Molecular Cell Biology of Pollen Walls
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Abstract The pollen wall comprises the outer exine and the inner intine layers. It
plays important roles in protecting pollen from various environmental stresses
including microbial attack and in cell-cell recognition during pollination. The
exine is further divided into a sexine and a nexine layer. The material for the
exine is provided directly by the tapetal cells. The pollen wall of each plant has its
unique pattern. After meiosis, the four microspores are enwrapped by callose to
form a tetrad. The pollen-wall pattern is determined at tetrad stage. In contrast, the
intine is synthesized by the microspore itself. Many genes have been identified from
male-sterile mutants in Arabidopsis thaliana and rice during recent years. The
majority of these genes are involved in pollen-wall formation including tapetal
development, sporopollenin biosynthesis and transport, callose wall and primexine
deposition. This chapter introduces the recent advance of pollen-wall formation in
genetic and molecular level.

The life cycle of angiosperms can be subdivided into vegetative development
culminating in the mature sporophyte and reproductive development including
the formation of the gametophyte generation, pollination and fertilization. The
pollen grains corresponding to the male gametophytes are formed in the anther,
where the reproductive microsporocytes are neighboured to nonreproductive cell
layers. During development of the pollen grain, the pollen wall forms as a robust
and viscous layer covering the pollen grain. The biological function of this pollen
wall is to separate the microspore from the paternal tissue during its development in
the anther, to provide physical and chemical resistance against environmental
stresses in the mature pollen to ensure its survival and to provide a species-specific
adhesion to the stigma surface. However, the structure of the pollen wall not only

Y. Lou ¢ J. Zhu *» Z. Yang (I<)

College of Life and Environment Sciences, Shanghai Normal University, No. 100 Guilin Road,
Shanghai, China

e-mail: znyang@shnu.edu.cn

P. Nick and Z. Opatrny (eds.), Applied Plant Cell Biology, Plant Cell Monographs 22, 179
DOI 10.1007/978-3-642-41787-0_6, © Springer-Verlag Berlin Heidelberg 2014


mailto:znyang@shnu.edu.cn

180 Y. Lou et al.

mediates important biological functions but provides insight into the dynamics of
plant phylogeny and reports the genetic mechanism underlying pollen-wall ontog-
eny. Recent research shows that most phenotypes of male sterility are connected
with the abnormal development of the pollen wall. In this review, we concentrate on
the genesis of each layer in pollen wall and outline the events that are essential
during pollen-wall development.

1 Overview of the Angiosperm Pollen Wall

1.1 Structure of the Pollen Wall

Pattern and structure of the pollen wall represent an important feature of plant
taxonomic classifications and forensic identifications and therefore have been
described for many species (Cutter 1971; Stanley and Linskens 1974; Blackmore
and Barnes 1990; Scott 1994). Despite the morphological diversity among taxa, the
principal structure of the pollen wall shares general principles (Fig. 1). The pollen
wall consists of two main layers, the outer exine and inner intine. The exine can be
further divided into the sexine (a reticulate layer) and the nexine (a flat layer). The
sexine consists of a so-called baculum and a tectum, sculpted in a taxon-specific
manner. The exine is subtended by the nexine that acts as skeleton for the exine. In
contrast to the complex exine, the intine is a relatively simple layer, which is
deposited between the plasma membrane and nexine. Finally, the pollen coat or
tryphine fills the spaces between the baculum to surround the sculpted pollen wall.

1.2 Development of the Pollen Wall

Although the development of the pollen wall varies among species, the fundamental
sequence of this process has been elucidated in detail (Scott 1994; Owen and
Makaroff 1995; Blackmore et al. 2007; Ariizumi and Toriyama 2011). Pollen-
wall formation initiates at the late stage of meiosis. The microsporocytes secrete
callose onto the plasma membrane to form a callose wall. After meiosis, the four
microspores are wrapped inside this callose wall to form a tetrad. In the tetrad, the
primexine is deposited between the callose and the plasma membrane. It acts as a
template for the sexine-sculpting pattern. When the plasma membrane becomes
undulated, the sporopollenin precursors secreted by tapetum are deposited at the
peaks of undulated membrane to form probaculae and protectum. Subsequently,
callose and primexine are completely degraded, and the nexine layer appears
surrounding the plasma membrane in the released microspore. Upon continuous
addition of material derived from the tapetum, the sexine increases in size and
associates with the nexine to accomplish the exine structure. Once the nexine layer
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Fig. 1 Scanning (a) and transmission electron microscopy (b) of a mature pollen grain in
Arabidopsis

has been formed, the intine is laid down between the plasma membrane and nexine
layer and extends covering the entire microspore. Finally, the intine increases in
thickness, and the pollen coat (tapetal fragments) is added to the exine cavities
(Fig. 2).

1.3 Constituents of the Pollen Wall

The exine is mainly made up of sporopollenin, which is highly resistant to
non-oxidative physical, chemical and biological degradation. Due to the small
amounts of material, the insolubility of sporopollenin and technical limitations,
the details of sporopollenin components and structure are far from understood.
Moreover, there is evidence for differences in chemical pathways and modifications
of sporopollenin between species, adding further complexities (Edlund et al. 2004).
Compared with the complex exine, the components of intine are rather similar to
the primary walls of plant cells, including cellulose, hemicellulose, pectin and
proteins (Brett and Waldron 1990). As third component, the pollen coat accounts
for 10—-15 % of total pollen mass (Piffanelli et al. 1997) and is mainly composed of
nonpolar esters and very long-chain wax esters (Scott and Strohl 1962; Bianchi
et al. 1990).

2 Tapetum Plays an Essential Role in Pollen Wall
Formation

2.1 Tapetum Development

The tapetum layer occurs universally for the land plants. It is of considerable
physical significance because most nutrients for the pollen development are pro-
duced by, stored in and transported from the tapetum (Dickinson 1982). When
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Fig. 2 Diagrammatic views of pollen-wall formation. Msp microspore, Ca callose, Prb
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RNase is expressed in the tapetum by means of a tapetum-specific promoter, this
leads to male sterility, indicating an intimate association between tapetum and
microspore development (Mariani et al. 1990). There exist two major types of
tapetum in angiosperms. The secretory tapetum remains in its original position with
the anther wall and finally autolyses (as in Arabidopsis and Lilium longiflorum). In
contrast, the amoeboid tapetum forms a periplasmodium to intrude between the
developing microspores (as in rhoeo discolour and Tradescantia bracteata) (Pacini
et al. 1985). Tapetum development has been traced back in Arabidopsis to the L2
layer as one of three ‘germ’ layers (L1, L2 and L3) in the stamen primordia. The L2
layer gives rise to the primary parietal cells, secondary parietal cells and the
L2-derived archesporial lineage. The tapetum is specified from this archesporial
lineage as the innermost one of four somatic cell layers (Sanders et al. 1999).
During meiosis, the tapetum undergoes dramatic morphological changes to prepare
for its nutritive function for the microspores (Echlin 1971). The cytoplasm is
condensed and packed with ribosomes, mitochondria, Golgi bodies, endoplasmic
reticulum and vesicles. The tapetal cells pass mitosis without cytokinesis to form
binuclear daughter cells. At a late stage of meiosis, the tapetum develops into polar
secretory cells lacking a primary cell wall (Stevens and Murray 1981; Bedinger
1992). Meanwhile, the hallmarks of programmed cell death (PCD) become evident
in the tapetum (Varnier et al. 2005). Following meiosis, the tapetum begins to
provide the precursors of sporopollenin from the inner tangential face and the
intercellular tapetal space to execute the pollen exine formation (Pacini and Juniper
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Fig. 3 Light microscope photograph of cross sections of Arabidopsis tapetum at different stages
based on the 14 stages of anther ontogeny (Sanders et al. 1999). Tapetum development with main
events at different anther stages includes cell fate determination, endomitosis, apoptosis/PCD and
degeneration. Genes required for the respective processes are given for the different stages

1979). Later, the tapetum secretes the callase complex (also termed
B-1,3-glucanase) to dissolve the callose wall, releasing microspores from the tetrad
(Stieglitz 1977). After completion of the first microspore mitosis, the tapetum
accumulates numerous elaioplasts and cytoplasmic lipid bodies for pollen coat
formation. This material is discharged into the cavities of the exine surface after
the tapetum degeneration (Mascarenhas 1975; Hesse and Hess 1993). The normal
developmental process of tapetum in Arabidopsis is shown in Fig. 3.

The formation of binucleate cells and large stacks of extensive endoplasmic
reticulum (ER) support a nourishing function of the tapetum for microspores/
pollen-grain development including pollen-wall formation. At the meiotic stage,
the tapetal nucleus undergoes divisions deviating from conventional mitosis and/or
nuclear fusions. In Zea mays, the division takes place in the ordinary way, but
without formation of a cell plate. The two daughter nuclei remain inside the tapetal
cell. For other species, various types of division peculiarities have been described
(Maheshwari 1950). However, the mechanism for these specific nuclear divisions is
still unclear. The tapetum shows extensive ER stacks fused with the plasma
membrane (Owen and Makaroff 1995). This might facilitate protein synthesis and
secretory activity to release materials into the locule. In pollen development, the ER
is the major site for glycerolipid biosynthesis (Benning 2008). AtGPAT1 and
AtGPAT6 are members of the glycerol-3-phosphate acyltransferase (GPAT) fam-
ily, which mediate the initial synthetic step of glycerolipid biosynthesis (Zheng
et al. 2003; Li-Beisson et al. 2009; Li et al. 2012). Disruption of the AtGPATI or
AtGPAT6 genes causes defective tapetum development with reduced ER profiles,
and irregular exine deposition, leading to a partial degradation of pollen grains
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(Zheng et al. 2003; Li et al. 2012). In the double mutant of GPATI and GPAT6, the
defective callose dissolution affects microspore release from tetrads (Li et al. 2012).

PCD is required for development and maintenance in many multicellular organ-
isms (Vaux and Korsmeyer 1999, see also chapter by Smertenko and Bozhkov, this
volume). It has been proposed that tapetum degeneration involves programmed cell
death (PCD). The cytoplasmic or structural components of the degraded tapetum
serve important functions during pollen maturation (Wu and Cheung 2000). Cyto-
logical features of PCD include cell shrinkage, condensation of chromatin, swelling
of ER and persistence of mitochondria (Papini et al. 1999). A proper timing of
tapetum degeneration is necessary for a normal microsporogenesis. Premature or
delayed tapetal PCD causes male sterility. A plant aspartic protease is associated
with tapetal degeneration. The UNDEAD gene encodes an Al aspartic protease in
Arabidopsis, and silencing of UNDEAD with siRNA leads to apoptosis-like PCD in
premature tapetal cells (Phan et al. 2011). Two aspartic protease-encoding genes in
rice, OsAP25 and OsAP37, can promote cell death in both yeast and plant. The
mutation of ETERNAL TAPETUM 1 (EAT1), an upstream regulator of OsAP25/
37, delays tapetal PCD (Niu et al. 2013).

2.2 Genetic Pathway of Tapetum Development
and Functions

Many genes involved in tapetum development and functions, especially those
related to pollen-wall formation, have been identified in Arabidopsis (see Table 1).
Among them, the EXCESS MICROSPOROCYTESI (EMSI)/[EXTRA SPOROGE-
NOUS CELLS (EXS) and TAPETUM DETERMINANTI (TPDI) genes trigger the
signalling pathway for tapetal fate determination during early development
(Ma 2005; Zhao et al. 2002; Canales et al. 2002; Yang et al. 2003). Later, several
transcriptional factors regulate tapetum differentiation and pollen-wall formation.
The genes DYSFUNCTIONAL TAPETUMI1 (DYTI) and ABORTED MICRO-
SPORES (AMS) encode putative basic helix-loop-helix (bHLH) transcription fac-
tors (Zhang et al. 2006; Sgrensen et al. 2003), whereas DEFECTIVE in TAPETAL
DEVELOPMENT and FUNCTIONI (TDF1) encodes a putative R2R3 MYB tran-
scription factor (Zhu et al. 2008). These three genes are expressed in the tapetum
and meiocytes/microspores during early development. Mutations in these genes
cause tapetal hypertrophy extending into the locule and resulting in sporophytic
male sterility. A further member of the R2R3 MYB family, AtMYB103 (also named
MS188 or MYBS80), apparently regulates the sexine formation, since in the respec-
tive mutant, the sexine layer is completely absent (Zhang et al. 2007; Zhu
etal. 2010). AtMYB103 directly regulates a gene encoding an A1 aspartic protease
named UNDEAD (Phan et al. 2011) leading to the model that the AtMYB103/
UNDEAD system may regulate the timing of tapetal PCD, consistent with the
observation that precocious PCD occurs in atmybl03 (Zhu et al. 2010). Mutation of
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the nuclear protein MS1, containing a leucine zipper-like and PHD-finger motives,
causes tapetum vacuolation and defects in exine structure (Wilson et al. 2001;
Vizcay-Barrena and Wilson 2006; Ito et al. 2007; Yang et al. 2007). Compared with
the transcription factors DYTI, AMS and TDF 1, the expression of the AtMYBI03
and MS! genes in tapetum and microspores occurs during a later developmental
stage (Zhu et al. 2011).

Based on gene-expression profiling, several genetic networks have been pro-
posed for tapetal development and pollen formation in Arabidopsis (Feng
et al. 2012; Zhu et al. 2008; Xu et al. 2010; Phan et al. 2011; Ito et al. 2007,
Yang et al. 2007; Wijeratne et al. 2007). Among these genetic networks, the
transcriptional regulatory pathway involving DYTI1-TDF1-AMS-MS188-MS1
could be confirmed by in situ hybridization analysis in the respective mutant
background and by the phenotype of double mutants dyt/-3 tdf1, tdfl ams-2 and
ams-2 ms188-3 (Zhu et al. 2011). In this genetic pathway (Fig. 3), DYT1, TDF1
and AMS are sequentially activated to regulate early tapetum development,
whereas AtMYB103 and MS1 are sequentially activated for late tapetum develop-
ment and pollen-wall formation (Zhu et al. 2008, 2011).

3 Biosynthesis and Transport of Sporopollenin

Sporopollenin is assumed to consist of the heterogeneous materials derived from
long-chain fatty acids, oxygenated aromatic rings and phenylpropionic acids
(Guilford et al. 1988; Wehling et al. 1989; Wiermann and Gubatz 1992;
Wilmesmeier et al. 1993; Piffanelli et al. 1998; Ahlers et al. 1999; Meuter-Gerhards
et al. 1999). Further analyses including Fourier transform infrared spectroscopy
(FT-IR), nuclear magnetic resonance spectroscopy (NMR) and X-ray photoelectron
spectrometry (XPS) have elucidated that the sporopollenin polymer has a uniform
composition which may be linked via ether bridges (Bubert et al. 2002). By the
hydrolysis and methylation py-GC/MS method, two UV-absorbing monomers of
sporopollenin have been found in pollen (Blokker et al. 2005). Other studies on the
chemical similarities between the walls of spores and pollen in early land plants
suggest that the first land plants may have evolved the sporopollenin polymers to
protect their spores, such that sporopollenin may have arisen as the first polyester-
based extracellular matrix in plant (Bowman et al. 2007; Morant et al. 2007).

The complex biochemical pathways in the tapetum leading to the sporopollenin
monomers required for pollen exine formation have been well documented (Fig. 4)
(Ariizumi and Toriyama 2011). First, lauric acids (C;,) are esterified in the plastids of
the tapetum to CoA by the fatty acyl-CoA synthetase ACOS5 (de Azevedo Souza
et al. 2009). Subsequently, the resulting CoA esters enter the ER and are hydrolysed
by a putative thioesterase for the regeneration of lauric acids. These lauric acids are
then hydroxylated by specific members of the cytochrome P45y family in the ER, such
as the Arabidopsis CYP703A2 that could be shown in vitro to efficiently catalyse the
monohydroxylation at carbon atom 7 of lauric acids (Morant et al. 2007), whereas
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Fig. 4 Model for sporopollenin biosynthesis in the tapetum. Enzymes encoded by genes with
known functions in sporopollenin biosynthesis are indicated in red. Fatty acids synthesized in
plastids are esterified to CoA by ACOSS5 and then hydrolyzed by a putative thioesterase in ER. The
hydroxylated fatty acids produced by CYP,50s are regenerated to CoA esters by ACOSS. Sporo-
pollenin monomers, including the fatty alcohols and tetraketide products which are catalysed by
MS?2 and PKSs/TKPRs, respectively, are exported by ABCG26 and lipid transfer proteins (LTPs)
to the locule as sporopollenin building units for pollen-wall formation

CYP704B1 preferentially catalyses end-of-chain hydroxylation of longer fatty acids
(C14 to C18) (Dobritsa et al. 2009). These findings suggest that at least two types of
differentially hydroxylated fatty acids may serve as monomeric building blocks
during the formation of esters from hydroxylated fatty acids to export them across
the membrane, providing the substrates for reduction by the gene product of Male
Sterile 2 (MS2) (Schnurr et al. 2004; Morant et al. 2007). MS2 encodes a fatty
acyl ACP (Acyl Carrier Protein) reductase, which can convert palmitoyl-ACP
to fatty alcohols providing the monomeric constituents of sporopollenin
(Chen et al. 2011).

The second pathway required for sporopollenin biosynthesis is the formation of
phenylpropanoids (Dobritsa et al. 2010). In Arabidopsis, POLYKETIDE
SYNTHASE A (PKSA) and PKSB (also named LAP6 and LAPS5) encode chalcone
synthases with anther-specific expression, involved in flavonoid biosynthesis
(Dobritsa et al. 2010; Kim et al. 2010). Both proteins accept fatty acyl-CoA esters
as reaction substrates and condense them to malonyl-CoA, yielding triketide and
tetraketide o-pyrones as reaction products (Kim et al. 2010). Sequentially,
TETRAKETIDE a-PYRONE REDUCTASE1 (TKPR1) and TKPR2 (previously
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called DRL1 and CCRL6) reduce the carbonyl function of tetraketide a-pyrone
compounds synthesized by PKSA/PKSB (Grienenberger et al. 2010). Genetic
evidence suggests that the pairs of PKS and TKPR enzymes cooperating during
phenylpropanoid biosynthesis also contribute to the sporopollenin precursors for
exine formation (Grienenberger et al. 2010).

The sporopollenin originates from the tapetum as shown by ultrastructural
evidence from different plant species (Heslop-Harrison 1968). For instance, the
exine material lines the tapetal margin close to the surface of microspores in the
Gramineae (Rowley et al. 1959), and the dark particles of tapetal cells observed in
Silene pendula were found to be precursors presumably containing sporopollenin
that eventually deliver the exine materials (Heslop-Harrison 1962). Therefore, the
sporopollenin synthesized in the tapetum must be transported to the surface of the
developing microspores. In Arabidopsis, ABCG26/WBC27, a member of the
ATP-binding cassette (ABC) transporter superfamily, has been identified as poten-
tial transporter to export fatty alcohols and other derived monomers from tapetal
cells to the surfaces of microspores during the formation of the exine layer. TEM
analyses revealed a lack of sporopollenin deposition in the abcg26-1/wbc27-1
mutant, resulting in absence of probacula, bacula and tectum (Choi et al. 2011;
Quilichini et al. 2010; Dou et al. 2011). Furthermore, the ABCG26/WBC27 is the
direct target of transcript factor AMS, indicating that the sporopollenin transloca-
tion is under genetic control of the tapetal cells (Xu et al. 2010).

4 Pollen-Wall Pattern

The pollen-wall pattern is both under gametophytic and sporophytic control. It is
determined by restriction of callose deposition, secretion of the primexine matrix,
undulation of the plasma membrane and deposition of sporopollenin (Heslop-
Harrison 1971; Sheldon and Dickinson 1983; Blackmore and Barnes 1987;
Southworth and Jernstedt 1995). The initial pollen-wall pattern is laid down during
the tetrad stage (Schmid et al. 1996). At this stage, each tetrad of microspores has
already been casted by a callose wall, which is formed subsequently to meiosis.
Then, the primexine is deposited between the callose wall and the plasma mem-
brane of the microspore. Meanwhile, at the plasma membrane of the microspore,
undulations appear, whose protrusions will be the sites for future probacular
formation. Following the accumulation of sporopollenin, the probacula elongate,
the protectum is formed adjacent to the callose, and the plasma membrane gradually
returns to a smooth surface. Finally, the exine maturates by completion of the
nexine and impregnation with sporopollenin, after the callose and primexine have
disappeared (Paxson—-Sowders et al. 1997).
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4.1 Callose Wall Synthesis

Callose, a f-1,3-glucan polymer, is synthesized by callose synthase complexes
which are presumed to be located in the microsporocyte membrane (Roberts
1990; Kauss 1996). After synthesis, callose surrounds the microsporocytes through-
out entire meiosis. During meiosis and cytokinesis, a callosic septum grows cen-
tripetally to separate the individual microspores (Bhandari 1984; Cresti et al. 1992).
Several biological functions of callosic walls have been proposed: (1) as mechan-
ical barrier, callose fulfils an important role as a temporary wall that separates
microsporocytes or the microspores themselves, such that they can disperse as
single cells (Waterkeyn 1962); (2) as chemical barrier, it functions as a molecular
filter isolating the developing microspores from the influence of the diploid tissue
(Heslop-Harrison 1964); (3) as a source of glucose for the development of the
cellulosic primexine, which provides the basic framework of the future exine
(Larson and Lewis 1962); and (4) as a physical support for primexine assembly,
which nucleates primexine subunits, increasing their local concentration and
preventing them from diffusing into the anther locule (Nishikawa et al. 2005).
However, it is uncertain whether the callose wall can directly act as a mould for the
pollen-wall pattern. In Ipomoea purpurea, callose chambers mirror the imprint of
the primexine matrix and were suggested to act as template for the primexine matrix
and to define sculpturing patterns for the exine (Waterkeyn and Beinfait 1970).
However, in some other species such as Vigna and Caesalpinia, the callose wall
does not parallel the reticulate pattern of the exine (Takahashi 1989).

In Arabidopsis, 12 CALLOSE SYNTHASE (CALS) or GLUCAN SYNTHASE-
LIKE (GSL) genes have been identified and classified into one gene family (Hong
et al. 2001). In the tetrad, peripheral callose and interstitial callose are synthesized
by different callose synthases. In the knockout mutant cals5-2, the peripheral
callose of the tetrad is completely absent while the interstitial callose can still be
observed. This shows that CalS5 (Gs/2) is responsible for the synthesis of periph-
eral callose (Dong et al. 2005). Subcellular localization showed that both Gsl1 and
Gsl5 are located on the cell plate, suggesting that they may be involved in
interstitial callose synthesis (Hong et al. 2001; Enns et al. 2005). Recently, it has
been reported that Auxin Response Factor 17 (ARF17) can directly bind the Cals5
promoter region to regulate its expression for callose synthesis. In the arf/ 7 mutant,
callose is significantly reduced and the primexine is absent, resulting in pollen-wall
patterning defects (Yang et al. 2013). Auxin plays important roles during the entire
lifespan of a plant, which affects cell division, elongation and differentiation (Ljung
2013, see also chapter by Skupa et al., this volume). ARFs are the major component
of auxin signalling. It is likely that auxin may regulate the pollen-wall pattern
through ARF17. Similar to auxin, CDKs as further regulator of the cell cycle were
found to participate in pollen-wall patterning. CDKs have been originally identified
as key regulators of cell cycle transition by binding to their regulatory cyclin
partners inducing their kinase activity (Morgan 1997). However, ablation of
CYCLIN-DEPENDENT KINASE G1 (CDKG1), a member of this family of
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cyclin-dependent protein kinases, resulted in aberrant callose deposition and defec-
tive pollen-wall formation during microspore development of Arabidopsis. The
pre-mRNA splicing of the CalS5 gene was defective in cdkg/ mutant. CDKGI is
proposed to be recruited to Ul snRNP through RSZ33 to facilitate the splicing of
CalS5 for callose synthesis and pollen-wall pattern (Huang et al. 2013). Thus,
CDKs might also act as splicing regulators for gene expression. The expression
of CalS5 is regulated by both ARF17 and CDKGI1, which shows that callose
synthesis for pollen-wall formation is under complicated control.

4.2 Primexine Deposition and Plasma Membrane
Undulation

The primexine is mainly composed of polysaccharides, proteins and cellulose
(Heslop-Harrison 1963; Rowley and Southworth 1967; Dickinson and Heslop-
Harrison 1977). It is initially delivered by Golgi-derived vesicles to the space
between the microspore plasma membrane and the callose layer (Fig. 5a) (Dickin-
son and Sheldon 1984). After the primexine is formed, the microspore plasma
membrane becomes undulated (Dahl 1986; Dickinson and Sheldon 1986; Skvarla
and Rowley 1987; Takahashi 1993) (Fig. 5b). Subsequently, the undulating plasma
membrane produces conspicuous peaks, and the probacula are extruded onto the
peaks (Fig. 5¢). Finally, the protectum is formed next to the callose to complete the
exine pattern (Fig. 5d).

The primexine and the membrane undulation represent decisive factors to
regulate the development of pollen-wall ornamentation. As the key organizers of
pattern formation, the diverse properties of the primexine probably decide the
pattern differences among taxa (Takahashi 1989; Gabarayeva and Rowley 1994;
Anger and Weber 2006). The undulation of the plasma membrane contributes to the
pattern in guiding probacula formation in the primexine. Different hypotheses have
been proposed to explain the undulation of the membrane. In Vigna unguiculata,
the primexine is secreted from microspores. The change of cytoskeletal tension in
the microspore was suggested to cause the patterned undulation of the plasma
membrane for the assembly of the exine layer (Southworth and Jernstedt 1995).
In Brassica, fibrous materials are inserted into the invaginations in the plasma
membrane. These materials will separate the peaks of the plasma membrane onto
which the probacula are finally extruded (Fitzgerald and Knox 1995). In Lilium, the
plasma membrane is proposed to be anchored at the callose wall at specific sites,
and the areas between these sites are thought to retract from these anchor sites,
finally forming the peaks and troughs of plasma membrane (Dickinson 1970;
Dickinson and Sheldon 1986; Skvarla and Rowley 1987).

In Arabidopsis, several male-sterile mutants with defective primexine have been
reported. Mutations of DEFECTIVE in EXINE FORMATIONI (DEX1), NO EXINE
FORMATIONI (NEF1) and RUPTURED POLLEN GRAIN 1 (RPGI) genes exhibit
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Fig. 5 The development of pollen-wall ornamentation. CALS callose, PE primexine, PM plasma
membrane, UPM undulating plasma membrane, Prb probacula, Prt protectum

similar phenotypes: They all show irregular deposition of the primexine and
reductions in plasma-membrane undulations, followed by random deposition of
sporopollenin instead of a normal exine structure. As a result, no viable pollen
comes to maturity (except for rpgl where a partial fertility is maintained). DEX1
encodes a protein that is predicted to be membrane associated and contains several
potential calcium-binding domains (Paxson-Sowders et al. 1997, 2001). The phe-
notype of the dex/ mutant suggests that DEX1 may be a component of the
primexine matrix and involved in the polymerization of the primexine. Alterna-
tively, DEX1 could be part of the rough ER, processing and/or transporting
primexine precursors to the membrane. NEF/ encodes a plastidic integral mem-
brane protein, which may indirectly change the composition of the primexine
and/or sporopollenin or cause an imbalance between synthesis and transport of
fatty acids (Ariizumi et al. 2004). RPG1 encodes an MtN3/saliva family protein that
is integral to the plasma membrane with seven putative transmembrane helices
(Guan et al. 2008). Recently, RPGI has been renamed to SWEETS, because its gene
product was found to act as a sugar efflux transporter (Chen et al. 2010). This is
consistent with the idea that primexine formation is mainly dependent on polysac-
charide polymerization delivered by RPG1. Also a second member of the MtN3/
saliva family, RPG2, is reported to be involved in primexine deposition. It is
proposed to play a redundant function of RPG1 during later stages of pollen
development (Sun et al. 2013). In the no primexine and plasma membrane undu-
lation (npu) mutant, the primexine is completely absent and the undulation of the
plasma membrane cannot be observed (Chang et al. 2012). This suggests that the
primexine determines plasma membrane undulation. NPU encodes a functionally
unknown protein localized to the plasma membrane with two extracellular regions.
Since NPU is a transmembrane protein just like RPG1, it may also act as a sugar
transporter driving the transport of polysaccharide material essential for primexine
formation. Although the primexine is supposed to be secreted by microspores itself
(Southworth and Jernstedt 1995), these primexine mutants show dominant-
recessive Mendelian inheritance which is evidence for a contribution of the mater-
nal sporophyte tissue (Paxson-Sowders et al. 1997; Ariizumi et al. 2004; Guan
et al. 2008; Chang et al. 2012; Ariizumi and Toriyama 2011).
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4.3 Dissolution of the Callose Wall

The degradation of callose around the tetrad is one of the most dramatic cytological
events in microsporogenesis. After the exine pattern has been established,
the callose is broken down by a callase complex secreted from the tapetum
(Stieglitz 1977). The glucanase activity expressed in the anther is mainly dedicated
to callose-wall dissolution and the release of young microspores into the locules
(Frankel et al. 1969). This activity peaks at the time of tetrad breakdown (Stieglitz
and Stern 1973), suggesting that the appropriate timing of callose wall dissolution is
specific and critical for normal microspore development. Several mutants and
engineered plants with alterations in timing of -1,3-glucanase expression provide
evidence that both failure in callose degradation as well as its premature onset are
the primary causes of male sterilities in several species (Izhar and Frankel 1971). In
transgenic tobacco with premature callose degradation, the exine is sculptured in an
irregular fashion, and sporopollenin is deposited randomly, leading to variable
degrees of male sterility (Worrall et al. 1992). A molecular candidate for this
enzyme is the gene product of Arabidopsis A6 encoding a protein with similarity
to B-1,3-glucanases. A6 promoter::GUS and RNase fusions show that the A6 gene is
specifically expressed in the tapetum in a temporal pattern correlated with callase
activity, suggesting that A6 is probably part of the callase enzyme complex (Hird
et al. 1993). However, the molecular mechanism regulating the callose dissolution
has not been identified (Scott et al. 2004).

4.4 Formation of Pollen Apertures

Pollen apertures provide the exit points for the emerging pollen tube at the time of
germination and also regulate water uptake during hydration (Heslop-Harrison
1979). Size, number, shape and position of pollen apertures are specific for a
species and represent one of the taxonomy-defined elements of exine patterning
(Furness and Rudall 2004). It has been proposed that the aperture position is
controlled by microtubules (Heslop-Harrison 1971; Dickinson and Sheldon
1986), probably by microtubule-dependent modelling of the ER which subtends
the plasma membrane underneath the prospective site of the aperture, such that
vesicles carrying cellulosic or sporopollenin material are shielded from these sites,
only leaving the intine layer (Schmid et al. 1996). Recently, a gene involved in
aperture formation has been identified in Arabidopsis thaliana. In a mutant of this
gene, inaperturate pollenl (inpl), all three apertures are lost although the pollen
retains normal fertility. The INP1 gene product shows a tripartite subcellular
localization in microspores when the maternal sporophyte still harbours a func-
tional copy of this gene, demonstrating sporophytic control of aperture positioning.
The aperture length is dependent on sporophytic gene dosage (Dobritsa and Coerper
2012).
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5 Intine Development Is Controlled by the Gametophyte

The intine comprises cellulose, pectin and various proteins (Blackmore et al. 2007).
It ensures the viability of the mature pollen grain as well as pollen-tube germination
thus contributing to pollen survival and fertility (Brett and Waldron 1990; Edlund
et al. 2004). Several genes involved in intine formation have been identified in
Arabidopsis. AtUSP encodes a UDP-sugar pyrophosphorylase. It is the terminal
enzyme in the myoinositol oxidation (MIO) pathway (Litterer et al. 2006) yielding
precursors for the synthesis of glycolipids, glycoproteins and cell wall components
including pectin and hemicellulose. Most pollen grains of the u#sp mutant lack intine
layers and show a degraded cytoplasm, while there are no evident effect on the
exine (Schnurr et al. 2006). AtUSP may involve in the synthesis of the matrix
polysaccharides required for intine synthesis (Schnurr et al. 2006). The Arabidopsis
genome contains five genes encoding reversibly glycosylated polypeptides (RGPs)
(Dhugga et al. 1991,1997; Girke et al. 2004). RGPI and RGP2 are specifically
expressed in mature pollen. The rgp/ rgp2 double mutant is lethal, and the
malformed pollen grains are arrested due to the poorly defined intine (Drakakaki
et al. 2006). RGPs may play a role on pectin and/or polysaccharide biosynthesis
required for glycoprotein glycosylation during intine development (Drakakaki
et al. 2006; Li et al. 2010). CELLULOSE SYNTHASE (CESA) genes encode
catalytic subunits of the cellulose synthase complexes (CSCs), responsible for the
deposition of cellulose (see also chapter by Nick, this volume). Mutations of cesal
and cesa3 show the gametophytic lethality due to the uneven intine distribution,
suggesting that the cellulose microfibrils provide a framework for deposition of
intine polymers (Persson et al. 2007). The fasciclin-like arabinogalactan (FLA)
proteins have been known for their role in the response to abiotic stress during plant
development (Johnson et al. 2003; Shi et al. 2003; MacMillan et al. 2010). In a
FLA3 RNAI plant, the intine layer is absent leading to pollen abortion. Since FLA3
is distributed at the plasma membrane with a glycosylphosphatidylinositol anchor,
it might modulate cellulose deposition during intine formation (Li et al. 2010). The
gametophytic lethality of these mutants supports that the intine is controlled by
male gametophyte.

6 Pollen Coat

The pollen coat is characterized by a complex lipid composition. Nonpolar esters
form a semi-solid matrix, where proteins and other compounds are embedded. In
the pollen coat, the long-chained lipids may function in cell-to-cell signalling, the
lipid derivatives attract insects to facilitate pollen transmission and the carotenoids
and flavonoids convey protection against UV radiation and microbial attack
(Piffanelli et al. 1998; Doughty et al. 1993; Stephenson et al. 1997; Pacini and
Franchi 1993; Paul et al. 1992).
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Along with the sporopollenin, the tapetum also generates waxes regarded to be
important for the pollen-pistil interaction (Preuss et al. 1993). As first step in wax
biosynthesis, saturated C;¢ and C,g fatty acyl-CoAs produced in the plastid are
further elongated to yield fatty acyl-CoA chains of 20-34 carbons in the ER. Then,
these prolonged chains are converted to the various chemical classes of waxes by
different biosynthetic pathways (Kunst and Samuels 2003). Genes acting at differ-
ent steps of the wax biosynthetic pathway have been identified in Arabidopsis
(Koornneef et al. 1989; McNevin et al. 1993). Mutations in ECERIFERUM
(CER) affect the chemical composition of leaf and stem waxes (Jenks
et al. 1995). The mutants cerl, cer3, cer6, cer§8 and cerl0 show male sterility.
However, their fertility can be restored under conditions of high humidity
(Koornneef et al. 1989; Hannoufa et al. 1996; Millar et al. 1999; Fiebig
et al. 2000). CERI encodes a novel protein involved in the conversion of long-
chain aldehydes to alkanes. Mutation of cer/ not only alters the wax deposition on
stem and fruits but also induces more numerous and smaller lipid droplets in the
tryphine causing a defective exine structure (Aarts et al. 1995). The rice homologue
of CER1, Wax-deficient antherl (Wdal), shows 56 % similarity on the amino acid
level. In the wdal mutant, major components of waxes are reduced, and tapetal
cells do not contain any orbicules or cytoplasmic lipid bodies causing a failure of
exine formation. WDAL is considered to mediate generation or secretion of very-
long-chain aliphatic molecules, including the precursors for sporopollenin in anther
walls (Jung et al. 2006).

FACELESS POLLEN-1 (FLP1) protein is also a member of the CER family
(also named WAX2/CER3/YRE). It participates in the synthesis of wax in stems
and siliques, components of the tryphine and the sporopollenin of exine (Ariizumi
et al. 2003; Chen et al. 2003; Rowland et al. 2007; Kurata et al. 2003). In the
faceless pollen-1 (flp-1) mutant, stems and siliques are reduced in wax content, and
excessive tryphine fills the interstices of the exine leading to a smooth surface. This
is consistent with a role for the tapetum in the control of the tryphine. The exine
structure of flp-1 is sensitive to acetolysis, which may result from sporopollenin
precursors in the tapetum being not properly secreted and/or transferred to the
primexine (Ariizumi et al. 2003). The genetic evidence supports that sporopollenin
and waxes may share partial biosynthesis pathway for pollen-wall development.

7 Summary

The pollen wall, as the most complex manifestations of plant cell walls, has the dual
function to support plant gametogenesis and fertility. It consists of two main layers,
the outer exine and the inner intine. The exine is controlled by the sporophyte and
the intine is controlled by gametophyte. The formation of the exine comprises two
developmental processes: pollen-wall pattern determination and deposition of
sporopollenin precursors. Pollen-wall pattern determination is dependent on for-
mation of a callosic wall, plasma membrane undulation and primexine deposition.
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Fig. 6 Developmental model for pollen-wall formation with key genes involved in normal pollen-
wall formation

The callose wall may provide a structural basis for the primexine deposition. In
Arabidopsis, the gene products of CDKG1 and ARF17 regulate the transcript of
CalS5, which is responsible for the synthesis of callose. Primexine formation and
plasma membrane undulation successively provide the scaffold for sporopollenin
deposition and polymerization. Genetic evidence shows that precise primexine
formation requires the functions of the DEX1, NEF1, RPG1 and NPU proteins in
Arabidopsis. Sporopollenin deposition and polymerization requires three important
steps: synthesis, secretion and translocation of sporopollenin precursors. Genetic
evidences have elucidated that all of these processes are controlled by tapetal cells.
A transcriptional regulatory pathway involving DYT1-TDF1-AMS-MS188-MS1
has been proposed for tapetal development and pollen formation in Arabidopsis. In
the metabolic pathway generating the material for pollen-wall formation, fatty acids
are hydroxylated by specific members of the cytochromes P,5o family; fatty acid
modifications such as CoA-esterification and CoA-reduction are regulated by
ACOSS5 and MS2 respectively, whereas PKSA/PKSB and TKPR1/2 are required
for phenylpropanoid biosynthesis. Subsequently, the sporopollenin precursors are
transported from the tapetum to the surface of the microspores by the gene product
of ABCG26, which is a direct target of AMS (Fig. 6).

Male sterility is an important trait in agriculture. Male-sterile varieties are
valuable resources that greatly facilitate the production of hybrids via cross-
pollination. In crops, heterosis can dramatically improve yield and quality, which
is widely utilized in plant breeding. Because the exine is genetically controlled by
the sporophyte tissue, defects in many genes essential for exine formation lead to
male sterility. Therefore, manipulation of exine genes may provide novel strategies
to generate male-sterile mutants which could be used for plant breeding in
agriculture.
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