control plant, which was shown as the value on the Y-axis. A Non-RT control
was performed for each sample by Real-Time PCR to confirm no DNA contamination in the
RNA sample.

For analyzing mature amiRNA targeting S2-SLF1 using stem-loop RT Real-Time PCR, 1
I (Fermentas) following the manufacturer’s protocol,
and 100 ng of DNaseI-2 primer, and Smart-Scribe reverse transcriptase (Clontech)
following the manufacturer’s protocol, except that pulsed RT reaction was employed, as follows:
16℃ for 30 min, followed by 60 cycles of 30℃ for 30 s, 42℃ for 30 s, 50℃ for 1 s, and then
70℃ for 15 min (Varkonyi-Gasic et al., 2007). For Real-Time PCR, 10 ng of cDNA was used for
each technical replicate. AmiSPL1for and “Universal reverse primer” were used to amplify the
target gene, and U6for and U6rev-2 were used to amplify control gene U6. (LAT52P:S2SLF1:GFP** + LAT52P:AmiS2-SLF1)/S2S3 was used as the control plant. All other procedures for
Real-Time PCR were the same as described above. The procedure for detecting the mature
amiRNA targeting GFP was the same as described above for analyzing the mature amiRNA
targeting S2-SLF1 except that “AmiSPL9 stem loop RT” primer and U6rev-2 primer were used in
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reverse transcription, and AmiSPL9for and “Universal reverse primer” were used to amplify the
target gene.

For copy number analysis, 100 ng of genomic DNA was used in each technical replicate.
PiSLF3Copy1for/PiSLF3Copy1rev were used to amplify control gene S3-SLF1. LAT52P:AmiS2SLF1/S2S3-6 was used as control plant. AmiSPL1Copy1for/AmiSPL1Copy1rev (Figure 2-2) were
used to amplify the target gene AmiS2-SLF1, and AmiSPL9Copy1for/AmiSPL9Copy1rev were
used to amplify the target gene AmiGFP. The procedures and cycling conditions for Real-Time
PCR were the same except that the initial denaturation was at 95℃ for 10 min.

2.2.6 Genomic DNA Isolation and Blotting
The protocols for genomic DNA isolation and blotting were as described by Meng et al. (2011),
except that the genomic DNA was digested by EcoRI. The [32P] radiolabeled probe was obtained
by PCR using SPLNcoIfor/SPLNotIrev as primers and pBI101-LAT52P:AmiS2-SLF1 as template.

2.2.7 Genotyping of Progeny by PCR
The AmiS2-SLF1 transgene was amplified using SPLNcoIfor/SPLNotIrev as primers. The primers
for genotyping S5-haplotype were S5-SLF1-1for/S5-SLF1-3rev, and the primers for GFP were
GFPRT5for/GFPRT5rev. The cycling conditions were 95℃ for 5 min for initial denaturation,
followed by 36 cycles of 95℃ for 30 s, 60℃ for 30 s, 72℃ for 1 min, then 72℃ for 10 min. The
primers for genotyping S2-, S3-, and S11-haplotypes were: S2RDNEfor/S2RDNErev,
S3RDNEfor/S3RDNErev, and S11-SLF1-1for/S11-SLF1-2rev, respectively. The cycling
conditions were 95℃ for 5 min for initial denaturation, followed by 41 cycles of 95℃ for 30 s,
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55℃ for 30 s, 72℃ for 2 min, then 72℃ for 10 min. The primers for genotyping S7- and S13haplotypes were S7-SLF1-1for/S7-SLF1-4rev and S13-SLF1-2for/S13-SLF1-3rev, respectively.
The cycling conditions were 95℃ for 5 min for initial denaturation, followed by 41 cycles of
95℃ for 30 s, 60℃ for 30 s, 72℃ for 2 min, then 72℃ for 10 min.

2.2.8 Accession Numbers
The accession numbers for the sequence data referenced in this chapter are as follows: S2-SLF1
(AAS79485), S3-SLF1 (AAS79486), S5-SLF1 (KC590092), S7-SLF1 (KC590093), S11-SLF1
(KC590094), S13-SLF1 (KC590095), S2-RNase (AAG21384) and S3-RNase (AAA33727) from
Petunia inflata.

2.3 Results

2.3.1 Examining the Relationships between S2-SLF1 and Four Non-Self S-RNases by Gainof-Function Transgenic Functional Assay
To examine whether S2-SLF1 interacts with any additional non-self S-RNases, I first selfpollinated a previously generated self-compatible transgenic plant pBI101-LAT52P:S2SLF1:GFP/S2S3 (LAT52P denoting the LAT52 promoter; Figure 2-2) carrying a single copy of the
transgene (Hua et al., 2007) to obtain S2S3 plants homozygous for the transgene. I analyzed in
vitro germinated pollen tubes of 37 progeny plants, and identified 14 that were homozygous for
the transgene based on the finding that all their pollen tubes showed GFP fluorescence. I then
determined the S-genotypes of these 14 plants by Polymerase Chain Reactions (PCRs) using a
primer pair specific to S2-RNase (S2RDNEfor/S2RDNErev) and a primer pair specific to S3RNase (S3RDNEfor/S3RDNErev). (The sequences of all the primers used in this work are listed
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in Table 2-1.) Seven pBI101-LAT52P:S2-SLF1:GFP**/S2S3 plants were identified (** indicates
that plants were homozygous for the transgene), and one of them was used for subsequent
experiments.

The pBI101-LAT52P:S2-SLF1:GFP**/S2S3 transgenic plant was used as male in crosses
with wild-type P. inflata plants of S5S11 and S7S13 genotypes. For the cross with the S5S11 plant,
S2S5, S2S11, S3S5 and S3S11 genotypes were expected in the progeny, and all were expected to carry
the transgene. The primer pairs for S2-RNase and S3-RNase described above, as well as a primer
pair specific to S5-SLF1 (S5-SLF1-1for/S5-SLF1-3rev) and a primer pair specific to S11-SLF1
(S11-SLF1-1for/S11-SLF1-2rev) were used for PCRs to amplify genomic DNA of these four Shaplotypes. Another primer pair specific to GFP (GFPRT5for/GFPRT5rev) was then used to
further confirm that all the plants analyzed carried the LAT52P:S2-SLF1:GFP transgene. From
analysis of 12 progeny plants, two pBI101-LAT52P:S2-SLF1:GFP/S2S5, three pBI101-LAT52P:S2SLF1:GFP/S2S11, five pBI101-LAT52P:S2-SLF1:GFP/S3S5, and two pBI101-LAT52P:S2SLF1:GFP/S3S11 plants were identified. Both S2S5 transgenic plants and two of the three S2S11
transgenic plants were self-pollinated, and pollen from these four transgenic plants was used to
pollinate their respective wild-type S2S5 and S2S11 plants (three independent pollinations were
performed for each self-pollination and self-cross). All pollinations were incompatible (Table 2-2;
Figures 2-5A and 2-5B). As expression of the S2-SLF1:GFP transgene should not cause
breakdown of SI in S2 transgenic pollen (Hua et al., 2007), these results suggest that expression of
the S2-SLF1:GFP transgene did not cause breakdown of SI in S5 and S11 pollen either.

For the cross with the S7S13 plant, S2S7, S2S13, S3S7 and S3S13 genotypes were expected in
the progeny, and all were expected to carry the transgene. Genotyping of 15 progeny plants was
similarly performed as described above, except that primers for specific amplification of S7-SLF1
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(S7-SLF1-1for and S7-SLF1-4rev) and S13-SLF1 (S13-SLF1-2for and S13-SLF1-3rev) were used
for identifying S7- and S13-haplotype containing progeny plants, respectively. The primer pair
specific to GFP was also used to confirm that all the plants analyzed carried the LAT52P:S2SLF1:GFP transgene. One pBI101-LAT52P:S2-SLF1:GFP/S2S7, three pBI101-LAT52P:S2SLF1:GFP/S2S13, six pBI101-LAT52P:S2-SLF1:GFP/S3S7, and five pBI101-LAT52P:S2SLF1:GFP/S3S13 plants were identified. The S2S7 transgenic plant and two of the three S2S13
transgenic plants were self-pollinated, and pollen from these three transgenic plants was used to
pollinate their respective wild-type S2S7 and S2S13 plants (three independent pollinations were
performed for each self-pollination and self-cross). All pollinations were compatible, as large-size
fruits were set (Table 2-2; Figures 2-5C and 2-5D). PCR analysis of 23 progeny plants from the
cross of the S2S7 transgenic plant with a wild-type S2S7 plant showed that 8 were S2S7 and 15 were
S7S7, all carrying the transgene; PCR analysis of 24 progeny plants from the cross of one S2S13
transgenic plant with a wild-type S2S13 plant showed that 14 were S2S13 and 10 were S13S13, all
carrying the transgene. Absence of S2S2 plants in both progenies confirmed that expression of the
S2-SLF1:GFP transgene caused breakdown of SI in S7 and S13 pollen.

The results from the transgenic functional assay taken together suggest that S2-SLF1
interacts with S7- and S13-RNases (in addition to interacting with S1- and S3-RNases that were
previously shown), but it does not interact with S5- or S11-RNase.

2.3.2 Suppression of Expression of LAT52P:S2-SLF1:GFP Transgene by LAT52 PromoterDriven AmiRNAs Targeting Either S2-SLF1 or GFP
Arabidopsis miRNA stem-loop precursors have been used to successfully silence genes in tomato
and tobacco (Nicotiana tabacum) (Alvarez et al., 2006), and small RNA sequences matching
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miR319 have been found in P. hybrida inflorescence small RNA libraries (Tedder et al., 2009),
suggesting that Arabidopsis miR319a precursor could be processed in P. inflata. To assess the
feasibility of using amiRNA to suppress the expression of S2-SLF1 in S2 pollen, I first used the
S2S3 transgenic plant homozygous for the LAT52P:S2-SLF1:GFP transgene as the recipient of two
amiRNA transgene constructs, one targeting S2-SLF1 (628-648 bp of the coding sequence) and
the other targeting GFP (480-500 bp of the coding sequence). Both amiRNAs were designed
according to the amiRNA designing tool at http://wmd3.weigelworld.org/cgi-bin/webapp.cgi,
following the strict base-pairing rules for using amiRNA to suppress expression of plant genes:
only one mismatch is allowed between the 2nd and 12th nt of the amiRNA, but no mismatch is
allowed for the 10th and 11th nt, and up to four mismatches, but no more than two in a row, are
allowed between the 13th and 21st nt (Schwab et al., 2005). In addition, the amiRNA targeting S2SLF1 was designed to specifically target S2-SLF1 without affecting S3-SLF1 or any of the five
other SLF genes (named Type 2 to Type 6) identified so far (Hua et al., 2007; Kubo et al, 2010).
The sequence of amiRNA targeting S2-SLF1 was 5-TCAATAAATCGATGGCAACTG-3, and
the sequence of amiRNA targeting GFP was 5-TTGAAGTTCACCTTGATGCCG-3. Each
sequence was integrated into the Arabidopsis miR319a stem-loop precursor by site-directed
mutagenesis, following the procedure described by Schwab et al. (2006), to generate AmiS2-SLF1
and AmiGFP (Figure 2-1). The LAT52 promoter was inserted upstream of AmiS2-SLF1 and
AmiGFP in Ti plasmids pCAMBIA1300 and pTA7001, respectively, to generate pCAMBIA1300LAT52P:AmiS2-SLF1 and pTA7001-LAT52P:AmiGFP (Figure 2-2). The constructs were
separately introduced into the pBI101-LAT52P:S2-SLF1:GFP**/S2S3 transgenic plant. One
(pCAMBIA1300-LAT52P:AmiS2-SLF1+LAT52P:S2-SLF1:GFP**)/S2S3 and two (pTA7001LAT52P:AmiGFP+LAT52P:S2-SLF1:GFP**)/S2S3 “double” transgenic plants (designated -1 and
-2) were obtained, and all were used in subsequent experiments.
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I analyzed GFP fluorescence of in vitro germinated pollen tubes of the three double
transgenic plants, the pBI101-LAT52P:S2-SLF1:GFP**/S2S3 transgenic plant, and a wild-type
S2S3 plant. For the pBI101-LAT52P:S2-SLF1:GFP**/S2S3 transgenic plant, all the pollen tubes
examined showed fluorescence (Figure 2-3A), whereas for the wild-type S2S3 plant, none of the
pollen tubes showed fluorescence (Figure 2-3B). For the two double transgenic plants carrying
LAT52P:AmiGFP, ~50% (79 of 147) and ~40% (27 of 70) of their pollen tubes showed
fluorescence (Figures 2-3C and 2-3D show representative pollen tubes examined for each
transgenic plant), and for the double transgenic plants carrying LAT52P:AmiS2-SLF1, ~70% the
pollen tubes (70 of 95) showed fluorescence (Figure 2-3E shows representative pollen tubes
examined). These results suggest that both amiRNAs were able to suppress the expression of the
S2-SLF1:GFP transgene.

To more precisely determine the extent of suppression, I next used Real-Time PCR to
quantify the levels of S2-SLF1 transcripts in total RNA isolated from stage 5 anthers (purple buds
between 2.0 and 2.5 cm, containing anthers before anthesis; Mu et al., 1994) of the S2S3
transgenic plant homozygous for the S2-SLF1:GFP transgene, all three double transgenic plants,
and a wild-type S2S3 plant (Figure 2-6A; Figure 2-7). For all but the wild-type plant, the transcript
level measured was the total transcript of the endogenous S2-SLF1 gene and S2-SLF1:GFP
transgene. The level of pBI101-LAT52P:S2-SLF1:GFP**/S2S3 (labeled as **/S2S3 in Figure 2-6A)
was 19.01 ±2.84 (average ±standard error) times that of the wild-type S2S3 plant, and the levels
of the double transgenic plant carrying LAT52P:AmiS2-SLF1 and the two double transgenic plants
(-1 and -2) carrying LAT52P:AmiGFP were 7.21 ±0.62, 6.97 ±0.89, and 9.32 ±0.13 times that
of the wild-type S2S3 plant, respectively. If one copy of either amiRNA transgene was integrated
into the double transgenic plants, the maximum level of reduction in the S2-SLF1:GFP transcript
level should be 50%, and thus the ~54-67% reduction suggests that these three double transgenic
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plants most likely carried more than one copy of the respective amiRNA construct. I used RealTime PCR to determine the copy numbers of the LAT52P:AmiS2-SLF1 and LAT52P:AmiGFP
transgenes (Figure 2-2); the S2S3 double transgenic plant carrying LAT52P:AmiS2-SLF1 had four
copies of the transgene, and plants -1 and -2 of the S2S3 double transgenic plants carrying
LAT52P:AmiGFP both had two copies of the transgene. (The validity of this method will be
discussed in a later section.) All these results suggest that both amiRNAs efficiently suppressed
the expression of the S2-SLF1:GFP transgene in the vegetative cell of pollen.

2.3.3 AmiS2-SLF1 Expressed by S2-SLF1 Promoter, but Not by LAT52 Promoter,
Suppresses Expression of Endogenous S2-SLF1
I next examined whether expression of the endogenous S2-SLF1 gene in the S2S3 double
transgenic plant carrying the LAT52P:AmiS2-SLF1 transgene was also suppressed. Real-Time
PCR was carried out using a pair of primers that specifically amplify the endogenous S2-SLF1
gene and not the S2-SLF1:GFP transgene (Figure 2-7). The results showed that the transcript
level of the endogenous S2-SLF1 gene in this transgenic plant was comparable to those of a wildtype S2S3 plant and the transgenic plant homozygous for LAT52P:S2-SLF1:GFP (Figure 2-6B).
Both the S2-SLF1:GFP transgene and the AmiS2-SLF1 transgene were driven by the LAT52
promoter, which is active in the vegetative nucleus of pollen (Eady et al., 1995). During pollen
development, the LAT52 promoter is active from the stage of late unicellular microspores, before
pollen mitosis I in Arabidopsis and immediately after pollen mitosis I in tobacco (Twell et al.,
1989; Twell et al., 1990; Eady et al., 1994), to the stage of pollen tube germination, whereas
expression of the S2-SLF1 gene is first detected in stage 3 anthers of P. inflata, which contain
mostly bicellular microspores, and remains active in germinating pollen tubes (Mu et al., 1994;
Sijacic et al., 2004). In stage 5 anthers of P. inflata, both promoters should be active in pollen.
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Thus, the finding that the LAT52 promoter driven AmiS2-SLF1 suppressed the LAT52 promoter
driven S2-SLF1:GFP transgene, but not the endogenous S2-SLF1 gene, raised the possibility that
the S2-SLF1 gene is expressed in the generative cell of pollen and thus its transcript could not be
suppressed by amiRNA expressed in the vegetative cell.

To test this possibility, I first introduced the LAT52P:AmiS2-SLF1 transgene into wildtype S2S3 plants to directly target the endogenous S2-SLF1 gene. Five of the 13 transgenic plants
obtained, pBI101-LAT52P:AmiS2-SLF1-1, -3, -6, -8, -17, were chosen for all subsequent analyses.
I used Real-Time PCR to examine the transcript level of the endogenous S2-SLF1 gene, and found
that the levels in these five transgenic plants were not statistically different from that of a wildtype S2S3 plant (Figure 2-8A). I then used a stem-loop RT Real-Time PCR procedure (VarkonyiGasic et al., 2007; Figure 2-9) to determine whether the 21-nt mature amiRNA was produced in
all these transgenic plants, and in the three double transgenic plants carrying either
LAT52P:AmiS2-SLF1 or LAT52P:AmiGFP. The mature amiRNA targeting S2-SLF1 was detected
in all these five S2S3 transgenic plants carrying LAT52P:AmiS2-SLF1 and in the S2S3 double
transgenic plant carrying the LAT52P:AmiS2-SLF1 transgene; the mature amiRNA targeting GFP
was also detected in the two S2S3 double transgenic plants carrying the LAT52P:AmiGFP
transgene (Figure 2-8B). Thus, the failure of the amiRNA targeting S2-SLF1 to suppress the
expression of the endogenous S2-SLF1 gene was not due to lack of production of the mature
amiRNA.

I thus decided to test whether AmiS2-SLF1 driven by the promoter of S2-SLF1 could
suppress the expression of the endogenous S2-SLF1 gene. I used a genomic fragment (named
S2P) containing the 2,577-bp sequence upstream of the translation initiation codon of S2-SLF1 to
make a pBI101-S2P:AmiS2-SLF1 construct (Figure 2-2) and introduced it into wild-type S2S3
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plants. I identified 14 transgenic plants by PCR, using a pair of primers specific to the transgene,
and performed Real-Time PCR to measure the levels of the S2-SLF1 transcript in stage 5 anthers
of all these transgenic plants and a wild-type S2S3 plant. The results for the three transgenic
plants, S2P:AmiS2-SLF1/S2S3-4,-13,-24, that showed the most significant reduction in the level of
the S2-SLF1 transcript when compared with level of the wild-type S2S3 plant are shown in Figure
2-10A. I then used the stem-loop RT Real-Time PCR procedure to show that the mature amiRNA
was produced in all of them (Figure 2-10B).

The findings that (1) the amiRNA targeting S2-SLF1 that was produced in the vegetative
cell suppressed the expression of S2-SLF1:GFP there, but not the expression of the endogenous
S2-SLF1 gene and (2) the same amiRNA expressed by the promoter of the S2-SLF1 gene
suppressed the expression of the endogenous S2-SLF1 gene, suggest that the S2-SLF1 gene is
specifically expressed in the generative cell of pollen and that, contrary to the observation in
Arabidopsis (Slotkin et al., 2009), there may be no path for transporting 21-nt miRNA generated
in the vegetative cell to the generative cell in Petunia pollen (Figure 2-11).

2.3.4 S2-SLF1 Localized in Cytoplasm of Vegetative Cell of Pollen
To examine the subcellular localization of S2-SLF1, I generated two Ti plasmid constructs using
the promoter of S2-SLF1 to drive the expression of GFP and S2-SLF1:GFP. The constructs,
pBI101-S2P:GFP and pBI101-S2P:S2-SLF1:GFP (Figure 2-2), were separately introduced into
wild-type S2S3 plants. I first examined in vitro germinated pollen tubes of 13 transgenic plants
carrying S2P:GFP and 21 transgenic plants carrying S2P:S2-SLF1:GFP for GFP fluorescence.
The LAT52P:S2-SLF1:GFP**/S2S3 transgenic plant was used for comparison, and a wild-type
S2S3 plant was included as negative control. As expected, pollen tubes of the LAT52P:S2-
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SLF1:GFP**/S2S3 transgenic plant showed strong fluorescence (Figure 2-4A), and no
fluorescence was detected in pollen tubes of the wild-type S2S3 plant (Figure 2-4B). Seven of the
21 S2P:S2-SLF1:GFP transgenic plants and two of the 13 S2P:GFP transgenic plants showed
visible fluorescence; the results of one such S2P:S2-SLF1:GFP transgenic plant and one such
S2P:GFP transgenic plant are shown in Figure 2-4C and Figure 2-4D, respectively. The weaker
fluorescence signals observed with the S2-SLF1 promoter-driven GFP than with the LAT52
promoter-driven GFP is consistent with the Real-Time PCR results shown in Figure 2-6A.

With the help of Dr. Gabriele Monshausen, I next used confocal microscopy to examine
GFP fluorescence in mature pollen of these four plants. As pollen tends to auto-fluoresce under
the conditions used to observe GFP fluorescence, we used a lambda spectral scan function of the
confocal microscope to distinguish between auto-fluorescence/background fluorescence and GFP
fluorescence. For the LAT52P:S2-SLF1:GFP**/S2S3 transgenic plant, strong GFP fluorescence
was evenly distributed in the vegetative cell cytoplasm of pollen (Figure 2-4E), whereas for the
wild-type S2S3 plant, only auto-fluorescence/background fluorescence was observed (Figure 24F). Like the LAT52P:S2-SLF1:GFP**/S2S3 transgenic plant, GFP fluorescence of both S2P:S2SLF1:GFP/S2S3 and S2P:GFP/S2S3 transgenic plants was also evenly distributed in the vegetative
cell cytoplasm of pollen (Figures 2-4G and 2-4H).

2.3.5 S2-SLF1 Is Not the Only SLF in S2 Pollen That Interacts with S3-, S7-, and S13-RNases
The three transgenic plants, S2P:AmiS2-SLF1/S2S3-4,-13,-24, that showed significant degrees of
suppression of the endogenous S2-SLF1 gene by the amiRNA targeting S2-SLF1 (Figure 2-10)
were examined for their SI behavior. I first used Real-Time PCR to determine the copy number of
the S2P:AmiS2-SLF1 transgene carried by each of these three transgenic plants. The validity of
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this method was assessed by comparing the copy number of the LAT52P:AmiS2-SLF1 transgene
carried by each of three transgenic plants, LAT52P:AmiS2-SLF1/S2S3-6,-8,-17 (Figure 2-8A),
determined by genomic DNA blotting with that determined by Real-Time PCR. Based on
genomic DNA blotting, the copy numbers for transgenic plants -6, -8 and -17 were 1, 2 and 2,
respectively (Figure 2-12). Real-Time PCR was performed using the primer pair
PiSLF3Copy1for/PiSLF3Copy1rev for S3-SLF1, and the primer pair
AmiSPL1Copy1for/AmiSPL1Copy1rev (Figure 2-2) for AmiS2-SLF1, with S3-SLF1 serving as
internal control (as each transgenic plant carried one copy of this gene) and transgenic plant -6
serving as the control plant (as it carried one copy of the transgene based on genomic blotting).
The results showed that the transgenic plants -6, -8 and -17 carried 1, 1.91 ±0.18, and 2.10 ±0.10
copies of the LAT52P:AmiS2-SLF1 transgene, respectively, consistent with the results from
genomic DNA blotting. Using the same Real-Time PCR method, I determined the copy numbers
of the AmiS2-SLF1 transgene for S2P:AmiS2-SLF1/S2S3-4,-13,-24 to be 1, 2, 1, respectively (Table
2-3). All these three transgenic plants remained self-incompatible (Table 2-2).

To examine whether suppression of expression of S2-SLF1 in S2 pollen had any effect on
the ability of S2 transgenic pollen to be accepted by pistils carrying S3-haplotype, I pollinated
wild-type S3S3 plants with pollen from these three transgenic plants and raised 25, 29, and 32
progeny plants, respectively. In the case of transgenic plants S2P:AmiS2-SLF1/S2S3-4,-24 (each
carrying one copy of the transgene), half of the S2 pollen and half of the S3 pollen produced were
expected to carry the transgene, but as AmiS2-SLF1 produced amiRNA specifically targeting S2SLF1, the S3 transgenic pollen should behave the same as wild-type S3 pollen and be rejected by
S3S3 pistils. I determined the S-genotypes of all the progeny plants by PCR using primers specific
to S2-RNase and primers specific to S3-RNase, and determined whether each plant had inherited
the transgene by PCR using primers specific to the S2P:AmiS2-SLF1 transgene. All progeny
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plants were S2S3 genotype and ~50% of the plants in each progeny had inherited the AmiS2-SLF1
transgene (Table 2-3). For S2P:AmiS2-SLF1/S2S3-13, even though it carried two copies of the
transgene, in this cross, as well as in four additional crosses described below, ~50% of the plants
in each progeny inherited the S2P:AmiS2-SLF1 transgene, suggesting that the two copies were
tightly linked and transmitted as a single gene unit. The results of the crosses with wild-type S3S3
plants suggest that both wild-type S2 pollen and S2 pollen carrying AmiS2-SLF1 were accepted by
S3S3 pistils. I next used pollen from S2P:AmiS2-SLF1/S2S3-4,-13,-24 to pollinate wild-type S2S2
plants and raised 24, 31 and 30 progeny plants, respectively. The results of PCR analyses showed
that all these plants were S2S3 genotype and that ~50% of the plants in each progeny carried the
transgene (Table 2-3), confirming that S3 transgenic pollen behaved as wild-type S3 pollen.

I also used pollen from these three transgenic plants to pollinate a previously generated
transgenic plant AS-S3-RNase/S3S3 (S3S3 carrying an antisense S3-RNase gene), which did not
produce any S3-RNase in the pistil. Thus, S3 pollen produced by the three S2P:AmiS2-SLF1/S2S3
transgenic plants should be accepted by the pistils of AS-S3-RNase/S3S3 to produce S3S3 plants,
with ~50% carrying the S2P:AmiS2-SLF1 transgene. For S2 pollen, regardless of whether or not it
carried the S2P:AmiS2-SLF1 transgene and whether the transgene had any effect on the ability of
S2 transgenic pollen to detoxify S3-RNase, it should also be accepted by the pistils of AS-S3RNase/S3S3 to produce S2S3 plants, with ~50% carrying the S2P:AmiS2-SLF1 transgene. The
results of PCR analyses of 32 plants in each progeny were indeed as expected: both S2S3 and S3S3
genotypes were obtained in each progeny and ~50% of the plants from each genotype inherited
the AmiS2-SLF1 transgene (Table 2-3). All the results from the crosses described above suggest
that suppression of S2-SLF1 did not affect the ability of S2 transgenic pollen to detoxify S3-RNase.
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As the results of the transgenic functional assay suggested that S2-SLF1 also interacted
with S7- and S13-RNases, I further examined whether S2-SLF1 is the only type of SLF in S2 pollen
that interacts with these two non-self S-RNases. I used pollen from S2P:AmiS2-SLF1/S2S3-13,-24
to pollinate wild-type S7S13 plants, and determined the S-genotypes of 60 and 47 progeny plants,
respectively, and the inheritance of the S2P:AmiS2-SLF1 transgene. All four possible Sgenotypes, S2S7, S2S13, S3S7 and S3S13, were found in each progeny, and ~50% of the plants from
each S-genotype had inherited the AmiS2-SLF1 transgene (Table 2-3), suggesting that suppression
of S2-SLF1 in S2 pollen did not affect the ability of S2 transgenic pollen to detoxify S7- or S13RNase.

As the two copies of the transgene carried by S2P:AmiS2-SLF1/S2S3-13 were transmitted
as a single gene unit, I calculated the efficiency of suppression for all three transgenic plants,
S2P:AmiS2-SLF1/S2S3-4, -13,-24, based on each having a single copy of the transgene. In this
case, 50% of the S2 pollen produced should carry the transgene, so if the amiRNA completely
silences the expression of S2-SLF1 in S2 transgenic pollen, the transcript level of S2-SLF1
produced by each transgenic plant should be 50% that of the wild-type S2S3 plant. From the
results of the Real-Time PCR analysis shown in Figure 2-10A, I determined the transcript levels
of S2P:AmiS2-SLF1/S2S3-4, -13, -24, based on three biological replicates for each plant and three
technical replicates for each biological sample, to be 0.66 ±0.07, 0.53 ±0.05, 0.59 ±0.05,
respectively, with the level of the wild-type S2S3 plant set at 1. Thus, the levels of suppression
were 68.67 ±14.28% for S2P:AmiS2-SLF1/S2S3-4, 93.56 ±9.46% for S2P:AmiS2-SLF1/S2S3-13,
and 81.78 ±9.51% for S2P:AmiS2-SLF1/S2S3-24. Despite these high levels of suppression,
particularly in the case of S2P:AmiS2-SLF1/S2S3-13 and S2P:AmiS2-SLF1/S2S3-24, S2 pollen
carrying the S2P:AmiS2-SLF1 transgene was still fully accepted by S3S3 and S7S13 pistils,
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suggesting that S2-SLF1 is not the only SLF in S2 pollen that interacts with S3-, S7-, and S13RNases.

Finally, I used pollen from S2P:AmiS2-SLF1/S2S3-13,-24 to pollinate wild-type S5S11
plants and analyzed 86 and 50 plants in each progeny to determine their S-genotypes and
inheritance of the AmiS2-SLF1transgene. All four possible S-genotypes, S2S5, S2S11, S3S5 and S3S11,
were found in each progeny and ~50% of the plants from each S-genotype inherited the AmiS2SLF1 transgene (Table 2-3). That suppression of S2-SLF1 in S2 pollen did not affect the ability of
S2 transgenic pollen to detoxify S5- or S11-RNase is consistent with the gain-of-function results
showing that S2-SLF1 is not the type of SLF that interacts with S5- or S11-RNase.

2.4 Discussion
The recent discovery that pollen specificity in the S-RNase-based SI system possessed by Petunia
is not only regulated by the SLF gene reported by Sijacic et al. (2004) (now named SLF1), but
also by at least two other types of SLF genes (Kubo et al., 2010), has added another layer of
complexity to this already complex self/non-self recognition system. To gain a comprehensive
understanding of how pollen of a given S-haplotype employs a battery of SLF proteins to “defend
against invasion” of all non-self S-RNases to ensure cross-compatible pollination will require the
identification of all SLF proteins that constitute pollen specificity, and establishing the
relationship between each SLF protein and all non-self S-RNases, via the now well-established
transgenic functional assay (Sijacic et al., 2004; Hua et al., 2007; Kubo et al., 2010; Figure 2-5).
This is a daunting task considering that there are a large number of S-haplotypes in any selfincompatible species.
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However, once an SLF protein of an S-haplotype is found to interact with a certain nonself S-RNase based on the transgenic functional assay, this pair of SLF and S-RNase can be used
to begin to explore the complex network of the interactions between SLFs and S-RNases. For
example, a loss-of-function approach can be used to examine whether suppression of the
production of this SLF will result in the rejection of the pollen by otherwise compatible pistils
producing this non-self S-RNase. If so, the result would suggest that this SLF protein is solely
responsible for detoxifying this non-self S-RNase. If not, the result would suggest that at least one
other SLF protein is also involved in detoxifying this non-self S-RNase. Then other known types
of SLF proteins can be tested to see which one(s) might. If none of them can, this would suggest
that there exist as yet unidentified SLF protein(s) in pollen of this S-haplotype.

In this work, I have used the transgenic functional assay to examine the relationships
between S2-SLF1 of P. inflata and four of its non-self S-RNases, and the results suggest that it
interacts with two additional non-self S-RNases besides the two (S1- and S3-RNases) previously
identified (but not with two other non-self S-RNases tested). I have also established the approach
of amiRNAs as a viable approach for efficiently suppressing the expression of SLF genes in
pollen. The results suggest that SLF1 is specifically expressed in the generative cell in pollen and
that, in contrast to what was observed in Arabidopsis, miRNA generated in the vegetative cell is
not transported to the generative cell. Thus, this work further supports the collaborative non-self
recognition model and provides insight into the complicated relationships between SLF proteins
and S-RNases.
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2.4.1 Use of amiRNA to Suppress Expression of S2-SLF1 in Pollen
The approaches of long-hairpin RNAs have been commonly used in gene silencing, but almost all
the reported down-regulation experiments were performed in diploid sporophytic tissues (GrantDownton et al., 2009). There are a few reports of success in using this approach to silence genes
in haploid male gametophytes. Gupta et al. (2002) used long-hairpin RNAs to suppress the
expression of a pollen specific gene in Arabidopsis, PTEN1 (Arabidopsis thaliana phosphatase
and tensin homolog), and found a pollen lethal phenotype after mitosis in some of the RNA
interference (RNAi) lines. Takeda et al. (2006) used long-hairpin RNAs to silence the expression
of another pollen specific gene in Arabidopsis, TCP16 (Arabidopsis thaliana transcription factor
TCP16), and found both abnormal and normal pollen grains in the RNAi plants. Zhao et al.
(2010) used long-hairpin RNAs to down-regulate SSK1 (Petunia hybrida SLF-interacting Skp1like1) of P. hybrida (which might encode a component of SLF-containing E3 ubiquitin ligase
complexes) in pollen, and concluded that the RNAi plants exhibited reduced cross-compatibility.
However, Xing and Zachgo (2007) discovered pollen lethality in Arabidopsis RNAi lines
generated via the use of long-hairpin RNAs to suppress AGL18 (Arabidopsis thaliana agamouslike 18), but did not find the same phenotype in the T-DNA knockout mutant, agl18. They then
generated RNAi lines to suppress genes that are not known to be expressed in pollen, and showed
that long-hairpin RNAs themselves, rather than silencing a specific gene, caused the pollen lethal
phenotype.

The mechanism of gene silencing by long-hairpin RNAs is not completely understood,
but it is generally believed that they are predominantly processed by DCL4 (Dicer-Like 4) into
21-nt small interfering RNAs (siRNAs); one strand of the siRNAs then anneals with its target
transcript by base-pairing, leading to the cleavage of the target transcript by AGO1 (Argonaute 1)
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(Small, 2007). However, Grant-Downton et al. (2009) showed by RT-PCR that DCL4 is not
expressed during pollen development, further suggesting that using the approach of long-hairpin
RNAs to silence pollen-expressed genes may not work.

miRNAs have been identified in mature pollen of Arabidopsis and tobacco (GrantDownton et al., 2009). In addition to identifying the pre-miRNA (preliminary miRNA), primiRNA (primary miRNA) and mature miRNA, Grant-Downton et al. (2009) also found that the
genes encoding two key enzymes in the miRNA pathway, DCL1 and AGO1, were expressed
throughout pollen development. Moreover, the sizes of the cleavage products of miRNA target
transcripts were as predicted, further indicating that the miRNAs in mature pollen are functional
in silencing.

Therefore, I decided to use the approach of miRNA to design a strategy to suppress the
expression of S2-SLF1. I first used the LAT52 promoter, which is specifically active in the
vegetative cell nucleus of microspores/pollen, to express two amiRNA constructs, one targeting
S2-SLF1 and the other targeting GFP of the S2-SLF1:GFP transgene driven by the LAT52
promoter, and introduced the amiRNA constructs into S2S3 transgenic plants homozygous for the
LAT52P:S2-SLF1:GFP transgene. This experimental design allowed me to first use GFP
fluorescence in in vitro germinated pollen tubes to assess whether these amiRNA constructs were
capable of suppressing the expression of the LAT52 promoter-driven transgene (Figure 2-3).
Moreover, Slotkin et al. (2009) reported that, in Arabidopsis, an amiRNA driven by the LAT52
promoter successfully suppressed the expression of an eGFP transgene expressed by a sperm
cell-specific promoter, suggesting that miRNAs can be transported from the vegetative cell
cytoplasm to the sperm cell to silence the target genes there. As it was not known whether SLF
genes are specifically expressed in the vegetative cell and/or generative cell, I thought that if a
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similar mechanism existed for transporting miRNA from the vegetative cell cytoplasm to the
generative cell in Petunia, using the LAT52 promoter would lead to suppression of S2-SLF1
regardless of its site of expression.

2.4.2 SLF Genes Are Specifically Expressed in the Generative Cell, but There May Be No
Path for Transporting miRNAs from Vegetative Cell Cytoplasm to the Generative Cell in
Petunia Pollen
Unexpectedly, I found that whereas the LAT52 promoter driven amiRNA targeting S2-SLF1
efficiently suppressed the expression of the S2-SLF1 transgene driven by the LAT52 promoter
(Figure 2-6A), it had no effect on the expression of the endogenous S2-SLF1 gene (Figures 2-6B
and 2-8A). All the SLF genes of Petunia characterized so far are specifically expressed in pollen
(Sijacic et al., 2004; Hua et al., 2007; Kubo et al., 2010). For S2-SLF1, its transcript is first
detected in stage 3 anthers (containing microspores undergoing mitosis), peaks in stage 4 anthers
(containing immature bicellular pollen), and then declines, but is still detectable in stage 5
anthers, mature pollen and in vitro germinated pollen tubes. In Petunia, the LAT52 promoter is
active during the pollen developmental stages when the endogenous S2-SLF1 gene is expressed,
thus the lack of suppression by the LAT52 promoter driven amiRNA suggests that the SLF genes
are transcribed in the generative cell of microspores and mature pollen, and that, contrary to the
finding in Arabidopsis, there may be no path for transporting miRNAs from the vegetative cell
cytoplasm to the generative cell to silence their target genes there (Figure 2-11). This difference
may be attributed to the fact that mature pollen of Petunia is bicellular whereas mature pollen of
Arabidopsis is tricellular. Bicellular pollen and tricellular pollen might use different mechanisms
to communicate between the vegetative cell and generative/sperm cell. A cytoplasmic projection
at the late bicellular pollen stage between the generative cell and vegetative cell nucleus has been
found in many species, including those producing bicellular or tricellular pollen. McCue et al.
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(2011) proposed that this kind of connection could serve as a path for transporting miRNAs from
the vegetative cell nucleus to the generative/sperm cell in Arabidopsis. In tricellular pollen, the
transport might initiate at the bicellular stage, as the sperm-specific eGFP (Slotkin et al., 2009)
starts to be expressed from this stage in Arabidopsis (Engel et al., 2005), but in bicellular pollen,
the transport or path of transport might initiate or form after pollen germination.

I further showed that the endogenous S2-SLF1 gene was suppressed by the same amiRNA
driven by the promoter of the S2-SLF1 gene (Figure 2-10A), suggesting that the miRNA pathway
exists in the generative cell of Petunia mature pollen. As the transcript of S2-SLF1 is also detected
in in vitro germinated pollen tubes, it is likely that the expression of SLF genes of Petunia
continues in the sperm cell during pollen tube growth. These results are consistent with the
detection of the expression of DCL1 and the homologue of AGO1 in the sperm cell of
Arabidopsis (Borges et al., 2008). Interestingly, analysis of sperm cell transcriptomes of
Arabidopsis has shown that genes involved in the ubiquitin-mediated proteolysis pathway are
enriched in the sperm cell and that the most highly expressed genes in the sperm cell encode Fbox proteins (Borges et al., 2008). Using transgenic plants carrying either GFP or S2-SLF1:GFP
driven by the S2-SLF1 promoter, I showed that S2-SLF1 is located in the vegetative cell
cytoplasm of both mature pollen and in vitro germinated pollen tubes. This finding is consistent
with the subcellular localization of SLF-S2 (the S2-allelic variant of an SLF in Antirrhinum)
detected by immunocytochemistry (Wang and Xue, 2005). Moreover, as the LAT52:S2SLF1:GFP transgene functions the same as the S2P:S2-SLF1 transgene in causing breakdown of
SI in S3 but not S2 pollen (Sijacic et al., 2004; Hua et al., 2007), and as S2-SLF1:GFP (expressed
by the LAT52 promoter) is localized in the cytoplasm of the vegetative cell (Figure 2-4E), it
would seem logical that the endogenous S2-SLF1 is also localized in the cytoplasm of the
vegetative cell. If true, this would suggest that S2-SLF1 is transcribed in the generative nucleus,
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the transcript is translated in the cytoplasm of the generative cell, and the protein is later
transported into the cytoplasm of the vegetative cell. The cytoplasmic location of S2-SLF1 (and
likely all other types of SLF proteins) is also consistent with its role in interacting with a subset of
non-self S-RNases to target them for degradation, as the results from ectopic expression of SRNase in pollen suggested that S-RNase exerts its cytotoxicity in the cytoplasm (Meng et al.,
2009). In the sperm cell cDNA library of Zea mays studied by Engel et al. (2003), 8% of the
sequences were predicted to encode secreted or plasma membrane-localized proteins, suggesting
that secretion of proteins from generative/sperm cells into the cytoplasm is possible. However, at
present, the existence of any secretory process for S2-SLF1 is entirely based on indirect evidence
and remains speculative, as SLF proteins do not contain any known signal peptide or other
secretion signal.

2.4.3 Gain-of-Function Transgenic Assay and Loss-of-Function Studies of S2-SLF1 Further
Support the Collaborative Non-Self Recognition Model and Provide Insight into Complex
Relationships between SLF Proteins and S-RNases
S2-SLF1 was the first SLF protein examined for possible function in SI, and the results from the
transgenic functional assay suggested that it interacted with both non-self S-RNases tested, S1and S3-RNases (Sijacic et al., 2004). In this work, I used the same assay to examine the
relationships between S2-SLF1 and four additional non-self S-RNases, and the results suggest that
S2-SLF1 interacts with two of them. The relationship between S2-SLF1 and these six non-self SRNases further supports the prediction by the collaborative non-self recognition model (Kubo et
al., 2010) that each SLF protein only interacts with a subset of non-self S-RNases. Among the
SLF proteins and S-RNases whose interactions have been observed by co-immunoprecipitation,
in vitro protein interaction assays, or indirectly inferred from the transgenic functional assay, S2-
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SLF1 interacts with the largest number of non-self S-RNases; previously S7-SLF2 was found to
interact with three of the five non-self S-RNases tested (Kubo et al., 2010).

For Petunia, the function of the S-RNase gene in regulating pistil specificity was
established through both gain- and loss-of-function experiments (Lee et al., 1994), while gain-offunction experiments have demonstrated the function of three types of SLF genes in pollen
specificity (Sijacic et al., 2004; Kubo et al., 2010). For the S-RNase gene, an antisense S3-RNase
RNA expressed in the pistil efficiently suppressed the production of S3-RNase (Lee et al., 1994).
In this work, I used the approach of amiRNA to suppress the expression of S2-SLF1 in the
generative cell of pollen and identified three transgenic plants, S2P:AmiS2-SLF1/S2S3-4, -13, -24,
that showed the most significant suppression of the S2-SLF1 transcript (Figure 2-10A).

As the results of the transgenic functional assay suggests that S2-SLF1 interacts with S3-,
S7-, and S13-RNases (Sijacic et al., 2004; Figure 2-5), I examined whether suppression of S2-SLF1
would render S2 transgenic pollen tubes incapable of detoxifying these three non-self S-RNases
when growing in pistils of S3S3 and S7S13 genotypes. The results from all the genetic crosses
summarized in Table 2-3 showed that for these three transgenic plants, S2 pollen carrying the
S2P:AmiS2-SLF1 transgene was still fully accepted by S3S3 and S7S13 pistils. I interpret these
results to mean that S2-SLF1 is not the only SLF in S2 pollen that interacts with S3-, S7-, and S13RNases. This is a likely scenario, as the results from the transgenic functional assay suggest that
S9-RNase of P. hybrida interacts with two types of SLF proteins of S5 pollen and S7 pollen (Kubo
et al., 2010). Employing multiple types of SLF proteins to recognize and detoxify any given nonself S-RNase will allow plants to minimize the loss of cross-compatibility caused by mutations in
any of the SLF genes, as for an SI system to remain fully functional over time, it is just as
important for pistils not to reject non-self pollen.
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However, at this time, I cannot completely rule out the possibility that some small
amounts of S2-SLF1 might still be produced in S2 transgenic pollen and be responsible for the
normal SI function. To ultimately validate the collaborative nature of different SLF proteins in
detoxifying the same S-RNase, any additional SLF protein(s) that interact with S3-, S7-, and/or
S13-RNases has (have) to be identified. AmiRNAs could then be designed to simultaneously
suppress the expression of two or more types of SLF genes that are involved, and the SI behavior
of transgenic pollen could be examined. As more SLF proteins are shown to be involved in pollen
specificity based on their interactions with at least one non-self S-RNase, their interactions with
S3-, S7-, and/or S13-RNases will be examined.

63

Figure 2-1. Scheme for constructing 423-bp AmiS2-SLF1 and AmiGFP stem-loop precursors
using miR319a stem-loop precursor.
For amplifying AmiS2-SLF1, primers corresponding to segments A and IV, III and II, and I and B
were used for PCRs to obtain fragments A-IV, III-II, and I-B, respectively. These three fragments
were then fused together to yield fragment SPLA-SPLB by overlapping PCR using the primers
corresponding to segments A and B. The fragment SPLA-SPLB was further amplified using
SPLNcoIfor and SPLNotIrev as primers. For amplifying AmiGFP, different primers
corresponding to segments I, II, III and IV, and the same primers corresponding to A and B were
used for PCRs to obtain the SPLA-SPLB fragment, which was then similarly amplified. See
Table 2-1 for sequences of all primers used. miRNA, first 20 nts of the mature 21-nt miR319a;
miRNA*, the strand that pairs with miRNA; 21-nt amiRNA, the mature 21-nt amiRNA targeting
S2-SLF1 or GFP; amiRNA*, the strand that pairs with amiRNA.
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Figure 2-2. Schematic representation of transgene constructs used in plant transformation.
LAT52P, pollen-specific LAT52 promoter of tomato; Nos-ter, transcription terminator of the gene
encoding nopaline synthase; S2P, promoter of S2-SLF1; AmiS2-SLF1, the 423-bp mutagenized
miR319a stem-loop precursor containing amiRNA targeting S2-SLF1; AmiGFP, the 423-bp
mutagenized miR319a stem-loop precursor containing amiRNA targeting GFP. The locations of
the forward and reverse primers used in determining copy numbers of the AmiS2-SLF1 and
AmiGFP transgenes by Real-Time PCR are indicated (see Table 2-1 for primer sequences).
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Figure 2-3. GFP fluorescence of in vitro germinated pollen tubes.
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For each plant, the left panel shows pollen tubes visualized under 10-s exposure to UV light and
the right panel shows pollen tubes visualized under white light. The triangles in (C), (D), (E)
indicate pollen tubes that were observed in the bright field, but did not show GFP fluorescence in
the dark field.
(A) S2S3 transgenic plant homozygous for the LAT52P:S2-SLF1:GFP transgene.
(B) Wild-type S2S3 plant.
(C), (D) Two S2S3 “double” transgenic plants homozygous for the LAT52P:S2-SLF1:GFP
transgene and carrying the LAT52P:AmiGFP transgene.
(E) S2S3 “double” transgenic plants homozygous for the LAT52P:S2-SLF1:GFP transgene and
carrying the LAT52P:AmiS2-SLF1 transgene.
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Figure 2-4. Subcellular localization of S2-SLF1.
(A) to (D) show GFP fluorescence of in vitro germinated pollen tubes of three transgenic plants,
as indicated, and a wild-type (WT) S2S3 plant. For each plant, the left panel shows a dark-field
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image of pollen tubes under 5-s exposure to UV light and the right panel shows a bright-field
image of pollen tubes under 50-ms exposure to white light. (E) to (H) show fluorescence and/or
auto-fluorescence detected in mature pollen of the same three transgenic plants and wild-type S2S3
plant. For each plant, the right panels show spectral lambda scans of two selected areas of their
corresponding image(s) shown in the left panel(s). The GFP fluorescence was identified based on
its characteristic peak profile.
(A) S2S3 transgenic plant homozygous for the S2-SLF1:GFP transgene driven by the LAT52
promoter.
(B) Wild-type S2S3 plant.
(C) S2S3 transgenic plant expressing S2-SLF1:GFP driven by the promoter of S2-SLF1.
(D) S2S3 transgenic plant expressing GFP driven by the promoter of S2-SLF1.
(E) S2S3 transgenic plant homozygous for the S2-SLF1:GFP transgene driven by the LAT52
promoter. The upper right panel shows background fluorescence of the area labeled “1” in the
corresponding fluorescence image, and the lower right panel shows GFP fluorescence of the area
labeled “2” in the corresponding fluorescence image.
(F) Wild-type S2S3 plant. Both upper and lower right panels show auto-fluorescence of the areas
labeled “1” and “2” in their corresponding fluorescence images.
(G) S2S3 transgenic plant expressing S2-SLF1:GFP driven by the promoter of S2-SLF1. The upper
right panel shows GFP fluorescence of the area labeled “1” in the corresponding fluorescence
image, and the lower right panel shows auto-fluorescence of the area labeled “2” in the
corresponding fluorescence image.
(H) S2S3 transgenic plant expressing GFP driven by the promoter of S2-SLF1. The upper right
panel shows auto-fluorescence of the area labeled “1”, and the lower right panel shows GFP
fluorescence of the area labeled “2”, in the fluorescence image.
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Figure 2-5. Gain-of-function assay for interactions between S2-SLF1 and non-self S-RNases.
The outcome of self-pollination is shown for each plant. Growth of incompatible pollen tubes is
arrested in the upper segment of the style.
(A) S2S5 transgenic plant carrying the S2-SLF1 transgene expressed in pollen. The plant remains
self-incompatible, suggesting that S2-SLF1 produced in S5 pollen does not interact with and
detoxify S5-RNase to allow S5 transgenic pollen to be compatible with the pistil during selfpollination.
(B) S2S11 transgenic plant carrying the S2-SLF1 transgene expressed in pollen. The plant remains
self-incompatible, suggesting that S2-SLF1 produced in S11 pollen does not interact with and
detoxify S11-RNase to allow S11 transgenic pollen to be compatible with the pistil during selfpollination.
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(C) S2S7 transgenic plant carrying the S2-SLF1 transgene expressed in pollen. The plant becomes
self-compatible, suggesting that S2-SLF1 produced in S7 pollen interacts with and detoxifies S7RNase to allow S7 transgenic pollen to be compatible with the pistil during self-pollination.
(D) S2S13 transgenic plant carrying the S2-SLF1 transgene expressed in pollen. The plant becomes
self-compatible, suggesting that S2-SLF1 produced in S13 pollen interacts with and detoxifies S13RNase to allow S13 transgenic pollen to be compatible with the pistil during self-pollination.

71

Figure 2-6. Real-Time PCR analysis of S2-SLF1 transcript levels.
“**” indicates that plants are homozygous for the LAT52P:S2-SLF1:GFP transgene. “L” denotes
the LAT52 promoter. Three biological replicates were analyzed for each plant, except that one
sample was analyzed for (L:AmiGFP+**)/S2S3-2. Each biological replicate/sample consisted of
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three technical replicates. The Y-axis shows the transcript level of each transgenic plant relative
to that of the wild-type S2S3 plant. Each error bar indicates standard error.
(A) Total S2-SLF1 transcript levels (endogenous S2-SLF1 plus S2-SLF1:GFP) for four transgenic
plants shown, and the endogenous S2-SLF1 transcript for wild-type S2S3 plant. A pair of primers,
PiSLF2RT3for and PiSLF2RT4rev (Figure 2-7 and Table 2-1), was used to specifically amplify
the coding region of S2-SLF1 in the S2S3 background. “*” placed above a bar means that the S2SLF1 transcript level in that sample is significantly lower than that in **/S2S3, based on the
Student’s t test (P value < 0.01).
(B) Endogenous S2-SLF1 transcript levels. A pair of primers, PiSLF2RT7for and PiSLF2RT9rev
(Figure 2-7 and Table 2-1), was used to specifically amplify the transcript of the endogenous S2SLF1 gene, but not that of the S2-SLF1:GFP transgene. The S2-SLF1 transcript levels in the two
transgenic lines are not significantly different from that of wild-type S2S3 plant based on the
Student’s t test (P value > 0.05).
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Figure 2-7. Schematic representation of S2-SLF1:GFP transgene and endogenous S2-SLF1 gene.
LAT52P, pollen-specific LAT52 promoter of tomato; Nos-ter, transcription terminator of the gene
encoding nopaline synthase; CDS, coding sequence; 3´UTR, 3´untranslated region. The
locations of two primer pairs for Real-Time PCR are indicated: one for amplification of S2-SLF1
transcripts from both LAT52 promoter driven S2-SFL1:GFP and endogenous S2-SLF1, and the
other for specific amplification of endogenous S2-SLF1 transcripts.
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Figure 2-8. Real-Time PCR analysis of transcript levels of endogenous S2-SLF1, and PCR
analysis of mature amiRNA levels, in five S2S3 transgenic plants carrying LAT52P:AmiS2-SLF1.
“L” denotes the LAT52 promoter. Each error bar indicates standard error.
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(A) Endogenous S2-SLF1 transcript levels. The primer pair, PiSLF2RT3for and PiSLF2RT4rev,
was used to specifically amplify the endogenous S2-SLF1 gene from the five transgenic plants, as
indicated, and a wild-type S2S3 plant. Three biological replicates were performed for
LAT52P:AmiS2-SLF1/S2S3-3, -6, and wild-type S2S3, and one biological sample was used for the
other three transgenic plants. Each biological replicate/sample consisted of three technical
replicates. The Y-axis shows the S2-SLF1 transcript level of each transgenic plant relative to that
of the wild-type S2S3 plant. The S2-SLF1 transcript levels in all the transgenic plants are not
significantly different from that of the wild-type S2S3 plant based on the Student’s t test (P value >
0.01).
(B) Mature amiRNA levels of amiRNA targeting S2-SLF1 in the five S2S3 transgenic plants
shown in Figure 2-8A and the S2S3 double transgenic plant carrying LAT52P:AmiS2-SLF1, and
mature amiRNA levels of amiRNA targeting GFP in two S2S3 double transgenic plants carrying
LAT52P:AmiGFP. “**” indicates plants homozygous for the LAT52P:S2-SLF1:GFP transgene.
One biological sample was used for each plant, and each biological sample consisted of three
technical replicates. The Y-axis shows the mature amiRNA level of a transgenic plant relative to
that of the S2S3 double transgenic plant carrying LAT52P:AmiS2-SLF1. “*” placed above a bar
means that the mature amiRNA level in that transgenic plant is significantly different from that of
the wild-type S2S3 plant, based on the Student’s t test (P value < 0.05).
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Figure 2-9. Scheme for amplification of mature 21-nucleotide amiRNA by stem-loop real-time
RT-PCR using primers indicated.
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Figure 2-10. Real-Time PCR analysis of transcript levels of endogenous S2-SLF1, and PCR
analysis of mature amiRNA levels, in three S2S3 transgenic plants carrying S2P:AmiS2-SLF1.
Each error bar indicates standard error.
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(A) Endogenous S2-SLF1 transcript levels. S2P denotes the promoter of S2-SLF1. The primer pair,
PiSLF2RT3for and PiSLF2RT4rev, was used for specific amplification of the endogenous S2SLF1 gene. Three biological replicates were performed for each transgenic plant and a wild-type
S2S3 plant. “*” placed above a bar means that the S2-SLF1 transcript level in that transgenic plant
is significantly lower than that of the wild-type S2S3 plant, based on the Student’s t test (P value <
0.01).
(B) Mature amiRNA levels. One biological sample was used for each plant. Each biological
sample consisted of three technical replicates. The Y-axis shows the mature amiRNA level of a
transgenic plant relative to that of the S2S3 double transgenic plant carrying LAT52P:AmiS2-SLF1.
*” placed above a bar means the mature amiRNA level in that transgenic plant is significantly
different from that of the wild-type S2S3 plant, based on the Student’s t test (P value < 0.05).
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Figure 2-11. Suppression of expression of vegetative cell-specific S2-SLF1:GFP, but not
endogenous S2-SLF1, by vegetative cell expressed amiRNA targeting S2-SLF1 or GFP.
The endogenous S2-SLF1 is shown specifically expressed in the generative cell, and there is no
path for transporting mature 21-nt miRNA from the vegetative cell to the generative cell in
Petunia pollen.
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Figure 2-12. Genomic DNA gel blot analysis of copy numbers of transgene.
Genomic DNA (15 mg) isolated from each of three transgenic plants LAT52P:AmiS2-SLF1/S2S36,-8,-17 was digested with EcoR I, and the blot was hybridized with a DNA fragment amplified
by PCR using SPLNcoIfor and SPLNotIrev as primers and pBI101-LAT52P:AmiS2-SLF1 as
template (see Table 2-1 for primer sequences).
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Table 2-1. List of Primer Sequences.
Primer

Sequence (5’-3’)

SPL1-ImiRs

GATCAATAAATCGATGGCAACTGTCTCTCTTTTGTATTCC

SPL1-IImiRa

GACAGTTGCCATCGATTTATTGATCAAAGAGAATCAATGA

SPL1-IIImiR*s

GACAATTGCCATCGAATTATTGTTCACAGGTCGTGATATG

SPL1-IVmiR*a

GAACAATAATTCGATGGCAATTGTCTACATATATATTCCT

SPL9-ImiRs

GATTGAAGTTCACCTTGATGCCGTCTCTCTTTTGTATTCC

SPL9-IImiRa

GACGGCATCAAGGTGAACTTCAATCAAAGAGAATCAATGA

SPL9-IIImiR*s

GACGACATCAAGGTGTACTTCATTCACAGGTCGTGATATG

SPL9-IVmiR*a

GAATGAAGTACACCTTGATGTCGTCTACATATATATTCCT

SPLA

CTGCAAGGCGATTAAGTTGGGTAAC

SPLB

GCGGATAACAATTTCACACAGGAAACAG

SPLNcoIfor

ATCCATGGCAAACACACGCTCGGACGCATATTAC

SPLNotIrev

ATGCGGCCGCATGGCGATGCCTTAAATAAAGATA

SPLXhoIfor

ATCTCGAGGTCGACATACTCGACTCAGAAGGTAT

SPLSpeIrev

ATACTAGTGATCTAGTAACATAGATGACACCGCG

PiSLF2RT3for

GTTTGTGATTTGAGTACTGATTCT

PiSLF2RT4rev

AATACAGCTCGTGCGTAATCCTAC

PiSLF2RT7for

GGAAGAATCATATATTGCTTCTTCAATGT

PiSLF2RT9rev

CGTCACAAAGAGTTGCACCGTTT

AmiSPL1 stem loop RT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGTTG

AmiSPL9 stem loop RT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGGCAT

Universal reverse primer

GTGCAGGGTCCGAGGT

AmiSPL1for

GCGGCGGTCAATAAATCGATGG

AmiSPL9for

GCGGCGGTTGAAGTTCACCTTG

U6for

GATAAAATTGGAACGATACAG

U6rev-2

GGACCATTTCTCGATTTATGCG

INFUSION PBI S2Pfor

ATGCCTGCAGGTCGACTCTAGACATGCTTTGTACAT

INFUSION PBI NOSrev

GACGGCCAGTGAATTCGATCTAGTAACATAGATGAC

S5-SLF1-1for

AGCTGAATTCATTCTCTTTAAGCGTTC

S5-SLF1-3rev

GTGTCAAAGCCAAATCCGACCCCT

S11-SLF1-1for

TTTCTGGTCATAATGATGTACTT

S11-SLF1-2rev

TCCAGGCCAAACCCAACCCCTTCAACCGA

S7-SLF1-1for

CATCTTACTTAATCCGGCTACAAG

S7-SLF1-4rev

CCCATATGTGCATTTTATCTTTTACTGG

S13-SLF1-2for

ATTCTATAATCACCATAATATTTAATCCGGCCACCAG

S13-SLF1-3rev

CCAGAATTAAGGTCATAGGAAATTAAAAGTCCG

ACTIN4for

GGCATCACACTTTCTACAATGAGC
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ACTIN4rev

GATATCCACATCACATTTCATGAT

AmiSPL1Copy1for

AGCTTCCGACTCATTCATCC

AmiSPL1Copy1rev

AAAGAGAGACAGTTGCCATCG

AmiSPL9Copy1for

AGCTTCCGACTCATTCATCC

AmiSPL9Copy1rev

AGACGGCATCAAGGTGAACT

PiSLF3Copy1for

GCTTTTGATTTGAGCACTGATTCT

PiSLF3Copy1rev

AATACTGCTTGTGTGTAACAC

GFPRT5for

TCTTCTTCAAGGACGACGGCAACT

GFPRT5rev

CACCTTGATGCCGTTCTTCTGCTT

S2RDNEfor

AAGGATCCTGTTTGACTACTTCCAAC

S2RDNErev

GTCGACTCATCTCCGAAACAGAGTCT

S3RDNEfor

CGGGATCCTGGCGAATTTTGACTACA

S3RDNErev

CGGTCGACTTACCGAAACAGAATCTT
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Table 2-2. Effect of S2-SLF1 on SI Behavior of S5, S11, S7 and S13 Pollen, and Effect of Loss-ofFunction of S2-SLF1 on SI Behavior of S2 Pollen.

S-Genotype of
Transgenic Plant

Number of
Transgene

Transgenic Plants

SI Behavior

Examined

S2S5

LAT52P:S2-SLF1:GFP

2

SI

S2S11

LAT52P:S2-SLF1:GFP

2

SI

S2S7

LAT52P:S2-SLF1:GFP

1

SC

S2S13

LAT52P:S2-SLF1:GFP

2

SC

S2S3

S2P:AmiS2-SLF1

3

SI
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Table 2-3. Progeny Analysis of Crosses Involving Three S2P:AmiS2-SLF1/S2S3 Transgenic
Plants.
Progeny
Copy

Female

Observed

Male Parent

Number

Parent

Ratio

S2P:AmiS2-SLF1/S2S3-4

1.29±0.09

S3S3

S2P:AmiS2-SLF1/S2S3-4

1.29±0.09

S2S2

b

a

S-

Expected
a

Chi-

P

Square

Value

Genotype

Ratio

10/25

S2S3

1/2

1.00

0.32

8/24

S2S3

1/2

2.67

0.10

10/24

S2S3

1/2

0.67

0.41

S2P:AmiS2-SLF1/S2S3-4

1.29±0.09

AS-S3R/S3S3

2/8

S3S3

1/2

2.00

0.16

S2P:AmiS2-SLF1/S2S3-13

2.28±0.38

S3S3

14/29

S2S3

1/2

0.03

0.85

S2P:AmiS2-SLF1/S2S3-13

2.28±0.38

S2S2

14/31

S2S3

1/2

0.29

0.59

8/18

S2S3

1/2

0.11

0.74

7/14

S3S3

1/2

0.00

1.00

10/27

S2S5

1/2

1.81

0.18

10/24

S2S11

1/2

0.67

0.41

8/16

S3S5

1/2

0.00

1.00

9/19

S3S11

1/2

0.05

0.82

9/23

S2S7

1/2

1.09

0.30

5/10

S2S13

1/2

0.00

1.00

6/12

S3S7

1/2

0.00

1.00

5/15

S3S13

1/2

1.67

0.20

S2P:AmiS2-SLF1/S2S3-13

S2P:AmiS2-SLF1/S2S3-13

S2P:AmiS2-SLF1/S2S3-13

2.28±0.38

b

AS-S3R/S3S3

2.28±0.38

S5S11

2.28±0.38

S7S13

S2P:AmiS2-SLF1/S2S3-24

0.93±0.04

S3S3

14/32

S2S3

1/2

0.50

0.48

S2P:AmiS2-SLF1/S2S3-24

0.93±0.04

S2S2

11/30

S2S3

1/2

2.13

0.14

4/11

S2S3

1/2

0.82

0.37

9/21

S3S3

1/2

0.43

0.51

5/14

S2S5

1/2

1.14

0.29

3/8

S2S11

1/2

0.50

0.48

6/11

S3S5

1/2

0.09

0.76

8/17

S3S11

1/2

0.06

0.81

3/7

S2S7

1/2

0.14

0.71

2/8

S2S13

1/2

2.00

0.16

8/17

S3S7

1/2

0.06

0.81

9/15

S3S13

1/2

0.60

0.44

S2P:AmiS2-SLF1/S2S3-24

S2P:AmiS2-SLF1/S2S3-24

S2P:AmiS2-SLF1/S2S3-24

0.93±0.04

b

AS-S3R/S3S3

0.93±0.04

0.93±0.04

S5S11

S7S13

a: Number of plants that had inherited AmiS2-SLF1 transgene/total number of plants examined
b: AS-S3R/S3S3 stands for AS-S3-RNase/S3S3.

85

2.5 References
Ai, Y.J., Singh, A., Coleman, C.E., Ioerger, T.R., Kheyrpour, A., and Kao, T.-h. (1990). Selfincompatibility in Petunia inflata - isolation and characterization of cDNAs encoding 3
S-allele-associated proteins. Sex. Plant Reprod. 3, 130-138.
Alvarez, J.P., Pekker, I., Goldshmidt, A., Blum, E., Amsellem, Z., and Eshed, Y. (2006).
Endogenous and synthetic microRNAs stimulate simultaneous, efficient, and localized
regulation of multiple targets in diverse species. Plant Cell 18, 1134-1151.
Borges, F., Gomes, G., Gardner, R., Moreno, N., McCormick, S., Feijo, J.A., and Becker,
J.D. (2008). Comparative transcriptomics of Arabidopsis sperm cells. Plant Physiol. 148,
1168-1181.
Dowd, P.E., Coursol, S., Skirpan, A.L., Kao, T.-h., and Gilroy, S. (2006). Petunia
phospholipase C1 is involved in pollen tube growth. Plant Cell 18, 1438-1453.
Eady, C., Lindsey, K., and Twell, D. (1994). Differential activation and conserved vegetative
cell-specific activity of a late pollen promoter in species with bicellular and tricellular
pollen. Plant J. 5, 543-550.
Eady, C., Lindsey, K., and Twell, D. (1995). The significance of microspore division and
division symmetry for vegetative cell-specific transcription and generative celldifferentiation. Plant Cell 7, 65-74.
Engel, M.L., Davis, R.H., and McCormick, S. (2005). Green sperm. Identification of male
gamete promoters in Arabidopsis. Plant Physiol. 138, 2124-2133.
Engel, M.L., Chaboud, A., Dumas, C., and McCormick, S. (2003). Sperm cells of Zea mays
have a complex complement of mRNAs. Plant J. 34, 697-707.
Grant-Downton, R., Hafidh, S., Twell, D., and Dickinson, H.G. (2009). Small RNA pathways
are present and functional in the angiosperm male gametophyte. Mol. Plant 2, 500-512.

86
Gupta, R., Ting, J.T.L., Sokolov, L.N., Johnson, S.A., and Luan, S. (2002). A tumor
suppressor homolog, AtPTEN1, is essential for pollen development in Arabidopsis. Plant
Cell 14, 2495-2507.
Hua, Z.H., Meng, X.Y., and Kao, T.-h. (2007). Comparison of Petunia inflata S-locus F-box
protein (Pi SLF) with Pi SLF-like proteins reveals its unique function in S-RNase-based
self-incompatibility. Plant Cell 19, 3593-3609.
Kubo, K., Entani, T., Takara, A., Wang, N., Fields, A.M., Hua, Z.H., Toyoda, M.,
Kawashima, S., Ando, T., Isogai, A., Kao, T.-h., and Takayama, S. (2010).
Collaborative non-self recognition system in S-RNase-based self-incompatibility. Science
330, 796-799.
Lee, H.S., Huang, S., and Kao, T.-h. (1994). S proteins control rejection of incompatible pollen
in Petunia inflata. Nature 367, 560-563.
McCue, A.D., Cresti, M., Feijo, J.A., and Slotkin, R.K. (2011). Cytoplasmic connection of
sperm cells to the pollen vegetative cell nucleus: potential roles of the male germ unit
revisited. J. Exp. Bot. 62, 1621-1631.
Meng, X., Hua, Z., Sun, P., and Kao, T.-h. (2011). The amino terminal F-box domain of
Petunia inflata S-locus F-box protein is involved in the S-RNase-based selfincompatibility mechanism. AoB Plants 2011, plr016.
Meng, X., Hua, Z., Wang, N., Fields, A.M., Dowd, P.E., and Kao, T.-h. (2009). Ectopic
expression of S-RNase of Petunia inflata in pollen results in its sequestration and noncytotoxic function. Sex. Plant Reprod. 22, 263-275.
Mu, J.H., Lee, H.S., and Kao, T.-h. (1994). Characterization of a pollen-expressed receptor-like
kinase gene of Petunia Inflata and the activity of its encoded kinase. Plant Cell 6, 709721.

87
Schwab, R., Ossowski, S., Riester, M., Warthmann, N., and Weigel, D. (2006). Highly
specific gene silencing by artificial microRNAs in Arabidopsis. Plant Cell 18, 1121-1133.
Schwab, R., Palatnik, J.F., Riester, M., Schommer, C., Schmid, M., and Weigel, D. (2005).
Specific effects of microRNAs on the plant transcriptome. Dev. Cell 8, 517-527.
Sijacic, P., Wang, X., Skirpan, A.L., Wang, Y., Dowd, P.E., McCubbin, A.G., Huang, S.,
and Kao, T.-h. (2004). Identification of the pollen determinant of S-RNase-mediated
self-incompatibility. Nature 429, 302-305.
Sims T.L., Robbins T.P. (2009). "Gametophytic self-incompatibility in Petunia", in Petunia:
evolutionary, developmental and physiological genetics. Tom Gerats and Judith
Strommer, eds., Springer, NY, pp 85-106.
Slotkin, R.K., Vaughn, M., Borges, F., Tanurdzic, M., Becker, J.D., Feijo, J.A., and
Martienssen, R.A. (2009). Epigenetic reprogramming and small RNA silencing of
transposable elements in pollen. Cell 136, 461-472.
Small, I. (2007). RNAi for revealing and engineering plant gene functions. Curr. Opin.
Biotechnol. 18, 148-153.
Takeda, T., Amano, K., Ohto, M.A., Nakamura, K., Sato, S., Kato, T., Tabata, S., and
Ueguchi, C. (2006). RNA interference of the Arabidopsis putative transcription factor
TCP16 gene results in abortion of early pollen development. Plant Mol. Biol. 61, 165177.
Tedder, P., Zubko, E., Westhead, D.R., and Meyer, P. (2009). Small RNA analysis in Petunia
hybrida identifies unusual tissue-specific expression patterns of conserved miRNAs and
of a 24mer RNA. Rna 15, 1012-1020.
Twell, D., Yamaguchi, J., and Mccormick, S. (1990). Pollen-specific gene-expression in
transgenic plants - coordinate regulation of 2 different tomato gene promoters during
microsporogenesis. Development 109, 705-713.

88
Twell, D., Klein, T.M., Fromm, M.E., and Mccormick, S. (1989). Transient expression of
chimeric genes delivered into pollen by microprojectile bombardment. Plant Physiol. 91,
1270-1274.
Varkonyi-Gasic, E., Wu, R.M., Wood, M., Walton, E.F., and Hellens, R.P. (2007). Protocol: a
highly sensitive RT-PCR method for detection and quantification of microRNAs. Plant
Methods 3, 12.
Wang, H.-Y., and Xue, Y.-B. (2005). Subcellular localization of the S Locus F-box Protein
AhSLF-S2 in pollen and pollen tubes of self-incompatible Antirrhinum. J. Integr. Plant
Biol. 47, 76-83.
Wang, X., Hughes, A.L., Tsukamoto, T., Ando, T., and Kao, T.-h. (2001). Evidence that
intragenic recombination contributes to allelic diversity of the S-RNase gene at the selfincompatibility (S) locus in Petunia inflata. Plant Physiol. 125, 1012-1022.
Xing, S.P., and Zachgo, S. (2007). Pollen lethality: a phenomenon in Arabidopsis RNA
interference plants. Plant Physiol. 145, 330-333.
Zhao, L., Huang, J., Zhao, Z.H., Li, Q., Sims, T.L., and Xue, Y.B. (2010). The Skp1-like
protein SSK1 is required for cross-pollen compatibility in S-RNase-based selfincompatibility. Plant J. 62, 52-63.

Chapter 3
Identification of the Self-Incompatibility-Locus F-Box Protein-Containing
Complex in Petunia inflata

The work described in this chapter is a part of the paper published in Li, S.*, Sun, P.*,
Williams, J.S., and Kao, T.-h., Plant Reproduction 27: 31-45, 2014. * Co-first authors
I performed all the experiments described in this chapter.
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3.1 Introduction
As described in 1.4.2, to date, biochemical characterization of the SLF-containing
complex has been based entirely on assessing physical binary interactions between putative
components of the complex by yeast two-hybrid and pull-down assays. In A. hispanicum,
AhSSK1 might function as an adaptor that bridges certain allelic variants of AhSLF to a CUL1like protein to form an SCF-like complex, based on yeast two-hybrid and in vitro pull-down
assays (Huang et al., 2006). In P. hybrida, using the same assays, Zhao et al. (2010) showed that
PhSSK1, like AhSSK1, might act as an adaptor in an SCF-like complex. In P. inflata, previous
work in our lab suggested that PiCUL1-G, PiSBP1 and SLF might be components of a
nonconventional E3 ubiquitin ligase complex, with PiSBP1 playing the roles of Skp1 and RBX1
(Hua and Kao, 2006).

In this work, I used co-immunoprecipitation (Co-IP) and mass spectrometry (MS) to
identify all components of the SLF1-containing complex of P. inflata. I used mature pollen
extracts from a previously generated transgenic plant homozygous for the S2-SLF1:GFP
transgene) (Sun and Kao, 2013) and GFP-Trap_A (agarose beads) to perform Co-IP. The
results of MS analysis of the proteins that co-immunoprecipitated with S2-SLF1:GFP suggest that
the SLF-containing complex is an SCF-like complex containing SLF, PiSSK1, PiRBX1 and
PiCUL1-P, which is the P. inflata homologue of SpCUL1 (Solanum pennellii Cullin1; Li and
Chetelat, 2010).
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3.2 Methods

3.2.1 Plant Material
S2S2, S2S3, and S3S3 genotype of Petunia inflata were described by Ai et al. (1990). S2S3 transgenic
plants homozygous for the LAT52P:S2-SLF1:GFP transgene were described by Sun and Kao
(2013).

3.2.2 Real-Time RT-PCR Analysis
Total RNA was isolated from various plant tissues of a wild-type plant of S2S3 genotype using
TRI reagent (Molecular Research Center). Total RNA (1g) was treated with DNaseI
(Fermentas) following the manufacturer’s protocol, and 500 ng of the resulting RNA was used to
synthesize cDNA in the presence of SMARTScribe reverse transcriptase according to the
manufacturer’s protocol (Clontech). Real-Time PCR was performed as described by Sun and Kao
(2013), using 12.5 ng of cDNA for each technical replicate. Primers “PiCUL1-P 5UTR For” and
“PiCUL1-P 225 Rev” were used to amplify PiCUL1-P; Actin4For and Actin4Rev were used to
amplify Actin. The “delta-delta Ct” method was used to calculate the ratio (shown on the Y-axis)
of test gene expression in a test sample and the mature pollen sample. All the raw Ct values and
calculations for the Real-Time PCRs are listed in Table 3-2. A Non-RT control was performed for
each sample to confirm no DNA contamination in the RNA sample.
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3.2.3 Preparation of Pollen Protein Extracts
Mature pollen (including filament) was collected from 10 flowers each of transgenic plants and
wild-type P. inflata plants of S2S3 genotype, and separately placed in 1.5 mL microfuge tubes.
Sterile ddH2O (500 l) was added to each tube and pollen grains were mixed in the suspension by
vortexing. The pollen suspension was transferred into a fresh tube and the same procedure was
repeated twice; the three pollen suspensions were combined into one tube. The pollen suspension
was centrifuged at 12,000 x g for 1 min, and the pellet was frozen in liquid nitrogen; it was used
directly for protein extraction or stored at -80℃ until use. Each pollen pellet was homogenized in
the microfuge tube with 50 l of protein extraction buffer (10 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.5 mM EDTA, 0.5% NP-40, followed by the addition of 1% protease inhibitor cocktail for
plant tissue extracts (Sigma-Aldrich). The protein extracts were centrifuged at 14,000 rpm at 4℃
for 10 min, and four supernatants from the same plant were combined into a pre-cooled tube.
Protein concentrations were determined by the Bio-Rad Protein Assay kit (Bio-Rad).

3.2.4 Immunoprecipitation
Each pollen protein sample was incubated with 25 l of equilibrated GFP-Trap® agarose beads
(with a covalently coupled GFP-binding protein) at 4℃ for 2 h to immunoprecipitate GFP-fusionproteins. The bound proteins were washed twice, and dissociated from the beads by heating at
95℃ for 10 min in 60 l of 2 × SDS sample buffer.
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3.2.5 Protein Gel Blot Analysis
Protein samples were resolved on 10% SDS-polyacrylamide gels and blotted onto polyvinylidene
difluoride (PVDF) membranes (EMD Millipore). A rabbit anti-GFP polyclonal antibody (1:2000
dilution; Abcam) and peroxidase-linked goat anti-rabbit IgG (1:10,000 dilution; GE Healthcare)
were used to detect GFP and GFP fusion proteins. Protein gel blot analysis was performed as
described by Meng et al. (2009), and a duplicated gel was stained with Coomassie Brilliant Blue
G-250 overnight, followed by destaining in distilled water for 4 h. Both stained gels and
immunoreactive membranes were visualized by the ChemiDoc MP Imaging System (Bio-Rad).

3.2.6 Mass Spectrometric Analysis and Database Search
Protein bands of interest were excised from the gel and destained with 200 l of destaining buffer
(100 mM ammonium bicarbonate, pH 8, in 50% acetonitrile) for 45 min at 37℃ twice. After the
liquid was removed, gel slices were agitated in 100% acetonitrile for 10 min and air dried. An AB
SCIEX 5600 TripleTOF and an AB SCIEX 5800 (MALDI-TOF-TOF) Mass Spectrometers were
used for mass spectrometric analysis and protein identification. After in-gel trypsin digestion and
sample cleanup, the mass spectrometers were used to acquire mass spectra. The collected MS and
MS/MS spectra were searched against a combined protein database of P. inflata, tomato, and 389
common lab contaminants as described in the Results section. The following detailed procedures
of trypsin digestion, mass spectra acquisition and database search were provided by Bruce
Stanley and Anne Stanley of Penn State College of Medicine, where the mass spectrometric
analyses were performed.
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Trypsin Digestion: After the gel samples were air dried, in-gel trypsin digestion was
performed using reduction/alkylation. Reduction was performed using 100 µL of 2 mM TCEP
(Tris(2-carboxyethyl) phosphine) in 25 mM ammonium bicarbonate, pH 8.0. Alkylation was
performed using 100 µL of 20 mM iodoacetamide in 25 mM ammonium bicarbonate, and
digestion was performed using 20 µl or 1.5 x original gel slice volume of 0.02 µg/µl of Promega
sequencing grade modified trypsin in 10% acetonitrile, 40 mM NH4HCO3, pH 8, at 48°C for 17 h.
Details

of

In-Gel

Digestion

protocols

are

described

at

http://med.psu.edu/web/core/proteinsmassspectometry/protocols/in-gel-digestion. The procedures
for mass spectrometric analyses with two different mass spectrometers are described below.

MS using TripleTOF 5600:

The separation by reverse phase nanoflow LC was

performed by having each sample autoinjected from a NanoLC AS-2 Autosampler
(ABSciex/Eksigent) into an NanoLC-Ultra-2D Plus HPLC (ABSciex/Eksigent) using a 10 µl
injector loop. Trap and elute mode was used to separate samples using the microfluidics on a
cHiPLC Nanoflex system equipped with a Trap Column (Chrom XP C18 3 µm 300 Å) and a
separation column (75 µm × 15 cm ChromXP C18 3 µm 300 Å). Buffer A was 0.1% formic acid
water solution (degassed), and Buffer B was 0.1% formic acid dissolved in acetonitrile
(degassed). After loading the trap column with Buffer A (95%)/Buffer B (5%), elution and
nanospray into the mass spec source was accomplished with the following 60 min gradient in
which most peptides eluted between 15 and 60 min: Buffer B continuing at 5% (0-1 min
following sample injection), 5%-35% Buffer B (1-55 min), then isocratic 85% Buffer B (55-60
min), 85%-5% Buffer B (60-66 min), then isocratic at the original 5% Buffer B start conditions
(66-85 min) to re-equilibrate for the next injection.
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Eluate was delivered into the ABSciex 5600 TripleTOF Mass Spectrometer with a
NanoSpray III source using a 10 mm id nanospray tip (New Objective). Typical values of mass
spectrometer settings were curtain gas = 25, Gas1 = 4-6, Gas2 = 0, an ionspray floating voltage
around 2,200, and a rolling collision energy voltage was used for CID fragmentation for MS/MS
spectra acquisitions. Each cycle consisted of a TOF-MS spectrum acquisition for 250 MS (mass
range 400-1,250 Da), followed by information-dependant acquisition of 50 MS/MS spectra (50
MS/MS per 1 second cycle) of MS peaks above intensity 150 (TOF mass range 65-1,600 Da)
with a charge state between 2 and 5, taking 2.8 s total per full cycle. Once MS/MS fragment
spectra were acquired for a particular mass, that mass was dynamically excluded for 6 s. Mass
spectrometer recalibration was performed using a known -galactosidase digest prior to analysis
of each fraction. Full instrument optimization was also performed at least once a week.

MS using ABSciex 5800 MALDI TOF-TOF:

Gel digests were cleaned up using

Millipore SCX ZipTips, spotted and air dried on stainless steel MALDI target plates, overlaid
with 0.6 µl of matrix solution [7 mg/ml recrystallized CHCA (a-cyano-hydroxycinnamic acid), 2
mg/ml ammonium phosphate, 0.1% trifluoroacetic acid, in 80% acetonitrile], then air dried.
Immediately before sample spectra collection, both MS and MS/MS, as well as plate
recalibrations, were performed using 13 external calibration spots of the ABSciex 4700
calibration mix. The MS spectrum for each sample MALDI Spot (one gel digest per spot) was
acquired with the ABSciex 5800 MALDI TOF-TOF, using laser excitation with a Nd:YAG laser
at 355 nm, 400 laser shots per spot at Laser Power 2800. The mass range acquired was 800-4,000
m/z, with a laser repetition rate of 1,000 Hz (1,000 laser shots per second) at an accelerating
voltage of 20,000 volts. The top 20 MS peaks from each spot were chosen for CID fragmentation
and tandem mass spec (MS/MS analysis). The MS/MS spectrum for each of these peaks was
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acquired using 2,000 laser shots per peak at Laser Power 4000, with CID gas air at 1.2 to 1.3 x
10-6 Torr and analyzed by ProteinPilot software using Paragon algorithms.

Database Search: The MS/MS spectra were analyzed by ProteinPilot software using
Paragon algorithms, which searches iodoacetamide treatment of cysteines and common
modifications as well. The spectra were searched against a combined database of a P. inflata
pollen protein database comprised of ESTscan coding region predictions of S2-haplotype- and S3haplotype-specific transcript assemblies (Williams et al., 2014), the complete Sol Project
Solanum

protein

database

for

tomato

(ftp://ftp.solgenomics.net/tomato_genome/annotation/ITAG2.3_release/ITAG2.3_proteins_full_d
esc.fasta), and 389 common lab contaminants (e.g., keratin, trypsin; to eliminate peptides not
derived from the test protein samples).

3.2.7 DNA Sequence Analysis
DNA sequencing was carried out at the Nucleic Acid Facility at The Pennsylvania State
University (http://tanager.huck.psu.edu/). Alignment of deduced amino acid sequences was
performed using ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/) with default settings.
Boxshade version 3.21 (http://www.ch.embnet.org/software/BOX_form.html) was used to shade
the alignment results.

3.2.8 Accession Numbers
Sequence data from this chapter can be found in the EMBL/GenBank data libraries under the
accession numbers PiCUL1-P (KF551593). The accession numbers for the sequence data
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referenced in this article are as follows: S2-SLF1(AAS79485), PiSSK1(AEE39461), PiCUL1-G
(ABB77429), PiCUL1-C (ABB77428), PiRBX1 (ABB77433), PiSK1(ABB77426),
PiSK2(ABB77427), PiSK3(ABB77425) from P. inflata; SpCUL1 (ADU60534) from S. pennellii;
PhSSK1 (ACT35734), PhCUL1 (ACT35735) from P. hybrida.

3.3 Results

3.3.1 Identification of Pollen Proteins Co-Immunoprecipitating with S2-SLF1:GFP
I used extracts of mature pollen from a pBI101-LAT52P:S2-SLF1:GFP**/S2S3 transgenic plant to
perform Co-IP. The pollen-specific Late Anther Tomato 52 (LAT52) promoter (Twell et al., 1990)
is ~17 times stronger than the native promoter of S2-SLF1 based on the results of Quantitative
Real-Time PCR (Sun and Kao, 2013). I reasoned that high levels of S2-SLF1:GFP produced in
transgenic pollen would facilitate the detection of proteins that co-immunoprecipitated with it.
Half of the Co-IP products from both the transgenic plant and wild-type S2S3 plant were analyzed
by immunoblotting, using an anti-GFP antibody as the primary antibody. As shown in Figure 31A, a band of ~70 kD, consistent with the predicted molecular mass of S2-SLF1:GFP, was
detected in the Co-IP products of the transgenic plant, but not in those of the wild-type plant,
suggesting that GFP-Trap agarose beads specifically immunoprecipitated S2-SLF1:GFP.
Interestingly, a band of ~280 kD was also specifically detected in the Co-IP products of the
transgenic plant.

The other half of the Co-IP products of both the transgenic plant and wild-type plant were
separated by SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE), and Coomassie Brilliant
Blue G-250 was used to stain the gel. As shown in Figure 3-1B, in addition to the ~280 kD and
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~70 kD bands that reacted with the anti-GFP antibody (Figure 3-1A), an ~85 kD and an ~25 kD
band were detected in the transgenic plant but not in the wild-type plant. Thus, these four protein
bands were excised from the gel and processed for mass spectrometric (MS) analysis. As the
~280 kD band was relatively weak, I also excised the corresponding area in the lane of the wildtype plant for analysis to ensure that the peptides detected were specific to the transgenic plant.
Moreover, even though the ~15, ~40 and ~45 kD bands were not specific to the transgenic plant,
as the molecular masses of PiRBX1, PiSBP1 and SLFs predicted based on their sequences (Hua
and Kao, 2006) are ~15, ~37 and ~43 kD, respectively, I also excised the ~15, ~40 and ~45 kD
bands from the lanes of the transgenic plant and wild-type plant for analysis.

As the complete genome sequence of P. inflata was not available, the MS and MS/MS
spectra were searched by Protein Pilot software, using Paragon algorithm (Shilov et al. 2007;
Zhao et al. 2008; Chen et al. 2010), against a combined database of a P. inflata pollen protein
database comprised of ESTscan coding region predictions of S2-haplotype- and S3-haplotypespecific transcript assemblies (Williams et al., 2014), the complete Sol Project Solanum protein
database for tomato
(ftp://ftp.solgenomics.net/tomato_genome/annotation/ITAG2.3_release/ITAG2.3_proteins_full_d
esc.fasta), and 389 common lab contaminants (e.g., keratin, trypsin; to eliminate peptides not
derived from the test protein samples). The contribution value of a peptide that matched a protein
was calculated based on its sequence uniqueness to the protein and the peptide confidence level.
The sum of the contribution values of all the peptides matching the same protein was the unused
score. According to the algorithm used, if a peptide is unique to a protein, the peptide’s
contribution value to this protein = –log10 [1 – (confidence level/100)]. Thus, if there is one
unique peptide whose confidence level is 95, the contribution value of the peptide to the protein,
calculated using the above formula, is 1.3. If only one unique peptide is identified for a protein,
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the unused score of the protein is 1.3. In my results, in cases where the protein band was specific
to the transgenic plant, if the unused score of a protein was greater than 1.3, the protein had a
>95% confidence level of being present in the transgenic plant sample. In cases where the
corresponding band/area of the wild-type plant sample was also analyzed, if a protein had an
unused score >1.3 and was not present in the wild-type plant sample, the protein had a >95%
confidence level of being specific to the transgenic plant.

~85 kD band. Of the 94 peptides identified, 59 matched 25 different regions of an
uncharacterized protein in the tomato database, Solyc06g008710.1.1, predicted to belong to the
cullin family, with the unused score of 16.62. I queried each of these 59 peptides against the
NCBI non-redundant protein database, and found that more than half were 100% identical to their
corresponding regions of SpCUL1 (Solanum pennellii Cullin1; Li and Chetelat, 2010); SpCUL1
was not present in the tomato database). The other 7, 12 and 16 of the 94 peptides matched the
predicted amino acid sequences of three ESTs in our P. inflata pollen protein database, 136, 125
and 135 amino acids in size, respectively, with the unused scores of 5.32, 3.22 and 4.34. I queried
the 136, 125 and 135 amino acid sequences against SpCUL1 and found that they aligned with
amino acid residues 2 to 135 (91% identity), 129 to 253 (85% identity) and 262 to 396 (88%
identity), respectively. Therefore, I concluded that the 85 kD protein that co-immunoprecipitated
with S2-SLF1:GFP was likely the P. inflata homologue of SpCUL1, and named this protein
PiCUL1-P.

To validate the identity of the 85 kD protein, I used Polymerase Chain Reaction (PCR) to
obtain the full-length sequence of PiCUL1-P. The EST in our P. inflata pollen protein database
that encoded the 136 amino-acid peptide contained 152 bp of the 5´UTR region. I designed a
primer, “PiCUL1-P 5UTR For” (Table 3-1), based on the nucleotide sequence of this region. I
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queried the C-terminal sequence of SpCUL1 against our pollen protein database, and found an
assembled sequence of 319 bp whose deduced amino acid sequence matched perfectly with
amino acids 715 to 740 of SpCUL1. As this assembled sequence contained 237 bp of the 3´-UTR
region, I designed a primer, “PiCUL1-P 3UTR Rev” (Table 3-1), based on the nucleotide
sequence of this region. I used this pair of primers to amplify the full-length sequence of
PiCUL1-P by Reverse Transcription (RT)-PCR using total RNA isolated from stage 5 anthers
(Mu et al., 1994) of S2S3 plants. Cloning and sequencing of the PCR product showed that 77 of
the 94 peptides identified in the 85 kD band matched PiCUL1-P, with the unused score of
28.1497 and 40% protein sequence coverage. Of these 77 peptides, 51 matched only PiCUL1-P,
and 26 matched PiCUL1-P, as well as SpCUL1, PiCUL1-G and/or PiCUL1-C due to sequence
conservation. The remaining 17 of the 94 peptides were 80-92% identical to PiCUL1-P; 14
matched SpCUL1 and three were ~94% identical with SpCUL1. Thus, PiCUL1-P is most likely
the Cullin1 component of the SLF-containing complex.

~70 kD band. This band was positively identified as S2-SLF1:GFP, because all but two of
the 25 peptides matched various regions of this fusion protein, with the unused score of 20.3516
and 31% protein sequence coverage. Two of the peptides matched PiCUL1-P with the unused
score of 1.6399; they might be derived from cleavage of the full-length PiCUL1-P during sample
processing.

~280 kD band. This band was also identified as S2-SLF1:GFP, because all the 33
peptides matched various regions of this fusion protein, with the unused score of 12.1995 and
29% protein sequence coverage. As the full-length S2-SLF1:GFP is ~70 kD and as no peptides
matching any other known SLF proteins were identified, this ~280 kD protein could be a
homotetramer of S2-SLF1:GFP but not a heterotetramer of different SLF proteins. There are
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examples of tetramers resistant to SDS and -mercaptoethanol in the sample-loading buffer. For
example, KcsA, a potassium channel protein, forms a homotetramer when analyzed by SDSPAGE (Heginbotham et al., 1997; Molina et al., 2004). If the 280 kD protein is indeed a tetramer
of S2-SLF1:GFP, it would be interesting to study whether formation of this tetramer is
biologically relevant.

~45 kD band. Peptides that matched PiCUL1-P and S2-SLF1:GFP were identified, with
the unused score of 10.2292 and 7.0484, respectively, and they might be derived from cleavage
products of these two proteins.

~40 kD band. All the peptides identified were present in both the transgenic plant and
wild-type plant.

~25 kD band. This band was identified as PiSSK1, because all the 16 peptides matched
various regions of this protein, with the unused score of 5.0697 and 40% protein sequence
coverage.

~15 kD band. This band was identified as PiRBX1, because all the 12 peptides matched
various regions of this protein, with the unused score of 5.4538 and 45% protein sequence
coverage.

In summary, the results obtained from the Co-IP experiment using mature pollen extracts
of the pBI101-LAT52P:S2-SLF1:GFP**/S2S3 transgenic plant suggest that the S2-SLF1containing complex is composed of S2-SLF1, PiCUL1-P, PiSSK1, and PiRBX1.
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3.4 Discussion
For S-RNase-based SI, the “collaborative non-self recognition” model was recently proposed by
Kubo et al. (2010) based on (1) the biochemical nature of the pistil determinant (an RNase) and
pollen determinant (multiple orthologous F-box proteins); and (2) the interactions between
several SLF proteins and their respective self and non-self S-RNases revealed by in vitro pulldown assays (Hua and Kao, 2006) and by co-immunoprecipitation (Co-IP) of pollen extracts in
the presence of exogenously added S-RNases (Kubo et al., 2010). This model proposes that for
pollen of a given S-haplotype (1) each SLF interacts with a subset of its non-self S-RNases to
mediate their ubiquitination and degradation by the 26S proteasome; (2) all SLF proteins
collectively mediate ubiquitination and degradation of all non-self S-RNases to allow crosspollination to be compatible; (3) none of the SLF proteins interact with their self S-RNase,
thereby allowing the self S-RNase to degrade pollen tube RNAs to result in growth inhibition of
self pollen tubes.

Implicit in this model is that an SLF-containing complex is involved in ubiquitination of
non-self S-RNases, much like a conventional F-box protein functioning as a component of an
SCF complex in the ubiquitin-mediated proteasomal protein-degradation pathway. Previously,
putative components of the SLF-containing complex were identified based on pairwise
interactions observed by yeast two-hybrid and/or pull-down assays. In P. inflata, a Cullin1
(named PiCUL1-G) and SBP1 (named PiSBP1) were identified as potential components (Hua and
Kao, 2006). PiSBP1 is a RING-HC protein approximately three times the molecular mass of
RBX1; it interacts with PiCUL1-G and S2-SLF1, as would be expected of Skp1, and interacts
with an E2 (named PhUBC1), as would be expected of RBX1 (Hua and Kao, 2006). In P.
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hybrida, two components were identified, a Cullin1, PhCUL1 (99% identical with PiCUL1-G),
and an Skp1-like protein, SSK1 (Huang et al., 2006; Zhao et al., 2010).

In this work, I used the approach of Co-IP followed by mass spectrometry (MS) to
identify pollen proteins that are in the complex with S2-SLF1 of P. inflata. This approach allows
the identification of proteins that interact either directly or indirectly with the protein of interest.
Compared with yeast two-hybrid and pull-down assays, the Co-IP-MS approach tests proteinprotein interactions by purifying the protein complex in the presence of many other proteins at the
same time in their native environment. Thus, using pollen extracts for Co-IP likely resembles
more closely the in vivo situation than yeast two-hybrid and in vitro pull-down assays. I made use
of a previously generated S2S3 transgenic plant homozygous for the LAT52P:S2-SLF1:GFP
transgene (Sun and Kao, 2013) to perform Co-IP, and identified PiCUL1-P (homolog of SpCUL1
of tomato), PiSSK1 (P. inflata SSK1), and PiRBX1 (an RBX1) as the components of the S2SLF1-containing complex.

The SLF genes involved in pollen specificity most likely have evolved to perform their
specific function in SI, as they are located at the polymorphic S-locus, which regulates Shaplotype specificity in SI interactions, and as they are specifically expressed in pollen (Sijacic et
al., 2004; Kubo et al., 2010); Williams et al., 2013). One question is whether the genes encoding
the other components of the SLF-containing complex have also evolved to specifically function
in SI. Of the three components of the SLF-containing complex identified, this is most likely the
case for the genes encoding PiSSK1 and PiCUL1-P.

The SSK1 gene was first identified by Huang et al. (2006) in A. hispanicum and its
homolog was subsequently identified in P. hybrida by the same group (Zhao et al., 2010). SSK1s
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of A. hispanicum and P. hybrida are specifically expressed in pollen (Huang et al., 2006; Zhao et
al., 2010). SSK1s belong to a novel class of Skp1-like proteins, as they have a unique C-terminus,
composed of a 7-9 amino-acid tail in a disordered coil, not present in other Skp1-like proteins,
and this C-terminal tail is required for interactions with SLF proteins as revealed by the yeast
two-hybrid assay (Zhao et al., 2010). Down-regulation of PhSSK1 resulted in reduced crosscompatibility, but no other phenotypic changes (Zhao et al., 2010), strongly suggesting the unique
function of SSK1 in SI. Our lab previously cloned PiSSK1 by PCR screening of a Bacterial
Artificial Chromosome (BAC) library of S2S2 genotype of P. inflata, using primers designed
based on the sequence of PhSSK1 (Meng et al., 2011). PiSSK1 is only 46 to 47% identical with
three Skp1-like proteins of P. inflata, PiSK1, PiSK2, and PiSK3 (Hua and Kao, 2006; Meng et
al., 2011). These three proteins interacted with seven F-box proteins encoded by genes unlinked
to the S-locus (Hua and Kao, 2006) and are thus unlikely to be involved in SI. However, no
interactions between PiSSK1 and three allelic variants of SLF1 (S2-SLF1, S2-SLF2, and S2-SLF3)
were found by the yeast two-hybrid assay (Meng et al., 2011). Perhaps the interaction between
PiSSK1 and an SLF protein requires the presence of the other component(s) of the complex.

PiCUL1-P is most likely the P. inflata homolog of tomato SpCUL1, which is 91%
identical with PiCUL1-P, but only 74 and 70% identical with the two previously identified
Cullin1s of P. inflata, PiCUL1-G and PiCUL1-C, respectively (Hua and Kao, 2006). The deduced
amino acid sequences of these four Cullin1s are aligned in Figure 3-2. SpCUL1 is involved in
unilateral interspecific incompatibility (UI) between tomato species (Li and Chetelat, 2010); it is
required for pollen of self-incompatible tomato species to be compatible with pistils of selfcompatible tomato species in inter-specific crosses. The biochemical mechanism of UI in the case
studied by Li and Chetelat (2010) is thought to be similar to that of S-RNase-based SI, as the
SpCUL1 gene genetically interacts with a gene either located at, or very near, the S-locus. It is
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possible that SpCUL1 is a component of an SCF-like complex responsible for mediating
ubiquitination and degradation of an S-RNase-like molecule produced by pistils of selfcompatible species to allow compatible pollination. Interestingly, loss-of-function of SpCUL1 in
pollen only affected the UI phenotype (Li and Chetelat, 2010). Moreover, reduced expression of
SpCUL1 in pollen of self-incompatible Solanum arcanum resulted in incompatible pollination
with otherwise compatible pistils (Li and Chetelat, 2013), suggesting that SpCUL1 is responsible
for SI as well. This result is also consistent with my finding in this work that PiCUL1-P is a
component of the SLF-containing complex.

As SpCUL1 is specifically expressed in pollen (Li and Chetelat, 2010), I used Real-Time
RT-PCR to assess the tissue expression pattern of PiCUL1-P. The results showed that PiCUL1-P
is most highly expressed in stages 2 and 3 anthers (Figure 3-3). Thus, PiCUL1-P is predominantly
expressed during pollen development. Previously, PiCUL1-G was thought to be the Cullin1
component of the SLF-containing complex in P. inflata, as it interacted with PiSBP1 in the yeast
two-hybrid assay (Hua and Kao, 2006). The homolog PiCUL1-G in P. hybrida, PhCUL1, was
also proposed to be the Cullin1 component of the SLF-containing complex, as it interacted with
PhSSK1 in an in vitro transcription/translation system (Zhao et al., 2010). Neither PiCUL1-G nor
PiCUL1-C is pollen specific, based on the comparison of the leaf and pollen protein databases of
P. inflata (Williams et al., 2014). It would be of interest to (1) examine the phenotype of
transgenic plants in which the production of PiCUL1-P in pollen is suppressed to see whether
PiCUL1-P functions specifically in SI; (2) investigate the biochemical basis for the specific
interaction between PiCUL1-P and PiSSK1.

PiRBX1 is the only conventional component of a canonical SCF complex that is part of
the SLF-containing complex. However, our lab previously did not detect any interaction between
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PiRBX1 and PhUBC1 (an E2 of P. hybrida) in the yeast two-hybrid assay, and RBX1 was not
identified as a component of the SLF-containing complex in A. hispanicum or P. hybrida either
(Huang et al., 2006; Zhao et al., 2010). This again is evidence that Co-IP is a more robust
approach for identifying components of a complex containing proteins of interest.

As I used extracts of mature pollen to perform Co-IP and identified the components of
the SLF-containing complex, this finding suggests that the complex is already formed in mature
pollen before germination on the stigma surface. This seems logical, as in P. inflata, S-RNases
are concentrated in the stigmatic zone and upper one-third segment of the pistil (Ai et al., 1990)
and are presumably taken up by pollen tubes as they penetrate the stigma into the style. Thus,
assembly of all SLF proteins involved in pollen specificity into SCF-like complexes in mature
pollen would allow them to detoxify their respective non-self S-RNase(s) as soon as these
cytotoxic molecules appear in the cytoplasm of the pollen tube. If the amounts of the other three
components of the complex are limiting, it is possible that there would be competition among
SLF proteins for assembly into SCF-like complexes, perhaps based on their relative levels and
relative affinities for PiSSK1. In this case, when certain non-self S-RNases appear in the
cytoplasm, the SLF protein(s) responsible for detoxifying them must be maximally assembled
into SCF-like complexes. This might require dissociation of the preformed SCF-like complexes
that contain SLF proteins not involved in detoxifying these non-self S-RNases to allow the SLF
proteins that are involved to assemble into additional SCF-like complexes. One might envision
the formation and dissociation of SCF-like complexes to be a dynamic process, in response to the
presence of particular S-RNases in the cytoplasm of the pollen tube.

I did not find PiSBP1 in the SLF-containing complex, though our lab had previously
shown by yeast two-hybrid and pull-down assays that it might be a component of the SLF-
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containing complex, playing the role of Skp1 and RBX1 (Hua and Kao, 2006). Our lab had
previously shown by an in vitro ubiquitination assay that PiSBP1 could function as a monosubunit E3, as it catalyzed ubiquitination of S3-RNase in the presence of E1, E2 and ubiquitin
(Hua and Kao, 2008). As such, PiSBP1 might mediate ubiquitination and degradation of those
SLF proteins that are not involved in detoxification of the S-RNases in a pollen tube and have
dissociated from the SCF-like complexes (see above). It would be interesting to examine the
effect of suppressing PiSBP1 expression on the SI behavior of pollen, and whether SLF proteins
themselves are subject to ubiquitin-mediated degradation.
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Figure 3-1. Identification of components of the SLF-containing complex by Co-IP.
Mature pollen from 40 flowers each of the transgenic plant pBI101-LAT52P:S2SLF1:GFP**/S2S3 and wild-type S2S3 plant were collected, and 2 mg of total protein from each
pollen extract were incubated with 25 l of equilibrated GFP-Trap agarose beads to
immunoprecipitate S2-SLF1:GFP and associated proteins. After extensive washing steps, the
immunoprecipitated complex was dissociated from the beads by boiling in SDS sample buffer for
10 min. Half of the Co-IP products were used in the protein gel blot analysis (A), and the other
half were used for Coomassie Brilliant Blue G-250 staining (B).
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(A) Protein gel blot analysis of the Co-IP products using an anti-GFP antibody as the primary
antibody. The ~70 kD band is S2-SLF1:GFP and the ~280 kD band may be its tetramer.
(B) Coomassie Brilliant Blue G-250 staining of the Co-IP products. The seven protein bands in
the “S2S3 transgenic plant” lane excised for mass spectrometric analysis are indicated. The ~280,
~45, ~40 and ~15 kD bands in the “wild-type S2S3 plant” lane were also excised for analysis to
identify those peptides not specific to the transgenic plant sample. The protein identified for each
of the ~280, ~85, ~70, ~25 and ~15 kD bands is indicated. For the ~45 kD and ~40 kD bands, no
peptides specific to the transgenic plant were identified.
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Figure 3-2. Alignment of the deduced amino acid sequences of PiCUL1-P, PiCUL1-C, PiCUL1G of Petunia inflata, and SpCUL1 of Solanum pennellii.
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Alignment was performed using ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/) with the
default settings. For each position, if more than half of the amino acids aligned are identical, these
conserved amino acids are shaded black and any amino acid(s) similar to the conserved amino
acids is (are) shaded gray, using Boxshade
(http://www.ch.embnet.org/software/BOX_form.html). Amino acid residue numbers for each
sequence are indicated.
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Figure 3-3. Tissue expression pattern of PiCUL1-P determined by Real-Time RT-PCR.
Total RNA was isolated from various vegetative tissues, five anther stages, pollen, and in vitro
germinated pollen tubes of wild-type S2S3 plants, and digested with RNase-free DNaseI. Anther
stages were defined by the flower bud size (Mu et al., 1994). All the primers used are listed in
Table 3-1. Three technical replicates were analyzed for each sample. The Y-axis shows the
transcript level of each sample relative to that of the mature pollen sample. Each error bar
indicates standard error. For each sample, the Actin transcript was amplified as the internal
reference. The left panel shows graphic results of all the samples. As the PiCUL1-P transcript
levels in stages 2 and 3 anthers are >100-fold higher than that in pollen and all the other samples,
the right panel shows graphic results of all but these two samples, so that the relative PiCUL1-P
transcript levels of the other samples to pollen can be more easily visualized.

113
Table 3-1. List of Primer Sequences Used for PCRs.

Primer

Sequence (5´- 3´)

PiCUL1-P 5UTR For

CATCTGCTCCACTTACCACTCA

PiCUL1-P 3UTR Rev

ATGTAGTGTCAAAGGGCAGTCA

PiCUL1-P 225 Rev

ATCTTCAACTGCTTCCCTGT

Actin4For

GGCATCACACTTTCTACAATGAGC

Actin4Rev

GATATCCACATCACATTTCATGAT
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Table 3-2. Raw Ct Values and Calculations for Real-Time PCRs.

Leaf
Leaf
Leaf
Sepal
Sepal
Sepal
Petal
Petal
Petal
Root
Root
Root
Style
Style
Style
Ovary
Ovary
Ovary
Stage 1
Stage 1
Stage 1
Stage 2
Stage 2
Stage 2
Stage 3
Stage 3
Stage 3
Stage 4
Stage 4
Stage 4
Stage 5
Stage 5
Stage 5
Mature Pollen
Mature Pollen
Mature Pollen
Pollen Tube
Pollen Tube
Pollen Tube

Ct of reference
gene (Actin)
19.38
19.37
19.38
24.03
24.14
24.17
22.02
21.54
21.25
22.26
22.15
22.46
25.59
25.65
25.66
20.93
21.09
21.31
19.89
19.47
19.26
19.64
20.16
19.81
20.5
20.37
20.32
19.73
19.94
20.1
18.14
18.31
17.58
17.5
17.51
17.77
17.34
17.09
17.23

Ct of test gene
(PiCUL1-P)
29.41
30.06
29.64
35.39
33.14
34.11
32.03
31.94
32.94
34.42
37.76
Undetermined
33.17
35.64
33.86
Undetermined
Undetermined
36.13
29.86
30.49
30.54
20.51
20.02
20.01
21.01
21.03
21.01
26.32
26.18
26.11
24.57
24.6
24.59
24.86
24.91
24.88
24.87
25.04
25.04

Relative expression to
mature pollen
0.1571
0.1022
0.1127
0.0625
0.3299
0.1406
0.1593
0.1250
0.0418
0.0359
0.0034
Undetermined
0.8586
0.1661
0.4698
Undetermined
Undetermined
0.0048
0.1638
0.0813
0.0556
89.8845
186.1085
120.2589
115.3601
106.8913
85.6274
1.7053
2.2346
2.1435
1.9053
2.1585
1.0718
1.0000
1.0000
1.0000
0.8888
0.6830
0.6156

Average
0.1240

Standard
error
0.0168

0.1777

0.0794

0.1087

0.0349

0.0196

0.0163

0.4981

0.2004

0.0048

0.0000

0.1002

0.0326

132.0840

28.3998

102.6262

8.8440

2.0278

0.1634

1.7118

0.3283

1.0000

0.0000

0.7291

0.0822
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Chapter 4
Pollen S-Locus F-Box Proteins of Petunia Involved in S-RNase-Based SelfIncompatibility are Themselves Subject to Ubiquitin-Mediated Degradation
A manuscript based on part of the work described in this chapter has been submitted for
publication with authorship Sun, P., Li, S., Lu, D., Williams, J.S., and Kao, T.-h.
Shu Li made the bait constructs for the eight truncated forms of S2-SLF1, did plant transformation
for LAT52P:S2-SLF1(∆295-312):GFP, performed aniline blue staining experiments, prepared
Figure 4-6, and did BAC library screening for PiCAND1. Dihong Lu and I performed the
experiments shown in Figure 4-5. Justin S. Williams performed alignment of amino acid
sequences of 17 SLF proteins of S2-haplotype and S3-haplotype of P. inflata, and prepared Figure
4-8. I performed all the other experiments.
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4.1 Introduction
As mentioned in the previous chapters, the collaborative non-self recognition model predicts that,
for a given S-haplotype, each SLF recognizes a subset of its non-self S-RNases to mediate their
ubiquitination and subsequent degradation by the 26S proteasome, and multiple SLF proteins
collaboratively recognize and detoxify all their non-self S-RNases to allow compatible pollination
(Kubo et al., 2010). Evidence supporting ubiquitination and degradation of non-self S-RNases by
SCFSLF complexes has been obtained. In vitro protein ubiquitination and degradation assays using
pollen tube extracts and bacterially expressed S-RNases have shown that S-RNases are
ubiquitinated and degraded by the 26S proteasome (Hua and Kao, 2006). A Skp1-like protein,
named SSK1 (SLF-interacting SKP1-like1), has been shown to interact with SLF in yeast twohybrid and in vitro pull-down assays (Huang et al., 2006; Zhao et al., 2010). In Chapter 3, using
pollen extracts of transgenic P. inflata plants over-expressing Green Fluorescent Protein (GFP)fused S2-SLF1 (SLF1 of S2-haplotype) for co-immunoprecipitation (Co-IP) followed by mass
spectrometry (MS), I have found that a pollen-specific Cullin1 (named PiCUL1-P), a pollenspecific SSK1 (named PiSSK1), and a conventional Rbx1 (named PiRBX1), are the components
of the SCFSLF complex (Li et al., 2014). Similar results have been obtained in P. hybrida using
pollen extracts of transgenic plants over-expressing FLAG-tagged S7-SLF2 for Co-IP-MS (Entani
et al., 2014).

A transgenic assay is routinely used to determine whether an SLF produced by pollen of
a given S-haplotype interacts with any particular non-self S-RNase to mediate its ubiquitination
and degradation in the pollen tube. This assay involves expressing the SLF of interest in pollen of
the non-self S-haplotype, via transformation of plants carrying this S-haplotype, to see whether it
causes breakdown of SI (Sijacic et al., 2004; Kubo et al., 2010; Sun and Kao, 2013; Williams et
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al., 2014b). For example, expressing SLF1 of S2-haplotype (S2-SLF1) in S3 pollen causes
breakdown of SI (Sijacic et al., 2004; Williams et al., 2014b), suggesting that S2-SLF1 interacts
with S3-RNase to allow the S3 transgenic pollen tube to escape the toxic effect of S3-RNase. This
assay requires time-consuming transformation and regeneration of transgenic plants. Thus, Shu Li
and I tested whether the yeast two-hybrid (Y2H) assay could be an alternative approach for
assessing interactions between SLFs and S-RNases.

Surprisingly, I found that the full-length S2-SLF1 and a truncated form without the Nterminal F-box domain were degraded by the 26S proteasome in yeast. I identified an 18-aminoacid (18-aa) sequence in the C-terminal region of S2-SLF1 that contains a degradation motif. I
then used S2S3 transgenic plants homozygous for the S2-SLF1:GFP transgene to examine the S2SLF1:GFP protein level in pollen extracts and in in vitro germinated pollen tubes, and found that
S2-SLF1:GFP was degraded via the 26S proteasome pathway. Another type of SLF, S2-SLF4,
was also degraded via the 26S proteasome pathway in pollen extracts. Four of the 18 amino acids
are conserved among all 17 SLF proteins of S2-haplotype and S3-haplotype involved in pollen
specificity (Williams et al., 2014a), suggesting that the stability of all SLF proteins is likely
subject to similar regulation. Deleting the 18-aa sequence from S2-SLF1 stabilized the protein,
but abolished its function in SI, suggesting that regulation of the stability of SLF proteins is an
integral part of their function in SI. A truncated S2-SLF1 without the F-box domain, when fused
with GFP, was still degraded in pollen extracts and in vitro germinated pollen tubes via the 26S
proteasome pathway, suggesting that S2-SLF1 was not degraded by an autocatalytic mechanism.

To identify proteins involved in mediating the degradation of S2-SLF1, I subjected pollen
extracts of transgenic plants over-expressing S2-SLF1:GFP to in vitro degradation in the presence
or absence of MG132, a 26S proteasome inhibitor, and analyzed the proteins that co-precipitated
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with S2-SLF1:GFP by mass spectrometry. I identified peptides matching PiCAND1 (a P. inflata
cullin-associated NEDD8-dissociated protein 1), a potato UPL1-like protein (a mono-subunit E3
ligase containing a HECT domain), and a P. inflata E2 (PiUBC5) only in the pollen extract
containing MG132; and identified peptides matching PiUBC12 (a P. inflata NEDD8-conjugating
enzyme), PiDCN1 (a P. inflata defective in cullin neddylation 1), PiCUL1-P, PiSSK1, and
PiRBX1, in pollen extracts with MG132 or pollen extracts not subjected to degradation. Based on
the results obtained in this study, I propose a model for the dynamics of SCFSLF complexes.

4.2 Methods

4.2.1 Plant Material
S2S2, S3S3, and S2S3 genotypes of P. inflata (Ai et al., 1990), S2S3 transgenic plants homozygous
for the LAT52P:S2-SLF1:GFP transgene (Sun and Kao, 2013), S2S3 transgenic plants carrying the
LAT52P:GFP transgene (Dowd et al., 2006), and S2S3 transgenic plants carrying the LAT52P:S2SLF4:GFP transgene (Williams et al., 2014b), were all described previously.

4.2.2 Generation of Ti Plasmid Constructs for Plant Transformation
A previously generated construct, pBI101-LAT52P:S2-SLF1:GFP (Hua et al., 2007), was used to
amplify the LAT52 promoter region by Polymerase Chain Reaction (PCR) using primers
“Infusion PBI LAT52for” and “Infusion LAT52rev”. All the PCR primers used in this work are
listed in Table 4-1. The S2-SLF1(191) fragment was amplified by PCR from the same plasmid
using “LAT52 S2-SLF1for” and “GFP S2-SLF1 573rev” primers. The GFP:Nos fragment was
amplified by PCR from the same plasmid using “Infusion GFPfor” and “Infusion PBI Nos rev”
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primers. All the resulting DNA fragments were ligated into SalI/EcoRI digested pBI101 using the
In-Fusion HD Cloning Kit (Clontech) to yield pBI101-LAT52P:S2-SLF1(191):GFP. pBI101LAT52P:S2-SLF1(CTD):GFP was similarly generated except that the S2-SLF1(CTD) fragment
was amplified using primers “LAT52 CTDfor” and “GFP S2-SLF1rev”. pBI101-LAT52P:S2SLF1(∆295-312):GFP was similarly generated except that the S2-SLF1(∆295-312) fragment was
amplified from the plasmid “pGBKT7-S2-SLF1∆295-312” (discussed later) using primers
“LAT52 S2-SLF1for” and “GFP S2-SLF1rev”. All the Ti plasmids were electroporated into
Agrobacterium tumefaciens (LBA4404), and introduced into S2S3 wild-type plants via
Agrobacterium-mediated transformation as previously described (Lee et al., 1994).

4.2.3 Generation of Constructs for Yeast Transformation
The coding sequences for S2-RNase and S3-RNase were cloned in frame with the coding
sequences for the GAL4 activation domain (AD) and HA epitope tag in pGADT7. A previously
generated construct, pLAT-LAT52P:S2-RNase:GFP (Meng et al., 2009), was used to amplify S2RNase by PCR using primer pair S2RFullfor/S2RFullrev. S3-RNase was similarly amplified by
PCR using pLAT-LAT52P:S3-RNase:GFP (Meng et al., 2009) as template and
S3RFullfor/S3RFullrev as primer pair, respectively. Both fragments were separately subcloned
into pGEM-T Easy Vector (Promega), released by EcoRI/BamHI digestion, and ligated into
EcoRI/BamHI digested pGADT7 to yield pGADT7-S2-RNase and pGADT7-S3-RNase.

The coding sequences for S3-SLF1, S2-SLF1, S2-SLF1 (F-box), S2-SLF1 (CTD), S2-SLF1
(1-52), S2-SLF1 (1-63), S2-SLF1 (1-148), S2-SLF1 (1-188), S2-SLF1 (1-191), S2-SLF1 (1-328),
S2-SLF1 (1-352), S2-SLF1 (1-384), S2-SLF1 (1-224), S2-SLF1 (1-253), S2-SLF1 (1-294), S2SLF1 (1-312), S2-SLF1 (1-328) K192R, S2-SLF1 (1-352) K192R, S2-SLF1 (1-384) K192R, S2-
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SLF1 K192R, S2-SLF1 (1-312) K295R, S2-SLF1 (1-328) K295R, S2-SLF1 K295R, S2-SLF1
∆192-328, S2-SLF1 ∆295-328, S2-SLF1 ∆295-312, S2-SLF1 ∆313-328, GFP, GFP:S2-SLF1(295312), S2-SLF1(295-312):GFP, GFP:S2-SLF1(174-191), and S2-SLF1(174-191):GFP were cloned
in frame with the coding sequences for the GAL4 DNA-binding domain (BD) and c-Myc epitope
tag in pGBKT7.

S3S3 genomic DNA was used to amplify S3-SLF1 by PCR using the primer pair S3SLF1for/S3-SLF1rev. S2S2 genomic DNA was used to amplify S2-SLF1, S2-SLF1 (F-box), S2SLF1 (CTD), S2-SLF1 (1-52), S2-SLF1 (1-63), S2-SLF1 (1-148), S2-SLF1 (1-188), S2-SLF1 (1191), S2-SLF1 (1-328), S2-SLF1 (1-352), S2-SLF1 (1-384), S2-SLF1 (1-224), S2-SLF1 (1-253), S2SLF1 (1-294), and S2-SLF1 (1-312) by PCR using primer pairs S2-SLF1for/S2-SLF1rev, S2SLF1for/F-boxrev, CTDfor/S2-SLF1rev, S2-SLF1for/156rev, S2-SLF1for/189rev, S2SLF1for/444rev, S2-SLF1for/564rev, S2-SLF1for/573rev, S2-SLF1for/984rev, S2SLF1for/1056rev, S2-SLF1for/1152rev, S2-SLF1for/672rev, S2-SLF1for/759rev, S2SLF1for/882rev, and S2-SLF1for/936rev, respectively. All the resulting DNA fragments were
separately ligated into EcoRI/BamHI digested pGBKT7 using the In-Fusion HD Cloning Kit to
yield pGBKT7-S3-SLF1, pGBKT7-S2-SLF1, pGBKT7-S2-SLF1 (F-box), pGBKT7-S2-SLF1
(CTD), pGBKT7-S2-SLF1 (1-52), pGBKT7-S2-SLF1 (1-63), pGBKT7-S2-SLF1 (1-148),
pGBKT7-S2-SLF1 (1-188), pGBKT7-S2-SLF1 (1-191), pGBKT7-S2-SLF1 (1-328), pGBKT7-S2SLF1 (1-352), pGBKT7-S2-SLF1 (1-384), pGBKT7-S2-SLF1 (1-224), pGBKT7-S2-SLF1 (1-253),
pGBKT7-S2-SLF1 (1-294), and pGBKT7-S2-SLF1 (1-312).

Using S2S2 genomic DNA, two overlapping fragments were amplified using primer pairs
S2-SLF1for/K192Rrev and K192Rfor/S2-SLF1rev, and ligated into EcoRI/BamHI digested
pGBKT7 using the In-Fusion HD Cloning Kit to yield pGBKT7-S2-SLF1K192R. pGBKT7-S2-
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SLF1K295R was similarly generated, except that primer pairs S2-SLF1for/K295Rrev and
K295Rfor/S2-SLF1rev were used for pGBKT7-S2-SLF1K295R. Using pGBKT7-S2-SLF1K192R
as template, S2-SLF1 (1-328) K192R, S2-SLF1 (1-352) K192R, and S2-SLF1 (1-384) K192R were
amplified by primer pairs S2-SLF1for/984rev, S2-SLF1for/1056rev, and S2-SLF1for/1152rev,
respectively, and ligated into EcoRI/BamHI digested pGBKT7 using the In-Fusion HD Cloning
Kit to yield pGBKT7-S2-SLF1(1-328)K192R, pGBKT7-S2-SLF1(1-352)K192R, and pGBKT7-S2SLF1(1-384)K192R. Using pGBKT7-S2-SLF1K295R as template, S2-SLF1(1-312)K295R and S2SLF1(1-328)K295R were amplified by primer pairs S2-SLF1for/936rev and S2-SLF1for/984rev
respectively, and ligated into EcoRI/BamHI digested pGBKT7 using the In-Fusion HD Cloning
Kit to yield pGBKT7-S2-SLF1(1-312)K295R and pGBKT7-S2-SLF1(1-328)K295R.

Using S2S2 genomic DNA, two overlapping fragments were amplified using primer pairs
S2-SLF1for/“985 573rev” and 985for/S2-SLF1rev, and ligated into EcoRI/BamHI digested
pGBKT7 using the In-Fusion HD Cloning Kit to yield pGBKT7-S2-SLF1∆192-328. pGBKT7-S2SLF1∆295-328, pGBKT7-S2-SLF1∆295-312 and pGBKT7-S2-SLF1∆313-328 were similarly
generated, except that primer pairs S2-SLF1for/middle882rev and “882 985for”/S2-SLF1rev
were used for pGBKT7-S2-SLF1∆295-328, primer pairs S2-SLF1for/middle882rev and “882
937for”/S2-SLF1rev for pGBKT7-S2-SLF1∆295-312, and primer pairs S2-SLF1for/“985 936rev”
and 985for/S2-SLF1rev for pGBKT7-S2-SLF1∆313-328.

GFP fragment was amplified using pBI101-LAT52P:S2-SLF1:GFP (Hua et al., 2007) and
the primer pair pGBKT7GFPfor/pGBKT7GFPrev, and ligated into EcoRI/BamHI digested
pGBKT7 using the In-Fusion HD Cloning Kit to yield pGBKT7-GFP. To yield pGBKT7GFP:S2-SLF1(295-312), GFP fragment was amplified using pBI101-LAT52P:S2-SLF1:GFP and
the primer pair pGBKT7GFPfor/middleGFPrev, S2-SLF1(295-312) was amplified using the same
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plasmid and the primer pair “GFP 883for”/936rev, and the two fragments were ligated into
EcoRI/BamHI digested pGBKT7 using the In-Fusion HD Cloning Kit. pGBKT7-GFP:S2SLF1(174-191) was similarly generated except that S2-SLF1(174-191) was amplified using the
primer pair “GFP 520for”/573rev. To generate pGBKT7-S2-SLF1(295-312):GFP, S2-SLF1(295312) was amplified using pBI101-LAT52P:S2-SLF1:GFP and the primer pair “pGBKT7
883for”/“GFP 936rev”, and GFP fragment was amplified using the same plasmid and the primer
pair middleGFPfor/pGBKT7GFPrev. The two fragments were ligated into EcoRI/BamHI digested
pGBKT7 using the In-Fusion HD Cloning Kit. pGBKT7-S2-SLF1(174-191):GFP was similarly
generated except that S2-SLF1(174-191) was amplified by the primer pair “pGBKT7
520for”/“GFP 573rev”.

The BD constructs were either singly or co-transformed with AD constructs into
Saccharomyces cerevisiae Y2HGold (Clontech) as described in the Yeastmaker™ yeast
transformation system 2 user manual (Clontech). Yeast two-hybrid assay was performed as
previously described (Meng et al., 2011).

4.2.4 Yeast Protein Extraction, RNA Isolation, and Reverse Transcription
5 OD600 units of yeast cells (OD600=0.4-0.6) were collected for protein extraction as previously
described (Meng et al., 2011). Spheroplasts were isolated following the “NucleoSpin® plasmidpurification of plasmid DNA from yeast (Macherey-Nagel)” protocol, and total RNA was
extracted using Trizol reagent (Invitrogen). Total RNA (1 g) was treated with DNase I
(Fermentas) following the manufacturer’s protocol, and 500 ng of the resulting RNA was reverse
transcribed in the presence (cDNA) or absence (Non-RT control) of SMARTScribe reverse
transcriptase using oligo-dT as the primer according to the manufacturer’s protocol (Clontech).
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4.2.5 Real-Time PCR
Real-Time PCR was performed as previously described (Sun and Kao, 2013). Ct values are listed
in Table 4-2. A Non-RT control was performed for each sample to confirm no DNA
contamination in the RNA sample. For Real-Time PCR on yeast cDNA, cDNA synthesized from
5 ng of RNA was used for each reaction. Primers YeastActin1for and YeastActin1rev were used
to amplify Actin (Saccharomyces cerevisiae S288c actin [ACT1]). For Real-Time PCR on P.
inflata cDNA, cDNA (synthesized from 12.5 ng of RNA) previously generated from various
tissues of S2S3 wild-type plants (Li et al., 2014) was used for each technical replicate. Actin4For
and Actin4Rev were used to amplify Actin. The “delta-delta Ct” method was used to calculate the
ratio of test gene expression in a test sample and the mature pollen sample.

4.2.6 Yeast Proteasome Inhibition Assay
Yeast proteasome inhibition assay was performed as previously described (Liu et al., 2007).
Yeast cells carrying the BD constructs were grown at 30℃ in a synthetic medium (0.17% yeast
nitrogen base without amino acids and ammonium sulfate, HIMEDIA) supplemented with 0.1%
L-proline, amino acids without tryptophan (Clontech), and 2% glucose. Overnight culture was reinoculated into 50 mL of fresh medium with 0.003% SDS at OD600=0.15-0.3, and cultured for 3
h. MG132 (final concentration 40 M), or equal volume of DMSO, was added to 5 OD600 units of
cells, which were grown for another 3 h and harvested for protein extraction.

4.2.7 Western Blotting
Protein samples were resolved on 10% SDS-polyacrylamide gels and blotted onto polyvinylidene
difluoride (PVDF) membranes (Millipore). The membranes were stained with Ponceau-S to
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visualize the amount of proteins loaded in each lane. Antibodies used in this study were a mouse
monoclonal anti-HA antibody (Babco), a mouse monoclonal anti-Myc antibody (Millipore), a
mouse monoclonal anti-actin antibody (Millipore), a horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG (Thermo Scientific), a rabbit anti-GFP polyclonal antibody (Abcam), a
rabbit anti-S3-RNase polyclonal antibody (Hua and Kao, 2006), and an HRP-conjugated goat
anti-rabbit IgG (Millipore). Protein bands were detected by Supersignal West Pico
Chemiluminescent Substrate (Thermo Scientific) and the ChemiDoc XRS Imaging System (BioRad). Protein bands were quantified using Image J software, and the loading control for each lane
was used for normalization. Coomassie Brilliant Blue G-250 stained gels were visualized by the
Gel Logic 4000 Pro imaging system (Carestream).

4.2.8 Protein Degradation Assay in Pollen/Pollen Tube Extracts
Mature pollen from open flowers was homogenized in a microfuge tube containing protein
degradation buffer (25 mM Tris-HCl, pH 7.5, 10 mM NaCl, 10 mM MgCl2, 4 mM PMSF
[phenylmethanesulfonyl fluoride], 5 mM DTT, 10 mM ATP) as previously described (Wang et
al., 2009; Li et al., 2014). Cell debris was removed by centrifugation at 18,000 × g for 10 min at
4oC. The supernatant was collected as pollen extracts, and the concentration was determined by
the Bio-Rad Protein Assay kit (Bio-Rad). A portion of the pollen extracts (20 L) was removed
as the 0 h sample. The remaining pollen extracts were divided equally into two microfuge tubes,
one with MG132 (final concentration 40 M) and the other with equal volume of DMSO (the
solvent for MG132). Both tubes were incubated at 30oC, and 20 L from each tube was removed
at different time points. After addition of 10 L of 3 ×SDS sample buffer, each sample was
boiled for 5 min for western blotting.
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For pollen extracts subjected to in vitro degradation for Co-IP-MS, mature pollen from
120 flowers of the pBI101-LAT52P:S2-SLF1:GFP**/S2S3 transgenic plants was collected, and
homogenized in protein degradation buffer optimized for Co-IP (10 mM Tris-HCl, pH 7.5, 150
mM NaCl, 0.5 mM EDTA, 0.5% NP-40, 1 mM PMSF, 10 mM ATP). Pollen extracts were
equally divided into three tubes, each containing 2 mg of total protein; one tube was frozen at 80℃, and MG132 (final concentration 40 M), or equal volume of DMSO, was added to the
other two tubes, followed by incubation at 30oC for 2 h. Samples from all three tubes, along with
pollen extracts similarly isolated from 40 flowers of a wild-type S2S3 plant (also containing 2 mg
of total protein), were separately incubated with 25 L of equilibrated GFP-Trap® agarose beads
(ChromoTek) at 4℃ for 2 h to isolate proteins that co-precipitated with S2-SLF1:GFP for analysis
by mass spectrometry as described (Li et al., 2014).

In vitro pollen tube germination was described previously (Meng et al., 2009). A portion
of pollen suspension in pollen germination medium (100 L) was centrifuged to collect pollen
pellets as the 0 h control. The remaining pollen suspension was divided equally into two roundbottom culture tubes (17 ×100 mm), one with MG132 added to final concentration of 80 M and
the other with equal volume of DMSO added. Both tubes were placed in a shaker at 200rpm at
30oC to allow pollen tube germination. At 1 h, 2 h and 3 h, 100 L of the pollen tube
suspension in each tube was removed and centrifuged to collect pollen tube pellets. Total protein
from each pellet was extracted using protein extraction buffer (50 mM Tris-HCl, pH 8.5, 10 mM
EDTA, 1 mM CaCl2, 1 mM PMSF, 1 mM DTT, 1 × protease inhibitor cocktail for plant tissue
extracts [Sigma-Aldrich]) as previously described (Lee et al., 1994). Equal amounts of proteins
were used for western blotting.
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4.2.9 Visualization of Pollen Tube Growth in Pollinated Pistils
Twenty hours after pollination, pollinated pistils (without ovaries) were removed from the
flowers, and fixed and macerated as previously described (Holden et al., 2003). After rinsing in
distilled water, the pistils were stained with 0.1 mg/ml aniline blue overnight. Pollen tubes within
different segments of the entire pistil (including stigma plus style) were visualized with a Nikon
Eclipse 90i epifluorescence microscrope and recorded by camera.

4.2.10 Sequence Analysis
The deduced amino acid sequences of 17 SLF proteins of S2-haplotype (S2-SLF1 to S2-SLF17)
and S3-haplotype (S3-SLF1 to S3-SLF17) of P. inflata were first aligned using ClustalW
(Thompson et al., 1994) provided in the bioinformatics suite MEGA6 (Tamura et al., 2013), using
default settings. Confirmation of a single degron region similar to S2-SLF1 (amino acid residues
295-312) and correct alignment were determined by manual observation and querying the fulllength deduced amino acid sequences of the 33 SLF proteins with the S2-SLF1 degron region by
BLASTp (Altschul et al., 1990).

4.2.11 Accession Numbers
Sequence data from this article can be found in the EMBL/GenBank data libraries under the
accession numbers PiDCN1(KJ812995), PiUBC5 (KJ812996) and PiUBC12 (KJ812997). The
accession numbers for the sequence data referenced in this article are as follows: S 2SLF1(AAS79485), S3-SLF1 (AAS79486), S2-SLF4 (KF524351), S2-SLF2 (KJ670474), S2-SLF3
(EF614187), S2-SLF5 (KF524352), S2-SLF6 (KF524353), S2-SLF7 (EF614189), S2-SLF8
(EF614188), S2-SLF9 (AY363971), S2-SLF10 (AY363974), S2-SLF11 (KJ670428), S2-SLF12
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(KJ670433), S2-SLF13 (KJ670438), S2-SLF14 (KJ670443), S2-SLF15 (KJ670448), S2-SLF16
(KJ670453), S2-SLF17 (KJ670458), S3-SLF2 (KJ670475), S3-SLF3 (KJ670473), S3-SLF4
(KJ670477), S3-SLF5 (KF524354), S3-SLF6 (KF524355), S3-SLF7 (KJ670476), S3-SLF8
(KJ670472), S3-SLF9 (AY363972), S3-SLF10 (AY363975), S3-SLF11 (KJ670429), S3-SLF12
(KJ670434), S3-SLF13 (KJ670439), S3-SLF14 (KJ670444), S3-SLF15 (KJ670449), S3-SLF16
(KJ670454),

S3-SLF17

(KJ670459),

S2-RNase

(AAG21384),

S3-RNase

(AAA33727),

PiSSK1(AEE39461), PiCUL1-P (KF551593), PiRBX1 (ABB77433) from P. inflata; ACT1
(NM_001179927) from S. cerevisiae; CAND1-like (XP_004230412) and E2 5-like isoform 1
(XP_004251221) from S. lycopersicum; UPL1-like (XP_006338027), DCN1-like protein 1-like
(XP_006344923), and UBC12-like (XP_006344121) from S. tuberosum; ubiquitin-conjugating
enzyme E2 5 (NP_564817) from A. thaliana. The Petunia inflata pollen protein database used in
mass spectrometry analyses described in this work are generated from Genbank transcriptome
assemblies GBDQ01000000 and GBDR01000000 corresponding to S2-pollen and S3-pollen
transcriptomes, respectively.

4.3 Results

4.3.1 Full-Length S2-SLF1, Full-Length S3-SLF1, and Truncated S2-SLF1 without the NTerminal F-Box Domain Were Degraded by the Ubiquitin-26S Proteasome Pathway (UPP)
in Yeast
I cloned the coding sequences for S2-SLF1, S3-SLF1, the F-box domain of S2-SLF1 (S2-SLF1[Fbox]), and the C-terminal domain (lacking the F-box domain) of S2-SLF1 (S2-SLF1[CTD]) into
bait vector pGBKT7, each fused with the coding sequences for the GAL4 DNA-binding domain
(BD) and Myc tag. The coding sequences for S2-RNase and S3-RNase were cloned into prey
vector pGADT7, each fused with the coding sequences for the Gal4-activation domain (AD) and
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HA tag. Pairs of bait and prey constructs were co-transformed into yeast (Saccharomyces
cerevisiae), and no interaction was observed between S2-SLF1 and S3-RNase, inconsistent with
the transgenic assay result (Sijacic et al., 2004; Williams et al., 2014b) (Figure 4-1).

I examined whether the absence of interaction between S2-SLF1 and S3-RNase resulted
from lack of protein expression. S3-RNase was detected with anti-HA antibody (Figure 4-2A);
however, neither S2-SLF1 nor S2-SLF1(CTD) was detected with anti-Myc antibody (Figure 42B). I next transformed the S2-SLF1, S2-SLF1(CTD), S2-SLF1(F-box) and S3-SLF1 constructs into
yeast, but only S2-SLF1(F-box) was detected (Figure 4-2C). However, transcript levels of S2SLF1, S3-SLF1, S2-SLF1(CTD) and S2-SLF1(F-box) were comparable to that of Actin, according
to Real-Time PCR analysis (Table 4-2), suggesting that S2-SLF1, S3-SLF1, and S2-SLF1(CTD)
may be unstable in yeast.

I next examined whether S2-SLF1, S3-SLF1 and S2-SLF1(CTD) were degraded via UPP
in yeast. S2-SLF1(F-box) was detected in both DMSO (control)- and MG132 (a 26S proteasome
inhibitor)-treated samples (Figure 4-2D), consistent with the observation that S2-SLF1(F-box) is
stable (Figure 4-2C). MG132 treatment resulted in a clear increase in the levels of S2-SLF1, S3SLF1 and S2-SLF1(CTD) (Figure 4-2D) (e.g., the S2-SLF1 level in the MG132-treated sample is
24 times that of S2-SLF1 in the DMSO-treated sample), suggesting that degradation of S2-SLF1,
S3-SLF1 and S2-SLF1(CTD) in yeast is via UPP.
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4.3.2 Identification of an 18-Amino-Acid Sequence in the C-Terminal Domain of S2-SLF1
That Contains Degron
To determine whether the CTD of SLF1 contains a degradation motif (degron), I used BDM-PUB
(http://bdmpub.biocuckoo.org/) to predict the potential ubiquitination sites, and identified eight
lysines conserved between S2-SLF1 and S3-SLF1. Shu Li and I made eight pGBKT7 constructs
containing truncated S2-SLF1, each starting from the N-terminus and ending at the amino acid
immediately before one of these eight lysines (each labeled as K in Figure 4-3A), and
transformed them into yeast. Anti-Myc antibody detected truncated proteins containing 52, 63,
148, 188 and 191 amino acids, but not those containing 328, 352 and 384 amino acids (Figure 43B). These results suggest that Lys192 may be a potential ubiquitination site. However, replacing
Lys192 with Arg (K192R) in the three unstable truncated proteins and the full-length S2-SLF1 did
not affect their (in)stability (Figure 4-3C).

I next examined whether the 192-328 region of S2-SLF1 contains a degron. I introduced a
construct, S2-SLF1(∆192-328), with the coding sequence for this 137-aa region deleted, into
yeast, and found that the protein level was comparable to those of the stable truncated proteins
containing amino acids up to 188 and 191 (Figure 4-3D), suggesting that this 137-aa sequence
contains a degron. To identify the degron, I cloned the coding sequences for four truncated S2SLF1 proteins, each starting from the N-terminus and ending at the amino acid immediately
before Lys225, Lys254, Lys295 or Lys313 (each labeled as K in Figure 4-3A), into pGBKT7 and
transformed them into yeast. The truncated proteins containing amino acids up to 224, 253 and
294 were detected, but the one containing amino acids up to 312, immediately before Lys313,
was not detected (Figure 4-3E). This finding narrowed down the degron to the 295-328 region.
Lys295 is contained in the unstable truncated protein but not in the three stable truncated proteins.
However, I ruled out its serving as a ubiquitination site, as replacing Lys295 with Arg (K295R)
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did not stabilize the unstable truncated proteins containing amino acids up to 312 and 328, nor the
full-length S2-SLF1 (Figure 4-3F).

I then divided the 295-328 region into two subregions: 295-312 and 313-328, and
introduced three deletion constructs, S2-SLF1(∆295-312), S2-SLF1(∆313-328) and S2-SLF1(∆295328) into yeast. S2-SLF1(∆295-312) and S2-SLF1(∆295-328) were detected, but not S2SLF1(∆313-328), suggesting that the degron is contained in the 295-312 subregion (Figure 4-3F).
I fused the coding sequence for the 295-312 region (18-aa) to the 5´-end or 3´-end of the coding
sequence for Green Fluorescent Protein (GFP), and introduced the constructs into yeast. I made
two control constructs with GFP fused with the coding sequence for another 18-aa region, 174191 (Figure 4-3B). Western blotting showed that the levels of GFP fused with amino acids 295312 at N-terminus and C-terminus were 33% and 75% that of GFP (Figure 4-3G), whereas the
levels of GFP fused with amino acids 174-191 at N-terminus and C-terminus were 82% and
132% that of GFP (Figure 4-3H). These results confirm that the 295-312 region of S2-SLF1
contains a degron.

4.3.3 S2-SLF1 Was Degraded in Pollen and in vitro Germinated Pollen Tubes via UPP
To ascertain the physiological relevance of S2-SLF1 degradation observed in yeast, I first
examined whether S2-SLF1 was degraded via UPP in pollen. Total pollen protein of S2S3 plants
homozygous for the LAT52P:S2-SLF1:GFP transgene (LAT52P, a pollen-specific promoter from
tomato (Twell et al., 1990; Sun and Kao, 2013)) was incubated in a cell-free system (Wang et al.,
2009) with or without MG132. Samples were taken at 0.25, 0.5, 1.5 and 2.5 h for western blotting
to analyze S2-SLF1:GFP levels using anti-GFP antibody. Without ATP, S2-SLF1:GFP levels
remained unchanged during the period, with or without MG132 (Figure 4-4A). Upon addition of
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ATP to the cell-free system without MG132, the S2-SLF1:GFP level was significantly lower after
0.25 h and was barely detectable after 1 h (Figure 4-4B). The rate of decrease in the protein level
was significantly curtailed by MG132 (Figure 4-4B), suggesting that S2-SLF1:GFP is degraded
via UPP in pollen.

I next examined S2-SLF1:GFP degradation in pollen tubes germinated in vitro for 1, 2
and 3 h. Similar to the results obtained with pollen extracts, the S2-SLF1:GFP level steadily
decreased over a 3-h period without MG132, and the degradation was significantly attenuated by
MG132 (Figure 4-4C). I also examined GFP levels in pollen extracts of an S2S3 plant carrying the
LAT52P:GFP transgene (Dowd et al., 2006). GFP remained stable up to 2 h with or without
MG132 (Figure 4-4D). Thus, S2-SLF1:GFP degradation is not due to GFP fusion. I also ruled out
the possibility that S2-SLF1:GFP degradation is due to its high level of expression driven by the
LAT52 promoter, which is 17-fold stronger than the S2-SLF1 promoter (Sun and Kao, 2013). I
used the LAT52 promoter to express GFP-fused S2-SLF1(1-191), a truncated protein stable in
yeast (Figure 4-3B), in S2S3 plants, and found that the S2-SLF1(1-191):GFP level remained
unchanged in pollen tubes up to 4 h after germination, with or without MG132 (Figure 4-4E).

To examine whether any other SLF produced in S2 pollen are also degraded via UPP, an
S2S3 plant carrying the LAT52P:S2-SLF4:GFP transgene (Williams et al., 2014b) was used to
study S2-SLF4:GFP stability in pollen extracts. The S2-SLF4:GFP level also steadily decreased
over a 2-h period in the cell-free system without MG132, and MG132 attenuated its degradation
(Figure 4-4F).
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4.3.4 S2-SLF1 Is Not Degraded by an Autocatalytic Mechanism
As many F-box proteins are ubiquitinated within their SCF complexes by an autocatalytic
mechanism and subsequently degraded by the 26S proteasome (Zhou and Howley, 1998; Galan
and Peter, 1999; He et al., 2005), I examined whether S2-SLF1 degradation is via this mechanism.
I introduced a construct, LAT52P:S2-SLF1(CTD):GFP, into S2S3 plants, and examined the S2SLF1(CTD):GFP level in pollen extracts over a 2-h period. The level decreased over this period
in pollen extracts without MG132, and the decrease was significantly curtailed by MG132 (Figure
4-4G). Similar results were observed in pollen tubes germinated in vitro (Figure 4-4H). These
results suggest that the F-box domain is not involved in S2-SLF1 degradation in pollen and pollen
tubes. Thus, S2-SLF1 degradation does not involve an autocatalytic mechanism.

4.3.5 Deleting the 18-aa Sequence from S2-SLF1 Stabilized the Protein, but Abolished Its
Function in SI
To validate the role of the degron in S2-SLF1 degradation in planta, Shu Li helped me introduce a
construct, LAT52P:S2-SLF1(∆295-312):GFP, into S2S3 plants. Dr. Dihong Lu and I examined the
level of S2-SLF1(∆295-312):GFP in in vitro germinated pollen tubes of three independent
transgenic plants. For comparison, the level of S2-SLF1:GFP produced by three independent S2S3
plants homozygous for the LAT52P:S2-SLF1:GFP transgene was similarly examined. Without
MG132, the relative levels of S2-SLF1(∆295-312):GFP at 1 h, 2 h, and 3 h (normalized to the
level at 0 h) in all three biological replicates (Figure 4-5D-F) were much higher than the relative
levels of S2-SLF1:GFP at these three time points (normalized to the level at 0 h) in all three
biological replicates (Figure 4-5A-C). Thus, deletion of the 18-aa sequence increased the stability
of S2-SLF1; however, the stabilization was not complete, as the level of S2-SLF1(∆295-312):GFP
did decrease from the 2 h time point onward (Figure 4-5G). In the presence of MG132, the level
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of S2-SLF1(∆295-312):GFP remained largely unchanged during the 3-h incubation period (Figure
4-5D-F, H), and the degradation of S2-SLF1:GFP was significantly curtailed (Figure 4-5A-C, H).

To determine whether S2-SLF1(∆295-312) retains normal function in SI, pollen from
three S2S3 plants carrying LAT52P:S2-SLF1(∆295-312):GFP was used to pollinate self and wildtype S2S3 pistils (three replicates each). None of the pollinations set fruit, and aniline blue staining
of pollinated pistils showed pollen tube growth arrest in the upper one-third segment of styles
(Figure 4-6), characteristic of self-incompatible pollination. Thus, unlike expression of S2-SLF1,
expression of S2-SLF1(∆295-312) does not cause breakdown of SI in S3 transgenic pollen. Pollen
from one of the S2S3 transgenic plants carrying LAT52P:S2-SLF1(∆295-312):GFP was used to
pollinate S2S2 and S3S3 pistils. Both pollinations set fruit, and 10 of the 12 plants analyzed in each
progeny inherited the transgene, suggesting that S2 and S3 transgenic pollen expressing S2SLF1(∆295-312) behaved normally in pollination. I then performed co-immunoprecipitation (CoIP) using pollen extracts of transgenic plants producing S2-SLF1(∆295-312):GFP and style
extracts of S3S3 plants, and found that S2-SLF1(∆295-312):GFP retains the ability to interact with
S3-RNase (Figure 4-5I). The Co-IP products were separated by SDS-PAGE, and the ~100 kD,
~25 kD, and ~15 kD regions corresponding to SCFSLF components PiCUL1-P, PiSSK1 and
PiRBX1, respectively, were excised for mass spectrometry analysis. All three proteins coimmunoprecipitated with S2-SLF1(∆295-312):GFP, suggesting that the 18-aa deletion may not
affect S2-SLF1 assembly into the SCF complex.
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4.3.6 SCFS2-SLF1 Complex May Be Activated by PiDCN1 and PiUBC12, and S2-SLF1 May Be
Dissociated from the Complex by PiCAND1 and Degraded by the 26S Proteasome via the
UPL1-Like-Mediated Pathway
To identify the proteins involved in mediating ubiquitination and degradation of S2-SLF1, I
subjected pollen extracts of the S2S3 transgenic plants homozygous for the LAT52P:S2-SLF1:GFP
transgene (**/S2S3) to in vitro degradation for 2 h, in the presence (**/S2S3 MG132-2h) or absence
(**/S2S3 DMSO-2h) of 40 M MG132. Proteins mediating degradation of S2-SLF1 are expected
to bind to S2-SLF1 and/or components of the SCFS2-SLF1 complex, and can only be detected when
MG132 is present to inhibit degradation of S2-SLF1 by the 26S proteasome. I included two
additional controls: pollen extracts of the S2S3 transgenic plants not subjected to in vitro
degradation (**/S2S3 0h) and pollen extracts of wild-type S2S3 plants (S2S3 0h). Co-IP was
performed on all four samples as previously described (Li et al., 2014). One third of the Co-IP
products from each sample were analyzed by protein blotting, using anti-GFP antibody. A band
of ~70 kD corresponding to S2-SLF1:GFP was detected in the Co-IP products of **/S2S3 0h and
**/S2S3 MG132-2h, but not in those of S2S3 0h or **/S2S3 DMSO-2h (Figure 4-7A). These results
suggest that GFP-Trap agarose beads specifically immunoprecipitated S2-SLF1:GFP, and
support the finding that S2-SLF1:GFP was degraded in pollen via UPP. Like S2-SLF1:GFP, the
~260-kD band, thought to correspond to a homotetramer of S2-SLF1:GFP, was also specifically
detected in the Co-IP products of **/S2S3 0h and **/S2S3 MG132-2h (Figure 4-7A). The ~25-kD
band, thought to correspond to free GFP, was specifically detected in the Co-IP products of
**/S2S3 0h, **/S2S3 DMSO-2h and **/S2S3 MG132-2h.

The other two thirds of the Co-IP products of each sample were separated by SDSpolyacrylamide gel electrophoresis (SDS-PAGE), and Coomassie Brilliant Blue G-250 was used
to stain the gel as previously described (Li et al., 2014). The entire lane of each sample was
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excised and cut into 10 regions based on the molecular mass marker, as shown in Figure 4-7B.
The 10 gel slices from the **/S2S3 MG132-2h sample was processed for mass spectrometry (MS)
analysis as described by Li et al. (2014). By comparing the data with the previous Co-IP-MS
results of pollen extracts of wild-type S2S3 plants (Li et al., 2014), I removed all the proteins that
were not specific to the transgenic plant.

140-kD region. Of the 34 peptides identified, 15 matched 14 different regions of an
uncharacterized protein in the tomato database, Solyc01g103010.2.1, with the unused score of
12.6. I queried each of these 15 peptides against the NCBI non-redundant protein database, and
found that all of them were 100% identical to their corresponding regions of a Solanum
lycopersicum CAND1-like protein (cullin-associated NEDD8-dissociated protein 1). The 15
peptides collectively covered 12% of the tomato CAND1-like protein, which has 1,217 amino
acids with the predicted molecular mass of ~134 kD. Thus, the presence of a P. inflata protein in
the 140-kD region matching the CAND1-like protein of tomato suggests that it is likely a fulllength ortholog of the tomato protein. Querying the 15 peptides against our P. inflata pollen
protein database, I found that 6 of them matched the predicted amino acid sequence of the EST
S2P_comp58108_c1_seq1. Based on the nucleotide sequence of the EST, I designed two primers,
CAND1For and CAND1Rev, and Shu Li used this pair of primer to screen a Bacterial Artificial
Chromosome (BAC) library of S2S2 genotype of P. inflata by PCR and got a positive BAC clone.
Sequencing the BAC clone allowed me to design primers to amplify the full-length coding
sequence of the P. inflata ortholog of the tomato CAND1-like protein (thus named PiCAND1) by
PCR using cDNA from mature pollen of wild-type S2S3 plants. PiCAND1 has 1,218 amino acids
and all the 15 peptides matched perfectly to PiCAND1. Two, one, and two of the 34 peptides
matched the predicted amino acid sequences of ESTs S3P_comp40683_c0_seq1 and
S2P_comp43475_c0_seq1 in our P. inflata pollen protein database and an uncharacterized protein
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in the tomato database, Solyc04g076620.2.1, respectively. I queried each of these five peptides
against the NCBI non-redundant protein database, and found that all of them were either 100%
identical, or at least 80% identical, to five different regions of a Solanum tuberosum UPL1-like
protein (ubiquitin protein ligase 1; a mono-subunit E3 ligase containing a HECT domain), with
the unused score of 6.1897 and 2% of protein sequence coverage. The potato UPL1-like protein
has 3,651 amino acids with the predicted molecular mass of ~402 kD, so the protein band in the
~140 kD region might be a cleavage product of the full-length ortholog of this potato protein. All
the remaining 14 peptides matched S2-SLF1:GFP; they might be derived from cleavage products
of the putative ~260-kD homotetramer of S2-SLF1:GFP during sample processing.

25-kD region. Of the 129 peptides identified, five matched four different regions of the
predicted amino acid sequence of an EST in our P. inflata pollen protein database,
S2P_comp25370_c0_seq2, with the unused score of 8. I queried the 253-amino-acid sequence of
the EST against the NCBI non-redundant protein database, and found that it was most similar
(84% identical) to the full-length (253 amino acids) S. tuberosum DCN1-like protein 1-like
(defective in cullin neddylation 1), suggesting that this EST is a P. inflata ortholog of DCN1,
which was thus named PiDCN1. The five peptides collectively covered 19% of the protein
sequence of PiDCN1. The predicted molecular mass of PiDCN1 is ~28 kD, consistent with its
being identified in the 25-kD region. The rest of the peptides matched PiSSK1, S2-SLF1:GFP and
PiCUL1-P.

15-kD region. Of the 64 peptides identified, three matched various regions of the
predicted amino acid sequence of an EST in our P. inflata pollen protein database,
S3P_comp58247_c0_seq1, with the unused score of 2.1608. I queried the 186-amino-acid
sequence of the EST against the NCBI non-redundant protein database, and found that it was 95%
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and 73% identical to the full-length (185 amino acids) S. lycopersicum ubiquitin-conjugating
enzyme E2 5-like isoform 1 and Arabidopsis thaliana ubiquitin-conjugating enzyme E2 5
(UBC5), respectively, suggesting that this EST is a P. inflata ortholog of UBC5, which was thus
named PiUBC5. The three peptides collectively covered 16% of the protein sequence of PiUBC5
(with the predicted molecular mass being ~20 kD). Two of the 64 peptides matched various
regions of the predicted amino acid sequence of another EST in our P. inflata pollen protein
database, S3P_comp60316_c0_seq1, with the unused score of 4. I queried the amino acid
sequence (184 amino acids) of the EST against the NCBI non-redundant protein database, and
found that it was most similar (73% identical) to full-length (183 amino acids) S. tuberosum
NEDD8-conjugating enzyme UBC12-like, suggesting that this EST is a P. inflata ortholog of
UBC12, which was thus named PiUBC12 (with the predicted molecular mass being ~20 kD).
These two peptides collectively covered 17% of the protein sequence of PiUBC12. The rest of the
peptides matched PiRBX1, PiSSK1, PiDCN1, CAND1-like, S2-SLF1:GFP and PiCUL1-P.

260-kD region. All the 36 peptides identified matched various regions of the ~260-kD
protein, a putative homotetramer of S2-SLF1:GFP, with the unused score of 6.8228 and 22%
protein sequence coverage.

100-kD region. Of the 67 peptides identified, 52 matched various regions of PiCUL1-P
(predicted molecular mass being ~82 kD) with the unused score of 37.64 and 35% of protein
sequence coverage; and one matched the potato UPL1-like protein with the unused score of 2 and
0.4% protein sequence coverage and it might be derived from a cleavage product of the fulllength ortholog of this potato protein during sample processing. The remaining 14 peptides were
75 to 94% identical to PiCUL1-P.
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70-kD region. Of the 90 peptides identified, 51 matched various regions of S2-SLF1:GFP
(predicted molecular mass being ~70 kD) with the unused score of 29.3455 and 22% of protein
sequence coverage; 23 matched various regions of PiCUL1-P with the unused score of 19.129
and 23% of protein sequence coverage; and one matched the potato UPL1-like protein with the
unused score of 1.9208 and 0.4% protein sequence coverage and it might be derived from a
cleavage product of the full-length ortholog of this potato protein during sample processing. The
remaining 15 peptides were 75 to 93% identical to PiCUL1-P.

50-kD region. Of the 38 peptides identified, 23 matched various regions of S2-SLF1:GFP
with the unused score of 21.5539 and 23% of protein sequence coverage; 11 matched various
regions of PiCUL1-P with the unused score of 13.0528 and 16% of protein sequence coverage;
and two matched PiCAND1 with the unused score of 2.157 and 2% of protein sequence coverage.
All these peptides might be derived from cleavage products of their respective proteins during
sample processing. The remaining two peptides were 91% identical to PiCUL1-P.

40-kD region. Of the 38 peptides identified, 20 matched various regions of S2-SLF1:GFP
with the unused score of 22.7891 and 30% of protein sequence coverage; nine matched various
regions of PiCUL1-P with the unused score of 12.958 and 11% of protein sequence coverage; and
six matched the PiCAND1 with the unused score of 5.3311 and 6% of protein sequence coverage.
All these peptides might be derived from cleavage products of their respective proteins during
sample processing. The remaining three peptides were 75-93% identical to PiCUL1-P.

35-kD region. Of the 18 peptides identified, 16 matched various regions of S2-SLF1:GFP
with the unused score of 15.216 and 19% of protein sequence coverage; and two matched
PiCUL1-P with the unused score of 1.8096 and 3% of protein sequence coverage. All these

141
peptides might be derived from cleavage products of their respective proteins during sample
processing.

10-kD region. All the 43 peptides identified matched various regions of S2-SLF1:GFP
with the unused score of 15.5427 and 20% of protein sequence coverage; they might be derived
from cleavage products of S2-SLF1:GFP during sample processing.

In summary, from the 10 gel slices of the **/S2S3 MG132-2h sample, I confirmed the
previously identified components of the SCFS2-SLF1 complex, PiCUL1-P, PiSSK1 and PiRBX1 (Li
et al., 2014), and identified five additional proteins that co-immunoprecipitated with S2-SLF1:
PiCAND1 and a protein homologous to the potato UPL1-like protein in the 140-kD region;
PiDCN1 in the 25-kD region; PiUBC5 and PiUBC12 in the 15-kD region. To further examine
which of these five proteins may be involved in mediating degradation of S2-SLF1, the
corresponding 140-, 25-, and 15-kD regions of the other three samples, **/S2S3 0h, **/S2S3
DMSO-2h, and S2S3 0h, were processed for MS analysis to determine whether these proteins are
specific to the **/S2S3 MG132-2h sample. In the **/S2S3 0h sample, I identified S2-SLF1:GFP in
the 140-kD region; PiDCN1, PiSSK1, S2-SLF1:GFP and PiCUL1-P in the 25-kD region;
PiUBC12, PiRBX1, PiSSK1, S2-SLF1:GFP and PiCUL1-P in the 15-kD region. In the **/S2S3
DMSO-2h sample, I did not identify any proteins specific to the S2S3 transgenic plants in the 140kD region; and identified PiDCN1, PiSSK1, S2-SLF1:GFP and PiCUL1-P in both the 25-kD and
15-kD regions. Therefore, these results suggest that PiCAND1, UPL1-like and PiUBC5 are
specific to the **/S2S3 MG132-2h sample and might be involved in mediating the degradation of
S2-SLF1.
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To validate the sequences of PiDCN1, PiUBC5, and PiUBC12, I designed three primer
pairs, DCN1fullfor/DCN1fullrev, UBC5fullcdsfor/UBC5fullcdsrev, and
UBC12fullcdsfor/UBC12fullcdsrev, based on the nucleotide sequences of the corresponding
ESTs, to amplify their full-length coding sequences by PCR using cDNA from mature pollen of
wild-type S2S3 plants. Cloning and sequencing of the PCR products confirmed the sequences of
the ESTs. All the PCR primers used in this work are listed in Table 4-1.

4.4 Discussion
In this study, I showed that SLF proteins of P. inflata that mediate ubiquitination and degradation
of S-RNases are themselves subject to ubiquitin mediated protein degradation, and identified
pollen proteins that may be responsible for their dissociation from SCFSLF complexes, as well as
pollen proteins that may be responsible for their degradation.

Much progress has been made in the understanding of how F-box proteins regulate the
abundance of their substrates in diverse and important plant functions, such as hormone signaling
(Guo and Ecker, 2003; Ariizumi et al., 2011), circadian rhythm (Han et al., 2004; Harmon et al.,
2008) and cell division (del Pozo et al., 2002). However, there have been only a few reports on
regulation of the abundance of F-box proteins themselves. Kim et al. (2003) showed that
rhythmic changes in protein levels of an F-box protein ZTL (ZEITLUPE) is responsible for
maintaining a normal circadian period in Arabidopsis. An et al. (2010) showed that the levels of
the F-box proteins EBF1/2, which modulate ethylene responses via mediating degradation of their
substrate proteins EIN3/EIL1, also respond to ethylene themselves. More recently, Yan et al.
(2013) showed that the F-box protein COI1 (CORONATINE INSENSITIVE1), which functions
as a jasmonate receptor to mediate ubiquitination and degradation of jasmonate ZIM-domain
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proteins, is stabilized by the integrity of the SCFCOI1 complex and degraded via the 26S
proteasome pathway in an SCFCOI1-independent manner.

In this work, I have identified an 18-aa sequence of S2-SLF1, from amino acids 295 to
312, in the CTD that contains a degron. As this sequence does not contain any previously
characterized degron, e.g., D-box with consensus of RXXL (King et al., 1996) and KEN-box with
consensus of KEN (Pfleger and Kirschner, 2000), it remains to be determined which specific
amino acids constitute the degron of S2-SLF1. Four of the 18 amino acids (22%) are conserved
among all 17 SLFs of S2-haplotype and S3-haplotype of P. inflata (Figure 4-8), whereas only 35
amino acids (9%) of the entire protein (389 amino acids) are conserved. Thus, these four
conserved amino acids may be potential candidates for the degron and all SLFs may be degraded
via UPP. The 18-aa sequence contains only one lysine, Lys295, but this lysine was shown not to
be the ubiquitination site (Figure 4-3F), suggesting that the ubiquitination site(s) of S2-SLF1 are
located elsewhere in the protein. This is consistent with the findings that most identified degrons
serve as recognition sites of E3 ubiquitin ligases that are involved in mediating ubiquitination of
the degron-containing proteins, with the ubiquitination sites located outside the degrons. For
example, the D-boxes of cyclin B and securin are specifically recognized and bound by a
coactivator of APC/C (a multi-subunit E3 ubiquitin ligase), and the binding is required for
subsequent ubiquitination of cyclin B and securin (Kraft et al., 2005). Furthermore,
phosphorylation of specific serine or threonine residues of F-box protein substrates are usually
required for their specific binding to cognate F-box proteins, and the phosphorylated peptide
motifs serve as the recognition sites rather than the ubiquitination sites of the protein substrates
(Ravid and Hochstrasser, 2008).

144
When using the yeast system to identify the degron in S2-SLF1, I found the level of the
truncated protein S2-SLF1(1-253) was lower than that of the truncated protein S2-SLF1(1-224)
(Figure 4-3E), suggesting that there may be an additional degron between amino acids 225 and
253 of S2-SLF1. This is consistent with the finding that deleting the 18-aa sequence did not
completely stabilize S2-SLF1 in yeast (Figure 4-3F), or in in vitro germinated transgenic pollen
tubes when examined in the absence of MG132 (Figure 4-5A-H).

Many F-box proteins are targeted for ubiquitin-mediated degradation via an autocatalytic
mechanism, presumably after they have completed their tasks. Such F-box proteins, including
Grr1p, Cdc4p, Met30p and FWD-1, are recruited by their respective SCF complexes for
ubiquitination and subsequent degradation (Zhou and Howley, 1998; Galan and Peter, 1999; He
et al., 2005). With the F-box domain deleted, these F-box proteins become stable, suggesting that
they are autoubiquitinated within the SCF complexes. However, the Myc-tagged CTD of S2-SLF1
(with the F-box domain deleted) was not stable in yeast (Figure 4-2B-C), and S2SLF1(CTD):GFP, when expressed in S2S3 transgenic plants, was still degraded in in vitro
germinated pollen tubes via UPP (Figure 4-4G-H). Taken together, our results suggest that
degradation of S2-SLF1 does not involve an autocatalytic mechanism. Previously, degradation of
F-box proteins mediated by non-SCF E3 ubiquitin ligases has been shown in species including
yeast (Kile and Koepp, 2010), human (Bashir et al., 2004), and Arabidopsis (Yan et al., 2013).

S2-SLF1, when expressed in S3 pollen, allows S3 transgenic pollen tubes to detoxify S3RNase during their growth in an S3-containing pistil, thus causing breakdown of SI (Sijacic et al.,
2004; Hua et al., 2007). With the 18-aa sequence deleted, S2-SLF1(∆295-312) is more stable than
S2-SLF1 (Figure 4-5A-H), but is unable to cause breakdown of SI in S3 transgenic pollen even
though it retains the ability to interact with S3-RNase and to be assembled into the SCF complex
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(Figure 4-5I). It remains to be determined how deletion of the 18-aa sequence affects the function
of S2-SLF1 in SI. One possible explanation would be that S2-SLF1(∆295-312) does not interact
with S3-RNase in a normal manner to allow E2 to catalyze ubiquitination of S3-RNase for
subsequent degradation by the 26S proteasome.

The CTD of SLFs does not contain any well-defined motifs found in many F-box
proteins, such as protein-protein interaction motifs WD40, Leucine-rich repeat, and Kelch repeat
(Cenciarelli et al., 1999; Gagne et al., 2002). My work has now revealed an 18-aa sequence in the
CTD of S2-SLF1 that is involved in regulating the stability of S2-SLF1 (and possibly all other
SLF proteins). Deletion of this sequence, though stabilizing S2-SLF1, abolishes its ability to allow
S3 pollen to detoxify S3-RNase, suggesting that this sequence not only contains a degron but also
is required for proper function of S2-SLF1 in SI. Thus, regulation of the stability of SLFs is an
integral part of their function.

I subjected pollen extracts of the transgenic plants over-expressing S2-SLF1:GFP to in
vitro degradation in the presence of MG132, and used Co-IP-MS to identify proteins involved in
mediating ubiquitination and degradation of S2-SLF1. As a control, I used pollen extracts not
subjected to degradation for Co-IP and MS. In this control, in addition to the previously identified
components of the SCFS2-SLF1 complex, PiCUL1-P, PiSSK1 and PiRBX1 (Li et al., 2014), I also
identified PiDCN1 (P. inflata defective in cullin neddylation 1) and PiUBC12 (P. inflata
NEDD8-conjugating enzyme), that co-immunoprecipitated with S2-SLF1:GFP. SCF complexes
become activated with the attachment of NEDD8 to Cullin1 in a process called neddylation,
which is similar to ubiquitination (Duda et al., 2008). DCN1 functions as a scaffold-type E3
ligase for cullin neddylation, in concert with UBC12, a NEDD8-conjugating E2 (Kurz et al.,
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2008). Therefore, the results suggest that SCFSLF complexes may be activated via neddylation by
PiDCN1 and PiUBC12.

When pollen extracts of the transgenic plants over-expressing S2-SLF1:GFP were
subjected to in vitro degradation for 2 h in the presence of MG132, I also identified, by Co-IPMS, PiCAND1 (P. inflata cullin-associated NEDD8-dissociated protein 1), a ubiquitin protein
ligase 1 (UPL1)-like protein (a HECT E3 ubiquitin ligase), and PiUBC5 (P. inflata E2 ubiquitin
conjugating enzyme homologous to Arabidopsis UBC5). These results suggest that PiCAND1,
UPL1-like and PiUBC5 are specific to the MG132-2h sample and may be the proteins involved in
mediating the degradation of S2-SLF1.

CAND1 binds to both the N-terminus and C-terminus of Cullin1; the binding site in the
C-terminus overlaps with that of NEDD8, and the binding site in the N-terminus overlaps with
that of Skp1. A dynamic model for how CAND1 promotes exchange of Skp1/F-box proteins has
been proposed (Olma and Dikic, 2013; Pierce et al., 2013). According to this model, when an
SCF complex encounters a substrate, neddylation is induced, thus CAND1 can no longer bind
Cullin1, allowing Skp1 and the F-box protein to stay in the complex. However, when the
substrate is depleted, Cullin1 is deneddylated, allowing CAND1 to compete with Skp1 for the
overlapping binding site in the N-terminus of Cullin1. This results in the release of Skp1 and the
F-box protein from the SCF complex and recruitment of a new pair of Skp1/F-box into the
complex (Olma and Dikic, 2013; Pierce et al., 2013). Therefore, SLF proteins may be dissociated
from SCFSLF complexes by CAND1 when S-RNases are depleted.

In vitro studies have demonstrated the ubiquitin conjugation activity of UPL1 (a HECT
E3 ubiquitin ligase), which requires the conserved cysteine residue in the HECT domain (Bates
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and Vierstra, 1999); however, the biological role of UPL1 is still not clear. Our results suggest
that a UPL1-like protein may mediate the degradation of S2-SLF1 in Petunia. This is similar to
the findings that a yeast F-box protein, Dia2, is targeted for degradation by a HECT E3 ubiquitin
ligase, Tom1 (Kim and Koepp, 2012). As the degron contained in the 18-aa sequence is
responsible for S2-SLF1 degradation in both yeast and in vitro germinated pollen tubes, and as the
CTD of S2-SLF1 is degraded in both organisms, degradation of SLFs in yeast and Petunia may be
mediated by a conserved non-SCF E3 ubiquitin ligase, the UPL1-like protein.

I propose a model to explain the physiological relevance of the results obtained in this
study, which predicts a dynamic “life cycle” for SCFSLF complexes (Figure 4-9).

First, multiple types of SLF proteins involved in pollen specificity are assembled into
similar SCFSLF complexes with PiRBX1, pollen-specific PiCUL1-P, and pollen-specific PiSSK1
during pollen maturation. This is based on the confirmation in this work of my previous finding
that extracts of pollen that had not encountered S-RNases contain all the other components of
SCFSLF complexes (Li et al., 2014).

Second, SCFSLF complexes are activated via neddylation of PiCUL1-P by PiDCN1 and
PiUBC12 in pollen, so that the complexes responsible for detoxifying the non-self S-RNases in
the cytosol of the pollen tube can do so during initial tube growth in the top one-third segment of
the style where S-RNases are concentrated. This is based on my finding that PiCUL1-P, PiDCN1
and PiUBC12 co-precipitated with S2-SLF1 in pollen extracts, suggesting that interaction of an
SLF with its S-RNase substrate(s) is not required for neddylation.
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Third, SCFSLF complexes remain stable and activated as the pollen tube continues to grow
in the top one-third segment of the style.

Fourth, after compatible pollen tubes have reached the bottom of the style, where SRNases are scarce, none of the complexes are needed; SCFSLF complexes are first deneddylated,
and PiCAND1 then binds PiCUL1-P of the inactivated complexes to cause release of PiSSK1 and
SLF; the released SLF is ubiquitinated by the mono-subunit E3 ubiquitin ligase UPL1-like
protein and the ubiquitin conjugating enzyme PiUBC5, and degraded by the 26S proteasome. The
other components of SCFSLF complexes may be degraded or recycled. I previously showed that
both PiCUL1-P and PiSSK1 are pollen specific (Li et al., 2014), so if PiCUL1-P is specifically
recruited to SCFSLF complexes, it may not be required after pollen tubes have traversed through
the style. Similar to PiCUL1-P (Li et al., 2014), both PiDCN1 and PiUBC12 are predominantly
expressed during pollen development, as Real-Time PCR results showed that they are most
highly expressed in stage 2 anthers (Figure 4-10). It would be interesting to examine the
phenotype of transgenic plants in which the production of PiDCN1 and PiUBC12 in pollen is
suppressed. This will reveal whether PiDCN1 and PiUBC12 function in SI and if so, whether
they specifically function in SI. If PiDCN1 and PiUBC12 are specifically recruited to activate
SCFSLF complexes, it would also be of interest to investigate the biochemical basis for the specific
interaction between PiCUL1-P and PiDCN1, and between PiDCN1 and PiUBC12.

According to this model, the timing of neddylation and deneddylation is crucial for the function
of SCFSLF complexes in mediating ubiquitination and degradation of non-self S-RNases. The
COP9 signalosome (CSN) is responsible for cullin deneddylation (Chen and Hellmann, 2013),
but I did not identify any component of this protein complex from Co-IP results. It would be of
interest to study how neddylation and deneddylation are regulated to ensure that SCFSLF
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complexes are activated and inactivated at the right time during pollen tube growth through the
style.
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Figure 4-1. Yeast two-hybrid assay of interactions between two allelic variants of SLF1 and two
allelic variants of S-RNase.
The sequences for the full-length S2-SLF1, full-length S3-SLF1, truncated S2-SLF1 containing
only the F-box domain, and truncated S2-SLF1 containing only the C-terminal domain (CTD;
lacking the N-terminal 49 amino acids) were cloned into bait vector pGBKT7. The sequences for
the full-length mature S2-RNase and S3-RNase (without their respective leader peptides) were
cloned into prey vector pGADT7. Three colonies of yeast Y2HGold carrying a pair of bait and
prey constructs were streaked out on selective plates lacking adenine, histidine, leucine and
tryptophan, but containing X-α-Gal and aureobasidin, to examine growth and -galactosidase
activity. A representative colony is shown for each pair. Yeast colonies co-expressing SV40 large
T-antigen (T) and p53 (53) were used as positive control, and colonies that co-expressed SV40
large T-antigen and lamin (lam) were used as negative control. The colonies on each plate are
numbered and the identity of each colony is shown in the table.
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Figure 4-2. Western blotting analysis of protein levels of S3-RNase, S2-SLF1, S3-SLF1 and
truncated forms of S2-SLF1 in yeast.
The antibody used for each blot is indicated. The bottom blot, using a duplicated membrane of
that used in the top blot, serves as control for equal loading. For the Myc-tagged proteins that
were not detectable by anti-Myc antibody in (B) and (C), asterisks mark their would-be positions
based on predicted molecular masses.
(A) Protein levels of S3-RNase in yeast cells co-transformed with the S3-RNase construct and S2SLF1 or S2-SLF1(CTD) construct. HA:S3-RNase denotes that S3-RNase was fused with an HAtag at its N-terminus; CTD denotes a truncated S2-SLF1 lacking the F-box motif (N-terminal 49
amino acids). Y2HGold was the yeast strain used as host for all transformation experiments.
(B) Protein levels of S2-SLF1 and S2-SLF1(CTD) in yeast cells co-transformed with the
corresponding constructs and the S3-RNase construct. S2-SLF1 and S2-SLF1(CTD) were fused
with a Myc-tag at their N-termini. Yeast cells co-transformed with pGADT7-T and pGBKT7-p53
(designated T/53) were used as positive control.
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(C) Protein levels of S2-SLF1, S3-SLF1, S2-SLF1(F-box), and S2-SLF1(CTD) in yeast cells
transformed by the corresponding constructs. Yeast cells transformed by pGBKT7 and yeast cells
co-transformed with pGADT7-T and pGBKT7-p53 (designated T/53) were used as positive
controls.
(D) Protein levels of S2-SLF1, S3-SLF1, S2-SLF1(F-box) and S2-SLF1(CTD) in yeast cells
transformed by the corresponding SLF constructs. Either MG132 (final concentration 40 M;
indicated with +) or equal volume of DMSO (as control; indicated with -) was added. The
predicted molecular masses of GAL4 DNA-binding domain fusion proteins of S2-SLF1(F-box),
S2-SLF1(CTD), S2-SLF1 and S3-SLF1 are ~25 kD, ~57 kD, ~62 kD, ~62 kD, respectively. The
arrow marks the position of S2-SLF1 and S3-SLF1.
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Figure 4-3. Western blotting analysis to identify the degradation motif of S2-SLF1 in yeast.
S2-SLF1, its truncated forms, and GFP were fused with a Myc-tag. Anti-Myc antibody was used
to assess whether these fusion proteins were produced in yeast cells. For each blotting
experiment, a duplicated membrane, immunoblotted using anti-actin antibody, serves as control
for equal loading.
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(A) Schematic of the eight lysines (K) of S2-SLF1 predicted to be potential ubiquitination sites
and four additional lysines (K) examined for their potential role in protein degradation.
(B)-(F) Protein levels of the full-length S2-SLF1 (Full), truncated forms (each denoted by residue
numbers of the first and last amino acids of S2-SLF1 it contains), deleted forms (each denoted by
a ∆ sign followed by the residue numbers of the first and last amino acids of the region deleted),
and lysine-to-arginine mutated forms (denoted by the residue number of the specific lysine, K,
that is replaced with arginine, R). For the proteins that are not detected by anti-Myc antibody,
asterisks mark their would-be positions based on their predicted molecular masses.
(G), (H) Protein levels of GFP fused at its N-terminus and C-terminus with amino acids 295 -312
and amino acids 174-191 of S2-SLF1.
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Figure 4-4. Protein degradation assay of S2-SLF1:GFP, S2-SLF4:GFP, S2-SLF1:GFP(1191):GFP, S2-SLF1:GFP(CTD):GFP and GFP in pollen extracts and/or in in vitro germinated
pollen tubes.
All the proteins were produced from their corresponding transgenes driven by the LAT52
promoter in transgenic plants of S2S3 genotype, and the proteins were detected by anti-GFP
antibody. Either Ponceau S staining of the membrane before immunoblotting, or a duplicated
membrane immunoblotted using anti-actin antibody, is shown in the bottom panel as control for
equal loading. The ~70-kD band corresponds to S2-SLF1:GFP or S2-SLF4:GFP, the ~25-kD band
corresponds to GFP, the ~46-kD band corresponds to S2-SLF1(1-191):GFP, and the ~65-kD band
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corresponds to S2-SLF1(CTD):GFP. PE denotes pollen extracts, and PT denotes in vitro
germinated pollen tubes.
(A) Protein levels of S2-SLF1:GFP in pollen extracts incubated in degradation buffer without
ATP for the indicated lengths of time, in the presence of MG132 (final concentration 40 M) or
in the absence of MG132 (designated DMSO).
(B), (D), (F), (G) Protein levels of S2-SLF1:GFP (B), GFP (D), S2-SLF4:GFP (F), and S2SLF1(CTD):GFP (G) in pollen extracts subjected to in vitro degradation for the indicated lengths
of time, in the presence of MG132 (final concentration 40 M) or in the absence of MG132
(designated DMSO). A wild-type plant of S2S3 genotype was used as negative control in (D).
(C), (E), (H) Protein levels of S2-SLF1:GFP (C), S2-SLF1(191):GFP (E) and S2-SLF1(CTD):GFP
(H) in pollen tubes germinated in vitro for the indicated lengths of time, in the presence of
MG132 (final concentration 80 M) or in the absence of MG132 (designated DMSO).
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Figure 4-5. Protein degradation assay of S2-SLF1:GFP and S2-SLF1(∆295-312):GFP in in vitro
germinated pollen tubes, and analysis of interaction between S3-RNase and S2-SLF1(∆295-312)
by co-immunoprecipitation.
(A)-(F) Protein levels of S2-SLF1:GFP (top panel of [A]-[C]; three biological replicates) and S2SLF1(∆295-312):GFP (top panel of [D]-[F]; three biological replicates) in pollen tubes
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germinated in vitro for the indicated lengths of time, in the presence of MG132 (final
concentration 80 M) or in the absence of MG132 (designated DMSO). Both proteins were
produced from their corresponding transgenes driven by the LAT52 promoter in transgenic plants
of S2S3 genotype, and the proteins were detected by anti-GFP antibody. Each bottom panel in (A)(F) shows blotting of the same membrane as that used in the top panel, and actin detected by antiactin antibody serves as control for equal loading. The ~70-kD band corresponds to S2-SLF1:GFP
and the ~68-kD band corresponds to S2-SLF1(∆295-312):GFP. PT denotes in vitro germinated
pollen tubes.
(G)-(H) Normalized band intensities in (A)-(F). Quantitative analysis of protein levels was
performed using Image J software, and the loading control for each lane was used for
normalization. P values at each time point were calculated using a one-tailed, two-sample
unequal variance t-test.
(I) Analysis of interaction between S3-RNase and S2-SLF1(∆295-312) by coimmunoprecipitation. Total protein was extracted from mature pollen of transgenic plants
LAT52P:S2-SLF1:GFP**/S2S3 (homozygous for the S2-SLF1:GFP transgene) and LAT52P:S2SLF1(∆295-312):GFP/S2S3, and a wild-type S2S3 plant, and incubated with 20 l of GFP-Trap
agarose beads (Chromotek) at 4oC for 2 h; 84 g of total protein from S3S3 style extracts were
added to each sample and incubated for another 30 min. After extensive washing, the
immunoprecipitated proteins were dissociated from the beads by boiling in SDS sample buffer for
10 min. Co-IP products on the same membrane were either detected by anti-S3-RNase antibody
(top panel), or by anti-GFP antibody (bottom panel). The input control contains 0.1% the amount
of style proteins used in Co-IP. The ~70-kD band corresponds to S2-SLF1:GFP or S2-SLF1(∆295312):GFP, and the ~26-kD band corresponds to S3-RNase.

159

Figure 4-6. Fluorescence images of pollen tube growth in pistils of a wild-type S2S3 plant 20
hours after pollination with pollen from (A) a wild-type S2S3 plant, (B) an S2S3 transgenic plant
homozygous for the S2-SLF1:GFP transgene (LAT52P:S2-SLF1:GFP**/S2S3), and (C) an S2S3
transgenic plant carrying the S2-SLF1(∆295-312):GFP transgene (LAT52P:S2-SLF1[∆295312]:GFP/S2S3).
Pollen tubes were stained with aniline blue and monitored by an epifluorescence microscope.
Pollen tubes in (A), (C) are arrested in the upper segment of the pistil, characteristic of selfincompatible pollination, suggesting that expression of S2-SLF1(∆295-312):GFP in S3 pollen
does not cause breakdown of self-incompatibility. A large number of pollen tubes in (B) have
grown through the entire pistil, consistent with the previous finding that expression of S2SLF1:GFP in S3 pollen caused breakdown of self-incompatibility.
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Figure 4-7. Identification of proteins involved in mediating degradation of S2-SLF1:GFP.
(A) Protein blot of the co-immunoprecipitation (Co-IP) products from pollen extracts subjected to
in vitro degradation. Pollen extracts of transgenic plants homozygous for the LAT52P:S2SLF1:GFP transgene (**/S2S3) were subjected to in vitro degradation for 2 h, in the presence of
40 M MG132 (**/S2S3 MG132-2h) or in the absence of MG132 (**/S2S3 DMSO-2h). Pollen
extracts of **/S2S3 without being subjected to degradation (**/S2S3 0h) and pollen extracts of
wild-type plants of S2S3 genotype (S2S3 0h) were included as controls. All four samples, each
containing 2 mg of total protein, were incubated with 25 l of equilibrated GFP-Trap® agarose

161
beads at 4℃ for 2 h to immunoprecipitate S2-SLF1:GFP. One third of the Co-IP products from all
the four samples were analyzed by protein blotting, using anti-GFP antibody. The ~70-kD, ~260kD and ~25-kD bands correspond to S2-SLF1:GFP, a homotetramer of S2-SLF1:GFP, and free
GFP, respectively.
(B) Coomassie Brilliant Blue G-250 staining of the Co-IP products described in (C). Two thirds
of the Co-IP products of each of the four samples were separated by SDS-polyacrylamide gel
electrophoresis, and Coomassie Brilliant Blue G-250 was used to stain the gel. The entire lane of
each of the four samples was excised and cut into 10 slices as demarcated by the dotted lines.
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Figure 4-8. Alignment of the 18-amino-acid sequence of S2-SLF1 containing a degron with the
corresponding sequences of 16 other SLF proteins of S2-haplotype and all 17 SLF proteins of S3haplotype.
The amino acid residue numbers refer to those of S2-SLF1. The four amino acids marked in red
are conserved among all 34 SLF proteins, and the four amino acids marked in green are identical
between S2-SLF1 and S2-SLF4. Of the latter four amino acids, methionine is conserved in all but
two SLF proteins, and serine is also conserved in all but two SLF proteins.
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Figure 4-9. Model for assembly and activation of an SCFSLF complex, dissociation of SLF from
the complex, and degradation of SLF.
Pollen of a given S-haplotype produces multiple types of SLF proteins, and each type of SLF is
assembled into an SCFSLF complex, which is activated via neddylation of PiCUL1-P by PiDCN1
and PiUBC12. All SCFSLF complexes remain activated and stable as the pollen tube penetrates
into the style. This allows the pollen tube to detoxify all non-self S-RNases taken into its cytosol
while growing in the top one-third segment of the style where S-RNases are concentrated. After
the pollen tube has reached the bottom of the style, where S-RNases are scarce, SCFSLF
complexes are no longer needed and they are inactivated by deneddylation. PiCAND1 binds
PiCUL1-P to cause the release of PiSSK1 and SLF. The released SLF is ubiquitinated by the
mono-subunit E3 ubiquitin ligase UPL1-like protein and the ubiquitin conjugating enzyme
PiUBC5, and degraded by the 26S proteasome.
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Figure 4-10. Tissue expression patterns of PiDCN1 and PiUBC12 in wild-type S2S3 plants as
determined by Real-Time PCR.
For PiDCN1 (upper panel) and PiUBC12 (lower panel), three technical replicates were analyzed
for each sample, and the Actin transcript was amplified as the internal reference; the Y-axis shows
the transcript level of each tissue relative to that of the mature pollen sample. Anther stages are
defined in Mu et al. (1994). Each error bar indicates standard error.
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Table 4-1. List of PCR primers and their sequences.
Primer

Sequence (5’-3’)

Infusion PBI LAT52for

ATGCCTGCAGGTCGACATACTCGACTCAGAAGGT

Infusion LAT52 rev

TAATTGGAAATTTTTTTTTTGGTGTGTGTAC

LAT52 S2-SLF1for

AAAAATTTCCAATTAATGGCGAATGGTATTTTAAAG

GFP S2-SLF1 573rev

GCCTCCCGCGGCCGCACTATCTTTAGGACCAGGA

Infusion GFPfor

GCGGCCGCGGGAGGCGGAGGTGGCGGAGGAGGCGGA

Infusion PBI Nos rev

GACGGCCAGTGAATTCGATCTAGTAACATAGATGAC

LAT52 CTDfor

AAAAATTTCCAATTAATGATCAATCGCAAAACAAACAC

GFP S2-SLF1rev

GCCTCCCGCGGCCGCAAATTTTTGTACTTTTGTACTGT

S2RFullfor

ATGAATTCAATTTTGACTACTTCCAACTCG

S2RFullrev

ATGGATCCCTCTCCGAAACAGAGTCTGCGTG

S3RFullfor

ATGAATTCAATTTTGACTACATCCAACTCG

S3RFullrev

ATGGATCCCCCGAAACAGAATCTTCGTGCTG

S3-SLF1for

CATGGAGGCCGAATTCATGGCGAATGGTGTTTTAAAGAA

S3-SLF1rev

GCAGGTCGACGGATCCCAAAGTTTTGTACTTTTGTACTGT

S2-SLF1for

CATGGAGGCCGAATTCATGGCGAATGGTATTTTAAAGAA

S2-SLF1rev

GCAGGTCGACGGATCCCAAATTTTTGTACTTTTGTACTGT

F-boxrev

GCAGGTCGACGGATCCCATGACGGTTTATGAAAGTAGTT

CTDfor

CATGGAGGCCGAATTCATCAATCGCAAAACAAACACAAA

156rev

GCAGGTCGACGGATCCCCTAGCGATTGATATGACGGTTTATG

189rev

GCAGGTCGACGGATCCCCTAGAAGAGAATGAATTCATCTTTTG

444rev

GCAGGTCGACGGATCCCCTATGGACAACCAAAAGGGCTAG

564rev

GCAGGTCGACGGATCCCCTAAGGACCAGGATAACCATCAG

573rev

GCAGGTCGACGGATCCCCTAACTATCTTTAGGACCAGGA

984rev

GCAGGTCGACGGATCCCCTACCAAACAGCTAAAGGGGATTCA

1056rev

GCAGGTCGACGGATCCCCTATGCTTCACCGGAATTAAGATCA

1152rev

GCAGGTCGACGGATCCCCTATGTACTGTACTCGCTCCCTTTTGG

672rev

GCAGGTCGACGGATCCCCTAGTAAAGCATTCCAGCACAAG

759rev

GCAGGTCGACGGATCCCCTACATATCATGAAACATCTCAG
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882rev

GCAGGTCGACGGATCCCCTAATCGTGTGCTGGATCAGTAG

936rev

GCAGGTCGACGGATCCCCTACATAATCCAAGACTCGCTGA

K192Rfor

GATAGTCGTATTGATGTTTGTGATTTGAGTACTG

K192Rrev

ATCAATACGACTATCTTTAGGACCAGGATAACCATC

K295Rfor

CACGATCGTATGCACATTTGGGTGATGATGGAGTA

K295Rrev

GTGCATACGATCGTGTGCTGGATCAGTAGAACTGA

985 573rev

CAATATATGATTCTTACTATCTTTAGGACCAGGAT

985for

AAGAATCATATATTGCTTCTTCAATGTAGAAGTGGACT

middle882rev

ATCGTGTGCTGGATCAGTAGAACTGATTGGGTTGG

882 985for

GATCCAGCACACGATAAGAATCATATATTGCTTCT

882 937for

GATCCAGCACACGATAAATACACTATTAGACCTCTG

985 936rev

CAATATATGATTCTTCATAATCCAAGACTCGCTGA

pGBKT7GFPfor

CATGGAGGCCGAATTCATGGTGAGCAAGGGCGAGGA

pGBKT7GFPrev

GCAGGTCGACGGATCCCTTACTTGTACAGCTCGTCCA

middleGFPrev

CTTGTACAGCTCGTCCATGCCGTGAGTGAT

GFP 883for

GACGAGCTGTACAAGAAAATGCACATTTGGGTGATG

GFP 520for

GACGAGCTGTACAAGATTTCTGAAGTTTATTGTGAAG

pGBKT7 883for

CATGGAGGCCGAATTCAAAATGCACATTTGGGTGATG

GFP 936rev

GCCCTTGCTCACCATCATAATCCAAGACTCGCTGA

middleGFPfor

ATGGTGAGCAAGGGCGAGGAGCTGTTCACC

pGBKT7 520for

CATGGAGGCCGAATTCATTTCTGAAGTTTATTGTGAAG

GFP 573rev

GCCCTTGCTCACCATACTATCTTTAGGACCAGGA

YeastActin1for

GATTCCGGTGATGGTGTTACTC

YeastActin1rev

TCAAATCTCTACCGGCCAAATC

S2-SLF1RT3for

GTTTGTGATTTGAGTACTGATTCT

S2-SLF1RT4rev

AATACAGCTCGTGCGTAATCCTAC

F-boxRT1for

GCCCGAAGATTTGGTGTTTC

F-boxRT1rev

TGAGAATGGACCAAGCTTTAGA

S3-SLF1RT1for

GGTGGTTATCCTGGTCCTAAAG

S3-SLF1RT1rev

CCAGAACAAGGCAACCAATAAA
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CAND1For

ATGCTCTTGGAAACATTGCTG

CAND1Rev

CTAGGCACTCAGCTACGACATTC

DCN1fullfor

CGCCTCAATTTATGGCTTTCTCCA

DCN1fullrev

TGTACAAGGAGTTGTTTTTG

UBC5fullcdsfor

ATGTCATCTCCAAGCAAAAGAAGAG

UBC5fullcdsrev

TCAGGGGTCAGCACGTCCAACTACTT

UBC12fullcdsfor

CCTGTGAATCTCCTAAGGACCATGATTAATTTG

UBC12fullcdsrev

CTGCTTTAAATATCAAAGCATCGATCAAAGTATACCCCA
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Table 4-2. Raw Ct values for Real-Time PCRs.
Ct of Reference Gene
(ACT1)

Primer Pair for Test Gene

Ct of Test
Gene

pGBKT7-S2-SLF1

24.15

S2-SLF1RT3for/S2-SLF1RT4rev

25.97

pGBKT7-S2-SLF1

24.14

S2-SLF1RT3for/S2-SLF1RT4rev

26.13

pGBKT7-S2-SLF1

24.05

S2-SLF1RT3for/S2-SLF1RT4rev

26.25

pGBKT7-S2-SLF1(CTD)

15.47

S2-SLF1RT3for/S2-SLF1RT4rev

17.12

pGBKT7-S2-SLF1(CTD)

15.50

S2-SLF1RT3for/S2-SLF1RT4rev

17.09

pGBKT7-S2-SLF1(CTD)

15.48

S2-SLF1RT3for/S2-SLF1RT4rev

17.12

Y2HGold

15.16

S2-SLF1RT3for/S2-SLF1RT4rev

31.20

Y2HGold

15.14

S2-SLF1RT3for/S2-SLF1RT4rev

30.34

Y2HGold

15.18

S2-SLF1RT3for/S2-SLF1RT4rev

30.25

pGBKT7-S2-SLF1(F-box)

21.88

F-boxRT1for/F-boxRT1rev

20.36

pGBKT7-S2-SLF1(F-box)

21.91

F-boxRT1for/F-boxRT1rev

20.53

pGBKT7-S2-SLF1(F-box)

21.92

F-boxRT1for/F-boxRT1rev

20.34

Y2HGold

15.16

F-boxRT1for/F-boxRT1rev

28.17

Y2HGold

15.14

F-boxRT1for/F-boxRT1rev

28.10

Y2HGold

15.18

F-boxRT1for/F-boxRT1rev

27.96

pGBKT7-S3-SLF1

18.44

S3-SLF1RT1for/S3-SLF1RT1rev

19.02

pGBKT7-S3-SLF1

18.44

S3-SLF1RT1for/S3-SLF1RT1rev

19.14

pGBKT7-S3-SLF1

18.54

S3-SLF1RT1for/S3-SLF1RT1rev

19.16

Y2HGold

15.16

S3-SLF1RT1for/S3-SLF1RT1rev

30.91

Y2HGold

15.14

S3-SLF1RT1for/S3-SLF1RT1rev

30.29

Y2HGold

15.18

S3-SLF1RT1for/S3-SLF1RT1rev

30.01
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Chapter 5
Assessing the Role of PiDCN1, PiUBC12 and PiCAND1 in Dynamic
Regulation of the SCFSLF Complex, and Pinpointing the Degradation Motif of
S2-SLF1
Experiments in this project were performed together with Dr. Dihong Lu.

176

5.1 Assessing the Role of PiDCN1, PiUBC12 and PiCAND1 in Dynamic
Regulation of the SCFSLF Complex
In Chapter 4, I describe the identification, using Co-IP/MS, of PiDCN1 and PiUBC12 that may
be involved in activation of the SCFSLF complex via neddylation of PiCUL1-P (Figure 4-9), and
of PiCAND1 which may interact with PiCUL1-P to mediate dissociation of SLF from the
complex. In this chapter, I examined the roles of these proteins in regulating the dynamic life
cycle of the SCFSLF complex. Experiments in this project were performed together with Dr.
Dihong Lu.

I first used yeast two-hybrid assay to test the interactions between PiDCN1 and PiCUL1P, between PiDCN1 and PiUBC12, and between PiCAND1 and PiCUL1-P. However, I could not
observe any interaction (Figure 5-1). This might be due to improper folding of these proteins in
yeast.

Agrobacterium infiltration has been widely used to transiently express proteins in tobacco
leaves. Therefore, I next examined whether this system could be utilized to express PiDCN1,
PiUBC12, PiCAND1 and PiCUL1-P in P. inflata leaves. CaMV (Cauliflower mosaic virus) 35S
promoter amplified from the pCAMBIA1300 vector was used to drive the expression of these
genes. All four constructs, pBI101-35S:FLAG:PiDCN1, pBI101-35S:PiUBC12:GFP, pBI10135S:FLAG:PiCAND1 and pBI101-35S:Myc:PiCUL1-P were made and separately electroporated
into Agrobacterium tumefaciens GV3101 (obtained from Dr. Michael Axtell’s lab). As a control,
pBI101-35S:GFP was also generated and transformed into GV3101. To suppress silencing of
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transient expression in P. inflata, I obtained pBA-TEV, an Agrobacterium (GV2260) strain
carrying the construct pBA-HC-Pro (Menke et al., 2005), from Dr. Chang-Jun Liu. The construct
contains the HC-Pro gene from TEV (Tobacco etch virus), which serves as an RNA silencing
suppressor. A single colony was inoculated into 5 mL LB medium for 24 h, and 100 L of the
starter culture was inoculated into 50 mL LB medium for overnight incubation. Cells were
harvested by centrifugation at 4000 × g for 15 min and resuspended in infiltration medium (50
mM MES, pH 5.7, 0.5% glucose, 2mM NaH2PO4, and 150 M acetosyringone) with OD600
adjusted to 1.0. Resuspended cell cultures containing each construct were separately mixed with
the pBA-TEV strain at a 1:1 ratio. The mixed cultures were left on bench for 4 h before
infiltration. Large and healthy leaves from 6~8-week-old P. inflata S2S3 wild-type plants were
used for infiltration. Leaves were collected for protein isolation 48 h after infiltration.

As shown in Figure 5-2, we were able to successfully express GFP, FLAG:PiDCN1 and
Myc:PiCUL1-P using this system, either in the lysate (input) or in the IP (immunoprecipitation)
product; however, we could barely detect any FLAG:PiCAND1 or PiUBC12:GFP.

To examine the interaction between FLAG:PiDCN1 and Myc:PiCUL1-P, we coinfiltrated the two strains together with pBA-TEV into the same leaf, and performed Co-IP using
ANTI-FLAG® M2 affinity gel (Sigma-Aldrich). FLAG:PiDCN1 was detected in the Co-IP
product, but Myc:PiCUL1-P could not be immunoprecipitated (Figure 5-3A), suggesting that no
interaction could be observed between these two proteins. Similarly, when using anti-c-Myc
agarose affinity gel (Sigma-Aldrich) to perform Co-IP, Myc:PiCUL1-P could be
immunoprecipitated, but no FLAG:PiDCN1 could be detected in the Co-IP product (Figure 53B).
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In addition to DCN1, RBX1 has also been proposed to function as the E3 for neddylation
(Kamura et al., 1999; Morimoto et al., 2003; Megumi et al., 2005). However, RBX1 can only
neddylate CUL1 when there is a vast excess of UBC12 (neddylation E2), which might
circumvent the requirement for a specific E3 (Kurz et al., 2008). Intriguingly, Kurz et al. (2008)
observed interaction between DCN1 and CUL1 when CUL1 and RBX1 were co-expressed in a
cell line, but they did not examine a cell line that only expressed CUL1. Therefore, we
hypothesized that PiDCN1 and PiRBX1 may together function as the E3 for PiCUL1-P
neddylation. To test this hypothesis, we constructed pBI101-35S:HA:PiRBX1, and electroporated
it into GV3101. We will co-infiltrate strains carrying Myc:PiCUL1-P, FLAG:PiDCN1,
HA:PiRBX1, and pBA-TEV into the same leaf. We will perform Co-IP using anti-FLAG beads to
see whether Myc:PiCUL1-P can be co-immunoprecipitated, or use anti-Myc beads to perform
Co-IP and examine whether FLAG:PiDCN1 can be co-immunoprecipitated. If interaction
between PiDCN1 and PiCUL1-P is observed, this will suggest that PiRBX1 is crucial for their
interaction and the concerted activities of PiDCN1 and PiRBX1 may be required for neddylation
of PiCUL1-P. We will also examine whether PiCUL1-P can be neddylated by PiDCN1 and
PiRBX1 in vitro in the presence of E1, E2, and NEDD8 (provided by the NEDDylation kit of
Enzo Life Sciences).

As FLAG:PiCAND1 and PiUBC12:GFP could not be produced using the infiltration
system, we have transformed pBI101-35S:FLAG:PiCAND1 and pBI101-35S:PiUBC12:GFP into
Agrobacterium tumefaciens (LBA4404), and introduced them into S2S3 wild-type plants via
Agrobacterium-mediated transformation. As a backup, we have also transformed pBI10135S:FLAG:PiDCN1 and pBI101-35S:Myc:PiCUL1-P into S2S3 wild-type plants. To further
confirm the functions of these proteins in pollen, we have constructed pBI101LAT52:FLAG:PiDCN1, pBI101-LAT52:PiUBC12:GFP, pBI101-LAT52:FLAG:PiCAND1,
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pBI101-LAT52:Myc:PiCUL1-P and pBI101-LAT52:HA:PiRBX1, in which genes are driven by
the LAT52 promoter. We have introduced all these constructs into S2S3 wild-type plants via
Agrobacterium-mediated transformation. We will examine whether FLAG:PiDCN1 interacts with
Myc:PiCUL1-P (in the presence or absence of PiRBX1) and PiUBC12:GFP by Co-IP, and
whether Myc:PiCUL1-P is neddylated in the presence of FLAG:PiDCN1, HA:PiRBX1,
PiUBC12:GFP, E1 and NEDD8. We will also determine whether FLAG:PiCAND1 interacts with
Myc:PiCUL1-P by Co-IP.

5.2 Pinpointing the Degradation Motif of S2-SLF1 in Yeast
In Chapter 4, I have narrowed down the degradation motif to the 295-312 amino-acid region of
S2-SLF1. However, as shown in Figure 4-3, although the truncated proteins containing amino
acids up to 224, 253 and 294 were detected, there is a sharp decrease in the protein level of the
truncated form 1-253 when compared with the protein level of 1-224. Lys225 is included in the
less stable truncated protein (1-253) but not in the stable truncated protein (1-224). However, I
ruled out the possibility of Lys225 serving as a ubiquitination site, as replacing Lys225 with Arg
(K225R) did not stabilize the less stable truncated protein containing amino acids up to 253, nor
the full-length S2-SLF1 (Figure 5-4A). I next examined whether the 225-253 region of S2-SLF1
contains a degron. I introduced a construct, S2-SLF1(∆225-253), with the coding sequence for this
29-aa region deleted, into yeast, and found that the protein was more stable than the full-length
S2-SLF1, but less stable than the truncated form (1-224) (Figure 5-4A), suggesting that the 225253 region also contains a degron, in addition to the degron in the 295-312 region.

To further pinpoint the degron in the 295-312 region, I cloned the coding sequences for
four truncated S2-SLF1 proteins, each starting from the N-terminus and ending at the amino acid
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300, 306, 310 or 311, into pGBKT7 and transformed them into yeast. The truncated protein
containing amino acids up to 300 was detected, but those containing amino acids up to 306, 310
and 311 were barely detected (Figure 5-4B). This finding narrowed down the degron to the 301306 region. Justin Williams, a graduate student in our lab, made the deletion construct S2SLF1(∆301-306) and introduced it into yeast. We found that deleting the 301-306 region made
S2-SLF1 more stable than the full-length version (Figure 5-4C), suggesting that the 6-aa region
contains a degron.

As previously shown in Figure 4-8, since amino acid 304 of S2-SLF1, tyrosine, is
conserved among all 17 SLF proteins of both S2-haplotype and S3-haplotype, Justin and I were
interested in examining whether this amino acid could be the key amino acid in the degron. He
made the mutant construct S2-SLF1Y304F, replacing Tyr304 with Phe, and introduced it into
yeast. However, we found that the mutation did not stabilize the full-length S2-SLF1 (Figure 54C), suggesting that this is not the key amino acid in the degron.

Justin also fused the coding sequence for the 301-306 region (6-aa) to the 5´-end of the
coding sequence for GFP, and introduced the construct into yeast. We found that it is less stable
than GFP (Figure 5-4D), confirming that the 301-306 region of S2-SLF1 contains a degron. Justin
will take over this project to further pinpoint the degradation motif in yeast, and confirm the
result using transgenic plants.
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Figure 5-1. Yeast two-hybrid assay of interactions between regulators of SCFSLF complex.
The sequences for PiCUL1-P, PiUBC12 and PiUBC5 were cloned into bait vector pGBKT7. The
sequences for PiDCN1 and PiCAND1 were cloned into prey vector pGADT7. Three colonies of
yeast Y2HGold carrying a pair of bait and prey constructs were streaked out on selective plates
lacking adenine, histidine, leucine and tryptophan, but containing X-α-Gal and aureobasidin, to
examine growth and -galactosidase activity. A representative colony is shown for each pair.
Yeast colonies co-expressing SV40 large T-antigen (T) and p53 (53) were used as positive
control, and colonies that co-expressed SV40 large T-antigen and lamin (lam) were used as
negative control. The colonies on each plate are numbered and the identity of each colony is
shown in the table.
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Figure 5-2. Immunoblot analysis of protein expression in Agrobacterium infiltrated leaves.
Total protein was extracted from Agrobacterium infiltrated leaves 48 h after infiltration. pBATEV was co-infiltrated with appropriate clones containing each construct. ~3 mg total protein
was used for IP, and 10% was used for immunoblot as input. For IP, total protein was incubated
with appropriate affinity beads at 4oC for 2 h, and after extensive washing, the
immunoprecipitated proteins were dissociated from the beads by boiling in SDS sample buffer for
10 min.
(A) Agrobacterium containing pBI101-35S:GFP was used for infiltration. GFP-Trap agarose
beads (Chromotek) were used for IP. The immunoblot was detected by mouse anti-GFP antibody
(Millipore). The ~25-kD band corresponds to GFP.
(B) Agrobacterium containing pBI101-35S:FLAG:PiDCN1 was used for infiltration. ANTIFLAG® M2 affinity gel (Sigma-Aldrich) was used for IP. The immunoblot was detected by
mouse anti-FLAG antibody (Sigma-Aldrich). The ~28-kD band corresponds to FLAG:PiDCN1.
(C) Agrobacterium containing pBI101-35S:Myc:PiCUL1-P was used for infiltration. Anti-c-Myc
agarose affinity gel (Sigma-Aldrich) was used for IP. The western blot was detected by mouse
anti-Myc antibody (Millipore). The ~85-kD band corresponds to Myc:PiCUL1-P.
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Figure 5-3. Analysis of interaction between PiDCN1 and PiCUL1-P by co-immunoprecipitation.
Total protein was extracted from Agrobacterium infiltrated leaves 48 h after infiltration. pBATEV was co-infiltrated with appropriate clones containing each construct. DCN1/CUL1-P
indicates that Agrobacteria carrying pBI101-35S:FLAG:PiDCN1 and pBI101-35S:Myc:PiCUL1P were co-infiltrated into the same leaf. ~6 mg (for DCN1/CUL1-P) or ~3 mg (for DCN1 or
CUL1-P) total protein was used for Co-IP, and 10% was used for immunoblot as input. For CoIP, total protein was incubated with either ANTI-FLAG® M2 affinity gel (A) or anti-c-Myc
agarose affinity gel (B) at 4oC for 2 h, and after extensive washing, the immunoprecipitated
proteins were dissociated from the beads by boiling in SDS sample buffer for 10 min. Co-IP
products on the same membrane were either detected by anti-Myc antibody (top panel), or by
anti-FLAG antibody (bottom panel). The ~85-kD band corresponds to Myc:PiCUL1-P and the
~28-kD band corresponds to FLAG:PiDCN1.
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Figure 5-4. Immunoblotting analysis to pinpoint the degradation motif of S2-SLF1 in yeast.
S2-SLF1, its truncated forms, and GFP were fused with a Myc-tag. Anti-Myc antibody was used
to assess whether these fusion proteins were produced in yeast cells. For each blotting
experiment, a duplicated membrane, immunoblotted using anti-actin antibody, serves as control
for equal loading.
(A)-(C) Protein levels of the full-length S2-SLF1 (Full), truncated forms (each denoted by
residue numbers of the first and last amino acids of S2-SLF1 it contains), deleted forms (each
denoted by a ∆ sign followed by the residue numbers of the first and last amino acids of the
region deleted), the lysine-to-arginine mutated form (denoted by the residue number of the
specific lysine, K, that is replaced with arginine, R), and the tyrosine-to-phenylalanine mutated
form (denoted by the residue number of the specific tyrosine, Y, that is replaced with
phenylalanine, F). For the proteins that are not detected by anti-Myc antibody, asterisks mark
their would-be positions based on their predicted molecular masses.
(D) Protein levels of GFP fused at its N-terminus with amino acids 301-306 and amino acids 295312 of S2-SLF1.
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Chapter 6
Conclusions and Future Directions
Part of this chapter is taken from a paper by Williams, J.S., Wu, L., Li, S., Sun, P. and Kao,
T.-h., published in Frontiers in Plant Science, doi: 10.3389/fpls.2015.00041, 2015.
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6.1 Conclusions

The recent discovery that pollen specificity in Petunia is controlled by multiple S-locus F-box
(SLF) genes has led to a new model, named collaborative non-self recognition (Kubo et al.,
2010), for explaining S-haplotype specific rejection of self-pollen during self-incompatibility
interaction between pollen and pistil. The overall goal of my dissertation research is to study the
biochemical basis of self/non-self recognition during SI interactions.

I focused on an SLF protein of P. inflata, S2-SLF1, the first SLF shown to be involved in
pollen specificity. I first used a gain-of-function approach to determine whether S2-SLF1 interacts
with any of the four non-self S-RNases tested, and found that it interacted with two of them. This
finding confirms the prediction by the collaborative non-self recognition model that each type of
SLF only interacts with a subset of its non-self S-RNases. I then used an artificial microRNA
(amiRNA) approach to show that an amiRNA targeting S2-SLF1 could efficiently suppress the
expression of the endogenous S2-SLF1 gene when it was expressed by the promoter of S2-SLF1,
but did not have any effect on the expression of the endogenous S2-SLF1 gene when it was
expressed by the vegetative cell specific LAT52 promoter of tomato. This finding has several
important implications. First, it suggests that S2-SLF1 is expressed in the generative cell of pollen
(and most likely in the sperm cell as well) and not in the vegetative cell. Second, it shows that, in
Petunia, which produces bicellular pollen, miRNA generated in the vegetative cell cytoplasm is
not transported to the generative cell to suppress their target genes there. Third, it demonstrates
the feasibility of using amiRNA to suppress genes that are expressed in the generative cell (and
most likely sperm cell). I next carried out extensive genetic crosses to examine whether
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suppression of S2-SLF1 would affect the ability of S2 transgenic pollen to detoxify three non-self
S-RNases with which S2-SLF1 interacts. The results suggest that each of these S-RNases interacts
with at least one additional type of SLF protein. Petunia may have evolved at least two types of
SLF proteins to detoxify any non-self S-RNase to minimize the deleterious effects of mutation in
any SLF.

An SLF may be the F-box protein component of an SCF complex (composed of Cullin1,
Skp1, Rbx1 and an F-box protein), which mediates ubiquitination of protein substrates for
degradation by the 26S proteasome. However, prior to my dissertation research, biochemical
characterization of the SLF-containing complex had been based entirely on assessing physical
interactions between putative components of the complex by yeast two-hybrid and pull-down
assays. I used pollen extracts of a transgenic plant expressing S2-SLF1:GFP for coimmunoprecipitation (Co-IP) followed by mass spectrometry (MS). I identified PiCUL1-P (a
pollen-specific Cullin1), PiSSK1 (a pollen-specific Skp1-like protein) and PiRBX1 (an Rbx1).
Thus, all but Rbx1 of the SLF-containing complex may have evolved in SI. The findings have
several important implications. First, it demonstrates the feasibility of using the approach of CoIP/MS to identify components of a protein complex in their native pollen environment, and this
approach more closely resembles the in vivo situation than in vitro pull-down and yeast twohybrid assays previously used by our lab and several other labs. Second, the Co-IP results
obtained from the use of pollen extracts suggest that the SLF-containing complex is already
formed in mature pollen before germination on the stigma surface.

According to the collaborative non-self recognition model, for a given S-haplotype, the
role of each SLF is to mediate ubiquitination of a subset of its non-self S-RNases for subsequent
degradation by the 26S proteasome. In my dissertation study, I made an unexpected and
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interesting discovery that SLF proteins themselves are subject to ubiquitin-mediated protein
degradation via the 26S proteasome pathway. The finding is significant, because, although F-box
proteins have long been known to play important roles in diverse cellular processes in eukaryotes
by regulating protein degradation, there have been very few reports on the regulation of the
stability of F-box proteins themselves. I have identified an 18-amino-acid sequence that contains
a degradation motif, and shown that deleting this sequence from S2-SLF1, though stabilizing the
protein, abolishes its function in self-incompatibility. These results suggest that regulation of the
stability of SLF proteins is an integral part of their function in self-incompatibility. It further
highlights the importance of regulation of protein stability, as proteins that are responsible for
mediating degradation of other proteins are themselves subject to regulation of protein
degradation. To identify the proteins responsible for degradation of SLFs, I used S2-SLF1:GFP as
bait to perform co-immunoprecipitation, and identified, by mass spectrometry, PiDCN1
(defective in cullin neddylation 1) and PiUBC12 (NEDD8-conjugating enzyme) that may be
involved in neddylation of PiCUL1-P to activate SCFSLF complexes; and identified PiCAND1
(cullin-associated NEDD8-dissociated protein 1), UPL1-like protein (a mono-subunit E3 ligase
containing a HECT domain) and PiUBC5 (an E2 ubiquitin-conjugating enzyme), that may
mediate dissociation of SLF proteins from their SCFSLF complexes and degradation.

6.2 Future Directions
The results from suppressing S2-SLF1 expression suggest that it is specifically expressed in the
generative cell, and the S2-SLF1 transcript cannot be transported to vegetative cell cytoplasm.
Using transgenic plants carrying either GFP or S2-SLF1:GFP driven by the S2-SLF1 promoter, I
showed that S2-SLF1 protein is located in the vegetative cell cytoplasm of both mature pollen and
in vitro germinated pollen tubes, suggesting that S2-SLF1 is transcribed in the generative nucleus,
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the transcript is translated in the cytoplasm of the generative cell, and the protein is later
transported into the cytoplasm of the vegetative cell. The cytoplasmic location of S2-SLF1 is
consistent with its role in interacting with a subset of non-self S-RNases to target them for
degradation. As previously mentioned, 8% of the sequences in the sperm cell cDNA library of
Zea mays were predicted to encode secreted or plasma membrane-localized proteins (Engel et al.,
2003), suggesting that secretion of proteins from generative/sperm cells into the cytoplasm is
possible. It will be interesting to study how S2-SLF1 is secreted from the generative cell to the
vegetative cell cytoplasm, as it does not contain any known signal peptide or other secretion
signal.

According to the results obtained from my loss-of-function study of S2-SLF1, S2-SLF1 is
not the only SLF in S2 pollen to interact with S3-, S7- and S13-RNases. Having at least two SLF
proteins responsible for detoxifying any non-self S-RNase can minimize the deleterious effects of
mutation in an SLF gene. It will be interesting to test this functional redundancy or “fail-safe”
mechanism. From the limited interaction relationships identified so far, S2-SLF1 has been shown
to interact with five of its non-self S-RNases: S1-, S3-, S7-, S12- and S13-RNases (Sijacic et al.,
2004; Sun and Kao, 2013; Williams et al., 2014). To date, 36 S-haplotypes have been identified in
Petunia (Sims and Robbins, 2009), so if we assume that all the other 16 SLFs in S2 pollen can
each interact with five different S-RNases, Petunia may have evolved at least two SLFs for any
non-self S-RNase. It will be interesting to identify the additional SLFs in S2 pollen that interact
with S3-, S7- and S13-RNases, by examining the interaction relationships between all the other
SLFs in S2 pollen and these three S-RNases.

By Co-IP/MS, I have identified PiCUL1-P (a pollen-specific Cullin1), PiSSK1 (a pollenspecific Skp1-like protein) and PiRBX1 (an Rbx1) as the components of the SLF-containing SCF
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complex. Thus, all but Rbx1 of the complex may have evolved to specifically function in SI. It
will be interesting to suppress the expression of PiCUL1-P and PiSSK1 by amiRNA, and
determine the effect on SI.

My dissertation study on the stability of SLFs have shown that SLF proteins themselves
are subject to protein degradation via the ubiquitin-26S proteasome pathway, and an 18-aminoacid sequence degradation motif is responsible for both its degradation and proper function in SI,
as deleting this sequence from S2-SLF1, though stabilizing the protein, abolishes its function in
self-incompatibility. It will be interesting to determine what role regulation of the stability of SLF
proteins plays in ensuring their proper function in SI.

Based on our model, neddylation of SCFSLF complexes is required to activate them so
that they can mediate ubiquitination and degradation of non-self S-RNases, and deneddylation of
SCFSLF complexes should occur only after the activated SCFSLF complexes have done their job,
allowing compatible pollen tubes to grow through the style to reach the ovary. It remains to be
determined how the timing of neddylation and deneddylation is regulated. Similar to PiCUL1-P
(Li et al., 2014), both PiDCN1 and PiUBC12 are predominantly expressed during pollen
development (Figure 4-10). It would be interesting to examine the effect of suppressing the
expression of PiDCN1 and PiUBC12 on SI. This will reveal whether PiDCN1 and PiUBC12
specifically function in SI.

The current view about what happens to non-self S-RNases, after being taken up by the
pollen tube, is that they become ubiquitinated through mediation by appropriate SCFSLF
complexes, and degraded in the cytosol of the pollen tube. However, the fate of non-self SRNases may need a closer examination, considering the following observations in Petunia. A
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cell-free protein degradation system showed that recombinant S1-, S2- and S3-RNases (expressed
in E. coli and thus non-glycosylated) were all degraded by the 26S proteasome in pollen tube
extracts; however, native glycosylated S3-RNase purified from styles was not degraded to any
significant extent (Hua and Kao, 2006). After purified native S3-RNase was deglycosylated, the
deglycosylated protein was degraded as efficiently as recombinant S-RNases (Hua and Kao,
2006). Moreover, native S9-RNase was ubiquitinated to various extents, with most being monoubiquitinated, by an SCFSLF complex in an in vitro ubiquitination assay, but the degradation of the
mono-ubiquitinated S9-RNase in an in vitro protein degradation assay was not efficient (Entani et
al., 2014). It is possible that S-RNase is deglycosylated once taken into the pollen tube. Nonglycosylated S-RNase has been shown to function normally in rejecting self-pollen
(Karunanandaa et al., 1994), so deglycosylation should not affect the function of self S-RNase.
Deglycosylated non-self S-RNase becomes poly-ubiquitinated and degraded in the cytosol. TTS,
a tobacco transmitting tissue glycoprotein, has been shown to be incorporated into the pollen tube
wall and deglycosylated (Wu et al., 1995), suggesting that deglycosylation of S-RNase by the
pollen tube is possible. It is also possible that poly-ubiquitination and degradation by the 26S
proteasome is not the only pathway for detoxification of S-RNase. S-RNase (and deglycosylated
S-RNase) may also be mono-ubiquitinated and transported to a compartment for further
degradation. Mono-ubiquitination has been shown to play an important role in fast labeling of
proteins for bulk degradation by autophagy (Kim et al., 2008). Two plant plasma membrane
proteins have been shown to be degraded in the vacuole (Cai et al., 2012). This possible fate of SRNase can explain two contrasting findings about the destination of S-RNase after its uptake into
the pollen tube. S-RNase of Solanum chacoense was mainly localized in the cytosol of both
compatible and incompatible pollen tubes (Luu et al., 2000), whereas S-RNase of Nicotiana alata
was sorted into vacuole-like organelles in both compatible and incompatible pollen tubes
(Goldraij et al., 2006). S-RNase may be first taken up into the cytosol of the pollen tubes as
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observed by Luu et al. (2000), and after the interaction with appropriate SCFSLF complexes, those
non-self S-RNases that are mono-ubiquitinated are sorted to vacuoles or vacuole-like organelles,
as observed by Goldraij et al. (2006), for degradation. In the above-mentioned in vitro protein
degradation assay of Entani et al. (2014), perhaps the compartments might be disrupted and the
vacuolar proteases might not be active under the assay conditions, such that no significant
degradation was observed for mono-ubiquitinated S9-RNase.

To summarize, my dissertation research on S-RNase-based SI has advanced our
understanding of this sophisticated self/non-self recognition system, and raised some new
questions for future study. There are still many other interesting questions remaining to be
answered in this field, including secretion and uptake mechanisms of S-RNase, co-evolution of SRNase and multiple SLFs, and the biochemical basis for differential interactions between SLF
proteins and S-RNases.
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