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Summary: The pollen grain, because of its unique structural organization, is an extremely useful
experimental model in cytological, molecular as well as in genetic studies. Due to the ease of pollen
grain isolation, their sorting as well as simple extraction of their DNA, RNA and proteins, male
gametophyte cells of angiosperms are presently one of the most intensively studied plant cells.
Important and rapid progress in the development of experimental tools for genome exploration caused
a significant increase in the number of reports concerning different aspects of gene expression during
microsporogenesis and microgametogenesis in angiosperm plants. In this review we present the
current knowledge of the pollen transcriptome and proteome during different stages of male
gametophyte development, especially in Arabidopsis thaliana. Most of the results presented here
were obtained in experiments carried out using microarrays, which were designed on the basis of the
known sequence of the Arabidopsis genome.
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INTRODUCTION

The pollen grain is the male gametophyte and is the generative phase in the
life cycle of higher plants. Two processes contribute to its development:
microsporogenesis and microgametogenesis. Microsporogenesis encompasses
meiosis which takes place in microspore stem cells (microsporocytes). As a result,
a tetrad of haploid microspores is formed which, after liberation, increase their
volume and differentiate into the pollen grain. Microgametogenesis begins with an
asymmetric microspore division (meiotic division 1), resulting in formation of a
two-cell pollen grain. Pollen cells differ in respect to morphology and physiology —
a large vegetative cell which takes up most of the pollen grain volume is much
more active than the small generative cell during pollen development [87]. At the



30 K. RAFINSKA, K. ZIENKIEWICZ, E. BEDNARSKA

final stage of gametophyte development the generative cell divides into two sperm
cells (meiotic division 11). In the three-cell pollen grains the mitotic division takes
place during the development of pollen in the anther, whereas in the two-cell grains
the mitotic division occurs during growth of the pollen tube in the pistil. Before
liberation of the pollen grains from the anthers they are dehydrated, which is
accompanied by inhibition of transcriptional activity of pollen cells. After
pollination the pollen grain is hydrated and germinates into the pollen tube. The
pollen tube growing from the aperture is the fastest growing plant cell and serves to
transfer the male gametes into the embryo sac.

The pollen grain and the pollen tube, because of the ease of isolation and in
vitro culture, are an excellent model for analyzing many fundamental biological
processes such as: cell polarization, determination of development, cell cycle
regulation, cell signaling, directional growth and regulation of gene expression. A
basic step towards understanding the mechanisms which regulate these processes is
to isolate the transcriptome and proteome of the male gametophyte. The relatively
simple isolation of RNA and proteins from a pure population of pollen grains
makes it possible to analyze the expression of genes of an essentially single cell i.e.
a vegetative cell.

Development of the male gametophyte is controlled by two successive
developmental programs. Depending on the developmental stage at which the
genes are transcribed they have been divided into two classes: early genes and late
genes. The transcripts of early genes appear just after meiosis, and their level later
decreases considerably in mature pollen grains. Transcripts of late genes, detected
only after the first mitotic division, accumulate during the maturation of the pollen
grain until it reaches complete maturity. These transcripts constitute a pool of so-
called long-lived mRNA, which is not translated until the moment of germination
of the pollen tube [9,77]. This pool stored mainly in the cytoplasm of the vegetative
cell in the form of poly(A)RNA [86], is able to survive dehydration and the
successive rehydration during pollination of the pistil. It is a ready-made template
for protein synthesis during the germination of the pollen tube. The mature pollen
grain is thus provided with a genetic program executed during the pollination and
early stages of pollen tube growth [77].

The generative cell and sperm cells are characterized by a low volume of
cytoplasm and strongly condensed chromatin in the nucleus. They show a low level
of expression even though in the two-cell pollen grains and also in the generative
cell poly(A)RNA, transcripts may be stored [86]. Sperm cells predominantly
synthesize secretory or membrane proteins which are believed to be related to the
recognition on the cell-cell level during fertilization [24].
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TRANSCRIPTOME OF THE ARABIDOPSIS THALIANA
POLLEN GRAIN

A convenient model for analyzing the genetic bases of pollen grain
differentiation and the germination and growth of the pollen tube is Arabidopsis, a
plant producing tricellular pollen grains made up of a large generative cell and two
small sperm cells. The sequencing of the genome of this species was accompanied
by the development of molecular biology techniques. This made it possible to
identify genes which are expressed at a high level in pollen grains and those which
are pollen-specific, which allowed better understanding of the mechanisms
involved in the process of development of the male gametophyte in angiosperms.

A large scale analysis of the A. thaliana pollen grain transcriptome was
carried out using two methods: SAGE (Serial Analysis of Gene Expression) and
microarrays. Initially, the former had an advantage as knowledge of the gene
sequence of the analyzed organism was not necessary. This method allows the
detection of the expression of a gene which is not annotated. The expression of
4211 genes was demonstrated in the pollen grain and compared to the genes
undergoing expression in somatic tissues [45]. Over 40% of the detected transcripts
were found to encode genes involved in cell wall biosynthesis. A low level of
expression in comparison to leaves is, on the other hand, found for genes which are
involved in the synthesis of other proteins, including those involved in basal energy
metabolism. The number of molecules of transcripts of genes with a high level of
expression in the male gametophyte was found to be very high. Genes expressed as
more than 100 copies in one cell were found to constitute 58% of the total number
of transcripts [45].

The sequencing of the A. thaliana genome and the introduction of the
microarray technique in which each gene is isolated by a set of molecular probes
enables the determination of the pollen transcriptome of this species [69]. So far
four research groups have been involved in this task (Table 1).

The first research performed on an Affymetrix Gene Chip AG, which
represents the sequence of almost 1/3 of the Arabidopsis genome (8200 genes)
yielded considerable discrepancies as to the number of genes whose transcripts are
present in the mature pollen grain. One of the research groups identified the
transcripts of 992 genes of which almost 40% were described as pollen-specific
[35]. However, another group detected the transcripts of 1584 genes and
determined that 90% of them also are expressed in sporophyte tissues which
constitutes over 60% of the genes undergoing constant expression in the
sporophyte [5]. Among 469 genes having a high level of expression in the
gametophyte, 162 were classified as pollen specific. The reason for the
discrepancies in the number of pollen specific genes [9] is found by comparison of
the pollen transcriptome with the transcriptome of individual organs, such as
leaves, roots, seedlings [5], the transcriptome of the whole plant in successive
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developmental stages [36], and also by comparison with the transcriptomes of
different A. thaliana genotypes. The number of genes undergoing expression in the
pollen grain is 30 to 60% lower than in sporophyte tissues [5,77]. Attention was
paid to the differences between the pattern of expression of genes in the male
gametophyte and vegetative tissues [5]. Most genes with an average or high level
of expression in seedlings showed a low level of expression in pollen grains and
vice versa - those with a low level of expression in seedlings showed a high level
of expression in the gametophyte. In the pollen grain 3 times fewer genes were
expressed than in any sporophyte tissue [5]. These analyses show that the number
of genes undergoing expression in the pollen grain ranges between 3 500 and 5 500
[77].

TABLE 1. Number of genes whose transcripts occur in mature A. thaliana pollen grains.

Research group Year Species Microarray used | Number of genes
(ecotype)
Honys i Twell [36] 2003 Arabidopsis Affymetrix AG 992
(Landsberg erecta)
Becker i wsp. [5] 2003 Arabidopsis Affymetrix AG 1584
(Columbia)
Honys i Twell [37] 2004 Avrabidopsis Affymetrix 7235
(Landsberg erecta) ATH1
Pina i wsp. [59] 2005 Arabidopsis Affymetrix 6587
(Columbia) ATH1

The use of newer ATH1 microarrays encompassing 80% of the A. thaliana
genome, has allowed a more detailed analysis of the expression pattern and a better
estimation of the number of genes expressed in a maturing pollen grain. Using this
microarray the presence of the transcripts of 6587 genes was demonstrated which
constituted 29% of the sequences on the chip [58]. However, transcripts of
different vegetative tissues constituted a significantly higher percentage of the
microarray (e.g. flowers 68%, leaves 62%, shoots 68%, seedlings 69%), which
means that in the male gametophyte over 50% fewer genes are expressed than in
vegetative tissues. In the male gametophyte 11% of genes (739) expressed are
pollen-specific [58]. This is much more than in vegetative organs such as leaves,
shoots and seedlings where the percentages of the specific genes are respectively
2%, 4% and 6%. Of the 26% of pollen genes which have been described as highly
active as many as 1/3 were specific and over % of these specific genes had a high
level of expression. On the basis of these results and assuming that the A. thaliana
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genome encodes 28 000 genes, 8200 genes were estimated to undergo expression
in pollen grains [58].

Using Affymetrix ATH1 microarrays successive stages of male
gametophyte development were analyzed and 13 977 genes undergoing specific
expression in at least one stage were identified, of which 9.7% were pollen specific
[37]. Most genes are expressed in the two earliest stages — 11565 in the microspore
and 11909 in the two-cell pollen grain. After division of the generative cell into
two sperm cells in the pollen grain the transcripts of 8788 genes were found, while
in mature pollen grain only 7235 gene transcripts. The large numbers of genes
which undergo expression in the early and late phase of male gametophyte
development probably are housekeeping genes [77]. The number of pollen specific
genes varied from 857 in the two cell stage to 625 in the mature pollen grain. In
spite of the decrease of the number of different mMRNA molecules, the percentage
of transcripts specific for the male gametophyte increased from 6.9% in the
microspore to 8.6% in the mature pollen grain. According to the estimations the
total number of genes undergoing expression in the maturing A. thaliana pollen
grain may be as large as 17 000 [36].

As transcriptomes of new types of cells and tissues of Arabidopsis have
become known the number of pollen grain specific genes decreased to 5.6% , much
lower than initially assumed. They are, in general, expressed at a very high level
and constitute the so-called group of late pollen genes. The average level of
expression of late pollen genes is higher than that of constitutive genes.
Considering the transcription pattern of pollen grains unspecific genes expressed at
a high level should be noted. In this group genes are included for which the
maximum expression in the male gametophyte is at least five times higher than the
maximum expression in sporophyte tissues [77]. 1364 such genes have been
identified, i.e. 9.7% of genes undergoing expression during the development of the
male gametophyte. Among genes not specific for pollen 1084 were expressed as
early pollen genes and 1014 as late pollen genes.

The number of genes undergoing transcription in A. thaliana pollen grains
identified by various research groups differs considerably, probably due to the use
of different ecotypes for the analysis, different growth conditions of the plants,
methods of isolation and sorting of pollen grains, and also different experimental
conditions and methods of data analysis [19]. The ATHL1 microarray was designed
on the basis of the sequence of the genome of ecotype Columbia. Thus the analysis
of pollen grains of the Columbia ecotype is the truest reflection of the real
situation. Comparative analyses of eight A. thaliana ecotypes indicate considerable
differences, partly due to posttranslational modifications and partly to the
occurrence of different alleles of the same gene [18]. Genetic differences between
different A. thaliana ecotypes have been confirmed by the analysis of the
transcriptome of the growth apex of the Columbia and Landsberg ecotypes, also
performed on an ATH1 microarray [69].
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Using FACS (fluorescence activated cell sorting) it was also possible to

analyze the transcriptome of Arabidopsis thaliana sperm cells. On an ATH1
microarray, transcripts of 5829 genes were detected, of which 2400 had a high
level of expression. Comparative analysis showed that the transcripts of 4757 genes
were shared between sperm cells and seedlings [12].
At the present stage of investigations, in spite of considerable discrepancies of the
results a general pattern of gene expression in differentiating and mature male
gametophyte of A. thaliana can be outlined. The microspore transcriptome more
closely resembles the transcriptome of undifferentiated somatic cells cultured in
suspension (correlation coefficient (R) = 0.474) than the transcriptome of a mature
pollen grain (R = 0.194) [37]. This indicates a change in the genetic program of the
cells of a differentiating male gametophyte and the transition from the program of
early genes to the program of late genes. After the two-cell pollen grain stage a
decrease in the diversity of transcripts takes place. This phenomenon is linked to
terminal differentiation. It is accompanied by the activation of new groups of genes
which probably function during pollen grain maturation and later during
germination and growth of the pollen tube [37]. Finally, the transcriptome of the
mature pollen grain is considerably less complex in comparison to the
transcriptome of sporophyte tissue. Pollen specific genes and genes showing a high
level of expression constitute a large part of this transcriptome. It seems that the
transcripts of these genes play a key role in pollen development and also in its
germination into the pollen tube.

In A. thaliana the transition between the early and late developmental
program of the male gametophyte occurs before the second pollen mitosis. Central
elements regulating this process are transcriptional factors. Cluster analysis of
transcriptional factors has permitted their division into those undergoing
expression: (1) at early stages of pollen development, (2) at a later stage of its
development and (3) constitutively. Among 1350 presumed transcription factors in
A. thaliana 612 were expressed in maturing pollen grains, among them 542 in the
initial stages of its development and 405 at a later period [37]. 49 showed a high
level of expression but only 27 were pollen specific [77]. Among early pollen
genes transcription factors from such families as: NAC, WRKY, TCP, ARF,
Aux/IAA, HMG-box and Alfin-like were included [37]. The transition between the
two developmental programs is also documented by the expression of genes linked
to protein synthesis. Initially they constitute as much as 15% of the group of genes
with the highest expression in pollen grains. During the transition between two
genetic programs a decrease in the activity of these genes takes place and
completely different genes are turned on [77].

Cluster analysis was used to analyze the transition between the two
developmental programs [37]. It allows the analysis of changes in expression levels
of a set of genes over time. Clusters containing genes important in pollen tube
germination and growth and during the process of fertilization are expressed at a
high level in the two-cell and three-cell stage of the pollen grain.
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The transcriptome of the mature pollen grain reflects its preparation for
germination and growth of the pollen tube, which is particularly visible in its
functional analysis. A low level of transcripts was observed for genes encoding
transcriptional factors, housekeeping genes and genes encoding proteins
indispensable for translation. An especially high level was found for genes linked
to cell wall metabolism, cell signaling, the cytoskeleton and also translation factors.
In each of these groups specific genes were identified and understanding their role
will increase our knowledge of the mechanisms of pollen tube germination and
growth. A high level of expression occurs in the groups of genes whose products
are indispensable to the initial stages of pollen tube growth i.e. during the synthesis
of the cell membrane and cell wall, exocytosis of its structural components, and in
the reception and transmission of signals derived from the pistil. Transcripts of
these genes are stored in the mature pollen grain and just after pollination they may
undergo translation. In the mature pollen grain in the cytoplasm of the vegetative
cell the presence of a large amount of poly(A)mRNA has been demonstrated [86].
Some of these transcripts may be stored in the form of mRNP particles called EPP
(ribonucleoprotein particle) [35]. Using inhibitors of transcription and translation in
A. thaliana a phenomenon, known since the 1960’s, was confirmed [36,51] - that
germination and initial growth of the pollen tube do not depend on de novo RNA
synthesis but need a resumption of translation. It appears that not only ready to use
transcripts are stored in the male gametophyte but also the protein biosynthesis
machinery [35]. Earlier biochemical and physiological experiments had proved that
in the mature pollen grain a large pool of tRNA and ribosomes necessary for
translation during rapid pollen tube growth are stored [51]. Recent investigations
on the A. thaliana pollen grain have confirmed the occurrence of a number of
ribosomal proteins (At2936160, Atlg07770, At2g41840, At3g09200, Atlg33140,
Atbg45775, At2g37190, At2g20450) in the cytoplasm [32].

CHARACTERISTICS OF THE POLLEN GRAIN PROTEOME

Investigations on the pollen proteome of A. thaliana have complemented
our understanding of the expression of genes in the pollen grain and addressed the
question whether translation of transcripts required during germination and growth
of the pollen tube takes place during the period of pollen grain maturation or only
during its germination [34]. In the mature pollen grain, protein products of genes
with a high level of transcription are present at a low level and inversely — the level
of proteins encoded by genes with a low level of transcription is high. Proteins
present at a high level are believed to be predominantly involved in energy
metabolism while those at low levels predominantly in the makeup of the cell
structure. In the mature pollen grain a large pool of proteins responsible for energy
metabolism has been found (21%) in comparison to the amount of transcripts
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which encode them (1%) [55]. An hypothesis was proposed that enzymes are
accumulated which are responsible for rapid energy release during pollen tube
germination. This is confirmed by investigations performed on Lycopersicon
esculentum [72] and Oryza sativa [20] pollen grains. The mature pollen stores
proteins which will be necessary for immediate release of energy during pollen
tube germination as well as transcripts encoding structural proteins and those
involved in cell signaling. These transcripts may already be translated during
pollen tube germination. Among proteins identified as pollen specific in the
proteome are those predominantly responsible for the structure of the cell and its
growth and division [34]. Lilium longiflorum pollen grains subjected to -20°C for 2
months were found to have clearly delayed germination. Analysis of their
transcriptome and proteome indicates that this is due to the partial degradation of
proteins and mRNA stored in the pollen grain, which may have different stabilities
[83]. Actinomycin D (an inhibitor of transcription), considerably inhibited pollen
tube germination and growth in pollen grains stored in the cold compared to fresh
pollen grains. This indicates the necessity of resuming pollen transcription and
replacement of MRNA particles degraded by the action of low temperature.

Proteome analysis has shown that in the pollen grain of all analyzed
species the largest pool is made up of proteins responsible for carbohydrate
metabolism. These results have also helped in understanding the processes of
hydrolysis and metabolism of starch during pollen germination. It seems that the
vacuolar acid invertase, whose presence has been demonstrated in pollen grains of
A. thaliana [34,55], rice [20] and tomato [72], decomposes sucrose into glucose
and fructose. At the next stage fructose is phosphorylated by fructokinase. This
hexose phosphate is the substrate for a set of further carbohydrate changes, such as
glycolysis and the tricarboxylic acid cycle. Key enzymes of these pathways and the
electron transport chain occur in mature pollen grains of all species whose
proteomes have been analyzed. Acid invertase may participate in the growth of the
plant cell and osmoregulation, which seems to be of critical importance during
elongation of the pollen tube. The level of both reverse invertase and fructokinase
increases during anther maturation and reaches a maximum at the moment when
the pollen grain is mature [2].

Proteome analyses performed so far have shown that over 20% of proteins
occurring in mature pollen grains have two types of isoforms: when the same gene
encodes proteins changed as a result of posttranslational modifications or when
proteins are encoded by different genes. There are distinctly more isoforms of
proteins of the first type, probably serving to diversify the proteins of the haploid
genome. Such posttranslational modifications may play an important role during
pollen grain development [55,72].

The transcripts and proteins present in mature pollen grains can be divided
into the following functional categories: (1) those participating in cell wall
structure, (2) those participating in the regulation of transcription and translation,
(3) those regulating transmembrane transport, (4) and cell cycle regulators.
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GENES INVOLVED IN CELL WALL SYNTHESIS

A mature pollen grain is surrounded by sporoderm made up of the external
sporopolenin exine and the internal pectin-cellulose intine. Exine is synthesized
both in the gametophyte and in the somatic tapetum from phenylpropanoid
precursors which together with acylated lipids form sporopolenins. Specific
transcription factors are involved in the pathway of synthesis of phenylpropanoid
precursors. In the A. thaliana pollen grain transcriptome the most representative
group among the transcription factors are factors of the CsH type [37]. The
diversity of CsH gametophyte transcription factors suggests that they play an
important role in the synthesis of proteins required for the regulation of chemical
interactions between phenylpropanoid precursors [37].

Pollen grain germination requires sporoderm modification whereas for the
rapid growth of the pollen tube intensive synthesis of new cell wall with a specific
structure is necessary. The internal layer of the pollen tube wall is mainly made up
of homogeneous callose (1,3-B-glucan polymer), whereas the external fibrillar
layer is composed of cellulose (1,4-B-glucan polymer) and pectins
(polygalacturonic acid polymers). Thus the presence of a large number of genes
responsible for cell wall synthesis and remodeling in the pollen transcriptome is not
surprising.

Transcripts of genes involved in sporoderm and pollen tube wall
metabolism constitute a large percent, both qualitatively and quantitatively, of the
pollen transcriptome of A. thaliana. Five out of six of the most abundant mRNA
molecules in mature pollen grains encode proteins involved in cell wall metabolism
such as polygalacturonases and pectin esterases. Among five families of glucoside
hydrolases expressed in the pollen grain GHF1 (B-glucosidase), GHF16
(xyloglucan endotransglucosylase), GHF28 (polygalacturonase), GHF35 (j-
galactosidase) and CHF9 (gluconase/cellulase), are not expressed in sporophyte
tissues. Four members of the polygalacturonase family GHF28 are pollen specific.
The genes of these polygalacturonases are expressed at a high (At3g07820,
At3g07850, At2g23900) or medium (At4g33440) level. Among genes encoding
glucosyltransferases, 11 have been identified which are expressed in pollen, six of
them showing a high level of expression and are pollen specific. Four of these
transcripts belong to the GAF2 family and two of them encode cellulose synthase
(At4911050 and At4g38190) [37]. Analysis of the pollen transcriptome on an
ATH1 microarray supplemented this list of transcripts by callase synthase AtGsl2
(At2g13675) and AtCsID1 (presumably cellulose synthase; At2g 33100) [4].
During germination and slowed growth of the pollen tube in A. thaliana gene
AtCSLA7 (B-glucosyltransferase or cellulose synthase) mutants a number of
enzymes belonging to the same GT2 family were found to be involved in the
synthesis of the pollen tube cell wall [31].
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Analysis of the proteome of the mature A. thaliana pollen grain has shown
that the level of proteins responsible for cell wall reconstruction is not high in
comparison to other functional groups of proteins [34,55]. This indicates that the
transcripts encoding them undergo translation only during pollen tube growth.

The wall of the pollen tube tip must be resistant enough to cope with high
turgor and at the same time plastic enough to enable inclusion of new membranes
and structural materials. Pectins are one of the more important components of the
pollen tube cell wall. These compounds are isolated as methylated esters and then
deesterified by the enzyme pectin methyl esterase (PME). Free carboxyl groups
which arise in this way may cross-bind Ca®*, which reinforces the structure of the
cell wall below its growing tip. The effect of giving exogenous PME to pollen
tubes growing in vitro is a thickening of the cell wall at the tip and inhibition of its
growth [14]. This phenomenon indicates that a strict control of PME activity is an
indispensable condition for proper pollen tube growth. In the mature pollen grain
proteome of all species analyzed so far [20,34,55,72] both the presence of PME
and its inhibitor PMEI, which modifies PME activity post-translationally, have
been detected [29]. The PMEI (At4g24640) inhibitor identified in A. thaliana has
been considered as pollen specific [34].

In the mature male gametophyte a high level of expression is shown by
proteins anchored in the cell membrane by GPI (glycosylphospatidylinositol),
called GAP (GPl-anchored proteins). These proteins are involved in the synthesis
and reconstruction of the cell wall of the pollen tube, intercellular signaling,
adhesion and directional growth. GPI can anchor such proteins as 1,3-B-glucanases,
glycerophosphodiesterases, expansins, classical AG proteins, AG peptides,
COBRA and potential GAPEP signal peptides in the membrane [13].
Investigations using microarrays and PCR have shown the presence of the
transcripts of 47 genes encoding GAP proteins in A. thaliana pollen grains. In its
proteome, 11 proteins linked to the plasma membrane by GPI have been detected
[43]. Anchoring of proteins by GPI is the presumed mechanism of directing them
to the membrane and allows for polarized localization of proteins involved in
signaling [43].

GAP proteins are included in the apical region of the growing pollen tube
[43]. As it grows, further away from the tip the GAP proteins are recycled by
specialized endosomes. The actin cytoskeleton is responsible for directing proteins
anchored by GPI into appropriate parts of the membrane [62]. In A. thaliana sethl
and seth2 mutants which have perturbed biosynthesis of the GPI anchor, an
inhibition of germination and pollen tube growth takes place caused by
irregularities in the callose wall synthesis [43]. 1,3-B-glucanase, which probably
prevents the deposition of callose at the tip of the pollen tube, can be anchored by
GPI in the membrane.

The analysis of the proteome of an A. thaliana pollen grain indicated only
the presence of two proteins attached to the cell membrane by a GPI anchor [34].
These are At1g29250, which is specific only for plants, and the GAP protein
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At5¢g20230 linking and transporting copper ions, which are cofactors of many
enzymes among others taking part in ATP synthesis.

In the pollen tube membrane expansin is anchored through GPI and its
presence has been noted in both the pollen proteome and transcriptome. This
protein disrupts non-covalent bonds between cellulose microfibrills, loosening the
structure of the cellulose wall, and allows for its faster growth [43]. It may also be
responsible for loosening of the cell wall of the stamen and the pistil transmission
tissue during pollen tube penetration [41,74].

Analysis of the pollen transcriptome using microarrays demonstrated the
presence of transcripts of a gene encoding protein COBL11 (At4g27110), which is
anchored in the membrane through GPI and is a member of the COBRA family.
Numerous investigations on A. thaliana mutants have demonstrated the
participation of COBRA proteins in the regulation of elongation and direction of
growth of root cells, probably via an indirect or direct effect on the synthesis of
cellulose chains. COB proteins are directed to elongated walls of root cells and
recruited into appropriate places as complexes responsible for cellulose synthesis
[64]. On this basis COBL11 has been suggested to play a similar role during pollen
tube growth [5].

Proteins anchored through GPI may be cleaved from the lipid part of the
membrane and function as soluble signal particles [67]. Pollen transcriptome
analysis has demonstrated a high level of expression of a gene encoding this type
of protein, namely AGP23 (At3g57690). Even though the function of AGP proteins
in pollen tubes and the pistil is unknown, it seems interesting that AGP23 encodes
the AG peptide 61 amino acids for length which, after cleavage from the lipid part,
may act as a soluble signal particle [5].

In mammals, proteins anchored through GPI are essential for sperm-egg
adhesion [1]. Mouse oocytes with a knockout of the gene encoding the enzyme
participating in the biosynthesis of the GPI anchor are incapable of fusing with the
male gamete. Similar mechanisms are suggested to exist during fertilization in
angiosperms [59].

CYTOSKELETON

The cytoskeleton with the secretory apparatus is an effective system in the
pollen tube responsible for factors determining the direction of its growth [49].
Specific polarization of actin filament bundles in the pollen [46] is the mechanism
for directed cytoplasmic flow — in the submembrane part in the direction of the tip,
and in the central part towards its base [33]. The functioning of the actin
cytoskeleton is also responsible for the site of construction of the pollen tube tip.
Through interaction with myosin, actin filaments may place in an appropriate site
and position secretory vesicles participating in the extension of the cell membrane
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and wall and also limit to specific regions of the membrane sites of occurrence of
ion channels. The elongation of actin filaments in the vicinity of the tip is part of
the force responsible for pushing it forward [80]. Under in vivo conditions the
rearrangements of F-actin, which may be induced in response to stimuli derived
from transmission tissue of the pistil determine new sites of exocytosis of secretory
vesicles which leads to a change in the direction of growth of the pollen tube [49].

Analysis of the transcriptome and proteome of mature A. thaliana pollen
grains has demonstrated that both transcripts of genes encoding cytoskeleton
proteins and proteins participating in its functioning are present. The level of
transcripts of genes encoding cytoskeleton proteins in mature pollen grain is very
high. Four out of five actin genes which are expressed in generative tissues belong
to the group with the highest level of transcripts [36]. In pollen, transcripts of actin
4 and 12 and the small protein profilin 4, which participates in regulation of actin
filament polymerization, have been detected. A gene not previously characterized
has also been identified encoding a protein which is also responsible for actin
depolymerization (At4g25590). Analysis of the A. thaliana pollen proteome has
shown the presence of two pollen specific factors responsible for actin
depolymerization [34].

A high level of transcripts was also found for genes encoding motor
proteins interacting with the cytoskeleton. In the mature pollen grain the presence
of transcripts encoding myosin (AtVIIID and AtXID), which participates in the
transport of vesicles along actin filaments, has been observed as well as a transcript
encoding a kinesin-like protein (At1g09170), probably involved in movement
along microtubules [5].

Analysis of pollen grain proteomes of A. thaliana [56], rice [20] and
tomato [72] has confirmed data from other investigations on the presence of such
cytoskeleton proteins as actin, tubulin and prolifin in pollen grains.

SIGNALLING

The pollen tube is considered to be one of the best plant models for
analyzing signal transduction. In this cell many signalling pathways have been
identified including Ca*", calmodulin, phosphoinositols, protein kinases, cyclic
AMP and GTPases. They form a large and complex network of cell signalling
which intercrosses at different levels, such as control of vesicle direction and
fusion, and the state of the actin cytoskeleton [49].

Directing the pollen grain and the growth of the pollen tube in a strictly
defined direction requires the reception of specific signals sent from pistil tissues.
Receptor protein kinases are believed to be responsible for their reception and
transduction into the gametophyte. The analysis of the transcriptome of the A.
thaliana pollen grain has shown a high level of transcripts linked to cell signalling
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and, in particular, receptor kinases. 25% of genes undergoing selective expression
belong to the signal category. Most of them (26 out of 37) presumably encode
receptor kinases (receptor-like kinases, RLK). Almost all receptor-like kinases (21
out of 23) are only expressed in the pollen grain and thus are pollen specific [36].
This specificity has been observed not only at the level of particular genes but also
at the level of RLK subfamilies. Out of 9 RLK subfamilies expressed in the pollen
grain 4 were not expressed in sporophyte tissues. Among them were proline-rich
extensin-like receptor kinases, subfamily IX of cytoplasmic RLK, Crinckly4-like
and a leucine-repeat rich subfamily VI [36]. RKF1 kinase (At1g29750) of A.
thaliana [75], similarly as the tomato receptor-like kinase LePRK1-3 [54] and that
of maize ZmPRK1 [42], are pollen specific.

In tomato (Lycopersicon esculentum) pollen specific receptor-like kinases
bind several different ligands and may participate in the regulation of such
processes as hydration and pollen germination and growth of the pollen tube in the
transmission pathway of the pistil. In the membrane of mature pollen kinases
LePRK21 and LePRK2 form a complex which binds to the pollen ligand (protein)
LAT52, leading to phosporylation of kinase LePRK2. This complex is believed to
activate the signalling cascade necessary for initiation of pollen germination [85].
After germination the expression of LePRK2 proteins increases strongly and this
receptor is believed to participate in further stages of signaling during interaction
with pistil tissues. Probably LAT52 is replaced by a ligand present in the extract of
the pistil stigma identified as protein LeSTIG1 [76]. Binding of LeSTIG1 causes
dissociation of the LePRK1 and LePRK2 complex and LeRPK2
dephosphorylation. It cannot be excluded that during further pollen tube growth in
the direction of the ovary protein LeSTIG1 may be replaced by another ligand
present in the pistil [76].

In L. esculentum KPP has been identified which, interacting with the
cytoplasmic domain of LePRK1 and LePRK2 kinases, is phosphorylated by
LePRK2 [40]. It is noteworthy that genes similar to KPP are present only in the
plants. This may indicate the presence of a unique transduction pathway
participating in the apical growth of the pollen tube and rhizome cells of the root
[40].

In pollen grains the presence of the transcript of RALF-LIKE peptide 10
(RALFL protein family) has also been detected . Members of this family probably
function as intercellular signal molecules binding to different receptor kinases. The
RALF-LIKE 10 transcript encodes a 73 amino acid peptide with a potential N-
terminal sequence responsible for its export. It is believed this peptide may be a
ligand recognized by a leucine residue rich receptor-like kinase present in the
pollen grain membrane or in pistil cells [5].

The next element of the signalling pathway through receptor-like kinases,
for which transcripts have been demonstrated in A. thaliana pollen grains and
pollen tubes, are GTPases of the Rop/Rac type. They work as molecular switches
coupling the receptor activation reaction to a cascade of intracellular



42 K. RAFINSKA, K. ZIENKIEWICZ, E. BEDNARSKA

phosphorylations with the participation of MAP kinases. In mature pollen grains
transcripts of such GTPases as AtRacl, AtRac6 and Ropl1At were present. Rac and
Rop belong to the Rho GTPase family and in the pollen tube are probably
responsible  for the organization of the actin cytoskeleton and pollen tube
development, for receiving signals from membrane receptors and transmitting
them to proteins and target structures. Rop GTPases play a key role in the fusion of
secretory vesicles and endocytosis [49]. In the pollen tube the target molecules for
RoplAt are two proteins - RIC3 and RIC4. RIC3, through a secondary transmitter
which is Ca?, leads to actin depolymerization, whereas RIC4 shows an
antagonistic activity — actin polymerization [65].

In the pollen grain the transcript of a small GTPase, AtRab2, is present.
Rab proteins are the largest family of small GTPases which control the function of
specific transport vesicles. RAB2 GTPase is responsible for the transport of
vesicles between the endoplastic reticulum and the Golgi apparatus. The
occurrence of this protein is characteristic for cells with high secretory activity and
in particular for the growing pollen tube. The presence of RAB proteins has been
demonstrated in the growing tobacco pollen tube [17]. Using a RAB2-GFP protein
construct the fusion protein was found to localize specifically in the Golgi
apparatus. It was absent in pollen tubes of plants with a mutant Rab2 gene. The
absence of the RAB protein caused perturbations in supplying membranes and
proteins to the tip of the pollen tube, which resulted in the inhibition of its growth.

The signal transduction pathway through receptor kinases is known to lead
to activation of MAP type protein kinases. In A. thaliana pollen the presence of
MAP3Ky kinase (At5g66850) transcripts has been demonstrated [49], whereas in
tobacco pollen grains the expression of two MAP kinases, p45"™ and SIPK, has
been demonstrated. These kinases are activated after hydration and are believed to
be responsible for phosphorylation of profilin —a protein involved in the regulation
of actin polymerization [47].

Experimental evidence has confirmed the important role of the ROP
GTPase in the signal pathway during pollen grain germination and pollen tube
growth. Both in Arabidopsis and tobacco growing pollen tubes and in root rhizome
cells, ROP GTPases are localized in the tip. From pollen grains of an A. thaliana
mutant with a permanently active form of RoplAt abnormal, bulbaceous pollen
tubes germinated, whereas in a mutant with a permanently inactive form of this
GTPase pollen tube growth was rapidly inhibited. The ROP protein is believed to
activate phospholipase C (phosphatidylinositol kinase) which leads to the
formation of a secondary signal molecule (IP;), which is responsible for Ca®
release [49]. This would thus be a molecule which in the pollen tube links two
different signaling pathways — through receptor-like kinases and
phosphatidylinositol.

The participation of the phosphatidylinositol pathway in the directed
growth of the pollen tube is still debated [49]. However, in the A. thaliana pollen
grain a high level of transcripts of genes involved in this process has been found:
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At2g18180 (phosphatidylinositol/phosphatidylcholine transfer protein) protein
transporting phospholipids from the site of their synthesis in the ER and AG to
other cellular membranes, At2g43900 (inositol polyphosphate 5’-phosphatase) and
At2g31830 (inositol polyphosphate 5’-phosphatase) — enzymes hydrolyzing 1P;
and thus terminating this signaling pathway [15] and At2g41210
(phosphatidyloinositol-4-phosphate 5-kinase) — an enzyme taking part in PIP2
synthesis [5]. The phosphatidylinositol signal pathway is based on the production
of secondary transmitters, such as Ca*ions.

The significance of the precise regulation of the cytosol Ca®* level in the
control of the growth of the pollen tube has been demonstrated by numerous
investigations from the 1990’s. The maintenance of the so-called tip-to-base Ca®*
gradient is necessary for its correct growth [7]. The decreased Ca®* level in the
subapical region of the pollen tube enables proper functioning of the cytoskeleton
while its distinct increase at the tip causes actin filament fragmentation. The vilin
protein is responsible for the process of actin filament fragmentation. This protein
has the highest activity at the pollen tube tip, i.e. in the cytoplasmic regions with
the highest calcium concentration [26]. The Ca®* sensor is the cytosol protein
calmodulin (CaM), after binding calcium ions, activates specific protein kinases
leading to a cell response. Analysis of the A. thaliana pollen transcriptome has
demonstrated the occurrence of transcripts encoding two putative calmodulins
(At4g03290, At4g12860), which were selectively expressed in the gametophyte
[5]. Proteome analysis has confirmed the presence in the pollen grain of both
calmodulin as well as other Ca” binding proteins, such as calreticulin and annexins
[34,55]. The presence of the transcripts of five calcium-dependent protein kinases:
CPK14, -18, -20, -24 and -26 (At2g41860, At4g36070, At2g38910, At2g31500 and
At4g 38230) was also observed [5].

Calmodulin present in the pollen tube is the presumed integrator of signals
between Ca?* and such elements of the cytoskeleton as myosin and vilin [49]. The
decrease in calmodulin levels on one side of the pollen tube has been shown to
decrease secretory activity in this region and cause a change in the direction of its
growth [60]. A similar effect on the direction of pollen tube growth is caused by a
decrease in CAMP levels. Treatment of pollen tubes with substances increasing
CAMP levels (forskolin) or cAMP analogs has been found to cause a transient
increase in calmodulin activity [60]. The use of an inhibitor of adenylate synthase
causes a decrease in its activity. On this basis the it was suggested that calmodulin
links the phosphoinositol signal transduction pathway to the cAMP pathway [60].
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TRANSCRIPTION

Analysis of the expression of transcription factors will make it possible to
determine whether de novo transcription is required for pollen germination and if it
is necessary at later stages of pollen tube growth [6].

Microarray analysis has confirmed that the level of expression of
transcription factors and factors responsible for mRNA maturation in the mature
pollen grain is low in comparison to other pollen genes. The only exception are
MADS genes. Members of the MADS family are involved in the control of
developmental processes, such as organogenesis, flowering time, fruit formation
and endothelium development [57]. They may play a similar role i.e. control of
developmental processes, during pollen grain maturation and pollen tube growth.
Of 110 known genes of the MADS block, 79 are present on the Affymetrix ATH1
microarray, 17 genes are expressed in the pollen grain, and 9 of them are at a high
level which indicates the high participation of this family in the pollen grain
transcriptome. They belong to non-classical genes of the MADS type | block and
MIKC, whose role is still unknown. In mature pollen grain transcripts of the MIKC
family such as AGL104, AGL66, AGL30, AGL65, and type | AGL29, AGL84,
At4g14530 and AGL49 are present [59]. MIKC proteins interact with each other
forming five heterodimeric complexes of transcription factors which bind DNA
with high specificity in vitro: AGL30/66, AGL 65/66, AGL 94/66, AGL 30/104
and AGL 65/104 [82]. Numerous MIKC protein binding sites in the promoter of
many late pollen genes have been found in Arabidopsis thaliana [82]. It has been
shown that the lack or small amount of MIKC proteins and their complexes inhibits
pollen tube germination in vitro. In the maturing pollen grain the lack of MIKC
complexes significantly affected the expression of over 1300 genes, in particular
those participating in the main pathways of hormone action, metabolic processes
and in posttranslational protein regulation. In maturing pollen grains AtMIKC
complexes inhibit the expression of early pollen genes and activate the
transcription of genes characteristic of the mature pollen grain [82].

In the Arabidopsis thaliana transcriptome the DUOL factor has been
found, a new member of the subfamily of pollen-specific MYB transcription
factors. DUOL1 is specifically expressed in the male cell line, in the pollen grain and
in particular in the generative cell and sperm cells. A mutation of the duol gene
causes a lack of division of the generative cell. This factor is believed to be
possibly responsible for the entry of the cell into division due to the activation of
cyclin genes [63].

Transcription during germination and growth of the pollen tube is more
important than was previously believed. At least one transcript from each family of
transcription factors shows expression at a rather high level [558]. A
transcriptional inhibitor (actinomycin D) was found to affect A. thaliana pollen
tube growth and germination [37,84]. Resumption of transcriptional activity during
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pollen tube growth has been found in Hyacinthus orientalis [87]. Analysis of the A.
thaliana pollen and in vitro grown pollen tube transcriptomes which showed an
increase in the number of trancripts during pollen germination [84] appears to
confirm that in spite of the presence in the pollen grain of long-lived mRNA, the
pollen tube nucleus may be transcriptionally active.

TRANSLATION

In the pollen grain the pattern of expression of genes encoding translation
initiation factors is similar to that occurring in sporophyte tissues, the only
exception being PAB proteins (poly(A) binding protein) [36]. In A. thaliana seven
of the eight PAB genes are expressed in maturing pollen grain. Three PAB proteins
are pollen specific (PAB3, PAB6, PAB7Y), whereas PABS5 is selectively expressed
in pollen at a high level. PAB6 and PAB7 belong to late basal genes of the
translation initiation [37]. The role of PAB proteins is twofold: they participate in
translation initiation and they affect poly(A)mRNA stability [48]. The presence of
a poly(A) to which PAB proteins bind is not required for translation, although
transcripts with this sequence give much better yields. PAB proteins interact with
the translation initiation factor elF4G. At the same time their interaction with the
cap binding protein elF4E causes mRNA circularization, which facilitates
ribosome recycling [8]. This circularization prevents deadenylation by
poly(A)ribonucleases (PARN). Deadenylation is the first step leading to transcript
degradation [30]. PAB proteins may also be involved in the regulation of the half-
life of MRNA molecules containing special sequences determining their stability,
such as AU-rich elements (ARE) and mCRD [30]. This is especially important for
pollen grains in which a large pool of long-lived mRNA is stored and pollen tube
germination and growth are linked to global initiation of transcription independent
protein synthesis. Because of this the timing of translation initiation and the mMRNA
half-life must be strictly controlled.

Investigations in A. thaliana [55], rice [20] and tomato [72] have shown
that over 9% of the pollen grain proteome participates in protein maturation and of
this 75% participates in determining their destination (e.g. chaperonins,
cyclophilins). This agrees with the hypothesis that the mature pollen grain contains
a prepared machinery indispensable for synthesis and maturation of proteins
directly after its hydration [55].
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MEMBRANE TRANSPORT

Numerous experiments have demonstrated the decisive importance for
pollen tube growth of gradients of ions such as Ca**, CI, K* and H*. For a long
time the molecular identity of transporters responsible for maintenance was not
known. The analysis of the pollen grain transcriptome by microarray analysis
permitted the identification of genes encoding proteins participating in ion
transport. In the A. thaliana genome 1269 genes were discovered encoding
transporters with 757 transcripts found in the transcriptome of the male
gametophyte. 16% of that number, or 124 genes, including AHAG6, CNGC18,
TIP1.3 and CHXO08, are pollen specific or expressed at a high level [10].

Pollen tube growth occurs in a pulsating fashion, accompanied by
oscillatory changes in concentrations of Ca*, CI, K" and protons. lon and
metabolite transport in the pollen grain is necessary not only for the uptake of
nutrients, maintenance of metabolism and energy production during growth but
also for cell signaling, development and resistance to stress [27]. The signaling
network modulates pumps, carriers and channels in time and space so as to
coordinate ion influx, their gradient and oscillations. The level of transcripts of
genes encoding known and putative membrane transporters is much higher in
mature pollen grain than in the microspore. This underlines their importance during
pollen tube growth [10].

Calcium channels, such as CNGC and ACA calcium pumps (autoinhibited
Ca”*-pumping ATPases), presumably play an important role in the maintenance of
the Ca®* gradient and its oscillations[10]. The Arabidopsis genome encodes 14 of
these pumps, 10 of them controlled by Ca**/calmodulin. ACA10 and ACA13 genes
are expressed in early stages of pollen grain maturation [37]. ACA2, ACA7 and
ACAO9 are among late pollen genes. The ACA9 gene is expressed in the pollen grain
at a very high level and its product is localized in the plasma membrane [68]. The
calcium pump encoded by the ACA9 gene is believed to possibly participate in the
growing pollen tube in maintenance of Ca®* homeostasis, in the formation of
calcium oscillations at the tip and also in preventing an increase in the level of
these ions to a cytotoxic level by pumping Ca*" ions taken up by calcium channels
outside the cell. Homozygous mutants of the aca9 gene (Table 2) had decreased
fertility, the pollen grains germinated poorly and pollen tube growth was inhibited
[68].

Another ion transporter whose transcripts have been found in A. thaliana
pollen grains is the MIA protein (At5923630), functioning as an Ps ATPase [38].
Mutations in the MIA gene cause a lack of separation of tetrads into individual
microspores, which remain surrounded by an electron dense wall. The microspore
cell membrane often detaches from the wall, probably due to perturbed cation
metabolism and problems with maintaining turgor. Microarray analysis in such
mutants demonstrated the lack of expression of genes involved in the secretory
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pathway, cell wall metabolism and cell signalling. The MIA protein was present in
the endoplasmic reticulum and in small vesicles of reticular origin and is presumed
to participate in control of the secretory pathway. It probably affects protein
biogenesis and transport by regulation of ion homeostasis in secretory pathway
compartments [38].

H" pumps (e.g. AHA3, AHAG6, AHA8 and AHAY) probably participate in
maintaining proton oscillation in the growing pollen tube, as well as H*
transporters (e.g. CHX) and anion channels (e.g. CLC), which change the
membrane potential and pH [10]. The AHA3 gene is transcribed at a high level
during the early stages of development of the male gametophyte. On the other hand
AHAG6, AHA8 and AHA9 genes belong to specific late pollen genes. AHA genes
encode H*-ATPases of the P type. The proton gradient is used for nutrient uptake.
The participation of type P H*-ATPase in deposition of components of the cell wall
and in intracellular signalling also cannot be excluded [61]. In the observed aha3
mutants of Arabidopsis thaliana the male gametophyte died in the early stages of
its development (Table 2).

In the mature pollen grain a high level of transcripts encoding the K* -
SPIK (AKT6) and SKOR channels are present [10]. It seems that for the growth of
the pollen tube the K* AKT6 channel, whose gene undergoes specific transcription
in the pollen grain, is important. Potassium ions have been shown to be responsible
for cell elongation and transduction of various signals [16], and with other
osmoprotectants are responsible for turgor maintenance [53]. In the growing pollen
tube the potential-dependent SPIK channel is responsible for influx of K* ions.
Analysis of the spik-1 mutant (Table 2) has shown that the growth of pollen tubes
in vitro was inhibited in spite of the presence of physiological amounts of K™ in the
medium. Under in vivo conditions the mutation made it impossible for them to
compete in the pistil with wild type pollen tubes [53]. The SKOR channel is
permeable both to monovalent cations such as K*, and divalent Ca®* ions. Its
activity is regulated by cytoplasmic pH — a decrease in pH causes an inhibition of
its permeablity [4].

Other channels important for pollen tube growth are ion channels regulated
by cyclic nucleotides e.g. AtCNGC16 (At3g480110). They are probably involved
in the control of the cytosol Ca** level. An increase in the cCAMP or cGMP level
causes an influx of Ca*, resulting in an increase in calcium levels in the pollen
tube cytoplasm. AtCNGC channels are suggested to be regulated both by cyclic
nucleotides and calmodulin, as they have binding sites for both these molecules. As
CAMP is known to have an effect on pollen tube growth and orientation, the
AtCNGC16 channel is believed to play the role of a linker between increasing
CAMP levels and Ca®* [5,10].

Germination and, in particular, pollen tube growth require the supply of a
large amount of sugars. In A. thaliana several genes have been found to be
expressed belonging to the STP and SUC families whose protein products can
participate in this process. Proteins belonging to the STP family act as
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H*/monosugar transporters. In  maturing pollen grain transcripts of 5
monosaccharide transporters have been detected undergoing differentiated
regulation during its development. The AtSTP2 gene is transcribed at early stages
of pollen grain maturation. Transcripts of AtSTP9, 4, 6 and 11 genes are present in
mature pollen grains but their protein products only appear after germination of the
pollen tube [70,71]. The level of transcripts of AtSTP genes in mature pollen is
very high, and AtSTP11 (Table 2) is among the 50 genes with the highest level of
expression in hydrated pollen grains [5] and is predominantly responsible for
providing monosaccharides to the growing pollen tube.

Unspecific pollen genes undergoing selective expression in the pollen
grain in relation to other members of the same family also play an important role
during pollen tube growth. An example of these types of proteins is the
H*/saccharose symporter (At1g71880). It is the only member of the SUC family
expressed at a high level in the three cell pollen grain. hap3 mutants (of the
SUC1gene) germinate but the pollen tubes are short and do not grow through the
pistil tissues. This suggests an important role for SUCL (Table 2) in saccharose
uptake during pollen tube growth [39].

In A. thaliana pollen transcripts of ABC transporters ABC, AGAP (amino
acids), oligopeptides and nitro groups (OPT and POT) have also been detected
[10].

TABLE 2. Functional characterization of proteins involved in membrane transport in maturing A.
thaliana pollen grain (after [43], modified).

Ca?* pump important for
ACA9 Pollen tube membrane maintaining calcium [68]
homeostasis
- 2+ -
AHA3 Late microspore _emd_ H™ pump generating the [61]
cell undergoing mitosis | force for nutrient uptake
Uptake of K* ions
SPIK Grain and pollen tube required for pollen tube [53]
growth
Protein occurring Providing
STP11 exclusively in the monosaccharides for the [70]
pollen tube growing pollen tube
SUC1 Pollen tube membrane Sucrose uptake by the [73]
growing pollen tube
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CELL CYCLE

In most of the analyzed species the nucleus of the vegetative cell is
arrested in phase G; of the cell cycle. Analysis of ATH1 microarrays, which
contain probes for about 90% of the basic cell cycle genes of A. thaliana, has
permitted a hypothetical explanation of the mechanism of cell cycle arrest of the
mature pollen grain [58]. In the pollen grain transcriptome the mRNA of
transcription factor E2F-DP which is necessary for transition of the cell cycle is
completely absent, as are cyclins of the D3 type, including cyclin CYCD3;1
promoting entry into S phase [21]. Cyclin D in somatic cells forms a complex with
cyclin-dependent type A kinase (CDKA), which phosphorylates the retinoblastoma
(Rb) protein. The phosphorylated form of Rb dissociates from the E2F/DP1
complex, which allows the transcription of genes required for the phase G1 to S
transition [79]. In the case of absence of cyclin D, transcription factor E2F forms a
complex with the unphosphorylated form of Rb. This complex, by binding to
appropriate genes, inhibits their expression.

In the mature pollen grain a high level of transcripts of DEL proteins (DP-
E2F-like) was observed; they are similar to E2F proteins, but do not have a domain
responsible for transcription activation. They may bind to E2F binding sites.
However, this binding does not activate the transcription of appropriate genes [50].
In the A. thaliana pollen grain a high level of expression of CKS1 and CKS2
proteins, which are known to interact with CDK and cause cell cycle arrest, was
found [58].

The pollen grain generative cell undergoes a full cell cycle as it divides
mitotically into two sperm cells. The cell cycle of sperm cells is very poorly
known. As in other sexually reproducing organisms, they may remain in phase G;
until fertilization. Nuclei of sperm cells of A. thaliana during pollen shedding are
already in phase S and just before fertilization reach phase G, [28]. This appears to
concur with the results of investigations of the transcriptome of mature pollen
grains of A. thaliana where transcripts of the large vegetative cell predominate but
transcripts of two small sperm cells are also present. In the pollen grain primarily
transcripts characteristic for the G, to M cell phase transition have been detected -
CDKA/B, CYCA, CYCB, CDKD, CYCH. Some of them e.g. CYCA2;1,
CYCB3;1 [5] and CYCAZ1,;2 occur at a high level [58]. The AtMYB3R-4 transcript
has been detected whose closest homologues are tobacco genes NtmybAl and
NtmybA2. Protein products of these genes are activator elements of plant cyclin
type B promoters which accompany the G,/M transition [3]. In the pollen grain
cyclin-cyclin dependent kinase complexes responsible for entry into mitosis are
probably maintained in an inactive form (pre-MPF). Transcripts of the WEE1 gene,
encoding a kinase maintaining the so-called pre-MPF inhibiting phosphorylation
have been found. A very low level of transcription was found for the CDC25
phosphatase gene, whose protein product could activate the cyclin-kinase complex.
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Sperm cells may be a source of transcripts or proteins responsible for the entry of
the zygote into mitosis [58]. Investigations in Zea mays have shown, however, that
just after fertilization the level of transcripts of genes whose products participate in
replication increases rapidly [22], before the first zygote division regulatory genes
of the cell cycle are transcribed de novo [66].

During the analysis of the mature A. thaliana pollen transcriptome no
transcripts involved in the small RNA pathway were found. If this is confirmed by
functional analysis, the vegetative cell of the pollen grain will be the first known
structure not having a posttranscriptional silencing mechanism [6,58].

GENERATIVE CELL AND SPERM CELL
TRANSCRIPTOMES

Analysis of the transcriptome of the generative cell of Lilium longiflorum
by means of EST tags has demonstrated that most of the transcriptome is made up
of genes involved in DNA repair, activation of cyclins and ubiquitination [56]. At
the present stage of investigation it appears that no other plant cell shows such a
high degree of specificity of transcripts as the generative cell. A similarly high
level of specificity is observed in mouse spermatogenic cells and in Drosophila
testes [56].

The FACS method made it possible to isolate A. thaliana sperm cells
formed after division of the generative cell and to perform transcriptome analysis
on an ATH1 microarray [12]. The highest level of expression was in DNA
metabolism (in particular replication and repair), programmed protein destruction
by ubiquitination, and the cell cycle. The process of protein degradation by
ubiquitination plays an important role during mammalian spermatogenesis in
replacing histones by protamines and in other key processes of gametogenesis and
fertilization [12]. In plants, the process of exchanging histones for protamines
during spermatogenesis has been observed in some species of algae [59].

In the transcriptome of the A. thaliana sperm cell transcription factors were
found to be present. These are three factors of the Dof type (At3g47500,
At5¢g39660, At5g62430) [12], probably binding pollen specific promoters AtGEX1
and AtGEX2 [25]. The highest level among transcription factors is found for MYB
factors. Scarecrow factors belonging to the GRAS family are much less common
[11]. Their role in sperm cells remains unknown. However, in cells of the root
meristem in A. thaliana they participate in asymmetric divisions and the formation
of a radial differentiation pattern [32].

Genes with a high level of expression in sperm cells probably play an
important role in the development of male gametes and fertilization. Among these
genes can be included genes encoding protein (At1g23210) belonging to the family
of glycosyl hydrolases. In mammals glycosyl hydrolase PH-20 is localized in the
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acrosomal membrane, where it plays an important role during sperm adhesion to
the zona pellucida of the egg cell [44]. Before fertilization mammalian sperm
undergo a capacitation process based on intracellular alkalization and change in
membrane potential. It occurs through the influx of Ca®* ions into the cell and the
efflux of K* ions from the cell. A process similar to sperm capacitation is suggested
to occur in male plant gametes. In Arabidopsis thaliana sperm cells a high level of
AtTPK2 (KCO2) gene is present and its product is responsible for K* homeostasis
[12]. Other channel proteins expressed at a higher level in sperm cells than in the
pollen grain are probably responsible for maintaining turgor (MSL2\At5g10490,
MSL3\At1g58200) [12].

In sperm cells a signalling system also appears to be active even though
some complicated signal transduction cascades appear to be simplified and
specific. Genes encoding proteins which participate in signalling were found to
have limited expression, e.g. only a few members of the lectin receptor kinase
family are expressed, one auxin transmitter and one representative of the MAPKK3
kinase family [12]. Genes encoding MAPKKK19\At3g50310 and
MAPKKK20\At5g40440 kinases are expressed at a very high level, and thus are
specific for sperm cells.

One of the most important mechanisms responsible for the regulation of
gene expression is chromatin methylation. The level of expression of a gene
depends on the degree of DNA methylation in the promoter sequence, the higher it
is the lower the expression of a given gene. In Eukaryota there are two types of
methylation — symmetrical CG or CNG and asymmetrical (non-CG). Methylation
controls important processes linked with development of the organism [52]. A
change in the methylation is known to occur during early stages of mammalian
development.

The analysis of the transcriptome of sperm cells in A. thaliana has shown
the presence of transcripts of genes responsible for epigenetic control of the
genome (Table 3). Among them the highest level of expression was found for:
AGO9, DDM1, DRB4, MET1 and SUVHS5 [12]. They are responsible for RADM —
DNA methylation controlled by siRNA [81]. However, the absence of part of the
transcripts which participate in the siRNA pathway e.g. CMT3 and CL3, may
indicate that it has a different course in sperm cells [12]. Not detecting transcripts
of the siRNA pathway in the transcriptome of whole pollen grains could be the
effect of ,dilution” due to their very low levels in comparison to transcripts
characteristic for the vegetative cell [58]. In this situation sperm transcripts can be
treated as background by the software for reading the microarrays.

The Morpheus’ 1 (MOM1) molecule is probably also involved in the
epigenetic control of the sperm cell genome and is responsible for silencing of
highly repetitive sequences independent of DNA methylation [78].

The highest level of expression in sperm cells of A. thaliana was found for
the At3g62230 gene encoding an F-box protein. In the transcriptome other F-box
group mRNAs have been found. The C-terminus of F-box proteins contains
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domains responsible for the specificity of substrate binding which is later the target
for degradation by the SCF ubiquitin-ligase complex. Such a large number and
diversity of transcripts responsible for protein degradation is indispensable for
degrading molecules required during early stages of microgametogenesis e.g. cell
cycle regulators [12]. It also seems that transcripts or proteins stored in sperm cells
can be transferred to the egg and central cells and after fertilization may play an
important role in early embryonic development.

TABLE 3. Genes involved in RdADM whose expression was found in A. thaliana sperm cells (after
[12, 53]).

Gene AGI number Activity Role
NRDP1b At2g40030 Subunit of polymerase Vb de novo DNA methylation

SWI2/SNF2- chromatin Maintenance of CG

DDM1 Al5g66750 remodeling factor methylation

HENL At4g20910 RNA methylase Methylation of 21-24 nt

SIRNA
MET1 At549160 DNA methyltransferase Maintenance of CG
methylation

Histone methylation,
maintenance of non-CG
methylation by CMT3 [23]

Methyltransferase of histone H3

SUVH5 At2935160 -
lysine 9

SUMMARY

The results of investigations on the pollen transcriptome and proteome are
indubitably a great step forward in understanding the genetic mechanisms of
development and differentiation of the male gametophyte in angiosperms. Analysis
of the pollen proteome of such species as Arabidopsis or Oryza to a large extent
confirms and supplements the results of investigations performed using
microarrays. The results not only considerably increases our current knowledge of
the molecular bases of sexual reproduction in plants but also raises a number of
new questions and problems which plant embryologists will need to address. For
example, apparent absence in the vegetative pollen grain cell of A. thaliana of the
activity of genes linked to the pathway of small RNAs responsible for gene
silencing or the selective expression of specific transcription factors of the MADS
block family. It is possible that the regulation of gene expression in cells of the
male gametophyte of angiosperms takes place in a different way to that in
vegetative tissues. Certainly the next decade of investigations on the pollen
transcriptome and proteome will hopefully provide answers the many of the current
questions.
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