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Abstract During angiosperm male gametophyte devel-
opment, the male germline is segregated by an asymmetric
cell division of the haploid microspore. This review
encompasses recent advances in understanding the genetic
and molecular mechanisms involved in generating the male
germline from this pluripotent germline initial and in
specifying the production of the twin sperm cells required
for double fertilization. Genetic studies and access to the
transcriptome of isolated gametes have enabled remarkable
progress in understanding some of the key regulators that
control and integrate germ cell cycle progression with
germline specification, and an emerging regulatory model
is presented. Rapid advances have also been made in
understanding epigenetic regulation and small RNA path-
ways in the male gametophyte and germline that impact on
genome integrity and gamete development, traits that are
shared with animal germlines. The review concludes with a
perspective of the outstanding issues and directions
of future research that will further our understanding of
germline specification and the gametophytic control of
pollen development.
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Germlines in plants: a challenging concept

In animals, cells destined to become germline cells are
determined early in embryogenesis and remain as a dis-
tinct population of stem cells throughout life (reviewed in
Hayashi and Surani 2009; Strome and Lehmann 2007). In
contrast, flowering plants do not harbour a distinct
germline in the sporophyte, but maintain populations of
undifferentiated stem cells that continuously produce
vegetative tissues and organs, before switching to the
production of reproductive organs containing diploid
sporogenous cells. These ‘mother’ cells serve as game-
tophyte initials that following meiosis give rise to the
haploid microspores and megaspores. These spores
develop, respectively, into the male (pollen) and female
(embryo sac) gametophytes that produce the gametes and
consist of only a few cells.

Cells that are programmed to produce the gametes
constitute the germline; therefore, in plants, the germline
must reside in the gametophyte. In multicellular volvocine
algae, discussed in this issue (Hallmann 2011), and in early
land plants, the germline is produced after multiple mitotic
divisions in the gametophyte that include one or more
asymmetric divisions. However, in flowering plants, the
male gametophyte is so highly reduced that it is confined to
just two divisions, during which the germline is segregated
to produce the gametes. The first unequal division separates
a vegetative cell from a unique male germ (generative) cell
that divides once more to produce two sperm cells
(Fig. 1a). The extreme reduction in the angiosperm male
gametophyte provides a valuable model to dissect the
mechanisms controlling germline specification and in the
past 5 years remarkable progress has been achieved.

Here, the key advances made in understanding male
gametogenesis in flowering plants are reviewed with a
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Fig. 1 Schematic of male
gametophyte development and
mutants affecting cell division
and patterning in Arabidopsis.
a Illustration of the distinct
cytological stages that
accompany male gametophyte
development. Individual haploid
microspores released from
tetrads formed after meiosis first
grow by cell expansion,
involving large vacuole
formation and migration of the
nucleus to the microspore wall.
An asymmetric spindle is
assembled, which leads to a
highly asymmetric division
producing a small germ cell that
is subsequently engulfed by the
vegetative cell. The germ cell
elongates and divides to form
twin sperm cells, whilst the
vegetative cell differentiates
with the capacity to develop a
pollen tube following
pollination. b Schematic
illustrating the cell lineages and
cell cycle progression in male
gametophyte development in
the context of gametophytic
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focus on genetic studies of specification of the male
germline and sperm cell differentiation. A model of the
current regulatory networks governing male germline
specification is presented, and emergent evidence for the
role of epigenetic regulation and small RNA pathways in
the male gametophyte and germline are discussed. The
reader is referred to other recent reviews that collectively
discuss male and female germline specification and
gametophytic epigenetics (Berger and Twell 2011;
Dickinson and Grant-Downton 2009; Grant-Downton
2010; Le Trionnaire and Twell 2010).

Specification of the male germline

According to the knowledge acquired from animal models,
the definition of the germline requires two major steps
(Strome and Lehmann 2007). The first comprises cyto-
logical events leading to a form of polarized division that
sets apart the germ cell lineage. During this step, germ cell
determinants are segregated and the germ cell transcrip-
tome becomes distinct from the mother cell. Once segre-
gation of the germline is achieved, a second step involves
extensive reprogramming in the germline such that
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epigenetic modifications are passed on to the next gener-
ation. The germ cell genome must also be protected from
invasion and reorganization by foreign elements (transpo-
sons and viruses). Although far from complete, knowledge
of these different steps in male germline specification in
angiosperms is discussed below.

The development of the male gametophyte in angio-
sperms takes place within the stamens, and the landmark
events are outlined in Fig. la. Asymmetric division of the
haploid microspore is a key event that produces the vege-
tative cell and the smaller generative (germ) cell that
divides to produce the twin sperm cells required for double
fertilization. The microspore is thus the pluripotent initial
of the germline that establishes cells with two different
identities. The larger vegetative cell exits the cell cycle in
G, phase and differentiates a terminal fate, its nucleus
degenerating progressively during fertilization. In parallel,
germline development involves the tight control of cell
cycle progression to ensure twin sperm cell production and
the cell cycle synchrony of male and female gametes at
karyogamy (Friedman 1999). It also requires novel features
such as adaptation to the unique ‘cell within a cell’ envi-
ronment and dependence on the vegetative cell for survival
and transport.
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The role of asymmetric division

Division of the microspore is an example of an asymmetric
cell division that relies on intrinsic factors (Horvitz and
Herskowitz 1992) and results in the establishment of the
male germline. This asymmetric division may be described
as determinative in that daughter cells are immediately
different (in size, transcriptional activity and chromatin
structure) and that differential cell fate depends on division
asymmetry.

Evidence that division asymmetry is determinative
comes from experiments in which cultured microspores
have been induced to divide symmetrically using micro-
tubule inhibitors (Tanaka and Ito 1980, 1981; Zaki and
Dickinson 1991), or by physical means such as centrifu-
gation (Terasaka and Niitsu 1987). This results in the for-
mation of two similar ‘vegetative’ cells that do not possess
the condensed nuclear chromatin of the germ cell and adopt
vegetative cell fate (Eady et al. 1995). The failure to clearly
establish germ cell fate in gemini pollen 1 (geml) (Park
et al. 1998), gem2 (Park et al. 2004) and two-in-one (tio)
mutants (Oh et al. 2005), which result from failure of
cytokinesis, further indicates that the confinement of cell
fate determinants by a new cell wall may be critical to ‘seal
in” germ cell fate. More recent genetic evidence has led to
the identification of several essential regulators of male
germ cell cycle progression and differentiation that are
listed by their mutations (Fig. 1b) and discussed below
(Brownfield et al. 2009a, b; Chen et al. 2009; Gusti et al.
2009; Kim et al. 2008).

Establishing the germline: microtubule-dependent
polarity

Asymmetric division is preceded by the migration of the
microspore nucleus to the future germ cell pole, and
although the ontogeny of migration shows variation in
different taxa, the end product is constant, a uninucleate
polarized microspore (Twell et al. 1998). For example, in
Arabidopsis, the centrally positioned microspore nucleus
migrates to the pollen radial wall, whilst in tobacco, the
nucleus further translocates along the radial wall to the
future germ cell pole before spindle assembly (Fig. 2a, b).
There is compelling evidence that microtubules contribute
to polar migration of the microspore nucleus in different
species (Eady et al. 1995; Terasaka and Niitsu 1987).
Moreover, the absence of the pre-prophase band of
microtubules in microspores highlights the role of other
pre-mitotic microtubule structures in the determination of
the division site and spindle orientation required to achieve
asymmetric division (Brown and Lemmon 1991, 1992;
Hause et al. 1991; Terasaka and Niitsu 1995; Zonia and
Staiger 1999). Two functionally redundant y-tubulin genes,
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Fig. 2 Pre-mitotic microtubule arrays in polarized tobacco microsp-
ores labelled with a GFP fusion to Arabidopsis o-TUBULIN 6
(GFP::TUAG). a, b Reference microspores stained with DAPI to
illustrate the position of the nuclei and plane of the following optical
and confocal section images. a First nuclear position at the radial
wall. b Second nuclear position at the germ cell pole prior to
asymmetric division. al, bl Optical (leff) and confocal (right)
sections at planes indicated in panels a and b, respectively.
GFP::TUAG is excluded from the nucleus (n) and vacuole (v), which
appear dark. a2, b2 Extended focus confocal image stacks showing
GFP labelled cortical microtubules (al) and a basket-like nuclear cap
at the germ cell pole (b2)

TUBGI1 and TUBG?2, are required for spindle and phrag-
moplast organization in Arabidopsis microspores, further
highlighting the importance of microtubule dynamics in
establishing polar division of the microspore (Pastuglia
et al. 2006). Recently developed microtubule reporters that
allow live cell imaging have revealed unique gametophytic
microtubule arrays in polarized tobacco microspores,
including a cortical microtubule array associated with the
nucleus at the germ cell pole (Oh et al. 2010). This basket-
like nuclear cap of microtubules connects the nuclear
envelope and cell cortex and could therefore have roles in
generating cortical asymmetry as well as maintaining
nuclear position prior to division (Fig. 2b).

In genetic studies, very few mutants have been identified
that influence division asymmetry and/or formation of the
germline. Most of the corresponding genes have functions
associated with microtubule-dependent events. For exam-
ple, Arabidopsis gem! mutants disturb nuclear migration
and/or cytokinesis (Park et al. 1998) and represent loss of
function mutants in MORI/GEM]I, a plant orthologue of
the conserved MAP215/Disl microtubule-associated pro-
tein family that promotes plus end growth (Twell et al.
2002). Microspore-targeted depletion of TMBP200, a
tobacco homologue of MORI/GEMI, induced similar
division defects that were associated with altered spindle
position and orientation (Oh et al. 2010). The observed
uncoupling of nuclear migration and spindle axis deter-
mination indicates that these are successive events in
microspore polarity, both dependent on microtubule
growth mediated by TMBP200.
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In contrast, several other mutants that fail to form the
germline do not disturb polarity, but show specific defects
in cytokinesis (Lee et al. 2007; Oh et al. 2005, 2008). The
two-in-one (tio) microspores complete asymmetric nuclear
division, but fail to complete cytokinesis resulting in
binucleate pollen. TIO is the plant homologue of the Ser/
Thr protein kinase FUSED and localizes to the phragmo-
plast midline where it has an essential role in cell plate
expansion (Oh et al. 2005). Two functionally redundant
microtubule motor kinesins, PAKRP1/Kinesin-12A and
PAKRPI1L/Kinesin-12B, also localize to the phragmoplast
midline and double mutant microspores fail to form a well-
organized antiparallel microtubule array between reform-
ing nuclei (Lee et al. 2007). The signalling role of TIO
could be linked with either Kinesin-12A/12-B or operate
through the canonical NACK-PQR MAP kinase pathway at
the cell plate, since HINKEL (AtNACKI1) and TETRA-
SPORE (AtNACK?2) double mutant microspores show cell
plate expansion and cytokinesis defects strikingly similar
to those in tio microspores (Oh et al. 2005, 2008).

It is evident that microtubule-associated proteins and
their regulators are important in establishing and main-
taining the cell polarity required for asymmetric division.
However, a major outstanding problem is how intrinsic or
extracellular signals organize the polar microtubule arrays
associated with nuclear positioning and control of the
division plane. Since microspores are usually randomly
orientated with regard to the anther locule, it is unlikely
that polarity is determined by a directional external signal,
(Park et al. 1998; Twell et al. 1998). Therefore, it is has
been proposed that intrinsic factors localized to the future
germ cell pole may act as polarity determinants (Twell
et al. 1998). The activation of such a localized polarity
determinant by a non-directional external signal in the
anther locule could then initiate a signal transduction cas-
cade leading to polarization of microtubule assembly and
nuclear migration.

In comparison, the mechanisms that control migration
and positioning of each nucleus in the female gametophyte
remain largely unknown. Specific nuclear positioning
acquired at the end of female gametogenesis indicates that
most likely a gradient of factors such as RNAs and proteins
is established in the embryo sac. What constitutes the
gradient is unknown, but one report suggests that auxin
plays a role in cell specification in the embryo and might
participate in providing positional information (Pagnussat
et al. 2009).

Differentiation of the male germline: molecular events
A series of studies have revealed distinctive transcriptome

profiles in microspores, mature pollen and germline cells.
The most complete datasets have been generated in the
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genetic model Arabidopsis, where transcriptome analyses
have revealed developmental expression profiles from
microspores to mature pollen (Honys and Twell 2004; Pina
et al. 2005), the sperm cell transcriptome (Borges et al.
2008) and transcript changes associated with pollen ger-
mination and tube growth (Qin et al. 2009; Wang et al.
2008). Together with the recent discovery of several male
gametophytic regulators of cell cycle progression and dif-
ferentiation (see below), these datasets provide a strong
molecular framework in which to decipher the regulatory
networks governing male germline specification and gam-
ete delivery.

The development of techniques for the isolation of
generative and sperm cells has enabled transcriptome
studies of the male germline. In several studies, the
cDNA and EST sequences have been reported from
generative cells of Lilium longiflorum (Okada et al.
2006a) and sperm cells from Nicotiana tabacum
(Weterings et al. 1992), Zea mays (Engel et al. 2003) and
Plumbago zeylanica (Gou et al. 2009). Commonly rep-
resented classes of genes are associated with general
metabolism, cellular organization, DNA synthesis, chro-
matin structure and protein degradation. The most com-
prehensive datasets for Arabidopsis sperm cells also
reveal enrichment for genes associated with cell cycle
progression and DNA repair, reflecting the propagation
and maintenance of germline genome integrity. Small
non-coding RNA production and DNA methylation
pathways are upregulated in sperm cells compared with
vegetative cells (Borges et al. 2008). Proteins of the
ubiquitin—proteasome system (UPS) are also highly rep-
resented in plant sperm cells, which parallel the essential
role of the UPS in spermatogenesis and fertilization in
metazoans (Baarends et al. 1999; Sakai et al. 2004).
Genetic studies now provide unequivocal evidence for the
role of the UPS in male germline cell cycle progression in
Arabidopsis that includes F-box protein 17 discussed
below (Gusti et al. 2009; Kim et al. 2008) and a pair of
Ub-specific proteases (UBP3/UBP4) (Doelling et al.
2007).

Studies of germline-expressed genes in Arabidopsis
have focused on the characterization of genes homologous
to those expressed in the germline of other species.
A homologue of the lily gene GCS/ (also called HAP2) and
three genes homologous to maize sperm cell expressed
genes (GEXI, GEX2 and GEX3) are examples of Arabid-
opsis germline-expressed genes identified using this com-
parative approach (Alandete-Saez et al. 2008; Engel et al.
2005; Mori et al. 2006; von Besser et al. 2006). Although
no direct homologues of two lily generative cell-specific
H3 histones (gcH2A, gcH3) were identified in Arabidopsis,
analysis of the histone family did reveal the HISTONE3
RELATED 10 variant (HTR10), also known as MALE
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GAMETE HISTONE 3 (MGH3), as a male gamete-specific
histone (Ingouff et al. 2007; Okada et al. 2005, 2006a, b).
The identification of several germline-specific promoters
has provided valuable tools enabling the isolation of Ara-
bidopsis sperm cells for transcriptomic studies (Borges
et al. 2008) and the analysis of cell fate in various mutants
affecting the germline (Brownfield et al. 2009a, b; Chen
et al. 2008, 2009). Genetic analysis of mutants affecting
germline division, discussed below, has also led to the
identification of the male germline-specific R2R3 MYB
transcription factor DUOI1. The male germline-specific
expression of DUOL is illustrated in Fig. 3.

Coordinating cell cycle progression with germline
identity

The strict control of cell cycle progression in the vegetative
and germ cells is an essential feature of germline specifi-
cation and gametophyte patterning. Transcriptome analysis
has shown that all major components of the core cell cycle
machinery are expressed in microspores and their expres-
sion generally declines during pollen development (Honys
and Twell 2004; Pina et al. 2005). This general decline is
associated with the exit of the vegetative cell from the cell

PromDUO1-DUO1::mRFP1

PromDUO3-H2B::GFP

LMS EBC LBC TC

Fig. 3 Evidence for co-expression of DUOI and DUO3 in the male
germline. The DUO3 promoter is active in both VC and GC and that
the promoter is active in the germ cell during the period that the
DUOLI promoter and DUOL1 protein accumulate in the germ cell—
consistent with their role in G2/M transition. Top row shows the
germline-specific expression of a DUO1::mRFP1 fusion construct in
Arabidopsis pollen. Bottom row shows the expression of the DUO3
promoter linked to H2B::GFP, which is first expressed in microspores
and accumulates in nuclei of vegetative cells and in germ cells prior
to division. A PromDUO3-DUO3::GFP construct is expressed at
much lower levels and thus is only clearly detectable in the VC,
although expression of DUO3 specifically in the germ cell is
sufficient to complement rescue the division (Brownfield et al.
2009a, b).Thus, germline expression of DUO3 is normally required
for germ cell division and specification. Stages are abbreviated as
LMS (late microspore), EBC (early bicellular), LBC (late bicellular)
and TC (tricellular)

cycle and the limited germ cell contribution to the whole
pollen transcriptome. For example, sperm cells isolated
from Arabidopsis pollen at anthesis, which are in S-phase
(Friedman 1999; Durbarry et al. 2005), show enhanced
expression of S-phase transcripts (Borges et al. 2008).

Control of germ cell proliferation: genetic evidence

A number of mutants have been described in Arabidopsis
that produce bicellular pollen harbouring a single germ cell
due to failure of germ cell division. Collectively, the
analysis of these mutants and others that cause cell cycle
overproliferation has uncovered two parallel pathways that
regulate (1) the maintenance of germ cell proliferation and
mitotic arrest of the vegetative cell and (2) how germ cell
differentiation is integrated with cell cycle progression.

Mutations in the A-type cyclin-dependent kinase
(CDKA; 1) result in retarded S-phase, and germ cell entry in
mitosis is delayed until the pollen grain germinates
(Iwakawa et al. 2006; Nowack et al. 2006), leading to germ
cell division during pollen tube growth in the majority of
pollen (Aw et al. 2010). Disruption of the F-box-Like 17
(FBLI17) gene, which is only transiently expressed in the
male germ cell was shown to phenocopy the cdka;l germ
cell defect (Gusti et al. 2009; Kim et al. 2008). FBL17
normally targets the CDK inhibitors KRP6 and KRP7 for
proteasome-dependent degradation, enabling the germ cell
to progress through S-phase (Kim et al. 2008). Conversely,
the persistence of KRP6/7 in the vegetative cell is proposed
to maintain inhibition of CDKA activity and vegetative cell
cycle progression. Germline-specific expression of FBL17
thus enables differential control of the cell cycle in the
germ and vegetative cells, effectively licensing germ cells
for progression through S-phase (Fig. 4). Similarly, the
proteasome-mediated degradation of KRP6 by two RING-
finger E3 ligases, RHF1a and RHF2a is required for regular
progression through both microspore and the subsequent
germ cell mitotic cycle. RHF1a and RHF2a are proposed to
reduce the level of KRP6 accumulated during meiosis,
thereby preventing inhibition of CDK activity in micro-
spores and germ cells (Liu et al. 2008).

A phenotype opposite to that observed in cdka; I mutant
is caused by loss of function of the retinoblastoma-related
(RBR) protein. Loss of RBR results in hyperproliferation
of the vegetative cell and to a lesser extent the germline,
leading to pollen with four sperm cells (Chen et al. 2009).
Hyperproliferation in the absence of RBR is dependent on
CDKA;1 activity since introduction of a cdka;1 mutant
allele prevents cell proliferation in hypomorphic rbr pollen.
This places RBR repression of the E2F-DP pathway
downstream of KRP-dependent CDKA;1 inhibition, so that
both mechanisms may cooperate to enforce cell cycle exit
that is associated with commitment to vegetative cell fate.
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Fig. 4 A model of regulatory events that distinguish male germ cell
and pollen vegetative cell fate. Following asymmetric division of the
microspore, the CDK inhibitors KRP6 and KRP7 are present in both
the germ cell and vegetative cell. Transient expression of FBL17 in
the germ cell leads to their degradation allowing CDKA/CYCD to
phosphorylate RBR. RBR-mediated repression of the E2F/DP path-
way is relieved and allows progression of the germ cell through
S-phase. FBL17 is not expressed in the vegetative cell and so CDKA
inhibition by high levels of KRP6 and KRP7 may result in continued
repression of the E2F/DP pathway. Together, these two pathways

Intriguingly, cell fate is also incorrectly specified in a
proportion of rbr vegetative cells. These cells appear to
retain the progenitor-like character of the microspore and
attempt to imperfectly reiterate asymmetric division to
produce an additional cell with a range of fate identities
(Chen et al. 2009). Johnston et al. (2008), also observed
patterning defects in #b7/RBR pollen and elevated expres-
sion of non-imprinted polycomb repressive complex
(PRC2) components, SWN, FIE, CLF and MSII and the
DNA methyl transferase (MET1), indicating that RBR is
associated with the repression of PRC2 activity in the male
gametophyte. The significance and cell specificity of PRC2
derepression in rbr mutant pollen remain unknown; how-
ever, the suppression of cell fate defects in rbr;cdka;l
double mutant pollen points to RBR primarily controlling
cell cycle progression, whilst having a secondary impact on
cell fate commitment (Chen et al. 2009).

Chromatin Assembly Factor-1 (CAF-1) pathway mutants
(fasl, fas2, msil) also cause cell cycle arrest, resulting in the
production of a proportion of pollen with single germ cell
able to fertilize either the egg or the central cell (Chen et al.
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enforce vegetative cell fate by preventing cell cycle entry. Gamete
specification is coincident with germ cell formation, where the
expression of DUO1 and DUO3 leads to the activation of an
overlapping set of germline differentiation genes. Following S-phase
the DUOI1-dependent activation of CYCLINBI1;1 promotes entry into
mitosis. DUO3 is also required for G2/M transition in the germ cell,
but involves a CYCLINBI1;1 independent pathway. DUO1 and DUO3
therefore integrate germline differentiation with cell division, and the
cooperation of their regulatory networks is essential for the produc-
tion of a pair of fully differentiated sperm cells

2008). This indicates a role for nucleosome and chromatin
reassembly in germ cell cycle progression that is not essen-
tial for germline differentiation (Chen et al. 2008).

Regulators that integrate germline fate and cell cycle
progression

Single germ cell phenotypes are characteristic of several
duo pollen (duo) mutants that have been characterized.
DUO1 encodes a novel conserved R2R3 MYB protein
specifically expressed in the male germline (Rotman et al.
2005) (Fig. 3). Failure of mitotic entry in duol germ cells
results, in part, from the lack of germline expression of the
G2/M regulator CYCLIN B1;1 (Brownfield et al. 2009a).
The duol germ cells are also incompletely differentiated
and do not result in fertilization (Rotman et al. 2005),
unlike cdka; I mutant germ cells, which fertilize the egg
cell or the central cell (Aw et al. 2010). The expression of
several male germline-specific genes is suppressed in duol
germ cells, including that of AtGCSI (HAP2), which
encodes an essential sperm cell surface protein required for
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efficient pollen tube guidance and gamete fusion (Mori
et al. 2006; von Besser et al. 2006). Moreover, whilst
germline differentiation genes are activated in response to
ectopic DUOLI expression, this is not sufficient to induce
CYCBI;1 transcripts (Brownfield et al. 2009a). DUOI-
dependent expression of CYCBI;l in the germline may
operate through a novel germline-specific pathway or in
association with potential regulators of CYCBI;1 that have
been characterized in the sporophyte including MYB3R
and TCP20 proteins (Li et al. 2005). Interestingly, a root-
enhanced R2R3 MYB factor (AtMYB59) has been shown
to be a direct regulator of the CYCBI1;1 promoter that
appears to regulate root growth by extending the metaphase
of mitotic cells (Mu et al. 2009).

The recent identification of a novel nuclear protein
DUO3, which is also required for male germ cell division
and gamete specification in Arabidopsis, adds a regulatory
node to the emergent male germline network (Brownfield
et al. 2009b). DUO3 contains domains related to Gonad-
less-4 (GON-4), a cell lineage regulator of gonadogenesis
in Caenorhabditis elegans (Friedman et al. 2000). Plant
DUO3 proteins have conserved functions as DUO3 from
moss can restore germ cell division and specification in
Arabidopsis duo3 mutants. DUO3 may also have molecular
functions related to those of GON4-like (GON4-L) proteins
as there are phenotypic similarities between duo3 and
gon4-I mutants, such as G2/M arrest and cell specification
defects (Friedman et al. 2000; Liu et al. 2007).

DUO3 is required for G2/M transition and for the
expression of a subset of DUOI target genes. However,
unlike DUOI, the requirement for DUO3 in the germline
during G2/M transition acts independently of CYCBI;1
(Brownfield et al. 2009b). Although DUO3 is widely
expressed, DUO1 and DUO3 are co-expressed in the
germline and accumulate before division, consistent with
their G2/M roles (Fig. 3). Although DUOI is a direct
regulator of a multiple germline-specific target genes
(M. Borg et al., unpublished), the mechanism by which
DUO3 influences the expression of a subset of DUOI
targets remains unknown. However, it has been proposed
that DUO1 and DUO3 may cooperate in a transcriptional
complex at common target promoters or that DUO3-
dependent chromatin remodelling could promote DUOI1
binding to MYB target sites (Brownfield et al. 2009b).

The discovery of DUOI and DUO3 establishes a regula-
tory model in which these regulators integrate cell cycle
progression and cell differentiation during male germline
development that is illustrated in Fig. 4. Ongoing work is
poised to uncover the diversity of target genes, their func-
tions and the networks in which they operate (M. Borg et al.,
unpublished). However, an unresolved issue is how the
expression of key germ cell determinants, including DUO1 is
linked with asymmetric division of the microspore.

Here, the characterization of the lily Germline Restric-
tive Silencing Factor (GRSF) provides a potential dere-
pression mechanism for the germline-specific expression of
germ cell determinants (Haerizadeh et al. 2006). GRSF is a
nuclear protein that is widely expressed but excluded from
the male germline. GRSF binds to a silencer element in the
lily germline-specific LGC1 promoter, and these silencer
sequences are sufficient to repress the CaMV35S promoter
in sporophytic cells in tobacco and Arabidopsis. Whether
orthologues of GRSF in Arabidopsis function to repress
germline genes remains to be established, since putative
GRSF-binding sites in the DUO1 promoter do not function
as sporophytic silencer elements (Brownfield et al. 2009a).
Although a derepression mechanism cannot be ruled out
for other germline genes, 5" deletion analysis of the DUOI
promoter identified only positive regulatory elements
(Brownfield et al. 2009a). This implicates upstream tran-
scription factors and chromatin modifications as potential
determinants restricting DUO1 function to the germline.
Consequently, these germline determinants may be differ-
entially distributed or post-translationally modified as a
result of asymmetric division. It is also possible that
microRNAs or epigenetic modifications could contribute to
germline specification.

Epigenetic controls in the gametophyte and male
germline

The striking difference in cell fate between the vegetative
cell and germ cells is not only reflected in their distinctive
patterns of cell cycle control and cellular differentiation but
by their characteristic nuclear chromatin ‘states’. The
vegetative cell has highly dispersed chromatin, whereas the
germline chromatin is maintained in a highly condensed
condition. Whether such distinct chromatin states partici-
pate in fate determination or accompany the unique dif-
ferentiation programs of the vegetative cell and germline
remains to be established. However, several lines of evi-
dence demonstrate an important role for epigenetic regu-
lation and small RNA pathways in the male gametophyte
including genome integrity and germ cell functions.

Histone expression and modification

The angiosperm male germline is characterized by the
expression of specific histone H3 variants. Purification of
the generative cell from Lilium pollen grains led to the
identification of gametic H2A, H2B and H3 histones spe-
cific to the germline that have divergent sequences com-
pared to those expressed in vegetative tissues (Xu et al.
1999; Ueda et al. 2000; Okada et al. 2006a, b; Ueda and
Tanaka 1995). Changes in global patterns of DNA histone
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acetylation have been reported after microspore division in
lily, with the vegetative cell undergoing cycles of histone
H4 de- and re-acetylation (Janousek et al. 2000). Also in
lily, histone H3 methylation differs substantially between
the vegetative and generative cells of mature pollen (Okada
et al. 2006a, b), and histone H1 levels decrease in the
vegetative nucleus (Tanaka et al. 1998). An important role
for a SET-domain histone methyltransferase SDG4 that is
highly expressed in pollen has been demonstrated. Histone
methylation at H3K4 and H3K36 is significantly reduced in
vegetative nuclei of pollen that lacks functional SDG4 and
sdg4 mutants have reduced pollen tube growth (Cartagena
et al. 2008).

In Arabidopsis, the H3 variant HTR10 is specifically
expressed in the germline and mature sperm (Ingouff et al.
2007; Okada et al. 2005) under the control of the DUO1
transcription factor (Brownfield et al. 2009a). In animals,
H3 variants of the H3.3 type can be incorporated into
chromatin in non-dividing cells (Corpet and Almouzni
2009). HTR10 carries a H3.3 signature and could be
required to direct a germ cell-specific transcriptome or
could be involved in sperm chromatin condensation.
HTRI10 is the major H3 expressed in the germline (Ingouff
and Berger 2010), and it is completely removed from the
zygote nucleus upon fertilization (Ingouff et al. 2007).
A similar remodelling of the chromatin contributed by the
sperm cell occurs in animals. The paternal chromatin is
stripped of its H3 content and loaded with H3.3 variants
provided by the female gamete (Ooi and Henikoff 2007).
The impact of replacement of HTR10 by other H3.3 vari-
ants upon fertilization is not yet understood, but it may
participate in global reprogramming events as suggested
for dynamic replacement of H3.3 in the mammalian
germline (Hajkova et al. 2008).

DNA methylation

The germline in animals is marked by epigenetic repro-
gramming, and DNA methylation is removed from the
entire genome in primordial germ cells (Albert and Peters
2009; Hemberger et al. 2009; Sasaki and Matsui 2008). In
Arabidopsis, the majority of DNA methylation occurs in
CG context and depends on the maintenance DNA meth-
yltransferase 1 (MET1) (Cokus et al. 2008; Zilberman
2008). Alterations to global DNA methylation have been
reported in tobacco male gametophytes (Oakeley et al.
1997), as have cycles of DNA methylation and demethyl-
ation in vegetative cells of lily (Janousek et al. 2000).
However, several lines of evidence indicate that major
reprogramming of DNA methylation does not occur in the
male gametes (Jullien and Berger 2010; Saze 2008). MET1
is expressed in male gametes (Jullien et al. 2008) and is
required to maintain silencing at several loci (Jullien et al.
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2006), whilst loss of MET1 in the male gametes causes a
paternal effect on seed size (FitzGerald et al. 2008). Nev-
ertheless, met! mutant pollen grains do not show obvious
defects in the vegetative cell or in germline function,
indicating that CG methylation does not have an essential
regulatory role in vegetative cell differentiation or germ
cell division. DNA methylation does, however, play a
major role in silencing transposable elements (Zilberman
et al. 2007; Zilberman 2008). With established sperm cell
isolation methods in Arabidopsis and rice, it is now within
reach to determine the methylome of isolated gametes and
vegetative cell nuclei that would provide unprecedented
insight into the extent of epigenetic reprogramming that
takes place in the vegetative cell and germline.

Small RNA pathways

Transcriptomic studies have detected the expression of
various components of small RNA pathways in the male
gametophyte. Transcriptomic profiling of genes involved in
small RNA pathways (Honys and Twell 2004) indicated a
general decline during pollen development (Pina et al.
2005), although many transcripts were shown to persist in
mature pollen, results that were confirmed by RT-PCR
analyses (Chambers and Shuai 2009; Grant-Downton et al.
2009a). Further analysis of isolated sperm cells showed
strongly enhanced expression of small RNA pathway
components, notably DCL1, RDR2, HEN1 and the dsRNA-
binding protein DRB4 in sperm cells compared with pollen
and seedlings (Borges et al. 2008).

Transcriptional silencing by RNA-directed DNA
methylation

The animal germline is marked by the activity of small non-
coding RNAs produced by the PIWI pathway (O’Donnell
and Boeke 2007; Thomson and Lin 2009). Although this
pathway may not be conserved in plants, two ARGONAUTE
family members, AGO5 and AGO9Y, are highly enriched in
sperm cells where they may participate in novel small RNA-
mediated silencing pathways. Interestingly, the rice ortho-
logue of AGOS5, MEIOSIS ARRESTED AT LEPTOTENE]
(MELYI), is restricted to meiotic precursors and meiocytes,
and mutations in MELI result in early meiotic arrest
(Nonomura et al. 2007). In Arabidopsis, AGO9 preferen-
tially interacts with 24-nucleotide sRNAs derived from
transposable elements (TEs), and its activity is necessary to
silence TEs in female gametes and their accessory cells
(Olmedo-Monfil et al. 2010). AGO9 is expressed in sporo-
phytic tissues surrounding the developing gametophyte and
acts by repressing the ectopic differentiation of megaspore
mother cells. Further investigation is required to establish
whether AGOS5 and AGO9 function in conventional or novel
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small RNA pathways, whether they have similar silencing
roles in the male germline and whether they contribute to
gamete specification.

A recent study has shown that the vegetative cell is
characterized by increased activity of some classes of
transposable elements. This is attributed to the absence of
the nucleosome remodelling protein DECREASED
DNAMETHYLATION1 (DDM1) and the hypomethylation
of a class of retrotransposon sequences (Slotkin et al.
2009). It is suggested that siRNAs produced in the vege-
tative cell induce silencing of transposons in the sperm
cells. This hypothesis requires unknown mechanisms that
would allow siRNAs to cross the two membranes that
separate the sperm nuclei from the cytoplasm of the veg-
etative cell and warrants further investigation.

In contrast with the hypomethylation of some TEs
observed in pollen and their strong non-CG methylation in
sperm cells (Slotkin et al. 2009), in a separate study, the loss
of DDM1 from the vegetative cell has been linked to the
hypermethylation of centromeric repeats and a class of
associated retrotransposon sequences at non-CG sites
(Schoft et al. 2009). These authors propose that down regu-
lation of DDM1 leads to demethylation of H3K27me?2 and
disturbed centromeric heterochromatin, involving loss of the
centromeric histone CenH3, allows siRNA directed DNA
methylation (RADM) at centromeric repeats. The apparent
contradiction in methylation changes of transposon
sequences in the DDMI1-deficient vegetative cell in both
studies may conceivably reflect the active targeting of DNA
demethylases to non-centromeric TEs and the protection of
centromeric TEs from the demethylation machinery through
CenH3-dependent chromatin marks (Schoft et al. 2009).
A more dynamic view of the distribution of siRNAs and
DNA methylation during male gametophyte development
will help to resolve the uncertainties regarding potential
siRNA transport and the epigenetic control of different
classes of transposon sequences.

Post-transcriptional regulation by small RNAs
(miRNA, ta-siRNA and cis-nat-siRNAs)

Recent evidence has emerged for the expression and
function of critical components of small RNA pathways in
the developing male gametophyte (Ron et al. 2010; Schoft
et al. 2009; Slotkin et al. 2009). Small RNA pathways,
including miRNA and ta-siRNA pathways have been
shown to be present and functional in mature pollen
(Grant-Downton et al. 2009a, b, recently reviewed in
Grant-Downton 2010; Le Trionnaire and Twell 2010).

A further system of siRNA biogenesis, the natural
antisense (nat)-siRNA pathway has been recently shown to
play an essential developmental role in the male

gametophyte. Ron et al. (2010) demonstrate that the mis-
regulation of a specific cis-nat-siRNA pair in Arabidopsis
sperm cells resulted in single fertilization events of either
the egg or the central cell resulting in seed abortion. They
show that overlapping transcripts from the KOKOPELLI
(KPL)/ARIADNEI4 (ARII4) cis-NAT pair exhibit inverse
expression patterns during pollen development. Analysis of
kpl mutants confirmed the overexpression of ARI/4 tran-
scripts in pollen, which was correlated with impaired fer-
tilization. They further demonstrated that a KPL/ARII4
nat-siRNA was generated only in sperm cells. This repre-
sents the first example of the functional role of a specific
siRNA in pollen development and, intriguingly, it is likely
to have had a recent evolutionary origin, with KPL
restricted to the Brassicaceae (Ron et al. 2010).

What is clear from a rapidly accumulating body of
evidence is that non-coding small RNAs participate in
multiple aspects of the male gametophytic phase of the life
cycle, including the control of genome integrity and gam-
ete function. The functional or regulatory roles for several
different classes of small RNAs, however, remain to be
identified, but it can be anticipated that novel small RNAs
with significant roles in male gametophyte and germline
development will be uncovered.

Perspectives

Examination of the recent progress in our knowledge of the
mechanisms governing male germline specification in
plants highlights common features that are shared with
those in animals such as the role of asymmetric division
and the importance of production of small non-coding
RNAs preventing mutagenic activity of transposable ele-
ments. The establishment of the male germline and the
male gametes involves the integration of progressive steps
towards a differentiated state that involves the control of
cell polarity and cell cycle progression. It is evident that
microspore polarity is microtubule dependent, but the
intrinsic organizers of polarity that orchestrate nuclear
migration and asymmetric division remain to be identified.
A further outstanding challenge is to discover the linked
cell fate determinants responsible for specifying the dif-
fering fates of the vegetative and germ cells. On the other
hand, knowledge of key transcription factors and cell cycle
regulators together with methods for sperm cell isolation
(Borges et al. 2008) now paves the way for rapid progress
in the understanding of the regulatory networks involved in
germline specification and the extent of epigenetic repro-
gramming that is involved in sperm cell production.
Advances in transcriptomic analysis of female germ cells
(Wuest et al. 2010) discussed in this issue (Sprunck and
Grof3-Hardt 2011) will allow a unique comparative view of
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germ cell specification in plants and further aid under-
standing of the maternal and paternal germline repro-
gramming that takes place once gametes unite.
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