2. Introduction

The Brassicaceae family of angiosperms (flowering plants) have long been used as model organisms in biological research. The most intensely used is Arabidopsis thaliana which is the model genetic organism for plant biology and was the first plant to have its genome completely sequenced (The Arabidopsis Genome Initiative, 2000). 

A second member of the Brassicaceae family is Brassica oleracea. This plant has been used as a model for pollination and pollen hydration studies
, largely thanks to the relatively greater size of pollen grains and other physical structures compared to A. thaliana, which obviously favours assays involving physical manipulation. Unfortunately B. oleracea has more complicated genetics than the closely related A. thaliana. The genome of A. thaliana indicates that there was a complete genome duplication event during its evolution followed by periods of genome segment loss and deletion. The B. oleracea genome however provides evidence of a complete genome triplication (polyploidy) followed by a similar period of gene deletion, meaning that the genetics of B. oleracea are much more demanding and make interpretation of data increasingly more challenging (Bancroft et al. 2006).  

The extensive work performed on both genomes has allowed the identification and analysis of genes and their protein products involved in many biological processes, including those involved in plant reproduction.

2.1 Pollen Maturation and Pollen Coat Synthesis
In flowering plants, reproduction requires the fusion of a male sperm with female ovules
. The male sperm is contained within the male gametophyte or pollen grain. Pollen is essentially a vegetative cell that contains two sperm cells formed when an asymmetric mitotic division forms a generative cell which is engulfed by its larger sister cell. The generative cell then undergoes mitosis to form the two sperm cells. 

This process takes place in the anther locule which is lined with tapetal cells. These cells provide nutrients and supplies to the developing pollen grains during their growth; however they also serve a crucial function in pollen coat formation. 

They are the accumulation site for lipid bodies which can be grouped into two classes – tapetosomes and elaioplasts. Recent evidence has suggested that both tapetosomes and elaioplasts are responsible for contributing to the lipid portion of the pollen coat and that many modifications of proteins later found in the pollen coat take place in these organelles before deposition on the pollen grain (Hernández-Pinzón et al., 1999). Tapetal cells undergo programmed cell death soon after the microspore (immature pollen grain) is released from the tetrad and before mitosis I, which causes the release of cellular contents (including tapetosomes and elaioplasts) into the anther locule. This causes the maturing pollen grains to be covered in a lipid-rich coat. This coat is sometimes referred to as the tryphine or pollenkitt however it has been shown that there are differences in the definition and composition of these substances (Pacini, 1997) where the ‘tryphine’ is formed by partial degradation of the tapetal cells to produce a matrix on the surface of the pollen grain, and the ‘pollenkitt’ is a more rudimentary coating, formed by almost total degradation of tapetal cells. Consequently, Murphy (2006) has suggested the general term ‘pollen coat’ be used to describe the sporophytically and gametophytically derived coating of pollen microspores.

Pollen grains have three layers that make up the cell wall. These are the aforementioned extracellular pollen coat which fills the space between the main external scaffold, the exine, and the intine layer which lies beneath the exine and is composed of cellulose, pectin and proteins that are secreted by the microspore (Figure 1). 
Once pollen grains achieve maturity, they become desiccated and are released from the anther locule where they may be mobilised by distribution vectors such as strong winds (abiotic) or animals and insects (biotic). It is thought that a pollens structure and exine architecture are likely to have evolved depending on which specific distribution method the plants uses (Preuss 2004) and this is demonstrated by the variety and complexity of structures observable in nature. 

2.2 Pollination and Pollen-stigma Interactions
At the molecular level, pollination is likely to be an extremely complicated process and can be divided logically into key stages
, the first of which is the focus of this report:
Pollen-stigma interactions. 
The first key step in fertilisation is the contact and adhesion of a pollen grain to a stigmatic papillar cell (these cells are filamentous hair-like projections that cover the surface of the stigma). This adhesion is mediated by the exine layer of the pollen cell wall which is made from a tough, chemically inert polymer called sporopollenin. Sporopollenin is composed of long-chain fatty acids and phenolic compounds organised into a multilayered latticed structure (Preuss et al. 2004) which is secreted by the tapetum (Vizcay-Barrena and Wilson, 2006). The initial adhesion is relatively weak, although it later becomes a highly stable interaction requiring severe chemical treatments to remove purified exine fragments from papillar cell surfaces in vitro (Zinkl et al. 1999). 

Once pollen adheres to the stigma, it can either be rejected as incompatible (as is seen in self-incompatibility mechanisms with outbreeder species), or accepted, in which case hydration and germination will occur. If the pollen is accepted, the two sperm cells can both migrate down the pollen tube, which forms on pollen germination and is guided to the ovaries through a complex set of cell-cell interactions, where they fertilise an ovule
 (Preuss 2004). One sperm fuses with the haploid egg and forms the embryo while the other fuses with the diploid accessory cell to form the endosperm which is a large food storage organelle (Newbigin et al. 1996). 

2.2.1 Self-Incompatibility

Self-incompatibility (SI) is a mechanism used by outbreeder species of flowering plants to prevent self fertilisation and inbreeding within populations of closely related individuals. Much of the work in this area has been done using members of the Brassicaceae, most prominently B. oleracea, which is seen as a model for self-incompatibility in flowering plants (Kemp and Doughty, 2003) despite there being a wealth of evidence for a diverse range of SI mechanisms (Silva and Goring, 2001). At the core of self-incompatibility is the fact that cell-cell interactions and signalling events occur to mediate a process which confers identity to the origin of the pollen. In the Brassicaceae, both the male and female determinates of SI have been identified and they are conserved on the same genetic locus, the S-locus. The male determinant present in the pollen coat is the S-locus cysteine rich (SCR) protein. SCR is thought to act as a ligand that is capable of binding the female determinant S-locus receptor kinase (SRK) on the stigmatic papillar cell surface. The system works in much the same fashion as other SI systems described in other species (Jordan et al. 2000) such as Papaver rhoeas where a receptor-ligand system is used. The SI system above prevents pollen germination by immediate and direct rejection of the pollen through prevention of hydration, which then prevents germination. This is the prevalent system used in plant species termed to have ‘dry’ stigmas. Other SI systems can block pollination at stages downstream of hydration by interfering with pollen tube growth once it has penetrated the papillar cell wall. This is mediated by S-locus encoded ribonucleases (S-RNase) which can infiltrate the pollen tube and degrade RNA molecules needed for tube growth. How the specificity of the S-RNase is determined is unclear but it appears that it can enter all pollen tubes irrespective of compatibility status (Kemp and Doughty, 2003). 
This system occurs in plants with ‘wet’ stigmas that are coated in an exudate which was demonstrated to function in a highly similar manner to the pollen coat that is present on pollen from ‘dry’ stigma species. ‘Wet’ stigma surfaces were removed and pollen from ‘dry’ stigma species was applied with the observation that early stage germination occurred as normal (Wolters-Arts et al, 1998).

A third component is present in this SI system. S-locus glycoprotein (SLG) is expressed in stigmatic papillar cells, as is SRK, but SLG is present in vastly greater quantities. SLG is secreted by the stigma and despite the difference in abundance SLG is thought to play an accessory role to SRK in the SI response (Kemp and Doughty, 2003).

So
 in B. oleracea, three components of SI have been identified: SCR, SRK and SLG. 

These genes are all on the same genetic locus: the S-locus. SCR is the male determinant in the pollen coat while SRK and SLG are present in the stigmatic papillar cell wall. The male and female components are brought into proximity after pollen-stigma adhesion and a process termed ‘pollen coat conversion’, where the pollen coat flows off of the pollen grain and forms a ‘foot’ at the point of contact with the papillar cell. This foot formation event is thought to allow SCR to bind SRK when the pollen and stigma share at least one S-allele, and cause inhibition of hydration or restriction of pollen tube growth (Kemp and Doughty, 2003).
Arabidopsis thaliana is an inbreeder and therefore displays no SI mechanisms. This is unfortunate as its powerful genetics would have made it a useful tool to study SI. Kemp and Doughty (2003) did note that SI
 could be restored in Arabidopsis however on the addition of SCR and SRK, indicating that the S-locus may have been lost during gene deletion or mutation events post genome duplication and that the downstream effectors of SI are still functional in Arabidopsis (Charlesworth and Vekemans, 2005)
2.2.2 Lipid Composition of the Pollen Coat
While the protein composition of the pollen coat is vitally important to the recognition and germination of pollen grains, it has become increasingly clear that the lipid composition of the pollen coat also plays a key role. Their function appears to be to providing an interface for communication between pollen and stigma, as well as act as a protective, yet permeable barrier. 
The pollen coat, along with the cell wall, allows the pollen grain to survive the desiccation process and enable it to survive in the external environment (Preuss, 1995). In the Brassicaceae, the pollen coat is derived from a sporophytic origin, e.g. the tapetal cells, which contain tapetosomes and elaioplasts that contribute largely to the protein content and the lipid content of the pollen coat respectively (Murphy, 2006). Tapetosomes are comprised largely of triacylglycerols which have their own set of associated oleosin-like domain proteins (oleosins are structural proteins found in lipid bodies which secure the numerous lipid droplets that accumulate at these lipid bodies) however the triacylglycerols of the tapetosomes are presumed to degrade upon apoptosis of the tapetal cells leaving the oleosin proteins intact (Hsieh and Huang, 2007). Elaioplasts are a large storage site of steryl esters in the tapetum, that, upon apoptosis are expelled into the locule to coat the maturing pollen (Hsieh and Huang, 2007). Thus, steryl esters provide the waterproofing to ensure that the pollen does not become excessively dehydrated (Hsieh and Huang, 2007); while the oleosins provide a mechanism for water entry once the pollen has contacted a stigma (Mayfield and Preuss, 2000).
Therefore the combination of steryl esters and oleosin proteins on the pollen surface seem to provide a system that will provide protection to the pollen whilst it is in the external environment and allow germination to occur at the appropriate time.
2.2.3 Hydration

Hydration is a fundamental regulatory point in pollen germination and is a checkpoint in self-incompatibility systems. 
As has been discussed above, the pollen coat is of a lipidic nature, therefore being highly hydrophobic. This suggests that there must be a system in place that allows the transfer of water from the papillar cell to the pollen grain. It was thought that this water transfer system could be mediated purely by the lipid components of the pollen coat (Wolters-Arts et al, 1998), however hydration studies with Arabidopsis mutants have shown that hydration can be disrupted in these pollen coat protein mutant lines (Mayfield and Preuss, 2000).
 The most prominent protein in the Arabidopsis pollen coat is a 49KDa oleosin-domain protein, GRP17. Mutations in this gene were found to affect the hydration of pollen grains and the reproductive fitness of the grains compared to wild-type, indicating a key functional role for proteins as well as lipids in the hydration response (Mayfield and Preuss, 2000).
Further credence was given to the importance of proteins in hydration with the identification of aquaporin gene expression in anther and stigma cDNA libraries from B. oleracea (Marin-Olivier et al. 2000). However the same study noted that these genes were not actively transcribed in pollen grains or stigma papillae and suggested that the presence of these aquaporin proteins may be as an artefact of tapetal apoptosis (Marin-Olivier et al. 2000).
2.2.4 Calcium in Hydration and Pollen Tube Emergence

Calcium (Ca2+) is a key regulatory divalent cation that has been shown to have multiple roles in cellular processes of all organisms ranging from bacteria, through lower vertebrates and plants, up to humans. It has been shown to have a multitude of functions from mediating cytoskeletal protein polymerisation and cell-cell adhesion to the propagation of action potentials in the nervous system.
In plants, particularly pollen grains and papillar cells, it has been demonstrated that Ca2+ dynamics play a key role in the signalling process leading to pollen tube emergence. These observations have been made in transgenic lines of A. thaliana that express a chimeric protein known as a cameleon
, that fluoresce upon Ca2+ binding thanks to conformational changes and the exploitation of fluorescence resonance energy transfer (FRET) imaging (Iwano et al. 2004).
Observation of pollen grains showed that immediately after pollination the cytosolic Ca2+ levels were evenly distributed throughout the cell. This remained true through hydration until the protrusion of the pollen tube was to occur. At this point, the concentration of cytosolic Ca2+ spiked at the point of contact (and potential germination site) between the pollen grain and papillar cell. Further experimentation saw that cytosolic Ca2+ fluctuated at the tip of the tube and, during tube growth, fluctuations were observed along its entire length (Iwano et al. 2004).
Calcium is also important in the self incompatibility process, where it has been observed that upon induction of an SI response, cytosolic Ca2+ levels increase and within a few minutes the tube growth is arrested. It is thought that calcium is acting as a second messenger in the SI response thanks to its ability to modulate polymerisation of the actin cytoskeleton (Dumas and Gaude, 2006).

2.2.5 Pollen Coat Proteins
Pollen coat proteins (PCPs) are a large and diverse family of sporophytically
 derived proteins that are found in the pollen coat of members of the Brassicaceae. They are characterised by a conserved cysteine motif that consists of 8 cysteine residues spaced throughout the backbone of the protein, which is thought to contribute to the tertiary structure of the protein (Doughty et al. 1999). Despite this highly conserved cysteine motif, members of the PCP family are highly polymorphic at their other residues (Doughty et al. 1999). These proteins are small (6-7kDa) and also highly basic with pI values of 8.5-10. They also contain a signal peptide that is assumed to allow for their secretion into the pollen coat.
The first PCP family member to be identified was PCP-A1. It was isolated after binding assays were performed with the stigmatic protein SLG (which was thought at the time to play a crucial role in the SI response) as the ‘bait’. PCP-A1 was found to bind SLG and was tentatively proposed as the male determinant of SI (Doughty et al. 1999). However further investigation cast doubt on this proposal when it was shown that SLG may not play as decisive a role in SI as was previously thought (Doughty et al. 1999). 

A second sub-group of PCPs was identified by Doughty et al. (1999), the PCP-Bs, which showed a similar eight cysteine residue motif with highly polymorphic regions interspersed, except that the spacing and arrangement of the cysteine residues was distinct from that of the PCP-As.
Positive data for the role of PCP family members in SI was published by Doughty et al. (1997) when they showed that PCP-A1 protein enriched fractions added to isolated pollen coat could elicit an S-specific SI response, indicating that the male determinant is a member of the PCP family. However the purity of the PCP-A1 fractions could not be guaranteed and the authors indicated that it was more likely another member of this family that was present in the enriched fractions that was causing the SI response (Doughty et al. 1999).
With the PCP family being so diverse and so abundant in the pollen coat of the Brassicaceae it seems likely that these proteins have significant roles in the SI as well as adhesion and even hydration of pollen grains. Whatever the eventual function of PCPs, it is clear from the current research that they are crucial in pollen-stigma interactions in the Brassicaceae. 
Four related PCP-B sequences have been identified in Arabidopsis: AtPCP-Bα, AtPCP-Bβ, AtPCP-Bγ, AtPCP-Bδ and these all show similarity to the PCP-B proteins identified in Brassica (low molecular weight, conserved cysteines and highly basic (pI 8-10)). Mutant knockout
 lines for AtPCP-Bβ and AtPCP-Bγ were made
 as well as a double mutant for AtPCP-Bβ/AtPCP-Bγ. These mutants have been used in adhesion studies and hydration studies to assess the effects or roles of AtPCP-Bβ and AtPCP-Bγ in the pollen coat. These studies found that there was a significant reduction in adhesion strength for both the single knockout AtPCP-Bγ mutant and the double knockout line for AtPCP-Bβ/AtPCP-Bγ over a 30 minute time period compared to wild-type (Eason 2006). Preliminary hydration data also suggested that the double mutant showed a slower rate of hydration compared to wild-type pollen (Eason 2006). Whether this reduction in the rate of hydration was as a direct result of AtPCP-Bβ/AtPCP-Bγ knockout is impossible to determine as this phenotype could be an artefact of the weakened adhesion observed.
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Figure 1: Schematic of the structure of a pollen grain. It shows the positions of the three layers of the cell wall: the intine, exine and pollen coat.
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