
brought to you by COREView metadata, citation and similar papers at core.ac.uk

her Connector 

Current Biology 20, R988–R997, November 23, 2010 ª2010 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2010.09.040

provided by Elsevier - Publis
of Reproductive Developmen

ReviewSignaling and Transcriptional Control
t in Arabidopsis
Xiaochun Ge1, Fang Chang1, and Hong Ma1,2,3,*

Plant reproductive development is a complex process with
diploid and haploid phases, including male and female
organogenesis, meiosis, gametogenesis, pollination and
fertilization. A number of regulatory mechanisms control
both diploid and haploid cell division and differentia-
tion, especially cell–cell signaling pathways mediated by
receptor-linked protein kinases with prominent roles in
earlymale development, and hormonal signaling pathways
crucial for later events in male and female reproductive
development. Furthermore, transcriptional networks
control the proper formation of specific cell layers and
embryo sac cell specification.
Introduction
Angiosperms (flowering plants) are morphologically diverse,
ecologically widespread, and among the most successful
of living organisms [1]. This success is largely due to repro-
ductive innovations, including colorful floral organs such as
petals, the nutritious nectar and pollen that attract pollina-
tors, and the protective fruits that are used as food by seed
dispersers [2]. Angiospermsarealsocharacterizedbydouble
fertilization, which leads to an embryo and a nutritional
organ called the endosperm [3,4]. The development of com-
plex reproductive organs involves many cellular and molec-
ular processes, thereby offering great opportunities for
understanding plant development. The nutritious reproduc-
tive structures (flowers, pollen, fruits and seeds) have been
recognized by animals and humans and utilized as foods.
Thus, the study of angiosperm reproductive development
is relevant to both plant–animal interactions and agriculture.

Angiosperm reproductive development, as in other plants,
involves diploid (sporophytic) and haploid (gametophytic)
phases. The sporophytic phase contains male and female
reproductive organs, the stamen and pistil, with somatic
tissues and the germline. The latter consists of microspore
(male) or megaspore (female) mother cells, each of which
undergoesmeiosis to produce fourmicrospores or one func-
tional megaspore, respectively. The haploid spores then
divide to form multicellular haploid gametophytes, called
the pollen grain (male) and embryo sac (female). Unlike
mosses and ferns, the haploid phase of angiosperms is
extremely reduced, consisting of only three (male) or seven
(female) cells that are dependent on the sporophytic genera-
tion for nutrition and protection.
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Typically, as in Arabidopsis thaliana and rice (Oryza
sativa), the stamen has two parts: the anther and the filament
(Figure 1A). The anther has four lobes, each containing
the microspore mother cells (Ms) and somatic tissues
(Figure 1B). The filament connects the anther to the rest
of the flower, providing physical support, water, nutrients,
and signals. Anther development has been divided
into 14 stages [5–7]. Stages 1–5 involve cell division and
differentiation that form the four lobes, and stages 6–8 are
marked by meiosis, spore formation, and their release,
respectively. Stages 9–12 are characterized by pollen devel-
opment, whereas stages 13 and 14 are defined by pollen
release and collapse of the anther. The first pollen mitosis
results in two cells, with the large vegetative cell subse-
quently surrounding the small generative cell. The vegetative
cell will produce the pollen tube later during pollination,
whereas the generative cell divides again to form two sperm
cells.
The female reproductive organ, the pistil, is usually located

centrally in the flower (Figure 1A) and contains the stigma,
style and ovary. The Arabidopsis ovary has approximately
50 ovules, which are initiated from the placental tissue
[8,9]. At the distal end of the ovule, a subepidermal cell
becomes the megaspore mother cell (Figure 1D), which
undergoes meiosis to produce one functional megaspore
and three other haploid cells that degenerate. The female
gametophyte (embryo sac) is embedded in the ovule and
surrounded by the integuments (Figure 1E).
In more than 70% of plant species, including Arabidopsis

andmajor crops such as soybean and cereals, female game-
tophyte development is of the Polygonum type, first
described in the plant Polygonum divaricatum [8]. In the
Polygonum-type female gametophyte, the megaspore
nucleus goes through three rounds of mitosis to produce
8 nuclei. Cellularization then results in 7 cells: an egg cell
and two adjacent synergids forming the egg apparatus at
the distal ormicropylar end of the embryo sac, a large central
cell with two of the nuclei, and three antipodals occupying
the proximal or chalazal end (Figure 1E).
Pollination begins when pollen lands on the stigma and

produces a pollen tube, which then grows through the trans-
mitting tissues of the pistil to deliver two sperm cells to the
embryo sac [10] (Figure 1F), guided by the female sporo-
phytic tissues and the female gametophyte. The pollen
tube then enters the embryo sac through the micropyle
and bursts to release two sperm cells [11]. In double fertiliza-
tion, one sperm cell fertilizes the egg cell to form the embryo,
and the other one fuses with the central cell to form the endo-
sperm. After fertilization, the embryo and endosperm
develop into a seed [12].
Major progress has been made recently in understanding

the molecular mechanisms of plant reproductive develop-
ment using the model plants A. thaliana and rice. Several
comprehensive reviews have been published describing
earlier studies on the male and female development
processes, respectively [7,8,13–18]. And several excellent
reviews have also discussed recent advances in the under-
standing of gene functions in the male gametophyte and
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Figure 1. A schematic depiction of Arabidop-
sis floral structure, male and female gameto-
phytes, and the pollination process.

(A) A flower showing floral organs. (B) An
anther cross section at stage 5 with the
epidermis, endothecium, middle layer,
tapetum, and microsporocytes. (C) A mature
anther showing dehiscence (release of
pollen). (D) An early stage ovule with integu-
ment, nucellus, and the megaspore mother
cell. (E) A mature female gametophyte at
stage 6 with seven cells: one egg cell, two
synergids, a central cell, and three antipodals.
(F) Pollen tubes grow toward the ovules for
fertilization.

Review
R989
for ovule development [16,19–26]. In this review, we will
focus on the signaling and transcriptional regulation under-
lying anther development and embryo sac cell specification
and the interaction betweenmale and female gametophytes,
emphasizing recent advances in Arabidopsis.

Stamen Cell Division and Differentiation
During stamen development, the anther primordium initiates
from the floral meristem at stage 1, then the L2 archesporial
cells, the cells that give rise to spores, divide to form the
typical four-lobed anther by stage 5 [7]. Normal anther devel-
opment requires temporal and spatial coordination of
different cell types, being regulated by signals and regulatory
molecules, including hormones, kinases, transcription
factors and microRNAs [5,16–18,27–34] (Figure 2).

Control of Stamen Initiation and Identity
The stamen primordia are generated from the floral meri-
stem, whose stem cell activity is maintained by the antago-
nistic actions of CLAVATAs (CLVs) and WUSCHEL (WUS)
[35]. WUS activates the expression of the MADS-box gene
AGAMOUS (AG) in the presence of LEAFY (LFY) at the
center of the floral apex [36,37], whereas AG represses
WUS by activating a repressor of WUS, KNUCKLES (KNU),
thereby terminating the floral meristem [38] (Figure 2). AG
further cooperates with the MADS-box genes APETALA3
(AP3), PISTILLATA (PI), and SEPALLATA1/2/3/4 to specify
stamen identity [7] (Figure 2). In addition, UFO (UNUSUAL
FLORAL ORGAN), and ASK1 (ARABIDOPSIS SKP1-LIKE1)
also play critical roles in regulating stamen development
[7]. Recent studies have further revealed that the phytohor-
mone auxin is essential for the correct stamen number
[39,40].

Regulation of Anther Cell Layer Formation
During early anther development, the activity of the arche-
sporial cells results in the eventual formation of four anther
lobes. Recent studies have revealed that ERECTA (ER),
ER-LIKE 1 and 2 (ERL1,2) genes encoding leucine-rich
repeat receptor-like kinases (LRR-RLKs) and MPK3/6 MAP
kinases are important for lobe formation [41]. Mutations
in these genes cause defects in anther lobe formation
and aberrant cell patterning [41–43], suggesting that ER/
ERL1/2 and MPK3/6 mediate cell–cell communication in
this process. The RLKs might receive extracellular signals
and transduce them inside the cell, possibly through the
MAPK cascade, thereby coordinating the development of
multiple cell layers. In addition, auxin also plays a role in
regulating the number of anther lobes [39,40], but the rela-
tionship between auxin and the ER/ERL1/2 pathway is not
known.
The archesporial cells divide at stage 3 to produce the

primary sporogenous and primary parietal cells (PSC and
PPC). The SPOROCYTELESS/NOZZLE (SPL/NZZ) gene,
which encodes a putative transcription factor, is essential
for this process. The spl/nzz mutations block the formation
of both male and female sporocytes (i.e; the germline)
[44–46]. SPL/NZZ is one of the earliest anther genes to be
activated directly by AG [44] and regulates the expression
of over 1,900 anther genes, which encode receptor-like
protein kinases, transcription factors, and other proteins
[47]. Two genes positively regulated by SPL/NZZ are the
BARELY ANY MERISTEM1 (BAM1) and BAM2 genes encod-
ing RLKs, which regulate the formation of anther somatic cell
layers [48,49]. The bam1 bam2 double mutant is male sterile,
with many pollen mother-like cells but lacking the three
subepidermal somatic cell layers [48,49]. SPL/NZZ and
BAM1/2 form a feedback loop (Figure 2), with SPL/NZZ
positively regulating the expression of BAM1/2 but BAM1/2
restricting SPL/NZZ expression to sporogenous cells [48].
This relationship is similar to that between WUS and CLV1/
3 [50], suggesting that SPL/NZZ maintains the sporogenous
activity and thatBAM1/2 promote somatic growth, providing
a balance between reproductive and somatic cells in the
anther [48].

Specification of the Tapetal Layer
The tapetum is well known for its important function in sup-
porting pollen development [7], such as providing lipids and
othermolecules for pollen wall formation, and is regulated by
several genes, including EXCESS MICROSPOROCYTES1
(EMS1)/EXTRA SPOROGENOUS CELLS (EXS), which
encodes a putative LRR-RLK that is localized to the cell
surface and possesses kinase activity in vitro [51,52]. The
ems1/exsmutations cause a lack of tapetal cells and concur-
rent production of extra microsporocytes (i.e., microspore
mother cells) [51,52], and induction of the expression of
EMS1 restored the ems1 mutant to normal [53], suggesting
EMS1 is required for specifying the tapetal cell fate.
Interestingly, reduced expression of two other Arabidopsis



Anther development

Initiation and identity Anther morphogenesis Tapetum function and pollen development

Current Biology

C
LV

1

C
LV

3

LFY

TPD1

WUS

Other anther genes

MPK3/6

E
R

/
E

R
L

E
M

S
1

S
E

R
K

1/
2

B
A

M
1/

2

?

?
?

?
?

?
?

?

?

SPL

MS1
MYB99

AMS

ASHR3

Other anther genes

MYB35

MYB33/65

MicroRNA

DYT1?

ASSH2

BR
 s

ig
na

lin
g

K
N

U

AG

PI
AP3 SEP

ASSH2
BES1

Figure 2. Genetic interactions during anther development.

Combined summary diagram showing the known genetic interactions between genes involved in stamen initiation and identity, anther morpho-
genesis, tapetum function and pollen development. The genetic interactions are not necessarily direct and include: feedback regulation between
CLV and WUS, and between WUS and AG factors, which promote the initiation and identity of the anther; a postive feedback loop between
BAM1/2 and SPL, regulation between ER andMPK3/4, and EMS1 andDYT1, all key pathways essential for the formation of the five-layered anther
lobe morphology; and genetic interactions among DYT1, MYB35, AMS1, MS1, MYB99 and others, genes that are crucial for tapetum function and
pollen development. Interactions between genes are shown by green arrows for positive regulation, red T-bars for negative regulation, and blue
lines for protein interaction (solid lines for those with experimental evidence, and dashed line for interaction lacking experimental support). Ques-
tion marks indicate the unknown components in the pathways.
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LRR-RLKs, Somatic Embryogenesis Receptor-like Kinase1
(SERK1) and SERK2, caused phenotypes similar to those in
ems1/exs mutants [54,55], suggesting that SERK1/SERK2
act in the same pathway as EMS1/EXS, even forming a
receptor complex. Additionally, a putative secreted peptide,
TPD1, might act as a ligand for EMS1/EXS, or the puative
EMS1–SERK1/2 receptor complex [56–58] (Figure 2). The
fact that loss of EMS1/EXS, SERK1/2 and TPD1 functions
all resulted in the lack of the tapetal layer and extra meiotic
cells strongly supports the idea that the microsporocyte is
a default cell fate, and that cell–cell signaling triggers the
differentiation of tapetal cells. Recent studies also discov-
ered that mutations in ems1 and tpd1 homologues in both
rice and maize result in similar phenotypes [59–61]; thus,
the role of cell–cell signaling in determining the anther cell
fate is conserved in flowering plants. Another RLK-encoding
gene, RECEPTOR-LIKE PROTEIN KINASE2 (RPK2), is
essential for the formation of both the tapetum and middle
layer [62], suggesting that additional cell–cell signaling path-
ways are important.

Transcriptional Regulation of Tapetal Function
and Pollen Development
Gene functions in both the tapetum and pollen are crucial for
normal pollen development. Given that themolecular regula-
tion of male gametophytic functions frommicrospores to the
mature pollen has recently been reviewed [24,26], the focus
here is on sporophytic gene functions for tapetum and pollen
development (Figure 2).
DYT1 encodes a member of the basic helix-loop-helix

(bHLH) transcription factor family [63]. The dyt1 mutants
produce an abnormal tapetum and lack microsporocytes
[63]. DYT1 expression is dramatically reduced in spl and
ems1 mutants, suggesting that DYT1 acts downstream of
these genes (Figure 2); similarly, DYT1 is a positive regulator
of several anther genes, including MYB35/TDF1, MYB103/
80, AMS and MS1 [63,64] (Figure 2). Another bHLH gene
important for tapetum function andmicrospore development
is AMS [65], a likely direct target of the transcription factor
MYB35, which in turn is downstream of DYT1 [63,64]. AMS
itself then regulates the expression of many floral genes
[66], possibly in part via its interactionwith ASHR3, a putative
histone methylase and transcriptional regulator involved in
anther development [67].
Two related MYB factors, AtMYB33 and AtMYB65,

function redundantly in regulating tapetum and pollen devel-
opment [68], as the atmyb33 atmyb65 double mutant
produces abnormal tapetal cells and no pollen [68] but the
single mutants are normal. The atmyb33 atmyb65 pheno-
types are partially similar to those of the dyt1 mutant;
however, AtMYB33/65 act in a DYT1-independent manner.
Because bHLH and MYB proteins can potentially form
heterodimers, it is possible that DYT1 and AtMYB33/65
might form complexes with each other (Figure 2) or other
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bHLH/MYB proteins to regulate tapetum development and
function [63,69].

The MS1 gene encoding a PHD-finger protein is also
downstream of DYT1 and supports tapetum and pollen
development. Although thems1 anther can undergo meiosis
to produce microspores, the tapetum subsequently
becomes defective and pollen wall formation is abnormal
[70,71]. The expression of numerous anther genes were
altered in thems1mutant, including those required for pollen
wall formation, programmed cell death (PCD) of the tapetum,
and hormone biosynthesis/signaling [47,70–72]. Thus, MS1
is a key regulator of post-meiotic tapetal functions and
pollen wall biogenesis.

Other genes important for tapetum and/or pollen develop-
ment include AtMYB99, AtMYB103 (also known as
AtMYB80), AtMYB32, AtMYB4, and AtMYB26. Also, the
ASH1 HOMOLOG2 (ASSH2) histone H3 methyltransferase
is required for normal tapetum and pollen development, in
part by regulating the expression of several anther genes,
including AP3, PI, AMS, and MYB99 [73] (Figure 2). There-
fore, anther and pollen development is also regulated by
chromatin structure and histone modifications; future
analysis will likely uncover additional components of tran-
scriptional regulation of anther development.

Very recently, the plant hormone brassinosteroid (BR) was
shown to be important for anther and pollen development
[74]. Mutants defective in BR synthesis or response are
abnormal in male fertility with reduced pollen number and
viability. Molecular analyses revealed that a transcription
factor that functions in BR signaling pathways, BES1, binds
to the promoter regions of several anther regulatory genes,
including SPL/NZZ,MYB35/TDF1, AMS, andMS1 (Figure 2),
uncovering a mechanistic connection between BR signaling
and anther gene expression [74].

Hormonal Control of Pollen Maturation, Filament
Elongation, and Anther Dehiscence
Plant hormones regulate many aspects of development,
including anther and pollen development. The hormones
auxin, ethylene, gibberellins, jasmonate (or jasmonic acids),
and brassinosteroids have been demonstrated to regulate
pollen maturation, filament elongation, and anther dehis-
cence in Arabidopsis [74–78]. Recently, studies discovered
that genes involved in auxin biosynthesis and perception,
and those responsive to auxin, are all expressed in late
stages of anther development. Furthermore, mutants that
are not auxin-responsive exhibited precocious or hetero-
chronic pollen maturation and anther dehiscence [77]. The
regulation of anther development by auxin is at least in part
mediated by two Auxin Response Factors, ARF6 and
ARF8, and a microRNA, MiR167, that targets the ARF6/8
genes [79,80]. In addition, blocking auxin flow through the
filament suppressed filament elongation and affected pollen
mitosis, indicating the importance of polar auxin transport
[77,81].

The lipid-derived signal molecule jasmonate or jasmonic
acid (JA) also plays an important role in stamen development
[33,76,82,83]. Mutants deficient in JA biosynthesis are male
sterile, with defects in filament elongation, pollenmaturation,
and anther dehiscence [76,82,83]. Recent studies have
found that JA acts downstream of several MYB factors
(MYB108,MYB24) in regulating anthermaturation [84]. Muta-
tions affecting gibberellin (GA) synthesis cause similar
phenotypes to those of JA mutants, suggesting that GA
might regulate similar aspects of stamen development.
Recent studies demonstrated that GA regulation of anther
development is mediated by DELLA proteins, GID1 (GA
INSENSITIVE SWARF 1), MYB factors, and microRNAs
[75,78,85–88]. In addition, pollen maturation and anther
dehiscence is also modulated by RPK2, which regulates
the expression of genes for metabolic enzymes and several
MYB genes [62].
The action of multiple hormones in regulating anther

development is integrated at several points. For instance,
auxin positively regulates JA biosynthesis via auxin
response factors ARF6 and ARF8 [89], whereas GA
promotes JA signaling by facilitating DELLA degradation
[78]. Moreover, JA and ethylene act together with abscisic
acid to promote the expression of QRT2, which is required
for pollen grain separation and anther dehiscence [90].
Furthermore, hormonal pathways can regulate known anther
transcription factors, thereby controlling anther develop-
ment [78,91].

Cell Specification in the Female Gametophyte
In the developing ovule, the megaspore undergoes three
rounds of mitosis and subsequent cellularization, resulting
in the mature embryo sac with four cell types arranged in
a precise spatial pattern: two synergids at positions closest
to the micropyle, an egg cell slightly away from the micro-
pyle, a diploid central cell at the center, and three antipodals
at the chalazal end [8,9] (Figure 1E). Molecular and genetic
analyses have found that the hormone auxin serves as
a morphogenic signal for embryo sac patterning and that
several genes play important roles in the cell specification
process of the female gametophyte [92–95].

Regulation of Female Gametophyte Patterning by Auxin
Differential auxin distribution is often important for plant
organogenesis, such as lateral root initiation and gynoecial
apical–basal patterning [96–98]. Recently, it was proposed
that an auxin gradient determines female gametophyte
patterning [93], and this is supported by the finding that
two YUCCA (YUC) genes encoding flavin monooxygenases
crucial for local auxin biosynthesis [99,100] are expressed
in the ovule in a pattern consistent with auxin acting as
a cell-fate determinant [93]. According to this model, all
embryo sac cells are competent to differentiate into any of
the four cell types, but the auxin gradient determines the
cell fate (Figure 3). The nuclei nearest to the micropyle
receive the highest concentration of auxin and cellularize
into synergids, the next nucleus receives less auxin and
becomes that of the egg cell, and the nuclei perceiving the
lowest amount of auxin develop into those of the antipodal
cells. This model is also supported by the phenotypes of
the maize indeterminate gametophyte (ig1) and Arabidopsis
retinoblastoma (rbr1) mutant embryo sacs, which produce
extra nuclei that cellularize into cell types consistent with
their positions in the embryo sac [101,102].
However, the attributes of the central cell and antipodal

cells are relatively stable even when auxin levels are
abnormal, suggesting that auxin-independent mechanisms
might contribute to central and antipodal cell specification.
It is also possible that other hormones in addition to auxin
are involved in female gametophyte patterning, including
GAs and cytokinins, according to some indirect evidence
[103,104]. Further studies are needed to ascertain their func-
tions in embryo sac cell specification.
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Control of Embryo Sac Cell Differentiation by Signaling
and Other Mechanisms
The spatially and temporally coordinated cell differentiation
in the embryo sac suggests that cell–cell communication is
likely important for normal development. One possible
signaling mechanism was suggested by the high density of
cytoplasmic bridges called plasmodesmata connecting cells
within the embryo sac, allowing for the passage of RNAs,
proteins and small molecules [105]. An alternative mecha-
nism involves the binding of extracellular signal molecules
to cell surface receptors [106]. A histidine kinase gene,
CYTOKININ INDEPENDENT 1 (CKI1), is expressed
throughout embryo sac development (Figure 3) and a muta-
tion in CKI1 causes abortive cell specification and female
gametophyte degeneration after mitosis [106,107]. Histidine
kinases are part of two-component signaling systems, which
receive a variety of signals, such as those from plant patho-
gens [108]. Like other cytokinin receptor histidine kinases,
CKI1 can phosphorylate downstream ARABIDOPSIS HISTI-
DINE PHOSPHOTRANSFER PROTEINS (AHPs), thus acti-
vating the cytokinin signaling cascade. However, it does
not appear to bind to cytokinin [107]. Whether CKI1 binds
to other endogenous ligands in the embryo sac remains to
be determined.

Additional regulation of embryo sac cell specification was
suggested by a genetic screen for regulators of the egg cell
fate, identifying three mutants, lachesis (lis), clotho (clo) and
atropos (ato) [94,95], that exhibit a conversion from syner-
gids and central cell to egg cells, and from the antipodal
cells to the central cell fate. An explanation for this
phenotype is that a lateral inhibitory signal that normally
prevents non-gametic cells from adopting gametic cell fates
is disrupted in these mutants. The corresponding genes
encode the putative core spliceosome components PRP4,
SNU114 and SF3a60, respectively [94,95], suggesting that
RNA splicing is involved in establishing or maintaining
cell-specific attributes in the embryo
sac (Figure 3). Other mutants also exhibit
conversion of non-gametic cells into
gametic cells [15,92], but no mutant has
been found to convert gametic cells into
non-gametic cells. This is analogous
to the situation in ems1/exs and other
anther mutants that form additional
sporogenous cells at the expense of
somatic cells. It is possible that gam-
etic cell fate is the default cell type,
whereas somatic cell types require addi-
tional regulatory steps. Alternatively,
redundant mechanisms may promote the gametic cell fates,
making the genes that determine gametic fates difficult to
uncover using forward genetic approaches.

Transcriptional Regulation in Cell Specification
Distinct cell types in the female gametophyte with unique
cellular features likely correspond to differential gene
expression programs. Gene expression profile analyses of
female gametophytic cell types have revealed that many
genes are exclusively or predominantly expressed in one of
the four cell types [109,110]. The genes with exclusive
expression patterns also serve as markers for studies of
cell-fate determination. Additionally, the regulation of these
genes provides entry points for understanding the cell spec-
ification process.
One such regulator is MYB98, which is a transcription

factor exclusively expressed in synergid cells and is required
for synergid cell differentiation and pollen tube guidance,
with the myb98 mutant showing a defective filiform appa-
ratus, which is a subcellular structure important for pollen
tube guidance [111]. MYB98 likely regulates the expression
of many genes (such as DD11 and DD18; Figure 3) in the
synergid cell by binding to the cis-element GTAACNT [112],
forming a MYB98-dependent regulatory network. Some of
the putative MYB98 target genes might be important for
the formation of the filiform apparatus and others may
encode secreted proteins that might play a role in cell
signaling, such as pollen tube attraction [113].
Another cell-type-specific transcription factor is theMADS-

box protein AGAMOUS-LIKE80 (AGL80/FEM111), which is
required for proper nucleolus and vacuole maturation in the
central cell [114]. AGL80 regulates two central cell expressed
genes, DEMETER and DD46, which are important for normal
embryo sac development [114]. AGL80 can form a hetero-
dimer with another MADS-box transcription factor, AGL61/
DIANA, which also regulates central cell development [115].
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In the agl61mutant, thepolar nuclei fail to
fuse and degenerate before fertilization.
Consistent with their functions, both
AGL61 and AGL80 are expressed exclu-
sively in the central cellwithin the embryo
sac [114,115]. Moreover, dimerization
with AGL80 is necessary for AGL61 to
localize to the nucleus.

These studies likely have only uncov-
ered a small fraction of the total number
of regulatory genes involved in female
gametophyte development, with many
more yet to be discovered. For example,
the maize ZmDSUL gene coding for

a small ubiquitin-related modifier (SUMO) was recently
shown to regulate nuclei positioning and cell specification
[116]. Therefore, identification of additional cell-type regula-
tors and investigation of the related networks will provide
new insights into the control of cell specification in the
embryo sac.

Male–Female Interactions
When the pollen tube germinates on the stigma and grows
toward the female gametophyte, both sporophytic and
gametophytic signals provide guidance [10]. These include
arabinogalactan proteins (AGPs), triacylglycerides, lipid
transfer proteins, and g-aminobutyric acid (GABA), which
guide pollen tube growth before arrival at the placenta
[117–119]. Subsequent signals from the female gametophyte
attract the pollen tube along the funiculus and then into the
micropyle [120], such as a species-specific pollen tube
attractant secreted from the synergids [121]. The filiform
apparatus, a subcellular structure which consists of invagi-
nated synergid cell wall, is important for both secreting
pollen tube attractants and recognizing the arriving pollen
tube [122]. When the female gametophyte and the pollen
tube are compatible, the pollen tube penetrates the filiform
apparatus of one synergid, terminates growth and ruptures
to release two sperm cells [122,123]. The cytoskeleton of
the penetrated synergid somehow reorganizes and facili-
tates the migration of the two sperm cells to fertilize the
egg and central cells [105,111]. After fertilization, the female
gametophyte ceases to attract pollen tubes or might even
produce repulsive signals to prevent other pollen tubes
from approaching [11,120,124].

In addition to synergid specification, the synergid-specific
transcription factor MYB98 also plays an important role in
female–male signaling (Figure 4), as indicated by a myb98
defect in pollen tube guidance [113,122]. MYB98 positively
regulates the expression of dozens of genes, many of which
encode cysteine-rich proteins (CRPs) [113], including DD2,
DD4, DD11, DD12, and DD32, secreted by the filiform ap-
paratus (Figure 3). Specifically, DD2 is a member of the de-
fensin-like family and is similar to the Torenia fournieri Cys-
rich peptides termed LUREs, which are pollen tube
attractants secreted by synergids [125]. Therefore, MYB98
might regulate the expression of pollen tube attractants in
the synergid.
The eggcell is also critical formicropylar pollen tubeattrac-

tion (Figure 4). In maize, EGG APPARATUS 1 (ZmEA1) is
necessary for micropylar pollen tube guidance and encodes
a small protein that is secreted into the extracellular matrix
by the egg and synergids [126]. The ZmEA1 protein disap-
pears after fertilization; this timely absence of the attractant
is important for prevention of polyspermy. Another egg cell
expressed gene called GEX3 that encodes a plasma
membrane localized protein [127] is also required for proper
micropylar pollen tube guidance.
Recent evidence showed that the central cell also partici-

pates in pollen tube attraction/guidance (Figure 4). The
central cell specific CCG (CENTRAL CELL GUIDANCE)
gene encodes a nuclear protein and a ccg mutation causes
defects in micropylar pollen tube guidance but not in female
gametophyte morphology [127]. Therefore, the failure in
pollen tube guidance could be a primary consequence
caused by the loss of a central cell protein. The contribution
of the central cell in attracting the pollen tube is further
supported by the mma (magatama) mutants, which fail in
polar nuclei fusion and pollen tube guidance [128,129].
After entering themicropylar hole, the pollen tube contacts

the female gametophyte. Two allelic female gametophytic
mutants, feronia (fer) and sirene (sir), have excess pollen
tube growth and fail to release sperm cells in the embryo
sac [11,124]. FER/SIR is a receptor-like kinase localized to
the filiform apparatus portion of the synergid cell membrane.
Its extracellular domain was thought to be recognized by
a pollen tube ligand that might trigger a signaling cascade
inside the synergid cell, which then signals back to the pollen
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tube, causing pollen tube growth arrest and rupture to
release sperm cells [130]. Another Arabidopsis mutant,
lorelei [131], has a very similar phenotype to the fer/ser
mutant. LORELEI encodes a small glucosylphosphatidylino-
sitol-anchored protein that is highly expressed in synergid
cells and might function in the same pathway as FER/SIR
for regulating sperm delivery.

In addition, male signals can also play important roles in
the fertilization process. Two related paralogs of FER/SIR,
ANX1/2 [132], are expressed at the pollen tube tip and
prevent premature pollen tube rupture but trigger pollen
tube discharge when stimulated by the egg apparatus
[133], indicating that receptor-like kinases are involved in
mutual signaling between male and female. Furthermore,
mutations in the GENERATIVE CELL SPECIFIC 1 (GCS1)
(also HAP2) gene encoding a transmembrane protein result
in male sterility due to a failure in gamete fusion, even though
sperm cells are released [134,135]. GCS1 is a sperm-specific
protein and its homologs are widely distributed in angio-
sperms and nonangiosperms, suggesting an evolutionarily
conserved male–female recognition mechanism [135].

In short, various signaling and regulatory molecules from
different embryo sac cells play very important roles in
male–female gametophytic interactions, especially pollen
tube guidance, culminating in fertilization.

Conclusion and Perspectives
Recently, dramatic progress has been made in unraveling
the signaling and regulatory mechanisms underlying plant
reproductive development. It is clear that receptor-like
protein kinases and other signaling molecules play crucial
roles in both anther cell fate determination and male–female
interactions. Additionally, hormones are important for both
late anther development and female gametophytic cell spec-
ification. Furthermore, transcriptional control is employed
frequently during male and female development. Therefore,
even though male and female reproduction in flowering
plants have several distinct morphological features, similar
or common mechanisms are important for both processes.

Although there is still a long way to go before the complete
regulatorymachinery for reproductive development is uncov-
ered, rapid advances in analytical methods will continue to
reveal the mystery and complexity of plant reproduction.
The laser microdissection technique has been successfully
used for studying the development of plant reproductive
tissues or organs [136,137], especially for analyzing the tran-
scriptomes of different cell types or layers. These and other
approaches will facilitate further understanding of gene func-
tions and regulatory mechanisms for plant reproduction.

In the past twenty years, studies of Arabidopsis reproduc-
tion have provided valuable knowledge and contributed to
understanding flowering plant reproduction in general.
However, most major crops are monocots with possible
differences in reproductive processes. Thus, studiesof crops
such as rice andmaize have receivedmore attention in recent
years. With the aid of genome sequences and novel research
tools, analyses in these plants will be dramatically acceler-
ated, revealing secrets related to the conservation and
divergence of reproductive development, especially the
regulatory mechanisms that control this complex process.
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15. Kägi, C., and Groß-Hardt, R. (2007). How females become complex: cell
differentiation in the gametophyte. Curr. Opin. Plant Biol. 10, 633–638.

16. Wilson, Z.A., and Zhang, D.B. (2009). From Arabidopsis to rice: pathways in
pollen development. J. Exp. Bot. 60, 1479–1492.

17. Zhao, D. (2009). Control of anther cell differentiation: a teamwork of
receptor-like kinases. Sex. Plant Reprod. 22, 221–228.

18. McCormick, S. (2004). Control of male gametophyte development. Plant
Cell Suppl. 16, S142–153.

19. Kelley, D.R., and Gasser, C.S. (2009). Ovule development: genetic trends
and evolutionary considerations. Sex. Plant Reprod. 22, 229–234.

20. Skinner, D.J., Hill, T.A., and Gasser, C.S. (2004). Regulation of ovule devel-
opment. Plant Cell Suppl. 16, S32–45.

21. Yang, W.C., and Sundaresan, V. (2000). Genetics of gametophyte biogen-
esis in Arabidopsis. Curr. Opin. Plant Biol. 3, 53–57.

22. Gallagher, K., and Smith, L.G. (1997). Asymmetric cell division and cell fate
in plants. Curr. Opin. Cell Biol. 9, 842–848.

23. Chaudhury, A.M., Craig, S., Dennis, E., and Peacock, W. (1998). Ovule and
embryodevelopment,apomixisand fertilization.Curr.Opin.PlantBiol.1, 26–31.

24. Borg, M., Brownfield, L., and Twell, D. (2009). Male gametophyte develop-
ment: a molecular perspective. J. Exp. Bot. 60, 1465–1478.

25. Colombo, L., Battaglia, R., andKater,M.M. (2008).Arabidopsis ovule devel-
opment and its evolutionary conservation. Trends Plant Sci. 13, 444–450.

26. Borg, M., and Twell, D. (2010). Life after meiosis: patterning the angiosperm
male gametophyte. Biochem Soc. Trans. 38, 577–582.

27. Liu, X., Huang, J., Parameswaran, S., Ito, T., Seubert, B., Auer, M., Rymas-
zewski, A., Jia, G., Owen, H.A., and Zhao, D. (2009). TheSPOROCYTELESS/
NOZZLE gene is involved in controlling stamen identity in Arabidopsis.
Plant Physiol. 151, 1401–1411.

28. Feng, X., andDickinson, H.G. (2007). Packaging themale germline in plants.
Trends Genet. 23, 503–510.

29. Feys, B., Benedetti, C.E., Penfold, C.N., and Turner, J.G. (1994). Arabidop-
sis mutants selected for resistance to the phytotoxin coronatine are male
sterile, insensitive to methyl jasmonate, and resistant to a bacterial path-
ogen. Plant Cell 6, 751–759.



Review
R995
30. Jack, T. (2004). Molecular and genetic mechanisms of floral control. Plant
Cell Suppl. 16, S1–17.

31. Scott, R.J., Spielman,M., and Dickinson, H.G. (2004). Stamen structure and
function. Plant Cell Suppl. 16, S46–60.

32. Zik,M., and Irish, V.F. (2003). Flower development: initiation, differentiation,
and diversification. Annu. Rev. Cell Dev. Biol. 19, 119–140.

33. Zhao, D., and Ma, H. (2000). Male fertility: a case of enzyme identity. Curr.
Biol. 10, R904–907.

34. Tor, M., Lotze, M.T., and Holton, N. (2009). Receptor-mediated signalling in
plants: molecular patterns and programmes. J. Exp. Bot. 60, 3645–3654.

35. Bhalla, P.L., and Singh, M.B. (2006). Molecular control of stem cell mainte-
nance in shoot apical meristem. Plant Cell Rep. 25, 249–256.

36. Lenhard, M., Bohnert, A., Jurgens, G., and Laux, T. (2001). Termination of
stem cell maintenance in Arabidopsis floral meristems by interactions
between WUSCHEL and AGAMOUS. Cell 105, 805–814.

37. Lohmann, J.U., Hong, R.L., Hobe,M., Busch,M.A., Parcy, F., Simon, R., and
Weigel, D. (2001). A molecular link between stem cell regulation and floral
patterning in Arabidopsis. Cell 105, 793–803.

38. Sun, B., Xu, Y., Ng, K.H., and Ito, T. (2009). A timingmechanism for stem cell
maintenance and differentiation in the Arabidopsis floral meristem. Genes
Dev. 23, 1791–1804.

39. McSteen, P., Malcomber, S., Skirpan, A., Lunde, C., Wu, X., Kellogg, E., and
Hake, S. (2007). Barren inflorescence2 encodes a co-ortholog of the PI-
NOID serine/threonine kinase and is required for organogenesis during
inflorescence and vegetative development in maize. Plant Physiol. 144,
1000–1011.

40. Reinhardt, D., Mandel, T., and Kuhlemeier, C. (2000). Auxin regulates the
initiation and radial position of plant lateral organs. Plant Cell 12, 507–518.

41. Hord, C.L., Sun, Y.J., Pillitteri, L.J., Torii, K.U., Wang, H., Zhang, S., and
Ma, H. (2008). Regulation of Arabidopsis early anther development by the
mitogen-activated protein kinases, MPK3 and MPK6, and the ERECTA
and related receptor-like kinases. Mol. Plant 1, 645–658.

42. Shpak, E.D., Berthiaume, C.T., Hill, E.J., and Torii, K.U. (2004). Synergistic
interaction of three ERECTA-family receptor-like kinases controls Arabi-
dopsis organ growth and flower development by promoting cell prolifera-
tion. Development 131, 1491–1501.

43. Torii, K.U., Mitsukawa, N., Oosumi, T., Matsuura, Y., Yokoyama, R.,
Whittier, R.F., and Komeda, Y. (1996). The Arabidopsis ERECTA gene
encodes a putative receptor protein kinase with extracellular leucine-rich
repeats. Plant Cell 8, 735–746.

44. Ito, T., Wellmer, F., Yu, H., Das, P., Ito, N., Alves-Ferreira, M., Riechmann,
J.L., and Meyerowitz, E.M. (2004). The homeotic protein AGAMOUS
controls microsporogenesis by regulation of SPOROCYTELESS. Nature
430, 356–360.

45. Schiefthaler, U., Balasubramanian, S., Sieber, P., Chevalier, D., Wisman, E.,
and Schneitz, K. (1999). Molecular analysis of NOZZLE, a gene involved in
pattern formation and early sporogenesis during sex organ development in
Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 96, 11664–11669.

46. Yang, W.C., Ye, D., Xu, J., and Sundaresan, V. (1999). The SPOROCYTE-
LESS gene of Arabidopsis is required for initiation of sporogenesis and
encodes a novel nuclear protein. Genes Dev. 13, 2108–2117.

47. Wijeratne, A.J., Zhang, W., Sun, Y., Liu, W., Albert, R., Zheng, Z., Oppen-
heimer, D.G., Zhao, D., and Ma, H. (2007). Differential gene expression in
Arabidopsiswild-type andmutant anthers: insights into anther cell differen-
tiation and regulatory networks. Plant J. 52, 14–29.

48. Hord, C.L., Chen, C., Deyoung, B.J., Clark, S.E., and Ma, H. (2006). The
BAM1/BAM2 receptor-like kinases are important regulators of Arabidopsis
early anther development. Plant Cell 18, 1667–1680.

49. DeYoung, B.J., Bickle, K.L., Schrage, K.J., Muskett, P., Patel, K., and Clark,
S.E. (2006). The CLAVATA1-related BAM1, BAM2 and BAM3 receptor
kinase-like proteins are required for meristem function in Arabidopsis.
Plant J. 45, 1–16.

50. Carles, C.C., and Fletcher, J.C. (2003). Shoot apical meristemmaintenance:
the art of a dynamic balance. Trends Plant Sci. 8, 394–401.

51. Canales, C., Bhatt, A.M., Scott, R., and Dickinson, H. (2002). EXS, a putative
LRR receptor kinase, regulatesmale germline cell number and tapetal iden-
tity and promotes seed development in Arabidopsis. Curr. Biol. 12, 1718–
1727.

52. Zhao, D.Z., Wang, G.F., Speal, B., and Ma, H. (2002). The EXCESS MICRO-
SPOROCYTES1 gene encodes a putative leucine-rich repeat receptor
protein kinase that controls somatic and reproductive cell fates in the Ara-
bidopsis anther. Genes Dev. 16, 2021–2031.

53. Feng, X., and Dickinson, H.G. (2010). Tapetal cell fate, lineage and prolifer-
ation in the Arabidopsis anther. Development 137, 2409–2416.

54. Albrecht, C., Russinova, E., Hecht, V., Baaijens, E., and de Vries, S. (2005).
The Arabidopsis thaliana SOMATIC EMBRYOGENESIS RECEPTOR-LIKE
KINASES1 and 2 control male sporogenesis. Plant Cell 17, 3337–3349.

55. Albrecht, C., Russinova, E., Kemmerling, B., Kwaaitaal, M., and de Vries,
S.C. (2008).ArabidopsisSOMATIC EMBRYOGENESIS RECEPTORKINASE
proteins serve brassinosteroid-dependent and -independent signaling
pathways. Plant Physiol. 148, 611–619.
56. Yang, S.L., Xie, L.F., Mao, H.Z., Puah, C.S., Yang, W.C., Jiang, L., Sundar-
esan, V., and Ye, D. (2003). TAPETUM DETERMINANT1 is required for cell
specialization in the Arabidopsis anther. Plant Cell 15, 2792–2804.

57. Yang, S.L., Jiang, L., Puah, C.S., Xie, L.F., Zhang, X.Q., Chen, L.Q., Yang,
W.C., and Ye, D. (2005). Overexpression of TAPETUM DETERMINANT1
alters the cell fates in the Arabidopsis carpel and tapetum via genetic inter-
action with EXCESS MICROSPOROCYTES1/EXTRA SPOROGENOUS
CELLS. Plant Physiol. 139, 186–191.

58. Jia, G., Liu, X., Owen, H.A., and Zhao, D. (2008). Signaling of cell fate deter-
mination by the TPD1 small protein and EMS1 receptor kinase. Proc. Natl.
Acad. Sci. USA 105, 2220–2225.

59. Nonomura, K., Miyoshi, K., Eiguchi, M., Suzuki, T., Miyao, A., Hirochika, H.,
and Kurata, N. (2003). TheMSP1 gene is necessary to restrict the number of
cells entering into male and female sporogenesis and to initiate anther wall
formation in rice. Plant Cell 15, 1728–1739.

60. Zhao, X., de Palma, J., Oane, R., Gamuyao, R., Luo, M., Chaudhury, A.,
Herve, P., Xue, Q., and Bennett, J. (2008). OsTDL1A binds to the LRR
domain of rice receptor kinase MSP1, and is required to limit sporocyte
numbers. Plant J. 54, 375–387.

61. Sheridan, W.F., Golubeva, E.A., Abrhamova, L.I., and Golubovskaya, I.N.
(1999). The mac1 mutation alters the developmental fate of the hypo-
dermal cells and their cellular progeny in the maize anther. Genetics
153, 933–941.

62. Mizuno, S., Osakabe, Y., Maruyama, K., Ito, T., Osakabe, K., Sato, T., Shi-
nozaki, K., and Yamaguchi-Shinozaki, K. (2007). Receptor-like protein
kinase 2 (RPK 2) is a novel factor controlling anther development in Arabi-
dopsis thaliana. Plant J. 50, 751–766.

63. Zhang, W., Sun, Y., Timofejeva, L., Chen, C., Grossniklaus, U., and Ma, H.
(2006). Regulation of Arabidopsis tapetum development and function by
DYSFUNCTIONAL TAPETUM1 (DYT1) encoding a putative bHLH transcrip-
tion factor. Development 133, 3085–3095.

64. Zhu, J., Chen, H., Li, H., Gao, J.F., Jiang, H.,Wang, C., Guan, Y.F., andYang,
Z.N. (2008). DEFECTIVE IN TAPETAL DEVELOPMENT AND FUNCTION1 is
essential for anther development and tapetal function formicrosporematu-
ration in Arabidopsis. Plant J. 55, 266–277.

65. Sorensen, A.M., Krober, S., Unte, U.S., Huijser, P., Dekker, K., and Saedler,
H. (2003). The Arabidopsis ABORTED MICROSPORES (AMS) gene
encodes a MYC class transcription factor. Plant J. 33, 413–423.

66. Xu, J., Yang, C., Yuan, Z., Zhang, D., Gondwe,M.Y., Ding, Z., Liang,W., and
Wilson, Z.A. (2010). The ABORTED MICROSPORES regulatory network is
required for postmeiotic male reproductive development in Arabidopsis
thaliana. Plant Cell 22, 91–107.

67. Thorstensen, T., Grini, P.E., Mercy, I.S., Alm, V., Erdal, S., Aasland, R., and
Aalen, R.B. (2008). The Arabidopsis SET-domain protein ASHR3 is involved
in stamen development and interacts with the bHLH transcription factor
ABORTED MICROSPORES (AMS). Plant Mol. Biol. 66, 47–59.

68. Millar, A.A., and Gubler, F. (2005). The Arabidopsis GAMYB-like genes,
MYB33 andMYB65, are microRNA-regulated genes that redundantly facil-
itate anther development. Plant Cell 17, 705–721.

69. Ramsay, N.A., and Glover, B.J. (2005). MYB-bHLH-WD40 protein complex
and the evolution of cellular diversity. Trends Plant Sci. 10, 63–70.

70. Ito, T., Nagata, N., Yoshiba, Y., Ohme-Takagi, M., Ma, H., and Shinozaki, K.
(2007). Arabidopsis MALE STERILITY1 encodes a PHD-type transcription
factor and regulates pollen and tapetum development. Plant Cell 19,
3549–3562.

71. Yang, C., Vizcay-Barrena, G., Conner, K., and Wilson, Z.A. (2007). MALE
STERILITY1 is required for tapetal development and pollen wall biosyn-
thesis. Plant Cell 19, 3530–3548.

72. Alves-Ferreira, M., Wellmer, F., Banhara, A., Kumar, V., Riechmann, J.L.,
and Meyerowitz, E.M. (2007). Global expression profiling applied to
the analysis of Arabidopsis stamen development. Plant Physiol. 145,
747–762.

73. Grini, P.E., Thorstensen, T., Alm, V., Vizcay-Barrena, G., Windju, S.S.,
Jorstad, T.S., Wilson, Z.A., and Aalen, R.B. (2009). The ASH1 HOMOLOG
2 (ASHH2) histone H3 methyltransferase is required for ovule and anther
development in Arabidopsis. PLoS One 4, e7817.

74. Ye, Q., Zhu, W., Li, L., Zhang, S., Yin, Y., Ma, H., and Wang, X. (2010). Bras-
sinosteroids control male fertility by regulating the expression of key genes
involved in Arabidopsis anther and pollen development. Proc. Natl. Acad.
Sci. USA 107, 6100–6105.

75. Cheng, H., Qin, L., Lee, S., Fu, X., Richards, D.E., Cao, D., Luo, D., Harberd,
N.P., and Peng, J. (2004). Gibberellin regulates Arabidopsis floral develop-
ment via suppression of DELLA protein function. Development 131, 1055–
1064.

76. Ishiguro, S., Kawai-Oda, A., Ueda, J., Nishida, I., and Okada, K. (2001). The
DEFECTIVE IN ANTHER DEHISCIENCE gene encodes a novel phospholi-
pase A1 catalyzing the initial step of jasmonic acid biosynthesis, which
synchronizes pollen maturation, anther dehiscence, and flower opening
in Arabidopsis. Plant Cell 13, 2191–2209.

77. Cecchetti, V., Altamura, M.M., Falasca, G., Costantino, P., and Cardarelli,
M. (2008). Auxin regulates Arabidopsis anther dehiscence, pollen matura-
tion, and filament elongation. Plant Cell 20, 1760–1774.



Current Biology Vol 20 No 22
R996
78. Cheng, H., Song, S., Xiao, L., Soo, H.M., Cheng, Z., Xie, D., and Peng, J.
(2009). Gibberellin acts through jasmonate to control the expression of
MYB21, MYB24, and MYB57 to promote stamen filament growth in Arabi-
dopsis. PLoS Genet. 5, e1000440.

79. Nagpal, P., Ellis, C.M., Weber, H., Ploense, S.E., Barkawi, L.S., Guilfoyle,
T.J., Hagen, G., Alonso, J.M., Cohen, J.D., Farmer, E.E., et al. (2005). Auxin
response factors ARF6 and ARF8 promote jasmonic acid production and
flower maturation. Development 132, 4107–4118.

80. Wu, M.F., Tian, Q., and Reed, J.W. (2006). Arabidopsis microRNA167
controls patterns of ARF6 andARF8 expression, and regulates both female
and male reproduction. Development 133, 4211–4218.

81. Feng, X.L., Ni, W.M., Elge, S., Mueller-Roeber, B., Xu, Z.H., and Xue, H.W.
(2006). Auxin flow in anther filaments is critical for pollen grain development
through regulating pollen mitosis. Plant Mol. Biol. 61, 215–226.

82. Sanders, P.M., Lee, P.Y., Biesgen, C., Boone, J.D., Beals, T.P.,Weiler, E.W.,
andGoldberg, R.B. (2000). TheArabidopsis DELAYEDDEHISCENCE1 gene
encodes an enzyme in the jasmonic acid synthesis pathway. Plant Cell 12,
1041–1061.

83. Stintzi, A., and Browse, J. (2000). The Arabidopsis male-sterile mutant,
opr3, lacks the 12-oxophytodienoic acid reductase required for jasmonate
synthesis. Proc. Natl. Acad. Sci. USA 97, 10625–10630.

84. Mandaokar, A., and Browse, J. (2009). MYB108 acts together with MYB24
to regulate jasmonate-mediated stamen maturation in Arabidopsis. Plant
Physiol. 149, 851–862.

85. Griffiths, J., Murase, K., Rieu, I., Zentella, R., Zhang, Z.L., Powers, S.J.,
Gong, F., Phillips, A.L., Hedden, P., Sun, T.P., et al. (2006). Genetic charac-
terization and functional analysis of the GID1 gibberellin receptors inArabi-
dopsis. Plant Cell 18, 3399–3414.

86. Harberd, N.P., Belfield, E., and Yasumura, Y. (2009). The angiosperm
gibberellin-GID1-DELLA growth regulatory mechanism: how an ‘‘inhibitor
of an inhibitor’’ enables flexible response to fluctuating environments. Plant
Cell 21, 1328–1339.

87. Yu, H., Ito, T., Zhao, Y., Peng, J., Kumar, P., and Meyerowitz, E.M. (2004).
Floral homeotic genes are targets of gibberellin signaling in flower develop-
ment. Proc. Natl. Acad. Sci. USA 101, 7827–7832.

88. Achard, P., Herr, A., Baulcombe,D.C., andHarberd, N.P. (2004).Modulation
of floral development by a gibberellin-regulated microRNA. Development
131, 3357–3365.

89. Tabata, R., Ikezaki, M., Fujibe, T., Aida, M., Tian, C.E., Ueno, Y., Yamamoto,
K.T., Machida, Y., Nakamura, K., and Ishiguro, S. (2010). Arabidopsis auxin
response factor6 and 8 regulate jasmonic acid biosynthesis and floral
organ development via repression of class 1 KNOX genes. Plant Cell Phys-
iol. 51, 164–175.

90. Ogawa, M., Kay, P., Wilson, S., and Swain, S.M. (2009). ARABIDOPSIS
DEHISCENCE ZONE POLYGALACTURONASE1 (ADPG1), ADPG2, and
QUARTET2 are Polygalacturonases required for cell separation during
reproductive development in Arabidopsis. Plant Cell 21, 216–233.

91. Ito, T., Ng, K.H., Lim, T.S., Yu, H., and Meyerowitz, E.M. (2007). The home-
otic protein AGAMOUS controls late stamen development by regulating
a jasmonate biosynthetic gene in Arabidopsis. Plant Cell 19, 3516–3529.

92. Pagnussat, G.C., Yu, H.J., and Sundaresan, V. (2007). Cell-fate switch of
synergid to egg cell in Arabidopsis eostre mutant embryo sacs arises
from misexpression of the BEL1-like homeodomain gene BLH1. Plant
Cell 19, 3578–3592.

93. Pagnussat, G.C., Alandete-Saez, M., Bowman, J.L., and Sundaresan, V.
(2009). Auxin-dependent patterning and gamete specification in the Arabi-
dopsis female gametophyte. Science 324, 1684–1689.

94. Gross-Hardt, R., Kagi, C., Baumann, N., Moore, J.M., Baskar, R., Gagliano,
W.B., Jurgens, G., andGrossniklaus, U. (2007). LACHESIS restricts gametic
cell fate in the female gametophyte of Arabidopsis. PLoS Biol. 5, e47.

95. Moll, C., von Lyncker, L., Zimmermann, S., Kagi, C., Baumann, N., Twell, D.,
Grossniklaus, U., andGross-Hardt, R. (2008). CLO/GFA1 andATO are novel
regulators of gametic cell fate in plants. Plant J. 56, 913–921.

96. Benkova, E., Michniewicz,M., Sauer,M., Teichmann, T., Seifertova, D., Jur-
gens, G., and Friml, J. (2003). Local, efflux-dependent auxin gradients as
a common module for plant organ formation. Cell 115, 591–602.

97. Friml, J., Vieten, A., Sauer, M., Weijers, D., Schwarz, H., Hamann, T.,
Offringa, R., and Jurgens, G. (2003). Efflux-dependent auxin gradients
establish the apical-basal axis of Arabidopsis. Nature 426, 147–153.

98. Friml, J. (2003). Auxin transport - shaping the plant. Curr. Opin. Plant Biol. 6,
7–12.

99. Cheng, Y., Dai, X., and Zhao, Y. (2006). Auxin biosynthesis by the YUCCA
flavinmonooxygenases controls the formation of floral organs and vascular
tissues in Arabidopsis. Genes Dev. 20, 1790–1799.

100. Cheng, Y., Dai, X., and Zhao, Y. (2007). Auxin synthesized by the YUCCA
flavin monooxygenases is essential for embryogenesis and leaf formation
in Arabidopsis. Plant Cell 19, 2430–2439.

101. Ebel, C., Mariconti, L., and Gruissem, W. (2004). Plant retinoblastoma
homologues control nuclear proliferation in the female gametophyte.
Nature 429, 776–780.

102. Guo, F., Huang, B.Q., Han, Y., and Zee, S.Y. (2004). Fertilization in maize
indeterminate gametophyte1 mutant. Protoplasma 223, 111–120.
103. Penfield, S., Josse, E.M., Kannangara, R., Gilday, A.D., Halliday, K.J., and
Graham, I.A. (2005). Cold and light control seed germination through the
bHLH transcription factor SPATULA. Curr. Biol. 15, 1998–2006.

104. Pischke, M.S., Jones, L.G., Otsuga, D., Fernandez, D.E., Drews, G.N., and
Sussman, M.R. (2002). An Arabidopsis histidine kinase is essential for meg-
agametogenesis. Proc. Natl. Acad. Sci. USA 99, 15800–15805.

105. Dresselhaus, T. (2006). Cell-cell communication during double fertilization.
Curr. Opin. Plant Biol. 9, 41–47.

106. Hejatko, J., Pernisova, M., Eneva, T., Palme, K., and Brzobohaty, B. (2003).
The putative sensor histidine kinase CKI1 is involved in female gameto-
phyte development in Arabidopsis. Mol. Genet. Genomics 269, 443–453.

107. Deng, Y., Dong, H., Mu, J., Ren, B., Zheng, B., Ji, Z., Yang, W.C., Liang, Y.,
and Zuo, J. (2010). Arabidopsis Histidine Kinase CKI1 acts upstream of
HISTIDINE PHOSPHOTRANSFER PROTEINS to regulate female gameto-
phyte development and vegetative growth. Plant Cell 22, 1232–1248.

108. Urao, T., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2000). Two-compo-
nent systems in plant signal transduction. Trends Plant Sci. 5, 67–74.

109. Yu, H.J., Hogan, P., and Sundaresan, V. (2005). Analysis of the female
gametophyte transcriptome of Arabidopsis by comparative expression
profiling. Plant Physiol. 139, 1853–1869.

110. Steffen, J.G., Kang, I.H., Macfarlane, J., and Drews, G.N. (2007). Identifica-
tion of genes expressed in the Arabidopsis female gametophyte. Plant J.
51, 281–292.

111. Russell, S.D. (1993). The egg cell: development and role in fertilization and
early embryogenesis. Plant Cell 5, 1349–1359.

112. Punwani, J.A., Rabiger, D.S., Lloyd, A., and Drews, G.N. (2008). The MYB98
subcircuit of the synergid gene regulatory network includes genes directly
and indirectly regulated by MYB98. Plant J. 55, 406–414.

113. Punwani, J.A., Rabiger, D.S., and Drews, G.N. (2007). MYB98 positively
regulates a battery of synergid-expressed genes encoding filiform appa-
ratus localized proteins. Plant Cell 19, 2557–2568.

114. Portereiko, M.F., Lloyd, A., Steffen, J.G., Punwani, J.A., Otsuga, D., and
Drews, G.N. (2006).AGL80 is required for central cell and endospermdevel-
opment in Arabidopsis. Plant Cell 18, 1862–1872.

115. Bemer, M., Wolters-Arts, M., Grossniklaus, U., and Angenent, G.C.
(2008). The MADS domain protein DIANA acts together with AGA-
MOUS-LIKE80 to specify the central cell in Arabidopsis ovules. Plant
Cell 20, 2088–2101.

116. Srilunchang, K.O., Krohn, N.G., and Dresselhaus, T. (2010). DiSUMO-like
DSUL is required for nuclei positioning, cell specification and viability
during female gametophyte maturation in maize. Development 137,
333–345.

117. Palanivelu, R., Brass, L., Edlund, A.F., and Preuss, D. (2003). Pollen tube
growth and guidance is regulated by POP2, an Arabidopsis gene that
controls GABA levels. Cell 114, 47–59.

118. Lush,W.M., Grieser, F., andWolters-Arts,M. (1998). Directional guidance of
Nicotiana alata pollen tubes in vitro and on the stigma. Plant Physiol. 118,
733–741.

119. Wolters-Arts, M., Lush, W.M., and Mariani, C. (1998). Lipids are required for
directional pollen-tube growth. Nature 392, 818–821.

120. Higashiyama, T., Kuroiwa, H., and Kuroiwa, T. (2003). Pollen-tube guidance:
beacons from the female gametophyte. Curr. Opin. Plant Biol. 6, 36–41.

121. Higashiyama, T., Yabe, S., Sasaki, N., Nishimura, Y., Miyagishima, S., Kur-
oiwa, H., and Kuroiwa, T. (2001). Pollen tube attraction by the synergid cell.
Science 293, 1480–1483.

122. Kasahara, R.D., Portereiko, M.F., Sandaklie-Nikolova, L., Rabiger, D.S., and
Drews, G.N. (2005). MYB98 is required for pollen tube guidance and
synergid cell differentiation in Arabidopsis. Plant Cell 17, 2981–2992.

123. Huang, B.Q., and Russell, S.D. (1992). Synergid degeneration in Nicotiana:
a quantitative, fluorochromatic and chlorotetracycline study. Sex. Plant Re-
prod. 5, 151–155.

124. Huck, N., Moore, J.M., Federer, M., and Grossniklaus, U. (2003). The Arabi-
dopsis mutant feronia disrupts the female gametophytic control of pollen
tube reception. Development 130, 2149–2159.

125. Okuda, S., Tsutsui, H., Shiina, K., Sprunck, S., Takeuchi, H., Yui, R., Kasa-
hara, R.D., Hamamura, Y., Mizukami, A., Susaki, D., et al. (2009). Defen-
sin-like polypeptide LUREs are pollen tube attractants secreted from
synergid cells. Nature 458, 357–361.

126. Marton, M.L., Cordts, S., Broadhvest, J., and Dresselhaus, T. (2005). Micro-
pylar pollen tube guidance by EGG APPARATUS1 of maize. Science 307,
573–576.

127. Chen, Y.H., Li, H.J., Shi, D.Q., Yuan, L., Liu, J., Sreenivasan, R., Baskar, R.,
Grossniklaus, U., and Yang,W.C. (2007). The central cell plays a critical role
in pollen tube guidance in Arabidopsis. Plant Cell 19, 3563–3577.

128. Shimizu, K.K., and Okada, K. (2000). Attractive and repulsive interactions
between female and male gametophytes in Arabidopsis pollen tube guid-
ance. Development 127, 4511–4518.

129. Shimizu, K.K., Ito, T., Ishiguro, S., and Okada, K. (2008). MAA3 (MAGA-
TAMA3) helicase gene is required for female gametophyte development
and pollen tube guidance in Arabidopsis thaliana. Plant Cell Physiol. 49,
1478–1483.



Review
R997
130. Escobar-Restrepo, J.M., Huck, N., Kessler, S., Gagliardini, V., Gheyselinck,
J., Yang, W.C., and Grossniklaus, U. (2007). The FERONIA receptor-like
kinase mediates male-female interactions during pollen tube reception.
Science 317, 656–660.

131. Capron, A., Gourgues, M., Neiva, L.S., Faure, J.E., Berger, F., Pagnussat,
G., Krishnan, A., Alvarez-Mejia, C., Vielle-Calzada, J.P., Lee, Y.R., et al.
(2008). Maternal control of male-gamete delivery in Arabidopsis involves
a putative GPI-anchored protein encoded by the LORELEI gene. Plant
Cell 20, 3038–3049.

132. Miyazaki, S., Murata, T., Sakurai-Ozato, N., Kubo, M., Demura, T., Fukuda,
H., and Hasebe, M. (2009). ANXUR1 and 2, sister genes to FERONIA/SIR-
ENE, are male factors for coordinated fertilization. Curr. Biol. 19, 1327–
1331.

133. Boisson-Dernier, A., Roy, S., Kritsas, K., Grobei, M.A., Jaciubek, M.,
Schroeder, J.I., and Grossniklaus, U. (2009). Disruption of the pollen-ex-
pressed FERONIA homologs ANXUR1 and ANXUR2 triggers pollen tube
discharge. Development 136, 3279–3288.

134. Mori, T., Kuroiwa, H., Higashiyama, T., and Kuroiwa, T. (2006). GENERA-
TIVE CELL SPECIFIC 1 is essential for angiosperm fertilization. Nat. Cell.
Biol. 8, 64–71.

135. von Besser, K., Frank, A.C., Johnson, M.A., and Preuss, D. (2006). Arabi-
dopsis HAP2 (GCS1) is a sperm-specific gene required for pollen tube guid-
ance and fertilization. Development 133, 4761–4769.

136. Hobo, T., Suwabe, K., Aya, K., Suzuki, G., Yano, K., Ishimizu, T., Fujita, M.,
Kikuchi, S., Hamada, K., Miyano, M., et al. (2008). Various spatiotemporal
expression profiles of anther-expressed genes in rice. Plant Cell Physiol.
49, 1417–1428.

137. Suwabe, K., Suzuki, G., Takahashi, H., Shiono, K., Endo,M., Yano, K., Fujita,
M., Masuko, H., Saito, H., Fujioka, T., et al. (2008). Separated transcrip-
tomes ofmale gametophyte and tapetum in rice: validity of a lasermicrodis-
section (LM) microarray. Plant Cell Physiol. 49, 1407–1416.


	Signaling and Transcriptional Control of Reproductive Development in Arabidopsis
	Introduction
	Stamen Cell Division and Differentiation
	Control of Stamen Initiation and Identity
	Regulation of Anther Cell Layer Formation
	Specification of the Tapetal Layer
	Transcriptional Regulation of Tapetal Function and Pollen Development
	Hormonal Control of Pollen Maturation, Filament Elongation, and Anther Dehiscence

	Cell Specification in the Female Gametophyte
	Regulation of Female Gametophyte Patterning by Auxin
	Control of Embryo Sac Cell Differentiation by Signaling and Other Mechanisms
	Transcriptional Regulation in Cell Specification

	Male–Female Interactions
	Conclusion and Perspectives
	Acknowledgments
	References


