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Abstract The haploid gametophyte generation occupies a short but vital phase in the
life cycle of flowering plants. The male gametophyte consists of just two or three cells
when shed from the anthers as pollen grains. It is this functional specialization that is
thought to be a key factor in the evolutionary success of flowering plants. Moreover,
pollen development offers an excellent model system to study many fundamentally im-
portant biological processes such as polarity, cell fate determination, cell cycle regulation,
cell signaling and mechanisms of gene regulation.

In the first part of this chapter we review the progress achieved through genetic an-
alysis in identifying gametophytic mutants and genes required for key aspects of male
gametogenesis. In the second part we discuss recent advances in genome-wide tran-
scriptomic studies of haploid gene expression and a critical evaluation of data treatment
methods. Finally we provide a perspective of the impact of these data on future strategies
for understanding the gametophytic control of pollen development.

1
Introduction

During the past decade there have been significant advances in the ge-
netic and genomic technologies exploiting Arabidopsis thaliana as a model.
These include completion of the Arabidopsis genome sequence (Arabidopsis
Genome Initiative 2000), establishment of public databases of large numbers
of cDNAs (Seki et al. 2002) and sequenced insertion site mutants (Alonso et al.
2003), extensive transcriptomic data sets (Zimmermann et al. 2004) includ-
ing those for the “pollen transcriptome” (Honys and Twell 2004; Pina et al.
2005), as well as new “pollen-specific” research tools (Johnson-Brousseau and
McCormick 2004). Fuelled by these rapidly expanding shared resources, re-
search in pollen development has made substantial progress. Here we focus
on advances in our understanding of the gametophytic control of postmeiotic
pollen development from free microspores up to the point of mature pollen in
the model Arabidopsis. Several other recent reviews provide a wider discus-
sion of other important features of male fertility and pollen development that
involve diploid cells of the sporophyte, such as anther differentiation, meiotic
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division, and the influence of the tapetum on pollen development and pollen
wall patterning (Ma 2005; McCormick 2004; Scott et al. 2004).

2
Pollen Development

Pollen development begins in the young anther locules and consists of two
major phases — microsporogenesis and microgametogenesis. The primary
sporogenous layer gives rise to the microsporocytes or meiocytes. Meiotic
division of the diploid microsporocytes produces tetrads of four haploid mi-
crospores enclosed within thick callosic walls, which are then separated into
individual microspores by an enzyme complex (callase) secreted by the tape-
tum (Fig. 1). Microspore development is accompanied by progressive vacuole
biogenesis, fusion and fission events (Owen and Makaroff 1995; Yamamoto
et al. 2003). In association with vacuole morphogenesis and microspore ex-
pansion, the microspore nucleus becomes polarised to an eccentric position
against the microspore wall. The polarised microspores then undergo asym-
metric division at pollen mitosis I (PMI) giving rise to bicellular pollen
grains.

Pollen mitosis I is an intrinsically asymmetric division that gives rise to
two daughter cells with completely different structures and cell fates (Twell
et al. 1998). The large vegetative cell has dispersed nuclear chromatin and
constitutes the bulk of the pollen cytoplasm. In contrast, the smaller gener-
ative cell has condensed nuclear chromatin and contains relatively few or-
ganelles and stored metabolites. Whereas the vegetative cell exits the cell cycle
at G; phase, the generative cell remains division-competent and completes
pollen mitosis IT (PMII) to form the two sperm cells. Asymmetric cytokinesis
following PMI effectively seals the fate of the smaller generative cell and pos-
sesses two special features in that: (1) no preprophase band of microtubules
marks the future division plane, and (2) a unique curved cell plate is formed
to enclose the generative nucleus. Two general models have been proposed
to account for differential cell fate arising from asymmetric division at PMI
(Eady et al. 1995). Both assume that vegetative cell gene expression is the de-
fault pathway resulting from the accumulation of gametophytic factors, and
provide alternative mechanisms to explain how vegetative cell-specific genes
are repressed in the generative cell. In essence gametophytic factors may be
simply excluded from the generative cell pole, or hypothetical generative cell
repressors at the generative cell-pole may block vegetative cell-specific gene
expression. However, it is possible that a combination of both mechanisms
operate to specify and reinforce generative cell fate.

After pollen mitosis I, the generative cell migrates inward resulting in
a “cell within a cell” structure, enabling gamete transport within the pollen
tube. Generative cell migration follows degradation of the hemispherical cal-
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Fig.1 Morphological stages of microsporogenesis and microgametogenesis. During mi-
crosporogenesis, microsporocytes undergo two nuclear divisions at meiosis followed by
cytokinesis to produce a tetrad of four haploid microspores. During microgametogene-
sis, microspores undergo two stereotypical mitotic divisions, pollen mitosis I and pollen
mitosis II to produce bicellular (70% of species) or tricellular pollen grains (e.g., Ara-
bidopsis). In species with bicellular pollen grains, pollen mitosis II occurs in the growing
pollen tube within the pistil

lose wall that separates the vegetative and generative cells. This presumably
involves targeted secretion of 8(1-3)-glucanases. Subsequently, the generative
cell forms an elongated, or spindle-like shape that is maintained by a cortical
cage of bundled microtubules (Cai and Cresti, this volume). Pollen mito-
sis II takes place within a membrane bound compartment of the vegetative
cell cytoplasm and a physical association is established between the gametic
cells and the vegetative nucleus known as the male germ unit (MGU). The
MGU exists in both bicellular and tricellular pollen system and is thought
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to be important for the coordinated delivery of the gametes and sperm cell
fusion events (Dumas et al. 1998). In Arabidopsis the MGU is first assem-
bled in tricellular pollen (Lalanne and Twell 2002). During pollen maturation
the vegetative cell accumulates carbohydrate and/or lipid reserves required
for the demands of plasma membrane and pollen tube wall synthesis (Pacini
1996). Pollen grains are usually strongly dehydrated when finally released
from the anthers. The accumulation of sugars and amino acids as osmopro-
tectants, including disaccharides and proline or glycine-betaine, is thought
to protect vital membranes and proteins from damage during dehydration
(Schwacke et al. 1999).

2.1
Gametophytic Mutants Affecting Pollen Development

Mutants affecting pollen development provide excellent material to ana-
lyze processes of cell fate specification and cellular function (Sects. 2.1.1-
2.1.4). There have been three major screening strategies to isolate game-
tophytic mutants and genes affecting pollen development in Arabidopsis;
gametophyte-targeted forward genetic screens, gametophyte-directed reverse
genetic screens and non-gametophyte-directed reverse genetic screens.

Male gametophyte-targeted forward genetic screens have identified altered
pollen phenotypes caused by chemical or physical mutagens (Chen and Mc-
Cormick 1996; Park et al. 1998; Grini et al. 1999), or by insertional mutagens
of T-DNA (Bonhomme et al. 1998; Howden et al. 1998; Johnson et al. 2004)
or transposon origin (Lalanne et al. 2004b). Disrupted genes have been iden-
tified by map-based cloning (Twell et al. 2002; Rotman et al. 2005; Oh et al.
2005) or by generating flanking sequence tags (Lalanne et al. 2004a,b; John-
son et al. 2004). Non-gametophyte-directed reverse genetic approaches have
in several cases uncovered unexpected gametophyte-defective phenotypes
caused by mutations in genes of interest (Robertson et al. 2004; Niewiadom-
ski et al. 2005; Dettmer et al. 2005). While this approach is generally not
gametophyte-targeted, prior analysis of the expression patterns of genes of
interest can direct research toward testing gametophytic function. For ex-
ample gametophyte functions for the tyrosine phosphatase AtPTENI (Gupta
et al. 2002; Yokota and Shimmen, this volume) were discovered by RNAi-
directed down-regulation in pollen using the vegetative-cell-specific LAT52
promoter (Twell 1992).

At the time of writing, we were able to compile data on 45 gametophytic
mutants that show defects during post-meiotic male gametophyte develop-
ment before pollen release (Table 1). The most dominant class of 28 mutants
displays pollen cell death phenotypes at various developmental stages. A sec-
ond major class of nine mutants show specific division-related phenotypes ei-
ther affecting microspore division (scp, gem1,2, tio) or generative cell division
(duol,2,3,4,5). Different approaches have led to the identification of 14 genes
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responsible for male-gametophyte developmental mutations (Table 1). Half of
these were identified through forward genetics, by positional cloning (GEM1,
DUO1, TIO), or by isolating flanking sequence tags (UNG3, AGM, HAP5,
HAPI12). The other half were functionally identified using reverse genetics ap-
proaches (AGPI, AtPTEN, ADLIC, AGM, AHA3, GPT1, VHA-A). Proteins with
a variety of cellular roles have been defined including those with roles in cell
division (GEM1, DUOI, TIO) nutrition and metabolism (AHA3, GPT1), pH
regulation and ion transport (VHA-A, HAPS5), and other groups with roles
in transcriptional regulation (DUO1, HAP12) or post-translational (AtPTEN,
TIO) intracellular signaling events (Table 1).

Two forward genetic strategies have been adopted to identify gametophytic
mutants affecting pollen development. First, by morphological screening of
pollen from mutagenized plants using histochemical staining for DNA (Chen
and McCormick 1996; Park et al. 1998) or callose (Johnson and McCormick
2001). Second, by analysis of pollen phenotypes in plants showing marker
segregation ratio distortion (Bonhomme et al. 1998; Grini et al. 1999; How-
den et al. 1998; Johnson et al. 2004; Lalanne et al. 2004a,b; Procissi et al. 2001).
Morphological screens are labor intensive, but have proven effective in the
identification of several important mutants with novel phenotypes (Table 1).
These include mutants that disturb asymmetric cell division at pollen mi-
tosis I (Chen and McCormick 1996; Twell et al. 1998, 2002; Oh et al. 2005),
generative cell division (Grini et al. 1999; Durbarry and Twell 2005; Rotman
et al. 2005), generative cell migration (Howden et al. 1998), the positioning
and structure of the male germ unit (Lalanne and Twell 2002), callose wall de-
position and the repression of pollen germination within the anther (Johnson
and McCormick 2001).

2.1.1
Mutants Affecting Gametophytic Cell Divisions

sidecar pollen (scp) is a male-specific mutant that affects microspore division
and cell patterning (Chen and McCormick 1996). Mutant scp microspores first
undergo a premature symmetrical division, followed by asymmetric division
of only one of the daughter cells to produce mature pollen with a supernu-
merary vegetative cell. Although polarity is not visibly expressed when scp
microspores divide, polarity is not defective, since it is re-established in one
daughter cell. scp provides evidence for the importance of coordinating the
mitotic cell cycle with the expression of polarity. Although SCP remains to
be identified, the mutant phenotype supports the hypothesis of an asymmet-
ric distribution of polarity determinants before division in scp (Chen and
McCormick 1996).

gemini pollenl (gem1) affects male and female transmission and displays
a range of microspore division phenotypes including equal, unequal and
partial divisions (Park et al. 1998). In contrast to scp, symmetrical divi-
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sions in geml do not occur precociously and neither daughter cell completes
a further division. Cell fate analysis in gemlI supports the role of cell size
or nuclear/cytoplasmic ratio as a factor in determination of cell fate (Park
et al. 1998; Park and Twell 2001). GEMI was the first male gametophytic
gene to be positionally cloned, revealing its identity to the MOR1 (Whit-
tington et al. 2001). MOR1/GEM1 is homologous to the MAP215 family of
microtubule-associated proteins that stimulate plus-end microtubule growth.
MORI1/GEML1 is associated with interphase, spindle and phragmoplast micro-
tubule arrays and plays a vital role in microspore polarity as well as cytokine-
sis (Twell et al. 2002). To understand the role of MOR1/GEMI1 in more detail
we have recently expressed a GFP alpha-tubulin fusion in developing pollen
that will allow the analysis of microtubule dynamics in wild type and mutant
genetic backgrounds (S-A. Oh, J.A. Johnson, D. Twell unpublished).

In the two-in-one (tio) mutant, microspores complete nuclear division but
fail to complete cytokinesis resulting in binucleate pollen grains. In con-
trast to geml, tio shows normal nuclear polarity before pollen mitosis I, but
displays cytokinesis-specific defects including the formation of incomplete
callosic cell plates that fail to expand (Fig. 2). TIO was recently identified as

H
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Fig.2 Pollen phenotypes of Arabidopsis gametophytic mutants and GFP::tubulin expres-
sion (A-D) Bright field (A,C) and corresponding DAPI-stained (B,D) images of wild type
(A,B) and gem1l (C,D) pollen at early bicellular stage. Wild type pollen shows a typical
hemispherical cell wall but geml pollen grains often produce misplaced and branched
internal cell walls. E DAPI-stained tio pollen with typical binucleate phenotype result-
ing from failed cytokinesis at pollen mitosis I. F tio pollen immediately after nuclear
division at PMI stained with aniline blue showing an incomplete and transient callose
cell plate. G Tetrad from heterozygous duol mutant in the quartet] background showing
2:2 segregation for wild type and duol mutant pollen. (H, I) Spindle (H) and phragmo-
plast microtubules (I) at pollen mitosis I visualised in transgenic tobacco microspores
expressing GFP::TUA6
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the plant homologue of the Ser/Thr protein kinase FUSED (Oh et al. 2005),
which is a key component of the hedgehog signalling pathway in fruitflies and
humans (Lum and Beachy 2004). TIO is localised to the phragmoplast midline
where it has an essential role in centrifugal cell plate expansion. Although nu-
clear division is not affected in gem1I and tio microspores, daughter nuclei do
not divide further, strengthening the hypothesis that PMII depends on persis-
tent cell fate determinants that may be sealed in the generative cell cytoplasm
at PMI.

The duo pollen (duo) mutants complete normal asymmetric division at
PMI, but fail to enter or complete generative cell division (Durbarry et al.
2005). Heterozygous duo mutants produce ~ 50% bicellular pollen contain-
ing a vegetative cell nucleus and a single “generative-like” cell with condensed
nuclear chromatin (Fig. 2). DUO1 was recently identified as a novel R2R3
MYB protein specifically expressed in generative and sperm cells (Rotman
et al. 2005). DUO1 represents the first germ line specific regulator to be
identified and DUO1 homologues in maize, rice and tobacco all possess a su-
pernumerary lysine signature in the R3 MYB domain that defines the DUO1
family (Rotman et al. 2005). Mutant generative cells in duol pollen fail to
enter PMII and enter a partial endocycle, suggesting that DUO1 may be a spe-
cific regulator of genes required for G2 to M-phase transition (Durbarry et al.
2005). In contrast, mutant generative cells in the duo2 mutant do enter mi-
tosis, but arrest at prometaphase suggesting the role of DUO2 in mitotic
progression (Durbarry et al. 2005).

2.1.2
Mutants Affecting Pollen Cell Morphogenesis

Several interesting mutants have been isolated that affect pollen cell morpho-
genesis after PMI using different screens. In the limpet pollen (lip) mutant,
identified in a T-DNA segregation distortion screen, the generative cell fails
to migrate inward after PMI suggesting defects in mechanisms of genera-
tive cell engulfment. Moreover, the generative cell is able to divide to form
two marginalized sperm cells outside the vegetative cell cytoplasm suggest-
ing that positional information is not essential for generative cell division
(Howden et al. 1998). The mud (male germ unit displaced) and gum (germ
unit malformed) mutants were identified from morphogenesis screens as
male-specific gametophytic mutants affecting the MGU (Lalanne and Twell
2002). mud pollen displays normal MGU assembly, but the MGU is dis-
placed to an eccentric position in mature pollen. In gum pollen however,
the MGU fails to assemble and the vegetative nucleus is separated from
the two sperm cells. Double mutant analysis suggests that GUM acts up-
stream of MUD in a pathway required for MGU assembly and positioning.
From independent morphological screens a range of mutants were isolated
that show unusual callose staining (Johnson and McCormick 2001). These
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include raring-to-go (rtg) that shows premature pollen hydration and ger-
mination within the anther locules. Other mutants producing excess callose
in pollen grains, emotionally fragile pollen (efp), gift-wrapped pollen (gwp)
and polka dot pollen (pdp), may be regulators of callose synthase and/or
components pathways that normally repress callose production until pollen
germination.

2.1.3
Segregation Ratio Distortion Screens for Male Gametophytic Mutants

Forward genetic screens using marker segregation ratio distortion have also
been successful in identifying genes involved in microgametogenesis. These
screens have mostly employed T-DNA or transposon insertion populations
that harbor dominant antibiotic or herbicide resistance markers. For ex-
ample, if an insertion inactivates an essential male gametophytic gene, then
the ratio of resistant to sensitive progeny will deviate significantly below the
expected 3 : 1 ratio toward 1 : 1. Such screens are inclusive in that mutants af-
fecting both pollen developmental and progamic phases are recovered as well
as those affecting female gametogenesis.

Insertional segregation ratio distortion screens have the advantage of
straightforward identification of the mutated sequences. A number of these
cause aborted pollen phenotypes that could arise from various mechanisms
(Table 1). For example abnormal gametophytes (agm) encodes putative trans-
membrane protein; vha-A, a subunit of the vacuolar H* ATPase, tagged se-
quences in hap5, encode a putative AP2 domain transcription factor and in
hap12, a cation-chloride transporter. The ung3 mutant results in early bicel-
lular pollen arrest (Lalanne et al. 2004b). Tagged sequences in ung3 encode
a GA-2-oxidase suggesting a role for GA in pollen development, as well as its
recently discovered role in pollen tube growth (Singh et al. 2002).

A different segregation distortion screen for EMS-induced gametophytic
mutants using multiple visible markers on chromosome 1 was devised by
Grini et al. (1999). Three male-specific lines (madl, mad2, mad3) showed
defects during pollen development, and three other lines showed variable de-
fects in both male and female gametophytes (bodl, bod2, bod3). Although
most mutants showed pleiotropic effects, the most common phenotypes in-
cluded pollen arrested at the bicellular stage. Interestingly, madI also showed
dividing walls at mid-bicellular stage reminiscent of phenotypes in geml
(Park et al. 1998).

Despite cloning successes complications can arise in insertion-based
screens, and chromosomal rearrangements involving inversion, transloca-
tion and deletion have been reported (e.g., Tax and Vernon 2001). Many
mutants with lethal phenotypes remain to be identified including several
members of the, both male and female defective, T-DNA transmission defec-
tive and ungud mutant classes (Table 1). Failure to clone flanking sequences



Pollen Development, a Genetic and Transcriptomic View 29

could arise from such rearrangement of insertion sequences (Lalanne et al.
2004b; Johnson et al. 2004). For example in the ham mutant, insertion of
a Ds element caused an approximately 150 kb deletion, hampering identifi-
cation of the responsible gene(s) (Oh et al. 2003). Therefore it is important
that the function of even apparently tagged mutants are independently ver-
ified by isolation of new alleles, complementation and/or by targeted down-
regulation.

2.1.4
Non-gametophyte Targeted Identification of Male Gametophytic Genes

In an increasing number of cases, gametophytic roles have been discovered
by characterising loss of function phenotypes caused by knockout or knock-
down mutants in genes of interest. This approach has led to the identification
of four genes, AtPTEN, ADL1C, AHA3 and GPT1, with important roles during
microgametogenesis (Table 1). In some cases progress was directed by know-
ledge of pollen-enhanced gene expression. For the dynamin-like ADLIC, gene
expression profiles and promoter-GUS analysis hinted at a role for ADLIC in
pollen. T-DNA insertions in ADLIC caused plasma membrane and cell wall
defects that could suggest a role in for ADLIC in plasma membrane mainte-
nance (Kang et al. 2003).

The requirement of two ATPases for pollen development was also demon-
strated by isolating T-DNA insertion alleles. Knockout of a single member of
the 11 plasma membrane proton H*-ATPases, AHA3, leads to pollen abor-
tion that suggests a role in secondary ion transport and microspore nutrition
(Robertson et al. 2004). A T-DNA insertion in the A subunit of the vacuolar
H* ATPase, VHA-A, leads to mutant pollen with curved and swollen Golgi
cisternae suggesting a role in Golgi organization (Dettmer et al. 2005). The es-
sential role of a plastidic glucose 6-phosphate/phosphate translocator (GPT1)
in pollen was recently demonstrated by isolating knockout mutants in one
of the two homologous GPT genes (Niewiadomski et al. 2005). gptI mutant
pollen shows reduced formation of lipid bodies and vacuoles essential for cell
viability. The suggested role for GPT1 in pollen is to support Glc6P import
into plastids as a source of carbon for starch and fatty acid biosynthesis, or
as a starter for the oxidative pentose phosphate pathway.

2.2
Perspectives from Male Gametophytic Mutant Studies

Currently we know about 45 gametophytic mutants for which 14 correspond-
ing genes have been identified (Table 1). Progress has been slowed because
of the limitations of positional cloning and the effort required for large-
scale segregation distortion screening. Saturation screening by segregation
distortion remains a daunting task, since it is estimated that 180000 T-DNA
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insertions are required to achieve one insertion in every gene in Arabidop-
sis with 95% probability (Krysan et al. 1999). With the establishment of large
EST (Flanking Sequence Tag) databases and corresponding germplasm stocks
more than 80% of protein coding genes now have intron or coding regions
FST matches likely to produce knockout mutations (Schoof et al. 2004). With
such resources lines in hand, the total number of insertions that need to be
screened to achieve saturation is more realistic and similar to the total num-
ber of annotated genes in Arabidopsis. However, it will remain difficult to
identify essential genes like T1O with critical functions in both gametophytes
(Oh et al. 2005) due to their extremely reduced transmission. Moreover, many
genes with redundant roles will not be revealed until double and multiple
mutant combinations can be assembled.

3
Pollen Transcriptomics

Characterisation of the complexity of male gametophyte gene expression has
reflected the available methodologies. First, isozyme studies suggested sig-
nificant overlap of gametophytic and sporophytic gene expression ranging
from 60 to 72% (Tanksley et al. 1981; Pedersen et al. 1987). RNA hybridisa-
tion studies confirmed this overlap and suggested that Tradescantia paludosa
and Zea mays pollen express ~ 20000 to 24 000 individual mRNA sequences
which was significantly lower than in roots (Willing et al. 1988). Subse-
quently, hybridisation studies of pollen cDNA libraries corrected the extent
of gametophytic-sporophytic overlap suggesting that only 10% of pollen-
expressed mRNAs may be pollen-specific (Stinson et al. 1987; Mascarenhas
1990).

Until recently, gene-by-gene characterization led to the identification of
approximately 150 pollen-expressed genes from different species, with strong
evidence for pollen-specific expression in about 30 (reviewed in Twell 2002).
Moreover only 23 pollen-expressed genes were identified in Arabidopsis. The
availability of new high-throughput technologies has enabled analysis of the
haploid transcriptome on a global scale. Three initial studies, exploiting se-
rial analysis of gene expression (SAGE) technology (Lee and Lee 2003) and
8K Affymetrix AG microarrays (Honys and Twell 2003; Becker et al. 2003),
provided analyses for mature pollen based on approximately one-third of the
Arabidopsis genome. Both approaches, however, gave similar overall views
of pollen gene expression. The microarray studies led to the identification
of 992 (Honys and Twell 2003) and 1587 (Becker et al. 2003) genes expressed
in mature pollen of which 39%/10% were considered pollen-specific. Based
on these limited genome-wide studies, estimates of pollen-expressed genes
in Arabidopsis were between 3500 and 5500. The classification of pollen-
expressed and pollen-specific genes into functional categories revealed sev-
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eral over-represented functional groups (cell wall, metabolism, cytoskeleton
and signaling) among the pollen-specific genes. Moreover, pollen-specific
genes were in general much more highly expressed than corresponding non-
specific pollen-expressed genes (Honys and Twell 2003).

Further refinement was enabled by the availability of Affymetrix 23 K
Arabidopsis ATH1 arrays. Currently, there are three publicly available in-
dependent data resources. The first contains microarray data covering four
stages of male gametophyte development (uninucleate microspores, bicellu-
lar pollen, tricellular pollen and mature pollen) for ecotype Landsberg erecta
(Honys and Twell 2004). The two remaining datasets were obtained from ma-
ture pollen grains from ecotype Columbia (Pina et al. 2005; Zimmermann
et al. 2004). Apart from revealing the identity of the vast majority of male
gametophyte-expressed genes, the major impact of these studies lies in the
massively increased knowledge of the complexity and dynamics of haploid
gene expression throughout single-cell development in plants (Honys and
Twell 2004).

3.1
Quantification of Pollen-expressed Genes

Estimations of the number of genes active in the male gametophyte and
their functional categorization are strictly dependent on data treatment, es-
pecially on the microarray normalisation algorithm! and the exclusive or
inclusive treatment of detection calls? in replicates. We show how data treat-
ment influences the outcome in Table 2. The use of the MAS4 algorithm in
combination with the inclusive treatment of replicates can increase the num-
ber of expressed genes more than two-fold when compared to MAS5 using
the exclusive approach. Therefore differentially normalised datasets cannot
be reliably compared. Such variance however does not affect the correlation
within differentially normalised data from one experiment; correlation coef-
ficients were always above 0.99. This demonstrates that most of the variance
is caused by low-abundance transcripts with uncertain expression. However,
our analyses of four developmental stages showed that the MAS5 detection al-
gorithm tended to eliminate a number of genes originally detected by MAS4
as expressed and which were experimentally confirmed as active. This was
often the case even for abundant genes (B. Honysovd and D. Honys unpub-
lished results), highlighting the added value of the empirical MAS4 detection
algorithm and comparative analysis.

! Two detection algorithms were compared: empirical MAS4 and statistical MAS5

2 Exclusive approach: a gene must have the detection call PRESENT in all replicates to be scored as
expressed, it eliminates non-reliable genes, the final number of identified genes in always smaller
than in any replicate; inclusive approach: a gene must be called PRESENT in at least one replicate
to be scored as expressed, it keeps non-reliable genes, the final number of genes is always higher
than in any replicate.
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Table2 The effect of the normalisation algorithm used to identify the number of genes
expressed in mature pollen in three independent experiments involving two different
ecotypes (Section X)

Exclusive Inclusive

Dataset? MAS4 MAS5 MAS4 MAS5 MAX/MIN®
fold change

Honys 7,264 4,774 11,071 6,930 2.32

Pina 6,965 5,039 11,238 6,558°¢ 2.23

AtGE73-1,2 8,566 6,396 11,939 8,195 1.87

AtGE73-1,3 8,321 6,192 11,748 7,924 1.90

AtGE73-2,3 8,394 6,283 11,764 7,916 1.87

AtGE73-1,2,3 7,671 5,938 12,756 8,520 2.15

MAX/MIN®  1.23 1.34 1.08 1.25

fold change

2 Dataset labelling: Honys, Landsberg erecta (duplicate; Honys and Twell 2004); Pina,
Columbia (duplicate; Pina et al. 2005); AtGE73, Columbia (triplicate; Zimmermann et al.
2004); AtGE73-1,2, AtGE73-1,3, AtGE73-2,3, all possible combinations of replicate pairs;
AtGE73-1,2,3, all three replicates.

b Ratio of the maximum/minimum values in appropriate row/column; bold values, pub-
lished estimates and normalisation algorithms used (Honys and Twell 2004; Pina et al.
2005).

¢ Only nuclear genes were included; the published value (6,587) also includes mitochon-
drial and plastid-encoded genes.

On the contrary, when the same normalisation algorithm is applied to
different datasets, the number of expressed genes is highly consistent, with
a maximum difference of 25% (Table 2). This was also confirmed by compar-
ison of correlation coefficients. All pairs of experiments except one, showed
correlation coefficients above 0.94; the only exception was 0.91. This is
significantly higher than in corresponding sporophytic experiments where
values were within the range 0.78-0.99 (only experiments with more than
one replicate were compared). Moreover, the differences observed between
datasets did not correlate with ecotype for both gametophytic and sporo-
phytic datasets. Therefore experimental conditions seemed to be more im-
portant than the ecotype itself and previously published speculations about
significant pollen transcriptome differences between ecotypes (Pina et al.
2005) are not supported. Taken together, we can now estimate the total num-
ber of genes expressed in mature pollen to lie between 5000 and 7000 genes
(see Table 2). We recommend analysis of expression data in pollen using both
MAS4 and MAS5 algorithms. Normalized datasets based on both MAS4 and
MASS5 can be accessed and downloaded at the Arabidopsis Gene Family Pro-
filer (aGFP) site (http://aGFP.ueb.cas.cz).



Pollen Development, a Genetic and Transcriptomic View 33

3.2
Gametophytic-Sporophytic Overlap

Comparative analyses of the male gametophytic transcriptomes are being
performed against an increasing number of sporophytic datasets. Unless
otherwise stated, the following results were obtained using transcriptomic
data from Landsberg erecta (four developmental stages, eight individual
GeneChips; Honys and Twell 2004) as all corresponding samples originated
from plants populations grown under identical conditions. Reference datasets
were obtained from the NASCArrays database (Craigon et al. 2004), repre-
sent 62 experiments (154 individual chips) that provide transcriptomic data
for seedlings, shoots, leaves, guard cells-enriched extracts, petioles, stems,
hypocotyls, xylem, cork, root hair elongation zone, roots, inflorescences,
young and old buds, siliques and cell suspension cultures®. All datasets were
normalised together using the same algorithm*.

Considering all developmental stages, 14037 genes gave a positive ex-
pression signal in the male gametophyte. In individual stages the num-
ber of active genes gradually decreased from 11615 (microspores, UNM)
and 11961 (bicellular pollen, BCP) through 8831 (tricellular pollen, TCP)
to 7264 (mature pollen, MPG). Analysis and visualization of gametophytic-
sporophytic overlap (Fig. 3A) demonstrates a relatively low number of strictly
male gametophyte-specific genes (5.6% of all male gametophyte-expressed
genes). This number is gradually decreasing as new sporophytic datasets
emerge, especially those from more specialised tissues and individual cell
types. The estimated number of strictly pollen-specific genes is therefore sig-
nificantly lower than expected from previous studies (Tanksley et al. 1981;
Pedersen et al. 1987; Stinson et al. 1987; Mascarenhas 1990; Honys and Twell
2003, 2004; Becker et al. 2003; Pina et al. 2005). However, those remaining
male gametophyte-specific genes are characterised by very high expression
signals, highlighting their importance and their potential as targets for func-
tional analysis.

Male gametophyte gene expression can be divided into two major phases,
early and late. 13 038 genes are expressed in microspores and bicellular pollen,
while 9739 genes are expressed in tricellular and mature pollen. However there
is significant overlap and the vast majority (8740 genes) are expressed in both
phases (Fig. 3B). The division of genes into early and late groups enables more
precise visualisation of possible overlaps of early and late male gametophytic
genes with two subgroups of sporophytic genes, those expressed in above
ground vegetative organs and those in roots. As an example of a deregulated tis-

3 The complete list of dataset codes is available from authors.

4 MAS4 detection algorithm, normalisation of all arrays to the median probe intensity level, calcu-
lation of model-based gene-expression values using Perfect Match-only model (dChip 1.3 software,
http://www.dchip.org; Li and Wong 2001), exclusive treatment of replicates for identification of
expressed genes
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Fig.3 Venn diagrams showing the quantitative overlap between male gametophytic and
sporophytic transcriptome profiles. A Male gametophytic-sporophytic overlap. B Overlap
of early pollen and late pollen transcriptomes with different sporophytic datasets repre-
sented by green parts (leaves, stems, petioles), roots and suspension cultures. The number
of genes forming each segment is shown in bold. Numbers in italics show the average
relative expression signal for genes in specific tissues within the particular segment

sue as well as another single cell type, suspension-cultured cells were included
(Fig. 3B). From this analysis we can conclude that the late genes make a sig-
nificantly greater contribution to the group of highly expressed pollen-specific
genes. Late genes also represent the only dataset where the mean relative ex-
pression is higher for specific genes than for constitutive genes. The mean
signal for gametophytic genes in the two late developmental stages (2529) is
far higher than the mean signal within other genesets (mostly 300-500). These
data also suggest that the early male gametophytic gene expression program is
much more similar to that of the sporophyte.

Because of the gradually decreasing number of putative male gametophyte-
specific genes, a new expression profile must be considered. This comprises
non-specific pollen-expressed genes that show enhanced expression in the
male gametophyte. Such pollen-enhanced genes were defined as genes with
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maximum male gametophytic expression at least fivefold higher than the
maximum expression in the sporophyte. We identified 1364 pollen-enhanced
genes (9.7% of all male gametophytic genes), that were similarly distributed
among late-pollen genes (1014 genes, 10.4% of late genes) and early-pollen
genes (1084 genes, 8.3% of early genes). Within the late group these num-
bers resemble and thus confirm previously published estimates of preferential
gene expression (Stinson et al. 1987; Mascarenhas 1990; Becker et al. 2003).
Importantly, our analysis significantly extends this knowledge to include four
stages of male gametophyte development.

33
Two Global Male Gametophytic Gene Expression Programs

Analysis of the overlap between gametophytic and sporophytic expression
and the relative levels of expression in both generations clearly demonstrated
marked differences. Moreover, there were striking differences between early
and late male gametophytic transcriptomes that highlight the uniqueness of
the late pollen transcriptome. The extent of such differences is most appar-
ent when the expression profiles of all male gametophyte-expressed genes
are visualised (Fig. 4A). Male gametophyte development is under control of
at least two successive global gene expression programs, early and late, that
should be precisely controlled at the transcriptional level. Out of approxi-
mately 1350 predicted Arabidopsis transcription factors (AGRIS web page:
http://arabidopsis.med.ohio-state.edu/; Davuluri et al. 2003; Riechmann et al.
2000; Parenicova et al. 2003; Toledo-Ortiz et al. 2003), 612 were expressed in
developing male gametophytes (542 early, 405 late). Of these, 49 were pollen-
enhanced and only 27 were pollen-specific. These genes represent strong
candidates for transcriptional regulators of male gametophyte development.

16 000
«wo| All expressed genes Specific genes
12 000

10 000

Fig.4 Transcriptome profiles of all expressed genes (A) and male-gametophyte-specific
genes (B) during male gametophyte development. There is a clear over-representation of
highly-expressed late genes within the male-gametophyte-specific subset



36 D. Twell et al.

Table 3 Correlation coefficients resulting from comparison of gametophytic and selected
sporophytic transcriptomic datasets

Tissue UNMP BCPP TCPP MPGP Chips ?
UNMP — 0.961 0.419 0.220 2
BCPP 0.961 — 0.565 0.333 2
TCPP 0.419 0.565 — 0.865 2
MPGP 0.220 0.333 0.865 — 2
Siliques 0.587 0.572 0.238 0.127 21
Embryo 0.593 0.558 0.166 0.073 18
Seedlings 0.468 0.470 0.214 0.117 10
Rosette leaves 0.449 0.446 0.185 0.093 28
Roots 0.549 0.550 0.166 0.116 10
Inflorescence 0.630 0.629 0.287 0.164 4
Young buds 0.576 0.576 0.256 0.143 3
Old buds 0.544 0.247 0.262 0.155 3
Suspension 0.545 0.541 0.278 0.164 5

2 Number of individual GeneChips used for each analyses.
b uninucleate microspores, bicellular pollen, tricellular pollen, mature pollen.

The switch point between both developmental programs occurs prior
to PMII (Fig. 4A). Taking into account the gradual decrease in the num-
ber of male-gametophyte-expressed genes, early genes, follow the general
trend of reduction in complexity. The absence of most abundant early male
gametophyte-specific genes in tricellular pollen datasets clearly demonstrates
this switch. On the contrary, a number of very abundant late genes are ac-
tivated after PMII and the majority of highly expressed late genes show
pollen-specific expression patterns. This switch to late program genes sup-
ports the previously published uniqueness of the late male gametophytic
transcriptome (Honys and Twell 2003; 2004). This uniqueness can be semi-
quantified by comparison of correlation coefficients between gametophytic
and sporophytic transcriptome datasets (Table 3). Moreover, gene expression
early in gametophyte development is significantly more similar to that in the
sporophyte than to late male gametophytic developmental stages. This could
suggest a significant contribution of pre-meiotic gene expression to the early
gametophyte expression profiles.

34
Functional Characterisation of Male Gametophytic Genes

Male gametophyte development is under the control of two very differ-
ent developmental programs. To evaluate more thoroughly the divergence
of these programs, the dynamics of the distribution of male gametophyte-
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expressed mRNAs between gene function categories was analysed. Twelve
gene function categories were defined as described previously (Honys and
Twell 2003).

3.4.1
Transcription in Microspores

The distribution of microspore-expressed genes among functional categories
was similar to that of rosette leaves and all genes on the ATH1 microarray
(Fig. 5). Among rare exceptions were genes involved in signaling and stress-
responses (~ 1% under-represented) and genes involved in protein synthesis
and transport (~ 1% over-representation). More striking differences were
found when the distribution of expressed genes was represented according to
their relative expression levels. This led to a dramatic expansion in the contri-
bution of genes involved in protein synthesis from 5% to 14%. This highlights
the importance of the protein synthesis program initiated early during male
gametophyte development.

With some exceptions (e.g., some transcription factors and receptor pro-
teins), we can expect many gametophytic genes with important functions to
be relatively highly expressed. The contribution of such genes is more easily
visualized when only mRNAs forming the high-abundance class® are con-
sidered (2197 genes). Within the high abundance class, genes involved in
protein synthesis are again the most numerous (15% of all 2197 genes) and
the most highly expressed (25% of overall signal intensity). The increase of
other over-represented functional categories (metabolism, protein fate) was
less dramatic with only a 1-3% increase in gene number and signal intensity.
A different figure was obtained when only genes specific to the male game-
tophyte were analysed (423 genes). Highly expressed, but mostly constitutive
genes involved in protein synthesis disappeared (only 2% genes and signal)
and were replaced by newly emerging gene categories of cell wall metabolism
(massive increase to 6% gene number and 12% signal) and transport (7%
genes, 11% signal). Both of these categories were even more dominant among
highly expressed genes, together comprising nearly one third of the overall
expression signal.

34.2
Transcription in Developing Pollen

The transcriptome of mature pollen grains differs markedly from all other
tissues and is accompanied by a significant reduction in complexity (Ho-
nys and Twell 2003, 2004). Moreover, although the down-regulation of most
microspore-expressed genes is a general trend, a significant group of genes

5 Genes with the expression signal up to tenfold less than the maximum signal.
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Fig.5 Distribution of expressed mRNAs among gene function categories. Proportional
representation of both the number of genes and their relative expression signals among
gene function categories is presented for early (microspore) and late (mature pollen) de-
velopmental stages. The equivalent distribution of all genes on the ATH1 array and genes
expressed in leaves are shown as controls
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are specifically up-regulated late during pollen development. However, this
reduction in complexity and parallel activation of different gene sets is not
uniform across gene function categories (Fig. 5). Compared to microspores,
there was a massive reduction in the protein synthesis group. On the con-
trary, the most over-represented gene categories were cell wall metabolism,
cytoskeleton and signaling. For example genes involved in cell wall synthe-
sis and metabolism comprise more than 19% of highly expressed specific
mRNAs (25% signal). Other important functional categories such as trans-
port and stress-related, mostly contained less abundant non-pollen-specific
genes. From this perspective, 23 K GeneChip experiments were confirmatory
for mature pollen, since these gene function categories were found to be the
most massively up-regulated based on analysis of 8K GeneChip data (Honys
and Twell 2003).

What was new and surprising was the extent of transcription of mRNAs
forming those up-regulated gene function categories. Since we knew that the
majority of the most abundant pollen-expressed mRNAs were also pollen-
specific (Fig. 4), they represent a relatively narrow set of genes. Moreover,
there was an enormous increase in the average signal per gene in these cat-
egories. In sporophyte and early male gametophyte, the average signal/gene
was within the range 300-500, whereas in late male gametophyte, this value
increased to approximately 1000. With the exception of the protein synthe-
sis category all other gene function groups were more abundantly repre-
sented among pollen-specific mRNAs. In particular, the average signal/gene
for pollen-specific genes involved in cell wall metabolism reached nearly
6000. All these findings unequivocally confirm the bias of male gametophytic
gene expression towards functional specialization required for the proceeding
progamic phase involving storage, signaling and rapid pollen tube growth.

343
Post-transcriptional Regulation

Pollen germination in many species has been shown to be largely indepen-
dent of transcription but vitally dependent on translation (see Twell 1994,
2002). Arabidopsis was shown to follow this general trend (Honys and Twell
2004) and there is compelling evidence that many mRNAs are stored in prep-
aration for translation during tube growth (reviewed in Twell 2002). The late
accumulation of pollen mRNAs and the presence of full-length transcripts
in pollen tubes demonstrate that many mRNAs survive pollen dehydration
and rehydration, some of which are stored as unique mRNP particles, EPPs
(Honys et al. 2000).

Developmental transcriptomic studies prove the existence of a large num-
ber of stored mRNAs in mature pollen. Most abundant late pollen-expressed
transcripts up-regulated after pollen mitosis II fall into this category and rep-
resent a stored mRNA charge. These studies also revealed that it is not only
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mRNA that are stored but also the pre-formed protein synthesis machinery.
Most protein synthesis genes are down-regulated in mature pollen and Ara-
bidopsis pollen tubes are strictly dependent on ongoing translation (Honys
and Twell 2004).

Transcriptomes and proteomes often differ and the absence of certain
genes in transcriptomic data does not necessarily mean the absence of
their protein products; transcriptomic data also demand experimental proof.
For example a recent hypothesis of inactivation of the small RNA path-
way in late male gametophyte (Pina et al. 2005) already deserves revision.
This hypothesis was formulated on the absence of mRNAs encoding pro-
teins involved in the small RNA pathway in mature pollen. Those mRNAs
were found to be present earlier in male gametophyte development and to
follow the general trend of down-regulation (Honys and Twell 2004). Our
re-analysis* of all available mature pollen datasets revealed that one gene
(At2g32940) was expressed in Landsberg pollen (Honys and Twell 2004),
two genes (At1g48410, At2g27040) were active in the AtGE73 dataset from
Columbia pollen (Zimmermann et al. 2004) and At5g21150 was expressed in
all three datasets. Surprisingly, application of the normalisation algorithm®
used by Pina et al. (2005) still identified three of these genes (At1g48410
(Argonaute 1), At2g32940 At5g21150) as active in the AtGE73 datasets from
the same ecotype (Zimmermann et al. 2004). Such inconsistencies illustrate
the importance of inclusion of all publicly available datasets in such ana-
lyses. Moreover, there are examples of the successful application of RNAi
approaches in the male gametophyte (Gupta et al. 2002; S-A. Oh, M. Das,
J.A. Johnson and D. Twell unpublished results). Taken together, available ex-
perimental and developmental transcriptomic data favor the function of the
small RNA pathway at earlier stages in development and its persistent ac-
tivity analogous to the presynthesis and utilization of the protein synthesis
machinery in pollen tubes.

35
Conclusions from Transcriptomic Studies

Pollen transcriptomic studies provide the first comprehensive genome-wide
view of the complexity of gene expression and its dynamics during single
cell development in plants. Male gametogenesis is accompanied by large-
scale repression of gene expression associated with the termination of cell
proliferation and the selective activation of new groups of genes involved
in maturation and post-pollination events. Development is also associated
with major early and late transcriptional programs and the expression of
around 600 putative transcription factors as potential regulators. These data

6 MAS5 detection algorithm, dChip 1.3 software (http://www.dchip.org; Li and Wong 2001), inclusive
treatment of replicates for identification of expressed genes
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also highlight a diminished role for transcription and the important role of
mRNA and protein storage in mature pollen. Over representation of genes
involved in cell wall metabolism, cytoskeleton and signaling highlight the
functional specialization of pollen in preparation for key progamic func-
tions including recognition of target tissues and rapid directional pollen
tube growth.

4
Perspectives — Integrating Genetic and Transcriptomic Data

Genetic screens for male gametophytic mutations are far from reaching sat-
uration given that almost all mutations are represented by single alleles.
Estimates of the number of genes that are essential for male gametophyte
development including the progamic phase can be based on equivalent seg-
regation ratio distortion screens in which all mutants affecting transmission
were characterized (Lalanne et al. 2004; Johnson et al. 2004). Based on the
assumption that approximately 180000 T-DNA insertions are required to
achieve saturation, Johnson et al. (2004) estimated that ~ 330 genes would be
identified. Similar calculations for the transposon-based Ds screen (Lalanne
et al. 2004) would predict ~ 575 genes. However the proportion of mutants
affecting development in these two screens varied from 10% (T-DNA) to
30% (Ds) corresponding to ~ 30 to 170 genes respectively. In stark con-
trast, estimates of the total number of genes expressed throughout male
gametophyte development based on microarray data are ~ 11000 to 14000
(Honys and Twell 2004). Moreover, because of the frequent co-expression
of gene family members in developing pollen (Honys and Twell 2004), ge-
netic redundancy is likely to be a major feature and will be a significant
limitation to genetic screens. To combat this deficiency, comprehensive tran-
scriptome data can now be used to accelerate and target functional studies
using reverse genetics. Targeted genetic approaches include assembly of se-
lected multiple knockout mutants based on co-expression data. An alternative
solution for closely related genes likely to be redundant is to down regu-
late multiple family members using antisense or RNAi approaches. This will
be made more effective if cell-and stage-specific promoters can be identi-
fied based on microarray expression profiles. Promoters that are specifically
active in generative and sperm cells and at late stages in pollen develop-
ment have now been identified (Engel et al. 2005; Rotman et al. 2005), and
microarray data analysis has enabled the isolation of promoters specifically
active at microspore stage (D. Honys, S-A Oh, D. Twell, unpublished). In
conclusion, the integration of established genetic approaches and resources
with recent trancriptomic data analysis heralds an exciting new era in which
the comprehensive identification of male gametophytic gene functions is
a realistic goal.
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