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Preface

The molecular mechanisms controlling cell cycle progression are conserved
in essentially the same form in all eukaryotes studied. Among the best-
characterized examples of the regulators involved here are the cyclin-dependent
kinases, CDKs, which were originally identified as cell cycle-related protein ki-
nases. These enzymes are activated at appropriate times in the cell cycle by
association with a phase-specific cyclin to form a cyclin-dependent kinase
complex that promotes progression through successive G1, S, and M phases.

Although plants employ the same cell-cycle regulatory proteins as other
eukaryotes, they have also evolved unique molecular mechanisms that allow
integration of environmental, physiological, and developmental signals into
networks to control proper cell division and expansion. Our understanding in
these fields has come, and could only have come, from experimental obser-
vations on plants, although studies on other model eukaryotes have provided
very useful knowledge in the control of cell cycle in general.

The circadian rhythmicity of cell division in unicellular algae has been
known for a long time and research into the circadian clock and cell cycle
control in higher plants is just beginning to emerge. Whereas the biological
clocks of plants and animals share common features in their organization
and functionality, most clock genes are different between these kingdoms.
Furthermore, since the contribution made by each plant cell to the shape of
the surrounding tissue is determined solely by the processes of cytokinesis
and differential cell expansion, cell-to-cell communication plays a critical role
in forcing division in a given plane, either periclinally or anticlinally. Whereas
unicellular organisms constantly face the divide-or-die challenge, higher plants
have mainly relied on the cell division in meristems to grow. They have evolved
regulatory mechanisms that allow the integration of processes at the cellular
level with those related to organogenesis. Such a coordination between cell
division and differentiation is required in order to develop a functional plant.
While organogenesis in animals occurs during embryogenesis, organ initiation
and growth in plants is a post-embryonic and continuous process that occurs
over the entire lifespan of the organism.

Cytokinesis in plants, involving the establishment of the cell plate, is mor-
phologically distinct from cytokinesis in yeast and animals. Significant progress
in plant cytokinesis research has been achieved primarily due to the discovery
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of protein markers and to the implementation of new technologies such as
confocal microscopy and tomographic electron microscopy. Among the sev-
eral hundred proteins that are believed to be involved in building the cell
plate, only a few dozen have been identified. Some of these proteins, such as
phragmoplastin and knolle, are specific to this transient subcellular organelle,
while many others may also have functions in other membranes and organelle
building processes.

The scope of this book is focused on the molecular aspects of cell division
control in higher plants. Publications in this field have increased exponentially
in the past decade and this trend will certainly continue in the post genomics
era. Further research on cell division control in plants involving signaling
systems as well as details of the machinery of cell wall architecture holds
tremendous promise for advancing our understanding of this fundamental
process essential for building the plant body.

We are greatly indebted to all our contributors for their individual chapters
and for their patience during the unanticipated delay of the edition of this
volume. We also thank the National Science Foundation for their support of
our research.

May 2007 Desh Pal S. Verma
Zonglie Hong



Contents

Commitment for Cell Division and Cell Cycle Control

Circadian Regulation of Cell Division
F.ç.-Y. Bouget · M. Moulager · F. Corellou . . . . . . . . . . . . . . . . . 3

Transcriptional Control of the Plant Cell Cycle
P. Doerner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Division Plane Orientation in Plant Cells
A. J. Wright · L. G. Smith . . . . . . . . . . . . . . . . . . . . . . . . . . 33

G1/S Transition and the Rb-E2F Pathway
W.-H. Shen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

The Endoreduplication Cell Cycle: Regulation and Function
P. A. Sabelli · B. A. Larkins . . . . . . . . . . . . . . . . . . . . . . . . . 75

Dynamics of Chromosomes, Cytoskeleton and Organelles During Cell Division

Chromosome Dynamics in Meiosis
A. Ronceret · M. J. Sheehan · W. P. Pawlowski . . . . . . . . . . . . . . . 103

Cytoskeletal and Vacuolar Dynamics During Plant Cell Division:
Approaches Using Structure-Visualized Cells
T. Sano · N. Kutsuna · T. Higaki · Y. Oda · A. Yoneda
F. Kumagai-Sano · S. Hasezawa . . . . . . . . . . . . . . . . . . . . . . 125

Mitotic Spindle Assembly and Function
J. C. Ambrose · R. Cyr . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

Cytoskeletal Motor Proteins in Plant Cell Division
Y.-R. J. Lee · B. Liu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169



X Contents

Organelle Dynamics During Cell Division
A. Nebenführ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

Open Mitosis: Nuclear Envelope Dynamics
A. Rose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

Cell Plate Formation and Cytokinesis

MAP Kinase Signaling During M Phase Progression
M. Sasabe · Y. Machida . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

Plant Cytokinesis – Insights Gained
from Electron Tomography Studies
J. M. Seguí-Simarro · M. S. Otegui · J. R. Austin II · L. A. Staehelin . . . . 251

Vesicle Traffic at Cytokinesis
A. Sanderfoot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289

Molecular Analysis of the Cell Plate Forming Machinery
Z. Hong · D. P. S. Verma . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

Cell Division and Differentiation

Asymmetric Cell Divisions: Zygotes of Fucoid Algae as a Model System
S. R. Bisgrove · D. L. Kropf . . . . . . . . . . . . . . . . . . . . . . . . . 323

Stomatal Patterning and Guard Cell Differentiation
K. U. Torii . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343

Genetic Control of Anther Cell Division and Differentiation
C. L. H. Hord · H. Ma . . . . . . . . . . . . . . . . . . . . . . . . . . . . 361

Coordination of Cell Division and Differentiation
C. Gutierrez . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377

Subject Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 395



Part A
Commitment for Cell Division and Cell Cycle Control



Plant Cell Monogr (9)
D.P.S. Verma and Z. Hong: Cell Division Control in Plants
DOI 10.1007/7089_2007_119/Published online: 11 July 2007
© Springer-Verlag Berlin Heidelberg 2007

Circadian Regulation of Cell Division

François-Yves Bouget (�) · Mickael Moulager · Florence Corellou

UMR 7628 CNRS, Université Paris VI, Laboratoire Arago,
Modèles en Biologie Cellulaire et Evolutive, BP44, 66651 Banyuls sur Mer, France
fy.bouget@obs-banyuls.fr

Abstract Plants are photosynthetic organisms, which use light, as main source of energy,
for growth and development. Because sun-light is also mutagenic, many organisms, from
most kingdoms, have evolved an internal time-tracking system, so-called the circadian,
which restricts cell division to specific times of the day in when DNA is less exposed to
UV damage (“escape from mutagenic light” theory). While the circadian regulation of cell
division has been extensively characterized in animals and unicellular green algae, little is
known about the photoperiodic regulation of cell division in land plants. Recent findings
about the possible links between cell division, the circadian clock and the DNA damage
checkpoint are discussed.

1
Introduction

Biological clocks are pacemakers, which play an essential role in regulating
the physiology and behavior of living organisms. Such clocks are the cell di-
vision cycle (CDC) and the circadian clock, which coexist in many cells from
organisms including plants, animals, fungi and cyanobacteria (Bell-Pedersen
et al. 2005; McClung 2006; Naef 2005). Each day, living organisms are exposed
to changes in light (photoperiod) and temperature due to the rotation of the
earth. Furthermore the relative day to night lengths vary along the year. The
circadian clock is an autonomous system, which gives the time and can be
entrained by light or temperature cycles. This clock allows the organism to
adapt to the predictable daily environmental changes by anticipating them.
The first evidence of a circadian clock was first demonstrated in 1729 by de
Mairan, who showed that a heliotrop plant still exhibits robust rhythms of leaf
movement when placed in constant darkness. Since then, the circadian clock
was shown to regulate a wide array of plant physiology processes including
photosynthesis, metabolism, and at the molecular level, a significant propor-
tion of gene expression (Gardner et al. 2006). The circadian clock is likely
to confer an adaptive advantage to multicellular organisms since it is found
in all kingdoms including animals, plants and fungi. Among unicellular free-
living organisms circadian rhythms have been described almost exclusively in
photosynthetic ones.
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Cells often divide with a period of 24 hours, leading sometimes to a con-
fusion between the circadian clock and the CDC. The rhythmicity of cell
division has been known for a long time in unicellular algae such as the
flagellate Euglena (Edmunds et al. 1982), the green alga Chlamydomonas
(Bruce 1972; Goto and Johnson 1995) or the marine dinoflagellate Gonyaulax
(Sweeney 1958). These cells usually divide once per day or with a multiple of
24 hours. However, when they are allowed to divide more than once per day,
the rhythmicity of cell division is lost in Euglena or in Gonyaulax. It was con-
cluded, according to the “circadian/infradian” rule that circadian rhythms of
division exist only in cells dividing in a circadian or infradian way, that is,
once per day or less. According to this rule, both the circadian clock and the
CDC are tightly interconnected and cell division might even be controlled by
an autonomous clock that is completely independent of a circadian clock. Ex-
periments in the prokaryotic cyanobacteria Synechococcus contradicted this
rule, since cells dividing more than once per day still exhibit robust circadian
rhythms of cell division and gene expression (Kondo et al. 1997).

Plants are photosynthetic organisms, which heavily rely on light as a source
of energy and it is sometime difficult to discriminate between the effect of light
as a signal through activating specific signalization pathways and as a source of
energy that is a required for a cell to grow and divide when it reaches a critical
size. The molecular basis of both the cell cycle core machinery (Inze 2005) and
the circadian clock are well understood in plants (McClung 2006). However,
neither a direct regulation of cell division by light nor a circadian regulation
of the CDC have been demonstrated in higher plants. Recent results from our
group, using the firefly luciferase reporter protein fused to Arabidopsis spe-
cific promoters indicate that the expression of cell cycle regulated genes such
as histone H4 and of central CDC genes such as cyclinB occurs at the end of
the day and is under circadian control in the Arabidopsis shoot apical meris-
tem (unpublished data). However, direct studies of the CDC remain difficult
to perform in planta because only a limited number of cells divide in grow-
ing plants and cell division is restricted to meristems. Cell division studies
are much easier to perform in unicellular organisms, such as unicellular algae,
which can be naturally synchronized by the light/dark cycle. Circadian regu-
lation of cell division has been known for over 30 years in green algae such as
Chlorophyta chlamydomonas. Chlorophyta belong to the green lineage and are
a sister group to Streptophyta which encompasses higher plants.

Recently, several important findings have started to unravel the molecular
basis of circadian regulation of cell division in animals (Fu et al. 2002; Matsuo
et al. 2003). In this review we will first focus on the circadian regulation of cell
division in unicellular photosynthetic eukaryotes, especially those evolution-
arily related to higher plants, that is green algae. We will also summarize the
actual knowledge of molecular basis of circadian regulation of the CDC based
on recent work in animals. Finally, we will speculate on what we can expect
from plants.
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2
Circadian Gating of Cell Division

In Chlamydomonas, the question whether or not the CDC is under circa-
dian control, has been a never-ending story. When Chlamydomonas cells
entrained by light/dark cycles are placed under constant light, cell divi-
sion persists with a period of 24 hours, suggesting that cell division is
under control of a circadian clock (Bruce 1972). Subsequent studies chal-
lenged the former studies suggesting that the CDC is directly regulated by
light, being dependent on energy available though photosynthesis (Spudich
and Sager 1980). The proposed model is that cell division is dependent on
a timer and a sizer (Donnan and John 1983). Cells divide only when they
have reached a critical size at a specific phase relative to the synchroniz-
ing light/dark cycle but the timer is not a circadian oscillator. Twenty five
years later Goto and Johnson clearly demonstrated that cell division is under
circadian control, fulfilling the three criteria of a circadian regulation: (1) en-
trainment by different photoperiods, (2) persistence under constant condi-
tions, (3) temperature compensation (Goto and Johnson 1995). The current
view is that the circadian clock gates cell division. Every day a circadian-
regulated gate is opened only during a limited time, allowing cell division.
Chlamydomonas divides by multiple fission, i.e. a cell is able to divide sev-
eral times in a row, when it has reached a critical size. As a result, when
the gate is opened in the middle of the night cells can divide several times
in a row, if they were large enough. Similar gating of cell division has been
described in Euglena, Synechococcus, or in animal cells suggesting that gat-
ing of cell division, which restricts cell division to specific phases of the
day, is widely distributed in living organisms (Cardone and Sassone-Corsi
2003). What is the meaning of the circadian gating of cell division? A se-
ducing hypothesis is that the circadian clock prevents cells from dividing
when DNA is the most exposed to mutations. In agreement with this hy-
pothesis, Chlamydomonas cells exposed to UV exhibit a circadian-regulated
rhythm of survival, the most sensitive phases corresponding to the time of
nuclear division (Nikaido and Johnson 2000). The importance of circadian
gating of cell division in tumor suppression has been established in mouse
where the central clock gene Period2 is required to arrest the CDC pro-
gression in animals exposed to γ -radiation (Fu et al. 2002). Finally, a tight
connection between the cell cycle control and the circadian clock was recently
reported in the fungus Neurospora (Pregueiro et al. 2006). In this organism,
the clock protein Period4 is a checkpoint kinase2 homolog, which is involved
in both the DNA damage checkpoint and cell cycle progression, suggesting
that the cell cycle can feedback to the clock though activation of a common
checkpoint.
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3
Evidence for Different Types of Circadian Checkpoints

The CDC core cell cycle machinery is well conserved in eukaryotes, relying
mainly on Cyclin-dependent-kinases (CDKs) which are required for the main
stages of CDC progression including DNA replication during the S phase and
segregation of chromosomes at mitosis (Inze 2005). CDKs are positively reg-
ulated by association to cyclins and negatively regulated by small inhibitors
(CKI). CDKs are also strongly regulated by phosphorylation and dephos-
phorylation. For example, in G2 the WEE1 kinase down-regulates mitotic
CDKs by phosphorylation whereas the antagonistic CDC25 phosphatase ac-
tivates CDK at the G2/M transition. CDKs are the main targets of the various
checkpoints, which ensure that CDC progression arrests if something wrong
happens such as incomplete DNA replication, DNA damage or spindle de-
fect (Millband et al. 2002; Weinert 1998). Another critical checkpoint is the
cell-size checkpoint also called “sizer” (Kellogg 2003). During development,
cell growth and division must be tightly coordinated to maintain a specific
size. This size control is well known in yeasts. In budding yeast, a critical
restriction point START or (R) has been defined in G1, when cells become
irreversibly engaged in cell division when they reach a critical size. In con-
trast fission yeast grow mainly in G2 and the control of CDC progression
is exerted at the G2/M transition (Kellogg 2003). Photosynthetic organisms
rely on light as the source of energy, to reach a critical size for cell divi-
sion. The regulation of cell division by light was dissected in Chlamydomonas.
Two points were defined: in early G1, a restriction point called primary arrest
(A) when cells become light-dependent; in late G1, a “transition point” (T)
when cell division becomes independent of light (Spudich and Sager 1980).
Though it remains to be demonstrated clearly that gating of cell division oc-
curs before entry into the S phase in Chlamydomonas, it is likely to be so,
since arrests outside of the G1 phase are never observed when cells are moved
from light to darkness (Fig. 1). In contrast, light-dependent restriction mech-
anisms were shown to exist both in G1, S and G2 phases of the cell cycle in
Euglena cells transferred from light to darkness (Hagiwara et al. 2002) and
a circadian gating of CDC progression has been observed from G2 to mito-
sis but also at the S/G2 and G1/S transitions in this organism (Bolige et al.
2005). The targets of the circadian checkpoints remain elusive in Euglena or
Chlamydomonas. The only demonstration of a direct regulation of cell divi-
sion by the circadian clock come from animals. In hepatocytes re-entering
cell cycle upon hepatectomy, the circadian clock gates cell cycle progression at
the G2/M transition, through a direct transcriptional regulation of the WEE1
kinase (Matsuo 2003). A negative regulation of cell cycle by the circadian
clock at the G1/S transition was demonstrated in osteoblasts where the clock
inhibits the G1 cyclin D1 (Fu et al. 2002). In summary, the circadian clock ap-
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Fig. 1 Circadian gating of cell division in different cell types. In Chlamydomonas or os-
teoblasts the clock gates cell division at the G1/S transition. In contrast, in hepatocytes,
a circadian regulation of cell division is observed at the G2/M transition through the reg-
ulation of the CDK inhibitor WEE1. In Euglena, the clock can arrest the CDC at all major
transitions

pears to gate the CDC at various stages of cell cycle progression, including
G1/S, S/G2 and G2/M (Fig. 1).

Finally, it should be mentioned that while the molecular link between the
circadian clock and the CDC has been characterized in cells re-entering or
exiting the CDC and upon checkpoint activation, the molecular basis of cir-
cadian gating of cell division in cycling cells, remains to be established.

4
What about Plants?

Direct evidences for a circadian regulation of cell division in higher plants
are still lacking. However, based on the ubiquitous nature of circadian reg-
ulation of cell division in multicellular organisms, the essential role of the
circadian clock in regulating plant physiology, it is likely that such a con-
trol will also exist in plants. On the other hand “green” organisms such as
Chlamydomonas, which belong to the green lineage, are potentially valuable
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systems to study circadian regulation of cell cycle in plants, however, the mo-
lecular mechanisms of the circadian clock are not known in Chlamydomonas.

Except for cryptochromes and casein kinase II, the molecular actors of the
circadian clock are not conserved between kingdoms suggesting that clocks
have emerged independently during evolution of plant, animals and fungi
(Gardner et al. 2006). Nevertheless, the principles of the clock organization is
highly conserved between organisms. Coupled oscillators, which rely on in-
terconnected feedback loops produce robust oscillations. These oscillators are
entrained by environmental cycles such as light cycles but also gate input to
the clock by regulating the expression of photoreceptors (Fig. 2). Most of our
knowledge about the plant circadian oscillator comes from Arabidopsis. This
pacemaker consists of two interlocked oscillators. The first transcriptional
feedback loop consists of the pseudo-response regulator TOC1 (Time of CAB
expression1) and the two MYB transcription factors of the REVEILLE family,
CCA1 (Circadian Clock Associated 1)/LHY (Late Elongated Hypocotyl) (Al-
abadi et al. 2001). The transcription of CCA1/LHY is induced by light in the
morning. CCA1/LHY bind to an evening element (EE) found in the promoter
of TOC1 and other genes expressed in the evening (Harmer et al. 2000), re-

Fig. 2 A speculative model of CDC control by the circadian clock in plants. The clock con-
sists of two interconnected loops. CCA1/LHY and GI are transcribed in response to light
in the morning. CCA1/LHY and GI have opposite inhibiting and activating roles in the
regulation of TOC1 expression. CCA1/LHY may regulate the transcription of CDC genes
such as cyclins, CDK or CDK inhibitors (KRP) through a binding to specific circadian
elements in their promoters
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pressing the expression of TOC1. On the other hand, TOC1 is responsible for
the activation of CCA1/LHY, though probably indirectly, since there is a de-
lay between the peak of TOC1 expression and the transcription of CCA1/LHY.
This picture of the plant circadian clock is far from being complete, since this
simple loop does not account for several experimental observations (Locke
et al. 2005). In particular TOC1 overexpression led to an unpredicted de-
crease in CCA1 (Hayama and Coupland 2003). Furthermore, cca1/lhy double
mutants still exhibit rhythmicity (Mizoguchi et al. 2002). A second loop was
recently identified by a mathematical modelization approach. A predicted
candidate Gigantea (GI) is also induced by light leading to the activation of
TOC1 and is transcriptionally repressed by CCA1 (Locke et al. 2005). Though
the molecular roles of the respective actors remain to be precisely assessed,
this two-loop model accounts much better for experimental data, than the
one-loop model does.

The question then is, how does the circadian clock regulate cell division
in plants? In hepatocytes, the central CLOCK-BMAL1 complex binds the E
box response element (CACGTG) resulting in a direct activation of WEE1
transcription (Matsuo 2003). In Arabidopsis, cis-acting elements mediating
gene expression have been identified in the promoters of circadian-regulated
genes (ref). The EE (AAAATATCT), mediates the transcriptional repression of
TOC1 by CCA1 at the heart of the clock. A single mutation in the EE to the
AAAAATCT CBS sequence (CCA1 binding site element) switches the phase of
catalase expression from evening to morning (Michael and McClung 2002).
We have performed a genome-wide analysis of the main core cell cycle gene
promoters in Arabidopsis (Table 1). Both EE and CBS sequences were iden-

Table 1 In silico identification of potential circadian elements (EE and CBS) in Arabidopsis
core cell cycle genes

Gene Accession Motif Location Function
number

CDKA,1 At3g48750 AAATATCT (EE) – 1130 G1/S G2/M
CDKB1,2 At2g38620 AAATATCT (EE) – 200 G2/M

AAAAATCT (CBS) – 300
CDKD,2 At1g66750 AAAATATCT (EE) – 570 G2/M
cyclin D3,1 At4g34160 AATATCT (EE) – 280 G1/S
cyclinA3,1 At5g43080 AAAATATCT (EE) – 1000 S/M?

AAAAATCT (CBS) – 1800 S
DEL2 At5g14960 AAAATATCT (EE) – 20 G1/S
Retinoblastoma At1g22803 AAATATCT (EE) – 500

AAAATCT (CBS) – 500
KRP2 At3g50630 AATATCT (EE) – 1600 G2/M
KRP3 At5g48820 AAATATCT (EE) – 2200 G1/S G2/M?
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tified in cell cycle genes involved at various stages of cell cycle progression
(Table 1), suggesting that the transcription of several cell cycle genes may be
regulated by circadian clock components such as CCA1/LHY. A highly specu-
lative view of how such a regulation of the clock may regulate cell division is
represented in Fig. 2.

5
Conclusion: A Future for Unicellular Algae in Circadian Studies of Cell Cycle?

The circadian regulation of cell division has been known for a long time in
unicellular algae of the green lineage. Recently, the genomes of two green
algae, the Prasinophyta Ostreococcus tauri and the Chlorophyta Chlamy-
domonas, have been sequenced (Derelle et al. 2006). Genetic tools are avail-
able in both species and luciferase reporter allows automated monitoring of
in vivo expression of circadian clock and CDC genes in Ostreococcus (our
unpublished results). Both organisms display a minimum set of cell cycle
genes, most cyclins, CDK and regulating kinases and phosphatases being
present as a single copy (Bisova et al. 2005; Robbens et al. 2005). These
genes are regulated by light/dark cycles in Chlamydomonas. Interestingly,
both Chlamydomonas and Ostreococcus contain plant-specific CDC proteins
such as a B-type CDK, which plays a major role in the control of mitosis in
Ostreococcus (Corellou et al. 2005). In silico analysis, has revealed the pres-
ence of CCA1/LHY and TOC1-like protein homologues in Chlamydomonas
and Ostreococcus (Breton and Kay 2006, our unpublished data).

These unique features of green algae may promote them as models of
choice to study circadian regulation of cell division.
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Abstract Progression through the eukaryotic cell cycle is driven and controlled by in-
terlocked oscillating mechanisms, including reversible protein phosphorylation, protein
degradation and temporally regulated gene expression. Advances in cell synchronization
techniques have enabled the genome-wide characterization of temporally regulated gene
expression patterns in Arabidopsis, but the cognate transcription factors remain largely
unknown. In other eukaryotic model organisms, the network components involved in
orchestrating cell cycle phase-specific gene expression are being identified and their reg-
ulatory logic delineated. This chapter reviews progress in our understanding of cell cycle
regulated gene expression in plants.

1
Introduction and Background

Progression through the eukaryotic cell cycle is controlled by several mechan-
isms whose activity varies periodically with cell cycle phase. These oscillating
regulatory mechanisms are involved in controlling all aspects of cell cycle
progression, including: commitment, directionality, arrest in the event of
DNA damage, incomplete replication or unattached spindles and responsiv-
ity to the cellular environment. The best studied of these mechanisms are
reversible protein phosphorylation, protein degradation and temporally reg-
ulated gene expression, but in plants there are further oscillatory processes,
such as cytokinin hormone metabolism, that likely contribute to cell cycle
control.

In this chapter, I will focus on genome-wide studies of cell cycle regulated
gene expression and the mechanisms that underpin periodic, cell cycle phase-
dependent changes in gene expression. I will emphasize the transcriptional
regulation of regulatory genes that participate in the control of cell cycle pro-
gression, e.g. cyclins, over the phase-specific expression of structural genes,
for example histones, which are required for the appropriate execution of cell
cycle-dependent events at specific times during the cycle. This distinction
does not preclude the parsimonious use of some factors in both types of pro-
cesses, where the same factor may interact with different partners on distinct
promoters.
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Much progress has recently been made in the identification of transcripts
that vary periodically according to cell cycle phase in plants and to iden-
tify the entire set of genes regulated in this fashion. However, much less is
known about the transcription factors that mediate cell cycle regulated gene
expression in plants than about the key components involved in phosphory-
lation – the cyclin-dependent kinase (CDK) complexes. This has two reasons.
First, the transcription factors responsible for cell cycle phase-specific expres-
sion of cell cycle regulatory genes are poorly conserved. Second, this is also
due to a now dated view of cell cycle regulation as a hierarchy of processes or-
chestrated by a succession of cyclin–CDK complexes that “drive” the cell cycle
forward by enslaving dependent processes such as protein degradation and
temporally regulated gene expression.

Recent studies of the budding and fission yeast cell cycle (Bähler 2005) and
of factors that contribute to robustness of the cell cycle (Li et al. 2004; Jensen
et al. 2006; Braunewell and Bornholdt 2007), lead me to propose a different
view of the relation between the distinct regulatory mechanisms that in con-
cert mediate cell cycle control. Such studies reveal that these mechanisms are
coupled by regulatory interactions, for example: cell cycle phase-specific ex-
pression of individual cyclins conditions high-level CDK activity at specific
times, which in turn controls the activity of the proteasome that regulates the
stability of cell cycle transcription factors. In other words, each of the major
oscillating processes (protein phosphorylation, degradation and temporally
regulated gene expression) comprises a complete and self-regulating cycle that
is interlocked and intersects with other oscillating mechanisms for enhanced
stability. Such coupled oscillators are more robust, and inherently less prone to
interference by inevitable stochastic noise caused by fluctuations in abundance
of individual proteins and their activity (Raser and O’Shea 2004; Braunewell
and Bornholdt 2007); interconnected oscillators are also more easily regulated,
in a coordinate manner, as they continually entrain each other.

In contrast to the highly conserved cyclin–CDK modules, and the core
components of the cellular proteolysis machinery, the key transcriptional
regulators that mediate cell cycle phase-specific gene expression programs
are poorly conserved between different eukaryotic model systems. This has
made it substantially more difficult to identify the components of the tran-
scriptional networks involved in plant cell cycle control as reverse genetic
approaches are not likely to succeed. A recent study of the evolution of cell
cycle regulatory mechanisms has revealed that the regulated subunits (i.e.
those that change their abundance or activity) of different regulatory com-
plexes vary between organisms (Jensen et al. 2006). However, the same study
found that these regulated subunits were likely to be regulated both transcrip-
tionally and post-transcriptionally. This striking convergence of different
regulatory mechanisms involved in cell cycle control onto shared targets is ex-
pected to increase the overall robustness of cell cycle regulation (Braunewell
and Bornholdt 2007), and provides further support to the notion that the
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different mechanisms involved in cell cycle control contribute equally to its
overall regulation.

1.1
Oscillating Processes Involved in Cell Cycle Control

Three canonical mechanisms have been identified in cell cycle control of all
eukaryotic systems so far analyzed in sufficient detail: co-regulated and se-
quential expression of specific gene sets; cyclin–CDK mediated protein phos-
phorylation and proteasome-mediated proteolysis. Each of these processes
constitute a genuine, closed cycle such that periodic changes in activity states
promote, directly or indirectly, conditions that favor the following state, with
the “last” state promoting the first state of the series again, to form a closed
regulatory cycle. As each of these regulatory paradigms has recently been the
subject of excellent reviews, I shall restrict the discussion to an outline of the
general principles of the more universal mechanisms.

1.1.1
Transcriptional Networks in the Eukaryotic Cell Cycle

To review the logic of transcriptional control of cell cycle regulated gene
expression, our current understanding of such control in yeast is primarily
discussed here, as our current knowledge in plants is too incomplete. The
transcriptional networks in yeast that mediate periodic, cell cycle associated
gene expression are made up of at least nine serially regulated transcription
factors, most of which interact in various heteromeric complexes (Simon et al.
2001; Bähler 2005).

Periodic gene expression at the G1/S transition is mediated by two tran-
scription factor complexes, MBF and SBF, which accumulate and bind to
their target promoters from early G1 onwards. They remain inactive un-
til the Cln3p-Cdk1p cyclin–CDK complex that mediates entry into a new
cycle at START activates them in a two-step process. SBF and MBF bind
to the promoter of Swi4p, which is part of the SBF complex, thereby lead-
ing to a decisive, positive reinforcement of the decision to traverse START.
During S-phase, these complexes mediate transcription of S-phase-specific
genes including B-type cyclins required for progression into G2/M. In late
S- and G2-phase, SBF and MBF activity is down-regulated by CDK-mediated
phosphorylation that depends on cyclins transcribed earlier in the cycle by
SBF/MBF complexes.

The periodic expression of G2/M genes is governed by a ternary transcrip-
tion factor complex comprising Mcm1p; one of two partially redundant factors,
Fkh1p or Fkh2p, and Ndd1p. Ndd1p is the regulated component of the com-
plex, as the former two subunits stay bound to their targets throughout the
cell cycle. Ndd1p is regulated transcriptionally by SBF/MBF but also post-
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transcriptionally by CDK-dependent phosphorylation and proteolysis (Loy
et al. 1999; Reynolds et al. 2003), and Fkh2p is also phosphorylated in a CDK-
dependent manner. The expression targets of this ternary complex include the
mitotic cyclins required for chromosome segregation and cytokinesis.

At M/G1, another wave of gene expression occurs to mediate exit from mi-
tosis, and reset the cellular state such that the cell becomes responsive again
to the accumulation of mass by committing to a new round of cell division.
Expression of this suite of genes depends on the activity of two types of
transcription factors: Mcm1p; and the related and partially redundant Swi5p
and Ace2p proteins (Dohrmann et al. 1992). The latter two are themselves
transcriptionally regulated by the G2/M ternary complex factor, and post-
translationally regulated by CDK-dependent phosphorylation. In contrast,
two negatively acting homeodomain co-regulators that bind target promot-
ers in the vicinity of the Mcm1p binding sites act to restrict the autonomous,
M/G1-specific function of Mcm1p to this cell cycle transition. Their periodic
expression is mediated by SBF and later in the cycle presumably, by the G2/M
ternary complex factor.

The general principles of the budding yeast network of transcriptional reg-
ulators which periodically activate waves of cell cycle phase-specific gene ex-
pression are therefore: First, serial regulation such that transcription factors
functioning early in the cell cycle regulate subsequently acting transcription
factors, to form a fully connected regulatory cycle. Second, indirect coup-
ling between the factors responsible for sequential waves of transcription,
which is usually mediated by components of other oscillating mechanisms,
e.g. CDK-dependent phosphorylation or proteasome-mediated proteolysis,
that themselves are subject to prior transcriptional control. Indirect feedback
and feed-forward regulation are mechanisms to delay the initiation of the
next periodic wave of transcription. This is because activation of heteromeric
protein kinases such as cyclin–CDKs depends on the attainment of concen-
tration thresholds of the individual components and is furthermore subjected
to ultrasensitive control by series of activating kinases and counter-acting
protein phosphatases. A corollary is that the majority of the transcription fac-
tors comprising the cell cycle transcription network themselves need not be
transcriptionally regulated in a cell cycle phase-specific manner. Third, the
individual transcription factors that comprise the core regulatory network
themselves control series of dependent transcription factors that mediate the
expression of co-regulated sets of genes necessary for the successful comple-
tion of individual cell cycle phases (Horak et al. 2002).

Due to the paucity of data, it is currently not possible to gauge the relative
importance of the cell cycle transcriptional network vis à vis CDK-dependent
protein phosphorylation and ubiquitin-dependent proteolysis in controlling
cell cycle progression in different eukaryotic model systems. It is conceiv-
able that the relative contribution of transcriptional control compared to the
other canonical processes varies in different organisms, but due to the inher-
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ent logic of control of CDK-dependent and ubiquitin-dependent mechanisms,
which requires phase specific transcription and accumulation of at least some
key regulators, it is very unlikely that it plays only a minor role.

1.1.2
Protein Phosphorylation in the Eukaryotic Cell Cycle

Heteromeric protein kinase complexes comprising various catalytic subunits
(CDK proteins) in obligate association with one of many distinct activating
cyclin subunits that accumulate and decay periodically in the course of the
cell cycle mediate major cell cycle transitions: at START, the commitment to
a cell cycle conditional on the determination of adequate cell mass; at G1/S,
the commitment to a round of nuclear DNA replication; at G2/M, the dissolu-
tion of the nuclear compartment; and at the metaphase to anaphase transition,
the irreversible separation of sister chromatids for segregation into two new
cells. The cyclin–CDK cycle has recently been reviewed, therefore, I shall focus
on the basic principles of CDK-dependent cell cycle regulation here and not
invest them with details (see Inzé and Veylder (2006) for an excellent recent re-
view of cell cycle control in plants, and Morgan (2007) for an outstanding and
comprehensive review of the principles of cell cycle regulation).

The key function of cyclin–CDK complexes in the cell cycle is to orches-
trate and decisively mediate progression through crucial control points. This
role is reflected in their regulation, which occurs in a series of primed steps
and culminates in a runaway, exponential increase of cyclin–CDK activity at
the onset of the relevant phase transition.

To exemplify this, I will discuss the processes in budding yeast during
G1 phase that lead up to the key cell cycle transition at G1/S in detail; our
understanding of the plant cell cycle, and of its biochemistry in particular,
is still too fragmentary to provide a comprehensive picture at the present
time. For those biological systems in which cells grow and accrue mass in
G1, which includes budding yeast and animal cells, but not fission yeast
(where growth occurs during G2), it is useful to consider G1 phase as two
distinct parts: In the first part, which commences as soon as cells have com-
pleted their exit from mitosis, control of cell cycle progression is ceded to
the mechanisms that assess cell mass. The mechanism by which cell growth
is measured in plants, and whether there is a single such mechanism in all
plants, is not clear yet. In budding yeast, these mechanisms are thought to re-
sult in the gradual accumulation of cyclin3 protein (Cln3p), proportional to
cell growth; culminating in the accumulation of sufficient Cln3p-CDK activity
to propel it into the next part of G1. This occurs by Cln3p-CDK phosphory-
lation of an inhibitor of the SBF transcription factor complex, which leads
to the inactivation of the inhibitor. As explained in the previous section,
SBF activity is central to the transcriptional network that launches S-phase.
In this second part of G1, different cyclin–CDK complexes take the reins to
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control the crucial decision to enter a round of DNA replication. The now-
active SBF stimulates the transcription of two distinct types of cyclins (late
G1-type and S-phase type) sequentially required for full-blown commitment
and entry into S-phase. This proceeds by a build-up of the potential for S-
phase CDK activity by progressive accumulation of cyclin subunits required
for S-phase CDK activity and their association with appropriate CDK pro-
teins. Importantly, these complexes initially lack protein kinase activity, as
the nascent complexes are held inactive by association with CDK inhibitory
proteins (CKI). The late G1 cyclin–CDK complexes that gradually accumulate
in an SBF-dependent manner mediate the activation of these latent S-phase
cyclin–CDK complexes. When sufficient amounts of late G1-type cyclins have
accumulated, the cyclin–CDK complexes they are part of surpass an acti-
vation threshold and phosphorylate CKI. CKI phosphorylation leads to its
recognition by an SCF-dependent ubiquitin ligase (see next section), resulting
in its destruction by the proteasome. The now liberated S-phase cyclin–CDK
complexes also recognize CKI as a substrate, resulting in a runaway activation
of S-phase cyclin–CDK complexes that constitutes the initiation of S-phase.

Thus, the principal contribution of cyclin–CDK complexes to cell cycle
control is to mediate key cell cycle transitions decisively. CDK activity is con-
trolled in a two-stage activation process. This is analogous to the cocking,
and subsequent firing of a gun by the activation of a trigger mechanism.
The trigger is provided by the accumulation of sufficient late G1-type (but
not Cln3p) cyclin–CDK activity to phosphorylate the CKI proteins holding
S-phase cyclin–CDK complexes in check. This multistage activation process
allows the final activation of cyclin–CDK complexes at a phase transition to
be subject to many controls. A similar process of stepwise activation occurs
prior to mitosis, although here, it is generally the phosphorylation state of the
CDK subunit that regulates its activity; additional protein kinases, which are
controlled by cyclin–CDK complexes, function as well.

1.1.3
Proteolysis in the Eukaryotic Cell Cycle

Regulated stability of regulatory proteins is a crucial aspect of eukaryotic
cell cycle control to impart irreversibility on cell cycle transitions. Proteol-
ysis occurs by ubiquitin-dependent mechanisms that are distinguished by
their mode of regulation. In G1 and S-phase, the SCF-mediated mechanism
dominates; while in M-phase and for exit from M-phase, the APC-dependent
mechanism prevails. The SCF complex has ubiquitin ligase activity and rec-
ognizes its substrates when these are phosphorylated; in contrast, subunits of
the APC complex are activated by phosphorylation, which leads to substrate
recognition and subsequent degradation.

SCF-dependent protein degradation is coupled to CDK-dependent cell
cycle control at G1/S through shared substrates. At this transition, SCF-
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mediated proteolysis complements and reinforces the CDK-dependent switch
mechanism: the degradation of CDK inhibitors prevents the cell cycle from
dithering or going backwards. Similarly, at the onset of M-phase with the
breakdown of the nuclear membrane and at the metaphase–anaphase transi-
tion, the APC complex is activated, directly or indirectly, by CDK-dependent
phosphorylation. APC fulfills an essential role in destroying the proteins that
hold the sister chromatids joined until the start of anaphase, and in destroy-
ing mitotic cyclins at M/G1, without which cells could not exit from mitosis.
In these functions, the exquisite balance between ubiquitination and de-
ubiquitination activities is critical for the precise timing of cell cycle progress
(Stegmeier et al. 2007), while CDK-dependent phosphorylation of a regu-
latory subunit of APC is required for its inactivation late in G1 to allow
subsequent accumulation of mitotic cyclins. Taken together, proteolysis acts
to complement, reinforce and re-set cyclin–CDK regulation. Its activity is
closely coupled to CDK regulation.

1.1.4
Other Oscillating Parameters in the Plant Cell Cycle

Proliferation of plant cells requires growth regulators such as auxins and
cytokinins. However, the requirement for cytokinin supplements is not ab-
solute, as some cell cultures, including the tobacco BY2 cell line, are “habit-
uated”, which means that endogenous cytokinin production is adequate to
sustain proliferation.

Interestingly, recent work indicates that cytokinin synthesis, degradation
and perception are exquisitely regulated in the course of cell cycle progres-
sion: Peak transcript accumulation of one of the three cytokinin receptors in
Arabidopsis, CRE1 (also known as AHK4, or WOL1) occurs in G1 (Menges
et al. 2003). In cells treated with low concentrations of lovastatin, which spe-
cifically suppresses synthesis of cytokinin isoprenoid side-chains, only zeatin
supplements can rescue cells from the ensuing cell cycle arrest (Laureys et al.
1998). Cytokinin levels, specifically of trans-zeatin, increase in a very intrigu-
ing pattern in the course of cell cycle progression: a broad peak is observed
in S-phase and a very transient, and high peak is observed at the G2/M
transition (Dobrev et al. 2002). Other reports find additional peaks of cy-
tokinin accumulation associated with all cell cycle phase transitions in the
tobacco BY2 cell cycle (Hartig and Beck 2005). Furthermore, these strik-
ing dynamics of cytokinin accumulation are complemented by fluctuations
of cytokinin-degrading cytokinin oxidase activity (Dobrev et al. 2002; Har-
tig and Beck 2005), suggesting that the observed sharp transients are the
net result of waves of cytokinin synthesis and degradation. These observa-
tions raise the intriguing possibility that fluctuations in cytokinin abundance
and perception are an additional oscillating mechanism contributing to over-
all robustness in plant cell cycle control. Although cytokinins have been
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shown to promote de-phosphorylation of the phospho-tyrosine inhibitory for
CDK activity in animal systems, and in Nicotiana plumbaginifolia (Zhang
et al. 1996, 2005), there is no evidence that this plays an important role
in “normal” cell cycle progression in Arabidopsis (De Schutter et al. 2007).
However, cytokinins play an important role in plant source–sink relation-
ships, transducing environmental cues (Miyawaki et al. 2004), balancing the
activities of shoot and root meristems (Werner et al. 2001, 2003), and de-
termining meristem size and growth rate (Dello Ioio et al. 2007); all func-
tions related to growth control of the organism. It will be interesting to
more precisely identify the mechanisms of cytokinin action during cell cycle
progression.

1.2
Conclusions

Taken together, the currently available data indicates that the canonical cell
cycle mechanisms are not hierarchically organized but rather are equally im-
portant, specialized and complementary functions required for robust control
of the eukaryotic cell cycle. While each of these mechanisms is a closed cycle
inasmuch as their activities oscillate in a phase-specific manner, and early
steps in each cycle promote the activation of later steps, they are not indepen-
dent of each other. The canonical mechanisms are coupled through regulatory
interactions that allow them to continually entrain each other. However, the
coupling mechanisms can vary between model species. In a scenario of eq-
uitable but specialized functions, the transcriptional regulatory network has
the role of propelling cell cycle progression; while the CDK-dependent phos-
phorylation cascade provides the switches to move from one phase to the next
and the complementary ubiquitin-dependent proteolysis machinery insures
the directionality of the cycle.

2
Cell Cycle Regulated Gene Expression in Plants

Comprehensive studies on cell cycle regulated gene expression have been
conducted on two systems: the readily synchronized tobacco Bright Yellow 2
(BY2) cell culture system (Nagata et al. 1992), and a recently developed syn-
chronized Arabidopsis cell culture system (Menges and Murray 2002). The
degree of synchrony achievable with the Arabidopsis system is not quite as
high and persistent as with the BY2 system. However, it has the important
advantage of representing a completely sequenced genome and many array
tools for gene expression analysis are available in Arabidopsis. These tools
greatly facilitate the unequivocal identification of genes with dynamic expres-
sion patterns in the course of the cell cycle.
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When interpreting experimental data from cell cycle time courses, it is
worthwhile considering potential pitfalls inherent with existing synchroniza-
tion methods: Inhibitor-based synchronization methods are susceptible to
non-specific or unexpected side effects. For example, the commonly used fun-
gal toxin Aphidicolin, which inhibits replicative DNA polymerases, will elicit
some of the cellular responses controlled by the mechanisms that monitor
the completion of DNA replication. A good example is the observation of
S-phase induction of cyclin B1;1 (but not of other cyclins of the cyclin B1
clade) expression in Aphidicolin-treated Arabidopsis cells, but not in cells
synchronized by withdrawal and provision of sucrose (Menges et al. 2005).
Cyclin B1;1 expression has been shown to be specifically induced by DNA
damage and incomplete replication check points (Culligan et al. 2006). Other
inhibitors, including the mitotic spindle inhibitors (propyzamide, colchicine,
amiprophos methyl, oryzalin), are likely to elicit similar artifacts, but have
not yet been analyzed in detail in this respect. Other methods for synchro-
nization, involving the withdrawal and re-provision of nutrients (Sano et al.
1999; Menges et al. 2003) or hormones (Planchais et al. 1997) might cause
fewer such artifacts. Therefore, data genuinely reflecting cell cycle regulated
gene expression is likely to emerge only from the consensus of experiments
performed with different synchronization protocols.

2.1
Analysis of Cell Cycle Regulated Gene Expression in Tobacco BY2 Cells

The tobacco BY2 cell system was the first to offer high levels of synchrony
(Nagata et al. 1992). Synchronization in these cells can be achieved by sev-
eral treatments: Aphidicolin treatments, which result in an early S-phase block;
treatments with microtubule antagonists, leading to an arrest at the metaphase
to anaphase transition; and withdrawal and re-provision of nutrients (Sano
et al. 1999; Menges et al. 2003) or hormones (Planchais et al. 1997).

In a landmark experiment, Breyne and colleagues arrested BY2 cells with
Aphidicolin and followed changes in cell cycle gene expression at hourly in-
tervals (Breyne et al. 2002). The analysis was performed by cDNA AFLP and
the abundance of ∼ 1300 transcripts was found to significantly vary over time
in the synchronized cells. To unequivocally identify transcripts observed to
fluctuate during the cell cycle, the transcript tags were re-amplified and se-
quenced. Although only about half of the identified genes could be placed into
functional categories, numerous genes whose function is associated with the
cell cycle (e.g. functional categories such as “cell cycle regulation”, “cell wall”,
“cytoskeleton”, “protein synthesis”, “replication”), and gene expression (e.g.
“transcription factors”) were identified. Their abundance distribution across
the canonical cell cycle phases was analyzed and striking phase-specific pat-
terns emerged (Breyne et al. 2002). Significant oscillation of transcript abun-
dance in the course of the cell cycle was observed for core cell cycle regu-
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lators such as A- and B-type cyclins, B- and C-type CDK genes, as well of
many genes associated with DNA replication (e.g. ribonucleotide reductase,
histones). This experiment showed for the first time that transcriptional reg-
ulation is a widespread, important and integrated aspect of overall cell cycle
control in plants, just as has been observed in other eukaryotic model sys-
tems. However, this experiment suffered from the unavailability of a tobacco
genome sequence, ambiguities in gene identification due to the amphidiploid
nature of tobacco and, despite the tedium of individual handling of each tran-
script, many remaining unidentified transcripts.

2.2
Analysis of Cell Cycle Regulated Gene Expression in Arabidopsis Cells

Taking advantage of the full suite of genomics tools available for Arabidopsis,
Menges and colleagues (2002) developed and validated two cell culture sys-
tems derived from a long established Arabidopsis cell culture line. These were
used in experiments in which cells were synchronized by Aphidicolin treat-
ments, by withdrawal and provision of sucrose to either freshly subcultured
cells or cells in the mid-exponential phase of the culture cycle (Menges et al.
2003, 2005).

Using rigorous statistics to validate their results, Menges and colleagues
confirm that the transcripts of the vast majority of canonical cell cycle reg-
ulators are expressed in the cell culture system and fluctuate in the course
of the cell division cycle. The transcripts whose levels periodically changed
with sinusoidal kinetics were defined as “cell cycle regulated”. By contrast,
those genes whose abundance changed greater than threefold, and that were
expressed over background levels for at least three time points over the entire
time course but not with sinusoidal kinetics were classified as “cell cycle asso-
ciated”. In the absence of detailed understanding of the cognate transcription
factors involved in cell cycle regulated gene expression in Arabidopsis, the
significance of this distinction is currently not readily apparent.

With the ATH1 gene chip, ∼ 1100 genes were found to be cell cycle reg-
ulated or cell cycle associated, and were regulated in cells synchronized by
either Aphidicolin or by sucrose withdrawal and supply, corresponding to
∼ 7% of all genes detected in the cell culture sample. A substantially higher
proportion of all genes expressed in cell cultures showed a similar magni-
tude of change in cells synchronized by sucrose starvation (31%). In the latter
time course, a large number of genes are presumably responding to changes
in metabolism and not to cell cycle phase per se.

Overall, two major waves of periodic transcript accumulation could be
identified: the first was observed at late G1 and into S-phase, the second at
late G2 and into M-phase (Menges et al. 2002, 2003, 2005). In contrast to bud-
ding yeast, where a clear peak is also associated with exit from the cell cycle at
the M/G1 transition, this is not unequivocally clear in the synchronized Ara-
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bidopsis cells. However, in yeast, high levels of cell cycle synchrony persist for
more than two cycles, whereas in plant cell cultures, including Arabidopsis,
tight synchrony does not persist for an entire cycle.

There were ∼ 60 transcription factors amongst the cohort of ∼ 1100 genes
that were cell cycle regulated or cell cycle associated, but only 14 of these
were clearly cell cycle regulated. With two likely exceptions (3RMYB genes,
see below), it is presently unclear whether any of these transcription factors
mediates the phase-specific expression of core cell cycle regulators. In this
scenario, they would be central to the transcription control cycle that is in-
terlocked with the CDK and proteolysis cycles. Alternatively, these factors
could be required to orchestrate the expression of effector genes associated
with phase-specific physiological processes such as DNA or cell wall synthe-
sis. Interestingly, eight of the cell cycle regulated factors showed only very
modest amplitudes (∼ two- to threefold) of transcript oscillation. This prop-
erty would be expected for at least some transcription factors that target core
cell cycle regulators, as their activity, subcellular localization or stability is
likely to be regulated post-transcriptionally by CDK-dependent phosphoryla-
tion as a mechanism to interlock these regulatory cycles.

3
Cell Cycle Associated Transcription Factors in Plants

Three regulatory circuits involved in cell cycle phase-specific gene expression
are currently known in plants. These are at present only defined by the cis-
regulatory elements identified in promoters of some periodically expressed
genes and not yet conclusively by the cognate proteins that bind these elem-
ents. These are: (i) expression of histone genes in S-phase depends on octamer
(OCT) and hexamer (HEX) motifs (Chaubet et al. 1996; Taoka et al. 1999; Mi-
nami et al. 2000); (ii) the promoters of many genes that are up-regulated at
G1/S or in S-phase contain motifs known to bind E2F/DP factors (Ramirez-
Parra et al. 2003; Vandepoele et al. 2005); and (iii) expression of some genes at
G2/M depends on MSA elements, to which a class of transcription factors with
three repeats of the canonical Myb-type DNA binding motif bind (3RMybs)
(Ito et al. 1998, 2001). However, with the exception of the latter class of Myb-
type transcription factors (Ito et al. 2001; Haga et al. 2007), far too little is
known about the transcription factors that comprise the regulatory network
responsible for cell cycle phase-specific gene expression in plants.

3.1
Histone Expression in S-Phase

Histone gene expression is strongly stimulated in S-phase. Detailed promoter
analysis of histone genes in maize, Arabidopsis and wheat has revealed the



24 P. Doerner

presence of clusters of cis-elements termed the OCTAMER (OCT) element
and the HEXAMER (HEX) element, respectively. Both of these were shown
to be necessary for S-phase periodic expression (Ohtsubo et al. 1997), and
as these binding sites are usually in close proximity, it is possible they inter-
act in a complex. The factors binding to HEX elements have been identified
and belong to the basic–leucine zipper (bZIP) class of transcription factors
(Tabata et al. 1989, 1991). However, bZIP factors define a large gene family,
and the specific members of this family involved in periodic, S-phase specific
gene expression of histones and other genes in vivo have yet to be identified. It
is possible that some HEX-binding factors have a more auxiliary role in sup-
porting, but not mediating, periodic gene expression: the distribution of HEX
and closely-related motifs is much more widespread, while OCT elements are
present in fewer genes, albeit not restricted to histones.

Gel shift analysis suggests that nuclear proteins from wheat binding to the
OCT element and HEX binding protein 1a (HBP-1a) might mediate periodic
S-phase RNA accumulation: the formation of S-phase specific complexes was
observed for one of three OCT-specific complexes and for one of three HBP-
1a-type complexes detected, respectively (Minami et al. 2000). However, the
genes encoding these factors have not yet been identified, and therefore, it is
still not clear whether these factors have a broader role in mediating S-phase
periodic transcription or whether it is restricted to one aspect of the S-phase
gene expression program.

3.2
E2F/DP/Rb

E2F transcription factors were first discovered in animal cell extracts as
positive regulators of S-phase gene expression that interact with the tumor
suppressor gene product of the Retinoblastoma locus (pRb) (Mudryj et al.
1990; Chellappan et al. 1991). The interaction with the Rb protein inhibits
E2F transcriptional activity. To bind to their target promoters, most E2F gene
products interact with a co-activator DP that shares a homologous DNA bind-
ing domain, although recently E2F-type transcription factors were identified
in plants and animals that have two DNA binding domains and can bind their
targets autonomously. E2F proteins mediate the expression of S-phase genes,
and ectopic expression of activating E2F proteins is sufficient to force S-phase
specific gene expression; but E2F proteins are also involved in regulating the
transition to cell differentiation and keeping stem cells in an undifferentiated
state. E2F activity is regulated through the relief of pRb-imposed inhibition,
which is mediated by CDK-dependent hyperphosphorylation. The specific
functions of E2F proteins in controlling cell cycle progression are still con-
tentious (Attwooll et al. 2004), but they are undoubtedly effectors of cell cycle
gene expression networks. For a more detailed discussion of plant E2F genes
and their function, see the chapter by Prof. Gutierrez in this volume.
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3.3
3RMyb

Functional analysis of mitotic cyclin expression revealed that their periodic
accumulation at G2/M was regulated transcriptionally (Shaul et al. 1996; Ito
et al. 1997). Subsequent characterization of a Catharanthus roseus mitotic cy-
clin gene promoter led to the identification of a nine base pair sequence that
was sufficient to confer G2/M phase-specific stimulation of transcript accumu-
lation (Ito et al. 1998), which was designated the M-specific activator (MSA)
sequence. This sequence (YCYAACGGYYA, where Y is either T or C) has simi-
larities to the sequences that animal and plant Myb-type transcription factors
bind to. Using this sequence as a probe in a one-hybrid screen, three Myb-
type transcription factors were identified (Ito et al. 2001). In contrast to the
vast majority of plant transcription factors, which have only two of the canon-
ical Myb-repeats in their DNA binding domains, these factors have three such
repeats, just like the Myb genes in the animal kingdom (Ito et al. 2001).

The expression of one of these, NtmybB, was constitutive during the cell
cycle, whereas the transcripts of the other two, NtmybA1 and NtmybA2, ac-
cumulated periodically, commencing in late S-phase and peaking in G2 (Ito
et al. 2001). Using transfected tobacco BY2 cells to assay the ability of these
genes to affect expression of genes that accumulate maximally at G2/M, it
was shown that NtmybB represses, while NtmybA1 and NtmybA2 activate,
expression of such genes (Ito et al. 2001). Moreover, co-transfection assays
showed that these two classes of 3RMyb factors could compete for occupancy
of cis-elements. Thus, the peak of MSA activity at the G2/M transition was
likely mediated by the transcriptional regulation of NtmybA1 and NtmybA2
factors. This suggests that the pronounced but transient activation of gene
expression conferred by the MSA element is the result of accumulation of
NtmybA-type activity against a constant background of NtmybB-mediated
repression, leading to a sharp maximum once this threshold is overcome (Ito
et al. 2001). Thus, the control of MSA-mediated gene expression at G2/M
by 3RMyb factors carries all the hallmarks of cell cycle-regulated gene ex-
pression. Interestingly, evidence for regulation of NtmybA2 by cyclin–CDK
complexes that effect a positive feedback loop was recently found: the non-
conserved activation domain of NtmybA2 was found to contain a repressor
domain, whose activity was relieved by CDK-dependent phosphorylation
(Araki et al. 2004). Only cyclins that are expressed at G2/M were able to
activate the cognate CDK complexes, but not cyclins that accumulate more
broadly during the cell cycle, suggesting that this feedback coupling is critical
for full-blown commitment to M-phase.

Recently, the putative Arabidopsis orthologs of NtmybA1 and NtmybA2,
MYB3R1 and MYB3R4, respectively, were characterized (Haga et al. 2007):
loss-of-function mutants in these genes are impaired in cytokinesis, often
resulting in multinucleate cells. Molecular analysis revealed that KNOLLE
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(KN), a cytokinesis-specific syntaxin necessary for cell plate formation that
has MSA elements in its promoter, is under transcriptional control of 3RMyb
genes; this indicates that 3RMyb genes are crucial factors in a periodic gene
expression network involved in not only entry into G2/M but also key mech-
anisms of M-phase (Haga et al. 2007).

3.4
TCP

Expression of the proliferating cell nuclear antigen (PCNA) gene is cell cycle
regulated with a broad but shallow peak in S-phase (Menges et al. 2002),
consistent with its function as a processivity factor for DNA polymerase. Its
transcriptional regulation was first studied in rice which led to the discovery
of the proliferating cell nuclear antigen factors 1 and 2 (PCF1/2), the founding
members of a novel class of plant-specific group of transcription factors (Ko-
sugi and Ohashi 1997). Further in silico and experimental evidence showed
that the binding site for PCF1/2-type transcription factors (GCCCR, where
R is either G or A) was present in many additional genes associated with
growth and cell division (Tremousaygue et al. 2003; Li et al. 2005). Detailed
functional analysis of the Arabidopsis cyclin B1;1 promoter showed that the
GCCCR element was required only for the normal magnitude of expression,
but not for periodic, cell cycle phase-specific expression, which was in this
case conferred by the MSA element (Li et al. 2005). Moreover, the majority of
the genes with the cognate cis element in their promoter are not periodically
expressed, and those that are, are expressed in different phases. Together, this
indicates that while TCP genes contribute to the expression of cell cycle regu-
lated genes, they do not mediate periodic expression maxima.

3.5
Others

Many other transcription factor genes have been implicated in the expression
of cell cycle regulators. For example, AINTEGUMENTA (ANT), a member of
the plant-specific AP2 class of transcription factors, has been shown to stim-
ulate growth of leaf organs in Arabidopsis and, when over-expressed, leads to
increased expression of cyclin D3 (Mizukami and Fischer 2000). Likewise, the
related PLETHORA (PLT) transcription factors are implicated in the mainte-
nance of cell cycle gene expression (Aida et al. 2004). Similar functions are
ascribed to JAGGED (JAG) zinc-finger, KNAT-type homeodomain transcrip-
tion factors, and the novel ULTRAPETALA (ULT) genes (Lincoln et al. 1994;
Ohno et al. 2004; Carles et al. 2005). However, a direct role in cell cycle gene
expression has not been demonstrated for any of these and presently, there
is no strong evidence that they are involved in periodically active cell cycle
transcription networks.
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4
Approaches to Identify Transcription Networks

Advances in genome-wide technologies have recently and will continue to
provide novel opportunities for dissecting the mechanisms and identifying
the components of the cell cycle gene expression networks. The following sec-
tions will highlight current progress and identify key areas where advances
are required to address the challenging tasks ahead.

4.1
Expression Analysis

To better understand the regulation of plant genes expressed periodically
during the cell cycle, advances in several areas are needed: improved synchro-
nization methods, the analysis of gene expression in additional species, as
well as novel approaches to analyze cell cycle phase-specific expression.

Current synchronization methods are not optimal, because synchroniza-
tion methods based on inhibitor-mediated cell cycle arrest and release do
not constrain cell cycle progression from in-built cell cycle control points,
and are therefore likely to activate additional unrelated responses. This has
been clearly shown to be the case for Aphidicolin-based cell cycle synchro-
nization, which elicits replication stress responses. It is possible that using
nutrient withdrawal/supply will cause fewer such artifacts. Ultimately, it will
be necessary to compare results obtained with different synchronization
methods.

It would also be extremely useful to develop and characterize cell cycle
gene expression from additional plant systems with sequenced genomes. Ini-
tial developments have been made for rice and other cereal synchronization
systems, but these clearly still require improvements (Kaeppler et al. 1997;
Minami et al. 2000; Lendvai et al. 2002). The tobacco genome is currently be-
ing sequenced, facilitating progress with this excellent system for cell cycle
studies (Nagata et al. 1992). Recently, the genome sequence of the unicellular
green alga Ostreococcus was determined, revealing that this very simple eu-
karyote at the base of the green plant lineage has a simple complement of core
cell cycle regulators (Derelle et al. 2006). This system carries a lot of potential,
as its cell cycle is entrained by the circadian clock (Farinas et al. 2006), which
will provide unique opportunities.

Comprehensive analysis of periodically expressed genes has only been per-
formed in suspension cultured cells, which lack many of the developmental
pathways that control and interface with cell cycle regulation in intact plants.
New technologies, such as laser microdissection microscopy, are increasingly
being used to sample the transcript profile, proteome and even metabolites
from small numbers of well-defined cells within a tissue context (Nelson et al.
2006). When used with appropriate markers, this approach could be used to
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characterize cell cycle phase-specific expression in free-running cells, which
is ultimately the most valid approach.

4.2
Identification of Motifs

Much effort and hope has been invested into the in silico discovery of shared
regulatory motifs in co-regulated genes with the aim of using these to iden-
tify the cognate transcriptional regulators. The early methods just took the
promoter sequences of gene arrays into account, but more recently developed
programs provide the option to include expression data (i.e. to restrict the an-
alysis to co-regulated genes) and to exclude motifs present in promoters of
genes expressed at other cell cycle phases (see, for example, WORDSPY: Wang
et al. 2005; Wang and Zhang 2006). The diverse approaches have recently been
comparatively evaluated (not including more recent programs: Tompa et al.
2005); the bottom-line is that when using real data sets, these computational
approaches to dissecting gene regulatory networks are still far from being
predictive and convincing starting points for experimental validation.

4.3
Novel Experiments: Accessing the Entire Regulatory Space

Since the various regulatory networks controlling cell cycle progression inter-
sect and are coupled, it is not surprising that transcriptional control of key
transcriptional regulators involved in periodic gene expression is only one
avenue for their regulation. Numerous examples from plant, yeast and ani-
mal systems show that post-translational control mechanisms play important
roles in controlling their activity (Bähler 2005; Inze and Veylder 2006; Mor-
gan 2007). Therefore, systems-wide approaches to concomitantly determine
not only changes to transcript abundance, but also to phosphorylation, reg-
ulated subcellular localization and regulated protein stability (to name just
a few) will be crucial for experimental strategies to identify the components
and functional logic of gene regulatory networks that governs periodic gene
expression during the plant cell cycle.

5
Conclusions and Perspectives

Recent conceptual advances and experimental data suggest that the conven-
tional, hierarchical view of cell cycle control has reached the limit of its utility.
This view, in which the oscillations of CDK/cyclin activity are considered to be
at the nexus of cell cycle control, with periodic bursts of proteolytic activity
and transcription factor activity acting as enforcers of cell cycle phase tran-
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sitions, or as executors of phase-specific waves of gene expression, does not
sufficiently account for the regulatory interactions observed in cells or the in-
terdependence of these processes. In contrast, our current knowledge is much
more consistent with the view that these processes comprise closed regulatory
cycles that are interlocked and coupled with each other through numerous reg-
ulatory interactions. With advances at the technological and conceptual level,
there are now exciting opportunities to characterize these regulatory circuits
in unprecedented detail. This will lead to a better mechanistic understanding
of plant cell cycle control, and enable new approaches to modify plant growth
and increase agricultural productivity in the service of human welfare.
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Abstract This review discusses current knowledge on division plane determination in
plant cells and how division within this plane is executed during cytokinesis. Plants cells
are unusual among eukaryotes in that their planes of division are established prior to the
onset of mitosis. Factors that contribute to the initial selection of the division plane in-
clude extra-cellular signals, cell geometry and polarity, and nuclear position. During the
G2 phase of the cell cycle, the formation of the preprophase band (PPB), a cortical assem-
bly of microtubules and microfilaments, signals the future location of the division plane.
Factors important for PPB formation and maturation include the actin cytoskeleton,
changes in microtubule dynamics, and protein dephosphorylation. Prior to its disassem-
bly at prometaphase, the PPB functions in more than one way to determine subsequent
placement of the new cell wall. First, the PPB influences the initial orientation of the spin-
dle, which facilitates subsequent cell wall formation within the division plane. Second,
the PPB is thought to direct the formation of a cortical division site that persists after
PPB breakdown and interacts during cytokinesis with the expanding phragmoplast, a cy-
toskeletal assembly that directs the deposition of the partitioning cell wall. Both negative
and positive cortical markers are implicated in maintaining the memory of the former
PPB site throughout mitosis and cytokinesis.

1
Introduction

Plants are sessile organisms composed of non-motile cells locked into pos-
ition by rigid cell walls. Plants grow by a combination of cell elongation and
cell division with no cell migration, making a cell’s initial position relative to
that of its neighbors difficult to adjust. Consequently, proper orientation of
new cell walls during cell division is key to ensuring robust plant form and
function. In contrast to animal cells, where cytokinesis is achieved via con-
traction of the plasma membrane between daughter nuclei (cleavage), plant
cells divide by building a new cell wall between the daughter cells. Thus, it is
perhaps not surprising that the mechanisms used by plant cells to orient their
division planes also appear to be different from those of animal cells, where
the division plane is determined by spindle position. In somatic plant cells,
the division plane is established in the cell cortex prior to mitosis, and the
new cell wall is inserted at this site upon completion of cytokinesis.

Initial establishment of the division plane is marked by a cytoskeletal
structure unique to plant cells called the preprophase band (PPB), which ap-



34 A.J. Wright · L.G. Smith

pears during G2 and disappears before metaphase. The PPB is a cortical band
of parallel microtubules (MTs) and microfilaments (MFs) that encircles the
cell at the future division plane. The PPB breaks down upon formation of the
mitotic spindle, which segregates chromosomes to daughter nuclei. Normally
the spindle forms so that its axis is perpendicular to the plane delineated
by the PPB. Upon completion of chromosome segregation, a plant-specific,
cytokinetic apparatus called a phragmoplast forms between the daughter
nuclei. A cytoskeleton-based structure containing both MTs and MFs, the
phragmoplast, acts as scaffolding for the building of a new cell wall (cell plate)
during cytokinesis. Following its initiation between the daughter nuclei, the
phragmoplast expands laterally, taking on the shape of a donut or torus as
MTs and MFs are disassembled from its interior, where the cell plate has al-
ready been deposited, and assembled at its exterior. Cytokinesis is completed
when the phragmoplast has expanded to the cell periphery where the cell
plate attaches to the mother cell wall at the former PPB site.

Understanding the spatial control of cytokinesis requires complete know-
ledge of how the PPB, spindle, and phragmoplast are formed and the forces
that influence their positioning. The last major reviews related to this subject
were published prior to 2002 and contain many valuable references (Mineyuki
1999; Kumagai and Hasezawa 2001; Brown and Lemmon 2001; Smith 2001).
In this review, we emphasize discussion of work published in the past five
years. During this period, imaging of GFP fusion proteins in living cells has
confirmed and extended previous discoveries and has permitted new and in-
formative observations regarding the spatial control of plant cell division.
Further characterizations of new and old mutants and the corresponding
gene products have also provided new insights into the mechanisms by which
plant cells orient their division planes.

2
Selection and Establishment of the Division Plane

The PPB was originally described as a cortical band of MTs that encircles
the mother cell perimeter at the future site of cell plate insertion (Pickett-
Heaps and Northcote 1966a,b; Fig. 1c). Formed during an arbitrarily defined
portion of the cell cycle called preprophase that corresponds to G2 or early
prophase, the PPB persists throughout prophase (Wick and Duniec 1984; Ven-
verloo and Libbenga 1987; Mineyuki et al. 1988). During preprophase and
prophase, cortical MTs are found only within the PPB (Mineyuki et al. 1991;
Granger and Cyr 2000). More recently, MFs have been identified as a com-
ponent of the PPB. Prior to the onset of mitosis, MFs become co-aligned with
PPB MTs while the density of MFs elsewhere in the cortex is reduced (Pale-
vitz 1987; Traas et al. 1987; McCurdy and Gunning 1990; Sano et al. 2005). In
large, vacuolated cells, formation of the PPB coincides with a global reorgani-
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zation of the cytoplasm to form the phragmosome, a plate-like arrangement
of transvacuolar cytoplasmic strands connecting the cortex/plasma mem-
brane to the nucleus (Sinnott and Bloch 1940; Venverloo and Libbenga 1987).
A variety of other cellular components and activities are enriched in the
PPB/phragmoplast zone including Golgi (Nebenführ et al. 2000; Dixit and Cyr
2002a), endocytosis (Dhonukshe et al. 2005b), and endoplasmic reticulum in
gymnosperms only (Zachariadis et al. 2001, 2003). Thus, while the PPB is of-
ten thought of as a MT structure, it is really a complex assembly associated
with many local changes in cellular organization.

In the wide variety of cell types where PPBs have been observed, they
faithfully predict the future division plane (for review, Mineyuki 1999). More-
over, pharmacological (Hoshino et al. 2003; Vanstraelen et al. 2006) or ge-
netic (Traas et al. 1995) disruption of PPBs causes cells to divide in aber-
rant orientations, supporting the conclusion that the PPB plays a key role
in determining division planes. The PPB has long been thought to function
during prophase to establish a cortical “division site” that somehow guides
the expanding phragmoplast (Pickett-Heaps and Northcote 1966a,b; Gunning
1982), but it is still a mystery how its position is determined, how it forms,
and how it marks the cell cortex so that the expanding phragmoplast can be
guided to its former location during cytokinesis.

2.1
Selection of the Division Plane

While selection of the division plane is not well understood, the preprophase
nucleus, cell geometry, cell polarity, and extrinsic signals all appear to play
a role.

2.1.1
A Role for the Nucleus

In addition to PPB/phragmosome formation, another important, early event
in division plane establishment is migration of the nucleus into the division
plane, if it is not already located there. Nuclear migration in symmetrically
dividing cells is dependent on intact MTs, while most studies show little
or no effect of actin depolymerizing drugs (Venverloo and Libbenga 1987;
Mineyuki and Furuya 1986; Katsuta et al. 1990; but also see contrasting report
of Miyake et al. 1997). MTs grow out from the nuclear surface to the cortex
during preprophase/prophase, initially in all directions but becoming grad-
ually restricted to the future division plane as the nucleus is centered and
the PPB forms (Fig. 1c). This arrangement of cytoplasmic MTs is observed in
both large, vacuolated cells with phragmosomes, where the MTs are present
within phragmosomal strands, and also in small cells with no recognizable
phragmosome (Fig. 1d; Wick and Duniec 1983; Katsuta et al. 1990; Kutsuna
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Fig. 1 �A transverse division in a “typical” plant cell is diagrammed. a–c, e–h, and
k represent two-dimensional projections of the outer half of the cell, while d, i,
and j represent midplane views. Genes important for the transition to each stage are
indicated under the arrows. a Cells in interphase/G1 have peripheral nuclei, ordered cor-
tical MT and MF arrays, cortical MFs arranged in a meshwork, and MFs that tether the
actin-coated nucleus (as indicated by the gray circle around the nucleus) to the cortex.
b G2 occurs after nuclear migration to the center of the cell in preparation for mito-
sis. MTs are nucleated from the nuclear surface (as indicated by the black circle around
the nucleus) and connect the nucleus to the cortex in alignment with MFs. c In pre-
prophase, breakdown of the ordered cortical MT and MF arrays occurs in concert with
PPB formation. The PPB consists of a cortical band of MTs and MFs. MTs and MFs ex-
tend from the nucleus to the PPB and to the poles of the cell. d This top down view
highlights the cortical nature of the PPB and the MTs and MFs that connect the nu-
cleus to the cortex. In vacuolated cells, these cytoskeleton components are contained
within the transvacuolar strands that comprise the phragmosome. e During prophase,
the MT PPB narrows while the MF PPB remains the same width. By late prophase, MTs
nucleated at the nuclear surface have begun to organize themselves into a bipolar spin-
dle. MTs extend from the new spindle poles to the PPB. f Before metaphase, the PPB
disappears leaving behind an actin-depleted zone at the cortex. The MT spindle is sur-
rounded by MFs that extend to the cortex at the former PPB site and to the poles to
stabilize spindle position. g During telophase, the phragmoplast forms from the rem-
nants of the spindle and is composed of two anti-parallel arrays of MTs and MFs. The
new cell plate is deposited where the two arrays meet. MTs nucleated at the former
spindle poles extend to the cortex, including the former site of the PPB. MFs connect
the phragmoplast to the cortex, including the former site of the PPB. h During late cy-
tokinesis, the phragmoplast makes adjustments so that it aligns with the former PPB
site. MTs nucleated from the nucleus contribute to the expansion of the phragmoplast
and continue to probe the cortex, but begin to focus on the former PPB site. MFs con-
tinue to connect the phragmoplast to PPB site. i–j Top down view of cytokinesis. Only
one nucleus is visible since the other one is hidden beneath the expanding cell plate.
i During symmetric cytokinesis, the phragmoplast is initiated in the center of the cell and
expands to create a donut shape while depositing new cell plate. j Polarized cytokinesis
begins off center so the new cell wall first becomes anchored to one side of the mother
cell. The phragmoplast continues to expand along the other sides. k After formation of
the new cell plate, the cytoskeletal arrangements in the daughter cells resemble that seen in
G1 cells. This figure is based predominantly on results reported in Wick and Duniec 1984;
Lloyd and Traas 1988; Katsuta et al. 1990; Mineyuki et al. 1991; Cleary 1995; Nogami et al.
1996; Cutler and Ehrhardt 2002; Dhonukshe et al. 2005b; Chan et al. 2005; Sano et al. 2005

and Hasezawa 2002; Dhonukshe et al. 2005b). As MTs are relatively stiff poly-
mers, they may center the nucleus simply by pushing it away from the cell
periphery as they extend from the nuclear surface and “hit” the plasma mem-
brane. Maintaining the new nuclear position initially requires both MTs and
MFs, but following the breakdown of the connecting cytoplasmic MTs dur-
ing mitosis, MFs alone are sufficient to maintain the position of the spindle
(Venverloo and Libbenga 1987; Lloyd and Traas 1988; Katsuta et al. 1990). In-
terestingly, in contrast to symmetrically dividing cells, nuclear migration to
the division plane in asymmetrically dividing cells requires actin, but not MTs
(Mineyuki and Palevitz 1990; Kennard and Cleary 1997).
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Clearly the position of the PPB and premitotic nucleus are interrelated,
but what is the cause and effect relationship between them? When the pre-
mitotic nucleus of Adiantum protonema cells was displaced by centrifugation
from its normal, apical position, the majority of cells formed a PPB around
the displaced nucleus instead of at the apical location (Murata and Wada
1991). Similar results were previously reported for centrifuged wheat root
cells (Burgess and Northcote 1968). These experiments clearly indicate an im-
portant role for the premitotic nucleus in dictating the site of PPB formation
in some cells (Murata and Wada 1991). In contrast, when the premitotic nu-
cleus was displaced in asymmetrically dividing cells, the PPB still formed
in the usual location (Pickett-Heaps 1969; Galatis et al. 1984). Moreover, in
asymmetrically dividing cells, the premitotic nucleus can occasionally be ob-
served outside of the future division plane delineated by the PPB without
experimental manipulation (e.g. Panteris et al. 2006). Thus, whether the nu-
cleus leads or follows the PPB may depend on cell type, with the nucleus
leading in symmetrically dividing cells and following in asymmetrically di-
viding cells. In this regard, it is interesting that nuclear migration to the
division plane appears to depend primarily on MTs in symmetrically dividing
cells and on MFs in asymmetrically dividing cells.

While the centering of the nucleus by a MT-based mechanism appears to
be an important part of the division plane selection process in some cells,
nuclear position alone cannot be sufficient to determine the division plane.
For example, an elongated cell may divide symmetrically in either transverse
or longitudinal planes—in either case, the premitotic nucleus will be located
centrally. As discussed in the next sections, cell geometry and cell polarity
may also be important factors in division plane selection.

2.1.2
A Role for Cell Geometry

Most plant cell divisions appear to be constrained by cell geometry in two key
ways (reviewed by Lloyd 1991). First, cell plates do not attach to the mother
cell wall at the same point as a mature, neighboring cell wall, preventing the
formation of 4-way junctions (Fig. 2a; Sinnot and Bloch 1941). Second, the
plane of cell division is often aligned with the shortest axis of the cell, al-
though many exceptions to this rule exist (Hofmeister 1863). Experimental
treatments in which round cells were forced to adopt an elongated shape by
externally applied pressure have further reinforced the notion that cell geom-
etry can be an important determinant in division plane selection (Lynch and
Lintilhac 1997). Since it is known that the PPB and phragmosome predict the
future plane of division, it is the position of their formation, and not that of
the cell plate itself, that must be influenced by these rules.

How might cells “read” their geometries in order to follow these division
plane rules? Cytoplasmic strands, and presumably the MTs and MFs they con-
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Fig. 2 Geometry and plant cell division. a A new cell wall (dashed line) avoids connecting
to the mother cell wall at a pre-existing cell wall junction and forming a four-way junction
(on the left). Instead the connection between the new cell wall and the mother cell will
often form a three-way junction (on the right). b The avoidance of four-way junctions is
hypothesized to be due to the cytoskeleton elements extending from the nucleus to the
cortex seeking the shortest distance due to tension during PPB/phragmosome formation.
Previous junctions have an out-pocketing which places the cortex in that area farther way
from the nucleus

tain, are known to be under tension in preprophase (Hahne and Hoffman 1984;
Goodbody et al. 1991). Since elements under tension with mobile attachment
points will tend to adopt the shortest path across the cell, tension could provide
a simple explanation for alignment of the division plane with the cell’s short
axis. Tension could also explain avoidance of four-way junctions. As a new cell
wall ages and strengthens, it creates an inward-protruding vertex in its own cell
file and a corresponding outward-protruding vertex in the neighboring files
(Fig. 2b). Thus, cytoskeletal elements may simply avoid these vertexes because
attaching at a vertex would mean spanning a longer distance (Flanders et al.
1990; Lloyd 1991). Since PPB position is correlated with the MTs extending from
the nucleus to the cortex (often contained within phragmosomal strands), the
connecting MTs may interpret the geometry via tension and then influence the
position of the forming PPB (Flanders et al. 1990).

2.1.3
A Role for Cell Polarity

While it seems that geometrical rules can explain division plane selection in
many cells, they may be descriptive rather than instructive. In Sect. 2.1.4, be-
low, we discuss asymmetric divisions where cell polarity clearly influences
division plane selection. However, it is interesting to consider the possibil-
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ity that symmetric division planes are governed by polarizing cues as well.
Hofmeister’s rule states that new cell walls are typically formed perpendicu-
lar to the mother cell’s axis of elongation (Hofmeister 1863). The connection
between the plane of division and the growth polarity of a cell may be medi-
ated in part by the hormone auxin (Dhonukshe et al. 2005a). This connection
is suggested by the observation that mutations in genes encoding proteins
involved in polar auxin transport often have disrupted planes of division
(Mayer et al. 1993; Shevell et al. 1994; Willemsen et al. 2003). Additionally,
application of auxin efflux inhibitors causes abnormal division planes, which
are predicted by abnormally oriented PPBs, in elongated cells that would nor-
mally divide symmetrically and transversely (Petrásek et al. 2002; Dhonukshe
et al. 2005b). Polarized auxin flow may link the plane of cell division with the
polarity of cell growth, allowing for changes in growth and division patterns
in response to developmental and environmental cues. Moreover, differing
patterns of polarized auxin transport might explain why some symmetrically
dividing, elongated cells divide transversely while others divide longitudi-
nally.

2.1.4
A Role for Extracellular Signals

Some cells do not abide by the geometrical rules that predict the division
planes of most plant cells. Divisions that occur in response to wounding are
a clear example. Upon injury, cells close to the wound are induced to divide
and the plane of division parallels the wound even if that plane is oblique rela-
tive to the axis of the dividing cell or the growth axis of the plant (Sinnott and
Bloch 1941; Venverloo and Libbenga 1987; Goodbody and Lloyd 1990). It is
unknown what signals orient wound-induced division planes. An intriguing
recent study suggests that during wound-induced divisions in Coleus, both
nuclear migration and PPB formation follow other, earlier determinants of
the division plane that respond more directly to wound-induced extracellular
cues. The cortical cytoplasmic ring, or CCR, is a ring of cytoplasm contain-
ing MFs and ER that encircles the future division plane following wounding
of Coleus pith tissue (Panteris et al. 2004). Nuclear migration into the di-
vision plane occurs after CCR formation coincident with a proliferation of
transvacuolar strands, some of which connect the nucleus to the CCR, form-
ing a phragmosome. The MT component of the PPB forms in alignment with
the CCR and phragmosome. It would be very interesting to know whether fac-
tors directing CCR formation have any role in more conventional modes of
plant cell division.

Asymmetric divisions are another clear example where dividing cells do
not follow standard geometrical rules in selecting their division planes (see
Bisgrove and Kropf, this volume). In some cases, these divisions appear to be
oriented in relation to extracellular cues. A good example is the asymmetric
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division of the subsidiary mother cells (SMCs) during stomatal development
in grasses. Prior to dividing, SMCs become polarized towards the adjacent
guard mother cell (GMC) as evidenced by the formation of a localized F-actin
patch at a site on the plasma membrane adjacent to the GMC, migration of the
SMC nucleus to this actin patch, and formation of an asymmetric PPB pre-
dicting the asymmetric division plane that will later form a small subsidiary
cell adjacent to the GMC and a much larger sister cell (for review, Smith 2001).
The orientation of the SMC division clearly violates the geometry rules be-
cause the division wall is curved, does not form perpendicular junctions with
the mother cell, and is not orientated perpendicular to the axis of cell growth.
However, in no case has a cell division-orienting signal been clearly identi-
fied, nor are there examples where the response to such a signal is understood
as to how it positions the nucleus, PPB, or phragmosome.

2.2
PPB Formation

Studies of PPB formation have focused primarily on understanding the as-
sembly of the MT component of this array. Prior to the decision to undergo
mitosis and the formation of the PPB, interphase cells contain a cortical MT
array (Fig. 1a,b). In elongated cells, this array consists of ordered, parallel
MTs that are mostly orientated perpendicular to the axis of elongation. In iso-
diametric cells, the cortical MT array can be ordered or random. One of the
mysteries of PPB formation is how PPB MTs are confined to a band at the cor-
tex when previously the entire cortex was capable of supporting cortical MT
growth. It is known that the MT PPB is created from newly polymerized MTs,
not a rearrangement of pre-existing MTs (Cleary et al. 1992; Panteris et al.
1995). The lack of lateral MT movement also suggests that MT rearrangement
via the action of motor proteins is not required for MT PPB formation (Shaw
et al. 2003; Vos et al. 2004).

In highly vacuolated cells the PPB forms at the same time as the phrag-
mosome (Venverloo and Libbenga 1987). Additionally, incomplete or com-
plete PPBs were associated with incomplete or complete phragmosomes,
respectively, suggesting interdependence in their formation (Venverloo and
Libbenga 1987; Flanders et al. 1990). Unlike the PPB, the phragmosome is
maintained throughout mitosis, suggesting that it may aid in phragmoplast
guidance later during cytokinesis.

2.2.1
Insights from Studies of MT Dynamics in Living Cells

One theory to account for the spatially restricted appearance of the PPB
is that its formation results from local changes in MT dynamics. To quan-
tify differences in MT dynamics between interphase and preprophase cells,
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fluorescently labeled MTs were observed in live BY-2 cells. In one study, PPB
MTs labeled at their plus ends with mammalian CLIP170:GFP had a faster
growth rate and an increased catastrophe frequency when compared to simi-
larly labeled interphase cortical MTs (Dhonukshe and Gadella 2003). Another
study using a different fluorescently tagged MT binding protein (MAP4:GFP)
also observed an increase in cortical MT growth rate and catastrophe fre-
quency during preprophase as well as an increase in MT rescue frequency
and a decrease in the shrinkage rate (Vos et al. 2004). These results of both
studies suggest that alterations to MT dynamics during G2 could be a key
force behind PPB formation. In one proposed model, the observed increase in
catastrophe frequency selectively depolymerizes cortical MTs outside of the
PPB zone, increasing the amount of tubulin available for the polymerization
of PPB MTs and promoting the observed increase in growth rate (Dhonukshe
and Gadella 2003). An alternative model proposes that changes in MT dynam-
ics during preprophase actually increase average MT lengths throughout the
cortex, and that MT bundling selectively stabilizes MTs within the PPB zone
(Vos et al. 2004). This model is similar to the proposal for how MTs form
aligned cortical arrays during interphase (Dixit et al. 2006).

Although the factors responsible for spatially restricted alterations to MT
dynamics/stability needed to bring about PPB formation by either mechan-
ism are largely unknown, members of the MAP65 family of MT bundling pro-
teins, which associate with PPBs in preprophase/prophase cells (Smertenko
et al. 2004) may be important for stabilization of PPB MTs.

2.2.2
Insights from Genetic and Pharmacological Perturbations

One advance in our understanding of how MT lengths are regulated dur-
ing PPB formation has come from studies of Arabidopsis MOR1. Cells of
mor1 mutants have disorganized interphase MTs, short, disorganized spin-
dles, short phragmoplasts that tend to fragment, and often lack PPBs (Kawa-
mura et al. 2006; Whittington et al. 2001). The MOR1 gene encodes a member
of the well-characterized MAP215 family of MT binding proteins (Whitting-
ton et al. 2001). Alleles that give the previously described phenotypes are
temperature-sensitive point mutations, while lesions expected to result in
a complete loss of function cause sterility due to defects in cytokinesis fol-
lowing pollen mitosis I (Twell et al. 2002). Two different localization patterns
for MOR1 in Arabidopsis have been reported. One anti-MOR1 antibody only
recognizes the plus ends of MTs (Twell et al. 2002) while another labels the en-
tire length of MTs (Kawamura et al. 2006). Kawamura et al. suggest that this
discrepancy can be explained if the epitope recognized by the first antibody
is masked everywhere except at the MT plus end. Together, the phenotypic
and protein localization data suggest that MOR1, like its animal homologues,
is required for the formation of long MTs (Whittington et al. 2001; Kawa-
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mura et al. 2006). The observation that only half of mor1 cells form PPBs prior
to mitosis suggests that MOR1-dependent MT lengthening is critical for PPB
formation.

Analysis of another Arabidopsis mutant, ton2, suggests that regulation of
MT stability by phosphorylation/dephosphorylation is essential for PPB for-
mation. ton2 mutants are sterile, dwarfed plants made up of misshapen cells
with irregular planes of division (Traas et al. 1995). Interphase cortical MTs
in these mutants are randomly oriented instead of aligned, and PPBs fail to
form, although spindles and phragmoplasts appear relatively normal (Traas
et al. 1995; McClinton and Sung 1997). The C terminal half of the TON2 pro-
tein is similar to a B′′ regulatory subunit of the serine/threonine phosphatase,
PP2A (Camilleri et al. 2002). In general, B′′ subunits provide specificity to the
PP2A holoenzymes they associate with by targeting the enzyme to specific
substrates or subcellular localizations (for review, Janssens and Goris 2001).
TON2 binds a member of the Arabidopsis PP2A holoenzyme family in a yeast
two-hybrid assay, suggesting that TON2 acts as a PP2A regulator (Camilleri
et al. 2002).

Consistent with this hypothesis, studies with kinase and phosphatase in-
hibitors indicate that the phosphorylation status of (unknown) proteins in-
fluencing MT stability plays a key role in the formation of PPBs and other
MT arrays. Treatment with the PP2A inhibitor endothall results in disor-
ganized cortical MTs, poorly assembled PPBs, premature spindle organiza-
tion, multipolar spindles, and disrupted phragmoplasts in cultured alfalfa
cells (Ayaydin et al. 2000). Similarly, after treatment with cantharidin, an-
other phosphatase inhibitor, exposed cortical MTs in sectioned maize root
cells depolymerized, while treatment with kinase inhibitors promoted MT
stabilization (Tian et al. 2004). The implication of both studies is that dephos-
phorylation stabilizes MTs while phosphorylation de-stabilizes MTs. Thus,
these studies are consistent with the conclusion that phosphatase activity
promoted by TON2 could be critical for MT stabilization needed for the for-
mation of PPBs and ordered MT arrays. In a survey of GFP fusions to proteins
involved in cell division, TON2:GFP was reported to be in the nucleus and
cytoplasm during interphase and localized to the phragmoplast during cy-
tokinesis, but localization during preprophase/prophase was not described
(Van Damme et al. 2004). Thus, it remains unclear where TON2 acts in the cell
to influence PPB formation. An important advance for understanding TON2
function would be the identification of substrate(s) of the TON2-associated
phosphatase.

2.3
PPB Maturation and Influence on Spindle Assembly/Orientation

After the initial formation of a broad PPB in G2, the MT PPB progressively
narrows throughout prophase (Fig. 1c,e; Wick and Duniec 1983; Marcus et al.
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2005). Like PPB formation, PPB narrowing requires de novo tubulin poly-
merization (Panteris et al. 1995). The MF component of the PPB does not
undergo conspicuous narrowing, remaining much wider than the final MT
PPB throughout prophase (McCurdy and Gunning 1990; Mineyuki and Pale-
vitz 1990). While MTs are required for formation of the MF PPB, MFs are not
required for the formation of the MT PPB (Palevitz 1987; McCurdy and Gun-
ning 1990). However, application of actin depolymerizing drugs does inhibit
MT PPB narrowing (in fact the MT PPB widens in this situation) suggesting
MFs are needed both to initiate and to maintain narrow MT PPBs (Mineyuki
and Palevitz 1990). Actin depolymerizing drugs also result in misaligned di-
vision planes, suggesting a possible role for PPB narrowing in division plane
alignment (Venverloo and Libbenga 1987; Mineyuki and Palevitz 1990). To
test this hypothesis, a MT depolymerizing drug was applied to BY-2 cells
expressing a fluorescent MT marker after the initial formation of the PPB
but before narrowing (Marcus et al. 2005). The drug was then washed out
to allow for spindle re-formation, mitosis, and cytokinesis. While the re-
forming spindle was not always perpendicular to the plane of the former
PPB, the phragmoplast was able to successfully track back to the former
PPB site, resulting in normally oriented cell division (Marcus et al. 2005).
These results suggest that the key function(s) of the MT PPB in “marking”
the division site for subsequent phragmoplast guidance are accomplished
early, prior to PPB narrowing, but that the presence and/or narrowing of
the PPB later in prophase is important for consistent spindle orientation
(Marcus et al. 2005).

Other recent studies further support the notion that the PPB influences
spindle assembly and orientation. The spindle normally forms so that its axis
is perpendicular to the plane of division predicted by the PPB (Gunning et al.
1978a). Since spindle poles begin to form on the surface of the prophase nu-
cleus while the PPB is still present and MTs connect the spindle poles to the
PPB, it has long been thought that the PPB may influence the initial pos-
ition of the spindle poles (Fig. 1e; Wick and Duniec 1984; Mineyuki et al.
1991; Nogami et al. 1996). To investigate this possibility, spindle behavior was
examined in a unique population of Arabidopsis suspension cells expressing
a MT marker, EB1:GFP. In this population, a significant percentage of cells fail
to produce a PPB (Chan et al. 2005). In cells with a PPB, spindle poles marked
by an accumulation of EB1-GFP formed prior to PPB and nuclear envelope
disassembly, and the spindles that subsequently formed were always perpen-
dicular to the plane of the PPB. In contrast, in cells that did not form a PPB,
spindle formation was delayed until after nuclear envelope breakdown and
spindle orientations were unpredictable (Chan et al. 2005).

Investigating the same issue by a different approach, Yoneda et al. (2005)
examined spindle formation in BY-2 cells expressing a fluorescent tubulin
marker that sometimes formed two PPBs after synchronization with aphidi-
colin. While cells with a single PPB formed the expected bipolar spindle, cells
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with two PPBs formed multipolar spindles. Extra spindle poles were most
likely to be formed in the region between the double PPBs instead of directly
underneath them. On the basis of this and other observations, it has been
suggested that the bipolar nature of MT accumulations on the surface of the
nuclear envelope in cells with a PPB could be due to inhibition by the PPB
of MT polymerization or bundling in adjacent areas of the nuclear surface
(Granger and Cyr 2001; Yoneda et al. 2005; Chan et al. 2005). Bipolar spindle
formation also requires the kinesin ATK1 since Arabidopsis cells lacking this
protein have multi-polar spindles (Marcus et al. 2003). Thus, through its in-
fluence on the initiation of spindle poles, the PPB appears to determine the
initial orientation of the spindle.

Although the spindle does not determine the division plane in plant cells
as it does in animal cells, its position can impact the final position of the cell
plate. Since the phragmoplast arises from the remnants of the spindle, initi-
ation and maintenance of the spindle in an orientation perpendicular to the
former PPB ensures that the newly initiated phragmoplast is already aligned
with the division plane, thereby facilitating attachment of the cell plate at the
former PPB site (see further discussion, Sect. 4).

2.4
PPB Breakdown

Although it faithfully predicts the future division plane, the PPB disappears
during mitosis well before the initiation of cytokinesis. The signal that initiates
the breakdown of the PPB is unknown, but one hypothesis is that some fac-
tor released from the nucleus upon nuclear envelope breakdown is responsible
(Mineyuki et al. 1991; Murata and Wada 1991). This hypothesis was suggested
by experiments with centrifuged Adiantum protonemata. After PPB forma-
tion, centrifugation of these elongated cells to displace the nucleus from the
site of the PPB caused PPB breakdown to be delayed until metaphase or after
mitosis was complete (Murata and Wada 1991). Similar results were seen in
centrifuged onion cells (Mineyuki et al. 1991). Following up on these results,
Dixit and Cyr (2002b) determined precisely the temporal relationship between
nuclear envelope breakdown and PPB disappearance in BY-2 cells. By ob-
serving cells expressing fluorescently tagged MTs and nuclear envelopes, they
found that nuclear envelope breakdown precedes PPB breakdown by approxi-
mately 2.3 minutes. Interestingly, if nuclei were asymmetrically positioned
within the plane of the PPB, the region of the PPB closest to the nucleus broke
down first suggesting a signaling connection between the nucleus and the
PPB that influences MT stability (Dixit and Cyr 2002b). Given the evidence
discussed earlier in Sect. 2.2.2 that phosphorylation destabilizes PPB MTs, an
interesting possibility to explain these findings is that release of a kinase from
the nucleus upon nuclear envelope breakdown plays an important role in PPB
disassembly.



46 A.J. Wright · L.G. Smith

3
How do Cells Remember the Division Plane Following PPB Disassembly?

In a wide variety of plant cell types, the phragmoplast attaches to the cell plate
at the former location of the PPB despite the fact that the PPB was disassem-
bled upon entry into mitosis. As discussed earlier, it has been suggested that
the PPB leaves a mark on the plasma membrane during its brief existence that
is later recognized by the phragmoplast. The nature of this mark remains to
be fully elucidated, but several components have been identified.

3.1
Vesicles/Membrane Trafficking

In the vicinity of the PPB, vesicles and vesicle budding/fusion at the
plasma membrane were observed using electron microscopy suggesting some
form of vesicle transport might be required for establishment of the cor-
tical mark recognized during cytokinesis (Gunning et al. 1978b; Galatis
and Mitrakos 1979; Galatis et al. 1982; Eleftheriou 1996; Dhonukshe et al.
2005b). Testing a potential role for Golgi-dependent secretion, Dixit and Cyr
(2002a) examined BY-2 cells expressing fluorescently labeled tubulin and
N-acetylglucosaminyltransferase I, a resident Golgi enzyme. As previously
observed by Nebenführ et al. (2000), they saw a small increase in the number
of Golgi stacks in the PPB zone. However, treatment during PPB forma-
tion with brefeldin A, an inhibitor of Golgi-dependent secretion, followed by
washing out to permit cytokinesis to occur, did not disrupt cell plate orienta-
tion. This result suggests that Golgi activity is not necessary for the formation
of the PPB mark (Dixit and Cyr 2002a).

To probe a role for endocytosis, Dhonukshe et al. (2005b) applied FM-64,
a dye that marks endocytotic vesicles, to BY-2 cells and observed a belt of
labeled vesicles that co-localized with the PPB. One possible interpretation
of this result is that endocytosis may be involved in establishing the cortical
mark, perhaps by altering the characteristics of the plasma membrane in the
vicinity of the PPB.

3.2
Actin Depleted Zone (ADZ)

While the MF component of the PPB breaks down along with the MT com-
ponent, cortical actin is retained elsewhere, creating a zone of local F-actin
depletion corresponding to the former PPB site which persists and “neg-
atively” marks the division site throughout mitosis and cytokinesis. This
so-called actin-depleted zone (ADZ) was first observed in living Trades-
cantia stamen hair cells injected with fluorescent phalloidin (Cleary et al.
1992) and in fixed root cells (Liu and Palevitz 1992). More recently, a similar
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F-actin distribution was observed in BY-2 cells expressing an actin-binding
domain from fimbrin fused to GFP (Sano et al. 2005). However, in these
cells local accumulations of MF fluorescence were observed at both edges
of the ADZ creating MF “twin peaks” (Sano et al. 2005). Although this fea-
ture was not pointed out, other published images of ADZs in living cells
also show local enrichments of F-actin at the edges of the ADZ (e.g. Val-
ster and Hepler 1997; Cleary 1995; Vanstraelen et al. 2006). Thus, MF twin
peaks may be a general property of ADZs in living cells, but difficult to
preserve by chemical fixation. In any case, a key question is what is the sig-
nificance of the ADZ? To address this question, semi-synchronized cultures
of BY-2 cells were treated with actin depolymerizing drugs then the drugs
were washed out at various times during cell division (Hoshino et al. 2003;
Sano et al. 2005). The drugs had a maximum disruption to cell plate orien-
tation when applied for a period spanning the peak of ADZ formation, while
drug treatment during cytokinesis had little effect. These experiments sug-
gest that the presence of the ADZ during cytokinesis is not essential for
phragmoplast guidance, but that either the ADZ or PPB F-actin plays an
important role in establishment or maintenance of the division site prior
to cytokinesis.

3.3
KCA1 Depleted Zone (KDZ)

A kinesin, KCA1, has recently been shown to serve as a second negative
marker of the division site (Vanstraelen et al. 2006). KCA1 shows a strong in-
crease in plasma membrane localization in dividing cells and also localizes
to the newly forming cell plate during cytokinesis (Vanstraelen et al. 2004,
2006). Interestingly, from the time the PPB forms until the completion of cy-
tokinesis, KCA1 localization is reduced at the future division site relative to
the rest of the plasma membrane. The KCA1 depleted zone (KDZ) forms ear-
lier than the ADZ but then co-localizes with it following PPB disassembly
(Vanstraelen et al. 2006). Drug studies showed that while actin and MTs are
not required for KDZ maintenance during mitosis and cytokinesis, MTs are
required for KDZ formation (Vanstraelen et al. 2006). In cells where PPBs
were destroyed by MT inhibitors and failed to reform upon drug wash out,
no KDZ was present and cell plates failed to insert at the position of the for-
mer PPB (Vanstraelen et al. 2006). This experiment is consistent with the
conclusion that KDZs play an important role in phragmoplast guidance but
does not prove this point since MT PPBs were also destroyed by drug treat-
ment. A definitive demonstration of the role of KCA1 in the spatial control of
cytokinesis awaits further studies.
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3.3.1
Tangled, POK1, and POK2

Recently, the first positive marker of the division site has been discovered.
The tangled1 (tan1) gene was originally studied in maize, where mutations
in this gene cause a high frequency of misoriented cell divisions (Smith et al.
1996). This defect was attributed mainly to the failure of most phragmoplasts
to be guided to former PPB sites, suggesting a role for TAN1 in division plane
establishment and/or phragmoplast guidance (Cleary and Smith 1998). Tan1
was cloned and found to encode a highly basic protein weakly similar to
MT binding domains of vertebrate adenomatous polyposis coli (APC) pro-
teins, and in vitro assays showed that TAN1 is capable of binding MTs (Smith
et al. 2001). tan1 is expressed in tissues where cells are actively dividing, but
a specific protein localization could not be determined since anti-TAN1 an-
tibodies apparently cross-reacted with other, TAN1-related proteins (Smith
et al. 2001).

To overcome this difficulty, the localization pattern of the Arabidopsis
TAN1 homolog (AtTAN) was determined by fusing it to YFP. Startlingly,
AtTAN localizes to a ring coincident with the PPB in preprophase/prophase
cells, which remains in position throughout mitosis and cytokinesis suggest-
ing that AtTAN serves as a positive memory of the division site after the PPB
breaks down (Walker K, Ehrhardt D, Smith LG, unpublished). Confirming an
important role for AtTAN in spatial control of cytokinesis, root tips of plants
with mutations in this gene have misoriented divisions attributable to mis-
guided phragmoplasts. While maintenance of the AtTAN ring was found to
be MT independent, ton2 mutants, which lack PPBs, also lack AtTAN rings
(Walker K, Ehrhardt D, Smith LG, unpublished).

PHRAGMOPLAST ORIENTING KINESIN 1 and 2 (POK1 and POK2) were
originally identified in maize as interactors with TAN1 via a yeast two-hybrid
screen (Müller et al. 2006). Arabidopsis mutants for both genes were iso-
lated, and while neither single mutant has a phenotype, the pok1;2 double
mutant is dwarfed with misoriented planes of cell division suggesting a role
for these kinesins in the orientation of the plane of division (Müller et al.
2006). As in maize tan1 mutants, phragmoplasts often fail to be guided to for-
mer PPB sites in pok1;2 double mutants. Additionally, POK1/2 are needed for
effective recruitment of AtTAN to the site of the PPB suggesting that the func-
tionally redundant motor activities of POK1 and POK2 are used to localize
AtTAN during preprophase (Muller S, Ehrhardt D, Smith LG, unpublished).
Since TON2, the putative phosphatase regulatory subunit, is also required for
AtTAN localization this suggests that the phosphorylation status of AtTAN,
POK1, or POK2 may be relevant to the formation of the AtTAN ring. Alter-
natively, the dependence of AtTAN ring formation on TON2 maybe related
to its role in PPB formation via hypothesized dephosphorylation of proteins
needed for MT stability as previously discussed (Sect. 2.2.2).
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4
Phragmoplast Guidance to the Division Site

After spindle breakdown, the phragmoplast arises from the remnants of the
spindle and begins to expand, ultimately attaching the cell plate at the di-
vision site predicted by the former PPB. As discussed earlier, the spindle
is initially suspended within the division plane with its long axis perpen-
dicular to this plane and is usually maintained in this position throughout
mitosis, apparently via cytoplasmic actin cables (Traas et al. 1987; Lloyd and
Traas 1988; Sano et al. 2005). Thus, in most cells, the phragmoplast is already
aligned with the division plane upon inception and relatively little guidance
of its expansion may be needed for cell plate attachment at the former PPB
site. This may be especially true if the phragmoplast expands within a phrag-
mosome. However, if the spindle or early phragmoplast becomes misaligned
with the division plane, the expanding phragmoplast can be guided to the for-
mer PPB site (Galatis et al. 1984; Granger and Cyr 2001). For example, in some
cell types, spindles normally rotate to an oblique orientation during mitosis.
When this occurs, the phragmoplast is initially oriented obliquely, but rotates
as cytokinesis proceeds so that the cell plate attaches at the former PPB site
(Palevitz and Hepler 1974a; Palevitz 1986; Cleary and Smith 1998). Further-
more, phragmoplasts displaced from the division plane via centrifugation can
often migrate back to the former PPB site as they expand (Ôta 1961; Gun-
ning and Wick 1985). However, under experimental conditions that result in
the spindle forming far away from the former PPB site, the subsequent phrag-
moplast fails to be guided to this site. Thus, it appears that phragmoplast
guidance can only operate within a relatively short distance of the cortical di-
vision site (Galatis et al. 1984; Granger and Cyr 2001). Very little is known
about how the expanding phragmoplast “finds” the division site, but most in-
vestigation has focused on defining roles for MFs and MTs. Before discussing
these studies, we first discuss two alternate modes of cytokinesis with differ-
ent implications for mechanisms of phragmoplast guidance.

4.1
Symmetric Versus Polarized Cytokinesis

According to the “textbook” view of cytokinesis just discussed, the phragmo-
plast and associated nuclei are initially positioned in the middle of the cell and
the phragmoplast expands extensively before making contact with the cell cor-
tex (Fig. 1i). In this situation, initial guidance of the expanding phragmoplast
would have to involve a long-range interaction with the cortex (e.g., as dis-
cussed later, perhaps mediated by MFs or MTs connecting the phragmoplast
to the cell cortex at this stage). Subsequently, when the expanded phragmoplast
makes contact with the cortex, phragmoplast position could be “fine tuned” via
direct interactions between the phragmoplast edges and the cortical mark.
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In contrast, a novel form of cytokinesis, termed asymmetric or polarized
cytokinesis, is common in large, vacuolated cells as well as smaller, meris-
temic cells (Venverloo and Libbenga 1987; Cutler and Ehrhardt 2002; Panteris
et al. 2004; Chan et al. 2005). In polarized cytokinesis, the prophase nucleus
is found at the edge of the cell resulting in a lateral location of the subse-
quent spindle and phragmoplast (Cutler and Ehrhardt 2002). After the initial
anchoring of the cell plate to the mother cell cortex, the phragmoplast con-
tinues to expand across the mother cell creating a plane that bisects it (Fig. 1j;
Cutler and Ehrhardt 2002). In this mode of cytokinesis, the edges of the ex-
panding phragmoplast may follow a track suggested by the cortical mark at
the former location of the PPB without any need for long-range interactions
between the phragmoplast and cortex. What causes the initial asymmetric
positioning of the prophase nucleus that initiates polarized cytokinesis is of
great interest (Cutler and Ehrhardt 2002). While the studies to be discussed in
Sects. 4.2 and 4.3 have mostly not considered the question of whether the cells
being examined were undergoing symmetric or polarized cytokinesis, future
studies should consider this issue carefully because of possible mechanistic
differences in phragmoplast guidance in these two types of divisions.

4.2
Role of Actin in Phragmoplast Guidance

MFs are a major component of the phragmoplast and they co-align with MTs.
Nevertheless, phragmoplast MFs appear not to play as critical a role in cell
plate formation as MTs because actin depolymerizing drugs cause distortion
or misalignment of cell plates rather than disrupting cell plate formation per
se (Palevitz and Helper 1974b; Gallagher and Smith 1999; Granger and Cyr
2001; Baluska et al. 2001). Actin bundles that could potentially be involved
in phragmoplast guidance have been observed to connect the edge of the
phragmoplast to the cortex in fixed cells, cells injected with florescent phal-
loidin, and cells expressing fluorescent actin binding proteins (Traas et al.
1987; Lloyd and Traas 1988; Valster and Hepler 1997; Sano et al. 2005). How-
ever, there are other MF populations that may be important for division plane
control (e.g. the MF PPB or ADZ), and experiments in which drugs are ap-
plied continuously do not reveal which MF population(s) are critical for cell
plate orientation.

Experiments employing timed treatments with actin depolymerizing
drugs have been more informative as to the potential role of MFs in di-
vision plane determination. Palevitz and Hepler (1974b) applied cytocha-
lasin to dividing cells after prophase was complete and found that the nu-
clear/phragmoplast complex was positioned correctly in a majority of Allium
guard mother cells examined. Actin inhibitor experiments previously dis-
cussed in Sect. 3.2 also suggest that the important role played by MFs in
division plane control is early in the cell cycle and that MFs do not play a large
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role in phragmoplast guidance during cytokinesis (Hoshino et al. 2003; Sano
et al. 2005).

In addition to studies focusing on actin itself, other investigations have
examined the potential role of myosin, an actin-based motor protein. Two
different myosin inhibitors delayed or inhibited the lateral expansion of the
phragmoplast beyond the width of the nuclei in Tradescantia stamen hair
cells (Molchan et al. 2002). Application of BDM, an inhibitor suspected to
affect a greater array of myosins, also resulted in tilting of the nuclear/
phragmoplast complex (Molchan et al. 2002). These results suggest a role
for myosins in lateral expansion of the phragmoplast and perhaps also in
phragmoplast guidance, although drug application throughout the cell cycle
limits the interpretation of these results since it is possible that myosins are
needed for division plane establishment and/or maintenance. It was also ob-
served that application of one of the inhibitors disrupted the structure of the
phragmoplast, suggesting that the effects of myosin inhibitors on phragmo-
plast expansion/guidance may be indirect (Molchan et al. 2002). Thus, further
work will be needed to clarify when and how myosins may be involved in cy-
tokinesis or its spatial regulation. Genetic studies investigating the roles of
myosins would be very helpful in this regard but are complicated by the large
number of myosin genes, whose products may act redundantly.

4.3
Role of MTs in Phragmoplast Guidance

Phragmoplast MTs play an essential role in cell plate formation. Vesicles travel
along phragmoplast MTs, fuse with the developing cell plate, and provide
membrane and cell wall materials needed for its continuous expansion. Since
MTs are essential for cell plate formation, destruction of phragmoplast MTs
with MT depolymerizing drugs does not offer any clues about the roles of
MTs in phragmoplast guidance. However, recent observations of MTs radiat-
ing out from the phragmoplast/nuclear complex suggest that MTs may indeed
play a role. Chan et al. (2005) reported that in Arabidopsis cultured cells,
EB1:GFP-labeled MTs link phragmoplast-associated nuclei to the cell poles,
while Dhonukshe et al. (2005b) reported that in tobacco BY-2 cells, MTs la-
beled with either EB1:GFP or MAP4:GFP connect phragmoplast-associated
nuclei to the former PPB site and other areas of the cortex (Fig. 1g,h). We have
also observed MTs connecting the phragmoplast/nuclear complex to the cor-
tex in fixed Arabidopsis root tips cells labeled with an anti-tubulin antibody
(L.G. Smith, unpublished), alleviating concern that the GFP fusion proteins
used in live cell studies might be stabilizing MTs to create a MT popula-
tion that does not normally exist. Most likely, MT-based connections between
the phragmoplast and the cell cortex have not been previously reported be-
cause they are easily overlooked in the presence of the dense, brightly labeled
phragmoplast MT array.
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MTs connecting the phragmoplast/nuclear complex to the cell cortex (re-
ferred to as “astral MTs” or “endoplasmic MTs”) have been proposed to play
a role in orienting the expanding phragmoplast, although evidence of the
functional importance of this MT population has not yet been reported (Chan
et al. 2005; Dhonukshe et al. 2005b). Certainly, this is an attractive idea, par-
ticularly given the lack of evidence that MFs can perform this function, and
the well-established role of astral MTs in orienting the mitotic spindle via
interactions with the cell cortex in animal cells, where spindle orientation de-
termines the plane of division (cleavage). Interestingly, one mechanism for
spindle orientation in animal cells involves a direct interaction of EB1 at MT
plus ends with local, cortical accumulations of adenomatous polyposis coli
(APC) protein (Lu et al. 2001; McCartney et al. 2001; Yamashita et al. 2003).
The TANGLED protein, which is localized at the former PPB site in the cell
cortex throughout mitosis and cytokinesis (Walker K, Ehrhardt D, Smith LG,
unpublished), is distantly related to the basic domain of APC, though it lacks
EB1-binding and other domains (Smith et al. 2001). Nonetheless, an intrigu-
ing model for future investigation is that EB1 at the plus ends of MTs radiating
from the phragmoplast/nuclear complex interact (perhaps via an unknown
linker protein) with TAN at the division site to help orient phragmoplast ex-
pansion, thereby aiding attachment of the cell plate at the former PPB site.

5
Conclusions

While the roles of MTs and MFs in the process of cell division generally and
the orientation of the plane of division specifically are becoming ever more
clear, there is still relatively little known about the identity and function of
other proteins that participate in specifying the orientation of cell division.
The challenge for the future will be to discover the proteins that regulate the
formation and positioning of the PPB/phragmosome, spindle, and phragmo-
plast and determine how these proteins interpret polarity, external cues, and
cell geometry to specify the correct positioning of cytoskeletal structures gov-
erning cell plate orientation.
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Abstract The G1/S transition appears central to the commitment to further cell division
or differentiation in eukaryotic cells. The highly regulated G1/S transition requires the
concerted action of specific cyclin-CDK kinases on specific target proteins. In plants as
in animals, the Rb-E2F pathway represents the major target, its activation triggers tran-
scription of a battery of genes involved in cell cycle control, DNA replication and cell
metabolism. Recent molecular and genetic studies uncovered critical roles of the G1/S
cell-cycle machinery and the Rb-E2F pathway in cell division and differentiation, bring-
ing the cell cycle control in the context of plant growth and development. Correct and
complete execution of DNA replication and packaging into chromatin not only ensures
integral transmission of genetic information during cell division but also affects genome
transcription.

1
Introduction

The cell division cycle proceeds in a highly ordered manner, which is driven
by control systems at regulatory transitions named checkpoints. The check-
point at the G1/S transition is called “Start” in yeast and “Restriction point”
in animals. Once cells have passed this checkpoint, they become insensi-
tive to external signals and undergo a complete cell cycle until they reach
the next G1 phase. In unicellular algae, cell size and light-dependent restric-
tion points at G1 have been documented (Hagiwara et al. 2001; Umen et al.
2001). In higher plants, application of chemical inhibitors reveals a crucial
point of control in the G1 phase which commits cell division or differenti-
ation (Planchais et al. 1997; Mourelatou et al. 2004). Because of its critical
importance, the G1/S transition attracts particular attention in plant cell
cycle research (Shen 2001; Gutierrez et al. 2002; Oakenfull et al. 2002; Rossi
and Varotto 2002; Shen 2002). In this chapter, I will discuss recent research
progress on the cell cycle machinery operating at the G1/S transition, the
downstream Rb-E2F pathway, and also DNA and chromatin replication in
higher plants.
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2
The G1/S Cell Cycle Machinery

The universal drivers of cell-cycle transitions are cyclin-dependent kinases
(CDKs), which are conserved from yeast to humans. The kinase activity
of CDKs is accomplished by their association with cyclins and the cyclin-
CDK complex is negatively regulated by binding with proteins named CKIs
(CDK Kinase Inhibitors) in animals and ICKs (Inhibitor of CDK Kinases) or
KRPs (KIP-Related Proteins) in plants. Specific classes of CDKs, cyclins and
ICK/KRPs appear to be involved in the regulation of the G1/S transition in
plants (Fig. 1).

Fig. 1 Schematic view of G1/S transition in the plant cell cycle. Upon stimulation by en-
vironmental and developmental signals (mitogenic signals), D-type cyclins (CYCDs) and
then A-type cyclins (CYCAs) are produced and associate with the A-type CDK (CDKA).
The CYCD-CDKA and CYCA-CDKA are negatively regulated by the binding of a CDK
inhibitor (KRP) whose production is induced by stress. Degradation of KRP by ubiquitin-
dependent proteolysis allows re-activation of the CYCD-CDKA and CYCACDKA kinases.
The CYCD-CDKA and CYCA-CDKA kinases activate the downstream Rb- E2F pathway by
phosphorylation on Rb, which dissociates Rb from the Rb-E2F-DP complex and then the
released E2F-DP activates transcription of E2F-target genes

2.1
CDKs

On the basis of sequence homology, plant CDKs have been classified into six
types, namely, CDKA to CDKF (Vandepoele et al. 2002). CDKA is the pro-
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totype CDK in plants. It is constitutively expressed at all phases of the cell
cycle and regulates both G1/S and G2/M transitions (Hemerly et al. 1995).
Loss-of-function mutations of CDKA in Arabidopsis resulted in abnormal
pollen formation (Iwakawa et al. 2006; Nowack et al. 2006). Homozygous mu-
tant plants could not be obtained and analysis performed with heterozygous
plants revealed that the mutant pollen contains only one sperm cell, instead
of two, and consequently can fertilize only the egg cell. In the absence of
fertilization of the central cell, which is required for normal endosperm de-
velopment, the fertilized egg cell could proceed with only a limited number of
cell divisions and embryogenesis stopped early during mutant seed develop-
ment. These beautiful reverse genetic studies provide an example illustrating
the crucial function of the cell cycle machinery in plant development. Wang
and Chen (2004) previously reported that HUA ENHANCER3 (HEN3), which
is allelic to CDKE, is required for the specification of stamen and carpel iden-
tities and for the proper termination of stem cells in the floral meristem in
Arabidopsis. Similar to that described for its homolog CDK8 in animals, the
Arabidopsis CDKE has different substrate specificity than CDKA and phos-
phorylates the carboxylterminal domain (CTD) of the largest subunit of RNA
polymerase II. However, distinct from CDK8 that associates with cyclin C, the
Arabidopsis CDKE binds D-type cyclins (Wang and Chen 2004). Moreover,
phenotypic analysis of the hen3 mutant leaves revealed that CDKE is required
for cell expansion rather than cell division. Thus, the precise role of CDKE in
cell cycle progression needs future studies.

While CDKB is expressed from late S to M phases and controls G2/M tran-
sition (Boudolf et al. 2004), the role of CDKC, CDKD and CDKF in cell-cycle
regulation is less well characterized. The Arabidopsis CDKC binds a cyclin
T homolog and was proposed to be involved in transcription elongation
(Barrôco et al. 2003). CDKD and CDKF belong to the CAK (CDK-activating
Kinase) family that appear to be involved in regulation of transcription and
cell division through phosphorylation of CDT and CDKs (Umeda et al. 2005).

Therefore, CDKA is the unique canonical CDK involved in the G1/S tran-
sition in plants, at least in Arabidopsis. This contrasts the situation in mam-
malian cells where the specific CDK4 and CDK6 bind cyclin D, and CDK2
binds cyclin E and cyclin A, which together control G1/S transition and S
phase progression (Sherr and Roberts 2004).

2.2
D-Type and A-Type Cyclins

Genome-wide analysis of the cyclin family in Arabidopsis (Wang et al. 2004a)
and in rice (La et al. 2006) revealed the absence of homologs to animal cyclin
E but the presence of multiple D-type and A-type cyclins, indicating that the
G1/S transition in plants is assured by D-type and A-type cyclins. Arabidop-
sis contains ten D-type cyclins that fall into seven subgroups (named CYCD1
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to CYCD7). Overexpression of Arath;CYCD1;1 or Arath;CYCD2;1 in tobacco
or in Arabidopsis plants increased growth rate likely by shortening the G1
phase (Cockroft et al. 2000; Masubelele et al. 2005), whereas overexpression
of Arath;CYCD3;1 led to cytokinin-independent growth and resulted in hy-
perplasia in leaves but not in roots (Riou-Khamlichi et al. 1999; Dewitte et al.
2003; Masubelele et al. 2005). Loss-of-function mutations of Arath;CYCD1;1
or Arath;CYCD4;1 delayed the onset of cell proliferation upon root protru-
sion during seed germination (Masubelele et al. 2005), a process by which
the plant embryo resumes growth, after a period of quiescence, through G1/S
transition (Barrôco et al. 2005). In suspension-cultured Arabidopsis and to-
bacco BY2 cells, overexpression of Nicta;CYCD3;3 (Nakagami et al. 2002),
Antma;CYCD1;1 (Koroleva et al. 2004) or Arath;CYCD3;1 (Menges et al. 2006)
accelerated G1/S transition but also directly or indirectly perturbed other
phases of the cell cycle. Together with previous molecular data showing that
expression of CYCDs is responsive to nutrient availability and to phytohor-
mones and that CYCD proteins bind CDKA forming active kinases (reviewed
in Shen 2001; Oakenfull et al. 2002), these studies demonstrate that CYCD-
CDKA kinases are essential for G1/S transition and that different CYCDs
could have specific functions playing different roles in different tissues or cell
types during plant development.

In contrast to animals where only a single A-type cyclin is present in
invertebrates and two (with one of them expressed only in germ cells) in ver-
tebrates, plants hold a higher complexity of A-type cyclins, comprising ten
members in Arabidopsis that fall into three subgroups (CYCA1 to CYCA3)
(Chaubet-Gigot 2000; Wang et al. 2004a). In synchronized tobacco BY2 cells,
different CYCAs are expressed sequentially at different time points from late
G1 till mid M phase (Reichheld et al. 1996), suggesting that plant CYCAs
could exert functions spanning G1/S to G2/M transitions. Local and tran-
sient induction of Nicta;CYCA3;2 expression in transgenic tobacco activated
cell division in shoot apical meristem and leaf primordia (Wyrzykowska et al.
2002), whereas down-regulation by antisense expression induced defects in
embryo formation and impaired callus regeneration in vitro from leaf disks
(Yu et al. 2003). In transgenic Arabidopsis, Nicta;CYCA3;2 and CDKA form
active kinase complex and overexpression of Nicta;CYCA3;2 upregulated ex-
pression of an S-phase-specific histone gene but inhibited cell differentiation
and endoreplication (Yu et al. 2003). Together with the fact that expression
of Nicta;CYCA3;2 occurs from late G1 and peaks at the S phase (Reichheld
et al. 1996), it appears that Nicta;CYCA3;2 could function in an analogous
manner as the animal cyclin E in G1/S transition (Yu et al. 2003). Interest-
ingly, inducible overexpression of Arath;CYCA2;3 in transgenic Arabidopsis
resulted in a similar cellular phenotype as that observed with Nicta;CYCA3;2
whereas null mutation of Arath;CYCA2;3 oppositely, as expected, promoted
endoreplication (Imai et al. 2006). It is worth noting that during the G1/S
transition of seed germination Arath;CYCA2;3 was classified in the same
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group of timely activated genes including Arath;CYCD3;1 (Masubelele et al.
2005). In alfalfa, Medsa;CYCA2;1 is responsive to auxin and expressed to
a constant level during the cell cycle, and its antisense-expression inhibited
regeneration of somatic embryos, suggesting a role in meristem function
(Roudier et al. 2000; 2003). Further in supporting a role in G1/S transi-
tion, Medsa;CYCA2;1 protein binds CDKA and Rb (Retinoblastoma protein)
(Roudier et al. 2000). Together these studies demonstrate that CYCAs from
different plant species have important roles at the G1/S transition. Genetic
study identified a role for Arath;CYCA1;2 in meiosis during pollen forma-
tion (Wang et al. 2004b). The absence of detectable effects on mitotic division
in the mutant tam, which is allelic to Arath;CYCA1;2 (Wang et al. 2004b),
might be explained by functional redundancy or developmental compensa-
tion by other genes.

2.3
ICKs/KRPs

Arabidopsis contains seven ICKs/KRPs but no homologs to the animal INK4
family inhibitors (Verkest et al. 2005a). In animals INK4 specifically interacts
with CDK4 and CDK6 (Sherr and Roberts 2004), the simultaneous absence
of INK4, CDK4 and CDK6 homologs in Arabidopsis further strengthens dif-
ferences between plants and animals in the control of the G1/S transition.
The assumption that plant ICKs/KRPs have an important function in the
G1/S transition is supported by the following findings: (1) ICKs/KRPs in-
hibit CDK activity both in vitro and in vivo; (2) ICKs/KRPs bind CDKA
and CYCDs; (3) overexpression of ICKs/KRPs reduces cell division rate and
affects endoreplication in a dosage-dependent manner; (4) mutant pheno-
type by ICKs/KRPs-overexpression can be attenuated by co-overexpression
of CYCDs (Verkest et al. 2005a; references therein). Interestingly, not only
CYCD-CDK but also CYCA-CDK activity is inhibited by ICKs/KRPs in maize
(Coelho et al. 2005), implying a broader role of ICKs/KRPs in the G1/S
transition.

In yeast and in animals, proteasomal degradation of inhibitors which
releases active cyclin-CDK complexes constitutes an important mechan-
ism of activation of the G1/S transition. The ubiquitin ligase SCF (Skp1-
Cullin/CDC53-F box protein) which is specifically responsible for such degra-
dation is conserved in plants and essential for cell division (Shen et al. 2002;
Thomann et al. 2005). The Arabidopsis ICK2/KRP2 was shown to be phos-
phorylated by both CDKA- and CDKB-type kinases, resulting in proteasome-
dependent degradation (Verkest et al. 2005b). Thus, both regulated transcrip-
tion and regulated proteolysis contribute to the regulation of activity of the
G1/S cell-cycle machinery for an integrated cell division within plant growth
and development as well as in response to environmental cues.
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3
The Rb-E2F Pathway

In plants like in animals, the Rb-E2F pathway is recognized as a major mech-
anism bridging the activity of the cell-cycle machinery to transcription, par-
ticularly at the G1/S transition. The transcription factor E2F (the adenovirus
E2-promoter-binding factor) functions as a heterodimer with a DP (Dimer-
ization Partner) protein and controls the transcription of a wide variety of
genes, among others genes involved in cell-cycle progression, DNA replica-
tion and repair. Hypophosphorylated Rb binds and inactivates E2F in tran-
scription. Phosphorylation of Rb results in the release of E2F that activates
transcription, which irreversibly commits cells to undergo DNA replication
(S-phase). Many studies, in mammals as well as in plants, indicate that from
late G1, in response to developmental or mitogenic cues, Rb is hyperphospho-
rylated by cyclin-CDK kinases that triggers G1/S transition (Fig. 1).

3.1
E2Fs

Arabidopsis contains eight proteins that can be classified by sequence ho-
mology into the E2F, DP and DEL (DP and E2F-Like) groups (Shen 2002).
The three members of the E2F-group, AtE2Fa, AtE2Fb and AtE2Fc, exhibit
an overall domain organization similar to the animal E2F1-5 proteins, in-
cluding a highly conserved DNA-binding domain, a moderately conserved
leucine-zipper dimerization domain, and a C-terminal trans-activation do-
main embracing a conserved Rb-binding site. While AtE2Fc, which contains
a shorter C-terminal domain, was shown to function as a transcriptional re-
pressor, to be abundant in arrested cells and to be degraded by proteasome
upon cell-cycle stimulation (del Pozo et al. 2002), AtE2Fa and AtE2Fb were
shown as transcriptional activators stimulating cell division (De Veylder et al.
2002; Magyar et al. 2005). The two members of the DP-group, AtDPa and
AtDPb, contain a conserved DNA binding and leucine zipper dimerization
domain and function, at least for AtDPa, as dimers with AtE2Fa and AtE2Fb
in transcriptional activation (De Veylder et al. 2002; Magyar et al. 2005). Con-
sistent with their hypothesized roles in the G1/S transition, AtE2Fa-DPa or
AtE2Fb-DPa overexpression enhanced the S-phase and resulted in a cellular
phenotype very similar to that produced by Arath;CYCD3;1, Arath;CYCA2;3
or Nicta;CYCA3;2 overexpression. The other three members belonging to the
DEL-group, AtDEL1, AtDEL2 and AtDEL3, contain duplicated DNA-binding
domains but lack the other conserved regions of the E2F- and DP-group.
They bind to DNA as monomers and likely function as antagonists of E2F-
DP dimers, probably by competition on the E2F binding site. Both AtDEL3
(also called E2Ff) and AtDEL1 are primarily involved in cell differentia-
tion rather than in cell division (Ramirez-Parra et al. 2004; Vlieghe et al.
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2005). In addition or in accordance with multiple members of the E2F fam-
ily, genome-wide analysis identified a high number of E2F target genes in-
volved in cell-cycle regulation, DNA replication and repair, chromatin dy-
namics, cell-wall biogenesis, and others (Ramirez-Parra et al. 2003; Van-
depoele et al. 2005), implying a broad role of E2F family proteins beyond
the cell-cycle control.

3.2
Rb

While only one Rb homolog exists in Arabidopsis, at least three different ones
are present in maize. The presence of multiple RBR (Rb-Related) proteins
in grasses was speculated to explain their recalcitrance to genetic trans-
formation (Sabelli et al. 2005). Plant RBR proteins exhibit a similar domain
organization as animal Rb, with highest conservation within the pocket do-
mains A and B that bind E2F. Physical interaction between RBR and E2F has
been shown in yeast two-hybrid assays (reviewed in Shen 2002) and a protein
complex containing RBR, E2Fb and DPa has been demonstrated in transgenic
Arabidopsis (Magyar et al. 2005). Loss-of-function mutations in the RBR gene
in Arabidopsis were gametophytic lethal (Ebel et al. 2004), precluding the as-
sessment of its precise role in cell-cycle progression. Downregulation of the
RBR expression by RNAi (RNA interference) in tobacco (Park et al. 2005)
and Arabidopsis (Wildwater et al. 2005) as well as titration of RBR protein
by overexpression of the geminivirus RepA protein in tobacco and maize
(Gordon-Kamm et al. 2002; Sabelli et al. 2005) and Arabidopsis (Desvoyes
et al. 2005) stimulated cell division. Consistent with its repressor role, the
reduction of RBR increased E2F activity and upregulated expression of E2F-
target genes (Desvoyes et al. 2005; Park et al. 2005; Sabelli et al. 2005).

In mammals, hyperphosphorylation of Rb, sequentially by cyclin D, cy-
clin E and cyclin A CDK kinases, ensures the G1/S transition. In plants, both
CYCA-CDK and CYCD-CDK kinases phosphorylate RBR (Nakagami et al.
1999, 2002; Roudier et al. 2000; Boniotti and Gutierrez 2001), which is thought
to release the activity of RBR-bound E2F in transcription. Overall, it appears
that CYCD-CDK and subsequently CYCA-CDK kinases phosphorylated RBR,
resulting in the activation of the plant Rb-E2F pathway at the G1/S transi-
tion. A canonical Rb-E2F pathway appears critical in stem-cell maintenance
in Arabidopsis roots (Wildwater et al. 2005).

On the basis of findings in mammals and conservation of regulators in
plants, I previously proposed that chromatin remodelling could play a signifi-
cant role in the Rb-E2F pathway (Shen 2002). In support of this assumption,
Williams et al. (2003) found that the chromatin at E2F-target genes was de-
condensed before activation of these genes during dedifferentiation and entry
into the S-phase of tobacco leaf protoplasts. Rossi et al. (2003) showed that
the maize histone deacetylase ZmRpd3I binds RBR and that the two proteins
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additively repress expression of a reporter gene in a histone deacetylation
and ZmRpd3IRBR binding dependent manner. Rb-associated MSI proteins
are components of several protein-complexes involved in chromatin remod-
elling and play important roles in plant development (reviewed in Hennig
et al. 2005). Among these complexes, one contains the SET-domain pro-
tein CLF (Curly Leaf) which itself can also directly bind RBR (Williams and
Grafi 2000) and is likely involved in histone H3 lysine 27 (H3K27) methyla-
tion (Chanvivattana et al. 2004; Jullien et al. 2006), implying a possible role
of H3K27 methylation in the Rb-E2F pathway. In humans, the SET-domain
H3K9-methyltransferase SUV39H1 binds to Rb and functions as a corepres-
sor of E2F activity with similarity to heterochromatin silencing (Nielsen et al.
2001). Overexpression of the SUV39H1 homolog in tobacco affected cell pro-
liferation but did not significantly perturb expression of the E2F-target gene
RNR2 (Shen and Meyer 2004; Yu et al. 2004). Plants contain a high number of
homologs of SUV39H1, however, their homologies are limited to the catalytic
region of the enzyme (Zhao and Shen 2004). Therefore, involvement of H3K9
methylation in the Rb-E2F pathway remains to be verified in plants.

4
DNA and Chromatin Replication

Initiation of DNA replication is licensed from multiple replication origins
once and only once per origin during each cell cycle (Diffley 2004). Ori-
gin firing at the G1/S transition occurs on the prereplication complexes,
composed of CDC6, CDT1, ORC (Origin Recognition Complex) and MCM
(MiniChromosome Maintenance) proteins that are conserved from yeast to
human (Fig. 1). In Arabidopsis, both CDC6 and CDT1 are E2F-target genes,
and CDC6 and CDT1 proteins are subjected to proteolysis control by the
proteasome (Castellano et al. 2001, 2004). CDT1 can be phosphorylated by
CYCD-CDKA and CYCA-CDKA, which likely triggers its proteolysis (Castel-
lano et al. 2004). Overexpression of CDC6 or CDT1 induced endoreplication
(Castellano et al. 2001, 2004), likely because of promoted DNA replication li-
censing. Interestingly, down-regulation of CDT1 by RNAi impaired S-phase
progression, inhibited cell division as well as plastid division, but also in-
creased endoreplication (Raynaud et al. 2005). This increased endoreplication
could be due to elevated expression of MCM3 protein in the CDT1 RNAi
transgenic plants (Raynaud et al. 2005), nevertheless its precise mechanism
remains currently unknown. Loss-of-function mutations of MCM7 or ORC2
were embryonic lethal (Holding and Springer 2002; Collinge et al. 2004).
Down-regulation by RNAi of CDC45, which likely plays a role in recruitment
of DNA polymerase to the pre-replication complex, induced chromosome
fragmentation during meiosis, resulting in defective pollen and ovule devel-
opment (Stevens et al. 2004). Complete loss-of-function of DNA polymerase ε



G1/S Transition and the Rb-E2F Pathway 67

stopped cell division at an early stage of embryogenesis (Ronceret et al. 2005),
whereas weak mutation alleles caused lengthening of the cell cycle and af-
fected embryonic patterning (Jenik et al. 2005). In supporting that impaired
DNA replication/S-phase progression caused mutant phenotype, treatment
of wild-type embryos with the DNA replication inhibitor aphidicolin pheno-
copied the mutant phenotype (Jenik et al. 2005). The E2F-target gene RNR2,
encoding ribonucleotide reductase necessary for dNTP synthesis, is also re-
quired for normal S-phase progression (Wang and Liu 2006). Several studies
also revealed that DNA replication factors were involved in transcriptional
gene silencing (Elmayan et al. 2005; Kapoor et al. 2005; Inagaki et al. 2006; Xia
et al. 2006).

Newly synthesized DNA is immediately assembled with histones into chro-
matin (Fig. 2). The S-phase specific expression of histone genes is likely
controlled independently of the E2F family of transcription factors (Shen
and Gigot 1997; Meshi et al. 2000). Assembly of histones with DNA is me-
diated by different families of histone chaperones (Loyola and Almouzni
2004). Loss-of-function mutations of FAS1 and FAS2, which encode sub-
units of the CAF1 (Chromatin Assembly Factor1) family H3/H4 chaperones,
caused defects of meristems, resulting in shoot fasciation and root growth
inhibition (Kaya et al. 2001). The NAP1 (Nucleosome Assembly Protein1)
family genes, which encode H2A/H2B chaperones, are expressed to a rela-
tively constant level during different phases of the cell cycle (Dong et al.
2003). Post-translational modification by phosphorylation and regulated nu-
cleocytoplasmic shuttling of NAP1 proteins (Dong et al. 2005) likely provide

Fig. 2 Model of DNA replication and nucleosome assembly. Upon G1/S transition, tran-
scription of the E2F-target genes CDC6 and CDT1 results in firing of the DNA repli-
cation origin, through recruitment of MCM, DNA polymerases (Pol) and other less
well-characterized factors. Newly synthesized DNA is assembled with histones into nu-
cleosome, through action of histone chaperones (CAF1 and NAP1)
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mechanisms of control for the specific demand of histone chaperon activ-
ity during the S-phase. Although it is generally accepted that euchromatin is
replicated in the early S-phase and heterochromatin in the late S-phase, the
mechanism of this time-controlled process is still poorly studied, particularly
in plants.

5
Conclusions and Perspectives

The powerful genetic approach, particularly in Arabidopsis, allows an expo-
nentially increased number of genes to be examined for their role in plant
growth. This likely will continue and cover the other uncharacterized genes
potentially involved in the G1/S transition and the Rb-E2F pathway, as well as
in DNA and chromatin replication. Many studies are starting to uncover es-
sential functions of the G1/S transition in highly regulated cell division and
cell differentiation in plant development. However, molecular and functional
links among different regulators or pathways at the G1/S transition remain in
many cases elusive. Furthermore, because of functional redundancy, cellular
or developmental compensation as well as indirect effects, many complex as-
pects uncovered by the genetic approach need to be refined for mechanistic
understanding. These different issues appear challenging for future research.
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Abstract The endoreduplication cell cycle is a variant of the standard mitotic cell cycle
in which reiterated rounds of DNA synthesis occur in the absence of chromosome segre-
gation and cell division. The resulting polyploid cells are frequently found in plants and
often occur in tissues with a high metabolic activity that accumulate storage molecules. In
this chapter we review the current understanding of the regulatory mechanisms involved
in the modification of the mitotic cell cycle, based on a generally accepted template for
plant cell cycle control, that bring about endoreduplication, as well as the influence of
phytohormones and epigenetic factors. The regulation of endoreduplication is described
in two model systems: the developing maize endosperm and the leaf trichome of Ara-
bidopsis. In addition, we discuss the biological relevance and several proposed functions
of this specialized cell cycle.

1
Introduction

Endoreduplication is a form of somatic nuclear polyploidization in which
complete rounds of DNA synthesis occur in the absence of chromatin con-
densation, nuclear membrane breakdown, mitotic spindle formation, sister
chromatid segregation, and cytokinesis (Edgar and Orr-Weaver 2001; Larkins
et al. 2001). Because sister chromatids do not fully separate, endoredupli-
cated chromosomes are often larger and thicker than normal and are called
polytenic (Carvalheira 2000). Endoreduplication is the most common and
best characterized type of cell cycle variant leading to polyploidization.
However, several other cell cycle types, such as endomitosis, result in poly-
ploid cells and, sometimes, the distinction between them is not clear-cut
(Edgar and Orr-Weaver 2001). Endoreduplication is widespread in plants; it
has been estimated that it occurs in up to 90% of all angiosperm species
(D’Amato 1984). In Arabidopsis, with the exception of the inflorescence,
virtually all tissues and organs contain endoreduplicated cells (Galbraith
et al. 1983), although, importantly, not all cells in a given tissue may be
endoreduplicated or have undergone endoreduplication to the same extent.
Cells and tissues that have been found to be endoreduplicated in plants
include the seed endosperm (Larkins et al. 2001), antipodal and synergid
cells of the female gametophyte, embryo suspensor, cotyledons, anther hairs
and tapetum (D’Amato 1984), leaf trichomes (Schnittger and Hulskamp
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2002), stem and leaf epidermis (Melaragno et al. 1993; Kudo and Kimura
2002), mesocarp of fruits (Cheniclet et al. 2005), and seedling hypocotyl
(Gendreau et al. 1997).

The extent to which endoreduplication occurs varies widely among plants.
For example, the average DNA content in Arabidopsis trichomes is 32C (where
C represents the amount of unreplicated DNA in haploid cells of a given
species), whereas it can reach in excess of 384C in some maize endosperms,
to about 8000C in the suspensor of Phaseolus coccineous and 24 576C in Arum
maculatum (equivalent to 13 endoreduplication cycles). Endoreduplication
also occurs in organisms other than plants, from yeast to arthropods and,
relatively infrequently, in mammals, either as part of their normal develop-
ment or in response to genetic or physiological perturbations (Edgar and
Orr-Weaver 2001). Endoreduplication is generally an irreversible process; that
is, endoreduplicated cells cannot divide. However, in the epidermis of the
Manduca sexta caterpillar, endoreduplicated 32C cells reenter mitosis, with
a consequent reduction in their ploidy to 2C (Edgar and Orr-Weaver 2001). In
addition, a recent report indicates that certain Arabidopsis cells, which were
induced to undergo endoreduplication by the misexpression of ICK1/KRP1,
can reenter mitosis (Weinl et al. 2005).

It has long been observed that the occurrence of endoreduplication is cor-
related with enlargement of differentiated cells, which are often highly active
in gene expression and metabolic output. Yet exceptions to this rule have
also been documented, which makes it difficult to establish a general and ne-
cessary relationship between endoreduplication, cell growth, differentiation,
and the organism’s development. In recent years, studies of endoreduplica-
tion in plants have made substantial progress. Thus, in this chapter we focus
on current knowledge of the genetic and molecular mechanisms controlling
endoreduplication in well-studied plant model systems, and discuss different
theories concerning the potential functions of endoreduplication. Studies in
nonplant organisms will be referred to primarily in order to provide a histor-
ical perspective or to illustrate specific issues where knowledge from plants is
currently insufficient or lacking.

2
Molecular Regulation of Endoreduplication

In the mitotic cell cycle DNA synthesis and chromosome segregation are
tightly coupled. However, during endoreduplication one or more rounds of
DNA synthesis occur in the absence of mitosis. This observation suggests,
therefore, that the factors responsible for coupling DNA synthesis to mito-
sis are deregulated during the endoreduplication cell cycle. Here we con-
sider how endoreduplication may be regulated at the level of replication
origin activity, the retinoblastoma/E2F pathway, the proteolysis of G1/S-
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phase- and G2/M-phase-specific factors, and cyclin-dependent kinase (CDK)
activity.

2.1
The Control of Replication Origin Activation

Chromatin in eukaryotic cells contains an estimated 103–105 origins of repli-
cation, which typically are located 30–100 kb apart (Blow and Dutta 2005).
These origins have to be activated or “fired” in a highly coordinated fashion
to ensure complete and exact genome replication, with no refiring within one
S-phase. Early cell fusion studies with mammalian cells demonstrated that G1
nuclei can undergo DNA synthesis, whereas G2 nuclei cannot (Rao and John-
son 1970). It is now widely accepted that G1 nuclei can proceed to S-phase
because their chromatin is “licensed” for replication (Blow and Dutta 2005),
whereas G2 chromatin is not. The nature of this license resides in chromo-
somal replication origins that become primed during late M-phase and G1
for DNA synthesis. This process involves the stepwise loading of several pro-
teins, such as ORC, CDC6, CDT1, and the MCM2-7 complex (Sabelli et al.
1998). A drop in CDK activity, which occurs in late mitosis, is essential for
the assembly of this complex, and results in a so-called prereplicative complex
(pre-RC). Pre-RCs are essentially licensed origins that can be fired after a rise
in CDK activity, as occurs at the G1/S-phase transition.

Firing an origin of DNA replication involves localized unwinding of the
double-stranded DNA helix, and the recruitment of DNA replication enzymes
at the replication fork. The firing of replication origins results in a simultan-
eous loss of license, as many of the key licensing proteins become excluded
from chromatin and downregulated during S-phase by a range of CDK-driven
mechanisms, which include specific inhibitors, nuclear export, and prote-
olysis. This downregulation ensures that origins are prevented from being
relicensed and fired again during S-phase, and thus only one round of DNA
synthesis occurs during one cell cycle. This M-phase-dependent “window of
opportunity” for origin licensing, therefore, provides a crucial coupling be-
tween DNA synthesis and mitosis, which enables maintenance of genome
integrity through generations of cells. In molecular terms, the anaphase-
promoting complex/cyclosome (APC/C) ubiquitin ligase plays a key role
during mitosis in the degradation of specific proteins that would interfere
with pre-RC formation (Nakayama and Nakayama 2006) (see below). Dur-
ing endoreduplication, however, one or more rounds of DNA synthesis occur
without intervening mitoses, suggesting that deregulation of origin licensing
and firing might play an important role.

A considerable amount of information about the mechanisms that could
explain the repeated rounds of DNA replication typical of endoreduplication
may be provided by the study of the circumstances and causes of unscheduled
replication during G2 or M-phase. For example, in Saccharomyces cerevisiae,
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CDK activity represses rereplication within one cell cycle by three overlap-
ping mechanisms that involve phosphorylation of ORC, reduced expression
of CDC6, and nuclear exclusion of the MCM2-7 proteins (Nguyen et al. 2001).
Only when all three mechanisms are inactivated does rereplication occur in
G2/M, indicating that inactivation of each mechanism is not sufficient to in-
duce rereplication. Consistent with this observation, yeast rereplication is
stimulated by mutations affecting CDC2/CycB kinase (Ravid et al. 2002). Fail-
ure to induce rereplication upon CDC6 disruption in human and Xenopus
cells supports this view. However, it is conceivable that, because ORC, CDC6,
and MCM proteins work in a complex, deregulation of one type of protein
could affect the activity of the others and thereby suffice to trigger rerepli-
cation, as shown for the Schizosaccharomyces pombe CDC6 homolog Cdc18
(Nguyen et al. 2001).

CDT1 plays a key role in regulating the licensing of DNA replication, and
its overexpression results in rereplication in metazoa (DePamphilis et al.
2006) and Arabidopsis (Castellano et al. 2004). In mammals, alteration in the
balance between CDT1 expression and its inhibitor, geminin, also results in
rereplication. Recent results point to a key role played by Emi1, an inhibitor
of APC/C, in the upstream regulation of both geminin/CDT1 and CycA/CDKs,
which result in rereplication through chromatin-bound, active CDT1 and hy-
pophosphorylated, and active, CDT1, CDC6, and MCMs (Machida and Dutta
2007). This work also highlights the importance of proper oscillation in
APC/C activity for pre-RC formation and coupling of S-phase to M-phase (see
below). However, plants do not possess Emi1 orthologs, and it remains to be
seen whether they utilize this pathway.

In Xenopus, factors involved in nuclear import (i.e., Ran-GTP and im-
portins) prevent rereplication by sequestering MCM proteins in a CDK-
dependent manner, resulting in inhibition of pre-RCs at the G1/S-phase
transition (Yamaguchi and Newport 2003). In animals, depletion of CenA
induces endoreduplication in a fashion that might involve the coordinated
suppression of CDC6, CDT1, and ORC1 during S-phase (Mihaylov et al.
2002).

The process leading to activation of DNA synthesis is regarded as highly
conserved in eukaryotes, and plants possess orthologs of ORC (Gavin et al.
1995; Witmer et al. 2003), CDC6 (de Jager et al. 2001; Ramos et al. 2001), CDT1
(Castellano et al. 2004; Masuda et al. 2004), and MCM (Sabelli et al. 1996,
1999; Springer et al. 2000) genes. In Arabidopsis, a positive role for CDC6
and CDT1 in endoreduplication has been reported, at least in leaf epidermis
cells (Castellano et al. 2001, 2004). Ectopic expression of AtCDC6 stimulates
endoreduplication in leaves, and the stability of CDC6 protein is enhanced in
endoreduplicating cells. This observation is intriguing because it highlights
the importance of context in determining the weight that certain licensing
factors carry in regulating checkpoints at both G/S-phase and S-phase/G tran-
sitions during endoreduplication.
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Analysis of endoreduplicating cells by pulse labeling with [3H]thymidine
(Lilly and Duronio 2005) or flow cytometry (Galbraith et al. 1983) shows that
endoreduplication consists, similarly to mitotic cells, of DNA synthesis phases
alternating with gap phases. This observation strongly suggests that the con-
trols that normally regulate entry into S-phase and prevent rereplication in
mitotic cells are largely operating during endoreduplication. Additional ge-
netic and molecular data also support the current view that endoreduplication
can be considered a derivation of the mitotic cell cycle, that endoreduplica-
tion requires more than just relaxation of the restrictions on origin licensing,
and that many of the pathways involving CDK, SCF, and APC activities need
reprogramming for endoreduplication to occur (DePamphilis et al. 2006).

2.2
The Retinoblastoma/E2F Pathway

The retinoblastoma (RB)/E2F pathway controls the expression of a plethora
of S-phase genes and plays a pivotal role in regulating endoreduplication. RB
plays a negative cell cycle role by repressing E2F/DP transcription factors (see
chapter by Chen W-H, this volume). In animals, the negative role of RB in
rereplication and the endoreduplication cell cycle may involve its interaction
with replicated origins, the downregulation of factors required for origin li-
censing, or enforcing the normal expression of mitotic checkpoint proteins
(Niculescu et al. 1998; Royzman et al. 1999; Bosco et al. 2001; Cobrinik 2005).
Phosphorylation and consequent inactivation of RB and related (RBR) pro-
teins, which relieves its inhibitory effect on transcription of genes involved
in DNA synthesis and S-phase progression, is associated with endoredupli-
cation in mammals and plants (Grafi et al. 1996; Harbour and Dean 2000).
The direct downregulation of RBR1 expression either using a virus-based, si-
lencing approach in tobacco or inhibition of RBR1 protein by wheat dwarf
virus (WDV) RepA expression in Arabidopsis results in increased expression
of E2F targets and the specific stimulation of endoreduplication in differenti-
ating organs/tissues (Park et al. 2005; Desvoyes et al. 2006). However, a rather
different situation has been found in Drosophila, where RB/E2F complexes
regulate replication origin licensing by cyclically downregulating CycE in the
gap phase during endoreduplication (Weng et al. 2003). Thus, integrity of the
RB/E2F pathway is required for normal endoreduplication in Drosophila.

S-phase gene expression and endoreduplication are also stimulated by
the upregulation of RBR-repressed E2F/DP transcription factors, such as
E2Fa and DPa in Arabidopsis (De Veylder et al. 2002) and tobacco (Kosugi
and Ohashi 2003). In addition, RNAi-mediated downregulation of another
RBR1-inhibited member of the E2F family, E2Fc, leads to decreased endo-
reduplication in mature leaves, possibly by controlling certain aspects of the
G2/M-phase transition (del Pozo et al. 2006). Alteration in the balance within
the E2F family of genes affects endoreduplication as shown by the loss of



80 P.A. Sabelli · B.A. Larkins

repressor-type DEL1/E2Fe, which promoted endoreduplication, and its over-
expression, which inhibited endoreduplication in a fashion that was proposed
to counteract E2Fa/DPa (Vlieghe et al. 2005).

That inhibition of RBR1 by phosphorylation is an important mechan-
ism for regulating endoreduplication is indirectly confirmed by the effect
of overexpressing upstream elements controlling the RBR/E2F pathway. In-
creased expression of CycD3;1 and certain CKIs reduces endoreduplication
(De Veylder et al. 2001; Dewitte et al. 2003; Schnittger et al. 2003; Zhou et al.
2003).

One important conclusion from several studies on the impact of the
RBR/E2F pathway on endoreduplication is that it largely depends on the de-
velopmental context. In fact, downregulation of RBR (and upregulation of
E2F) tends to promote cell proliferation in mitotic cells/tissues but to enhance
endoreduplication in endoreduplicating/differentiated cells/tissues (Desvoyes
et al. 2006).

2.3
The Role of the APC/C

Regulated protein degradation through the ubiquitin pathway plays a central
role in cell cycle control. The APC/C is a cullin-based E3 ubiquitin ligase com-
plex involved in the degradation of key cell cycle proteins, thereby regulating
crucial cell cycle transition, such as the metaphase/anaphase transition, mi-
tosis exit, and DNA replication (Nakayama and Nakayama 2006; Peters 2006).
One important activator of APC/C is CDH1, which is a WD40-repeat protein
required for APC/C–substrate interactions (Peters 2006). CDH1 is a conserved
protein, and orthologs, such as Fizzy-related (fzr) and CSS52A, have been
characterized in detail in Drosophila (Sigrist and Lehner 1997) and Medicago
(Cebolla et al. 1999), respectively. Both fzr and CSS52A proteins are required
for endoreduplication, most likely because they regulate the involvement of
APC/C in several processes, the best studied of which is the destruction of mi-
totic cyclins. In Medicago, CSS52A plays a key role in the ploidy-dependent
cell enlargement observed in nitrogen-fixing root nodules resulting from in-
fection by the soil bacterium, Sinorhizobium meliloti (Vinardell et al. 2003).
It also regulates endoreduplication in the giant cells found in root-knot galls,
which are induced by the endoparasitic root-knot nematode, Meloidogyne
incognita (Kondorosi and Kondorosi 2004).

Root nodules develop in Medicago following an indeterminate program.
However, analysis of CSS52A orthologs in Lotus japonicus and Lupinus albus,
which display determinate and intermediate types of root nodule develop-
ment, respectively, has revealed that this gene has a widespread role in linking
endoreduplication to nitrogen fixation in symbiotic cells, regardless of the
mode of nodule morphogenesis and differentiation (Gonzalez-Sama et al.
2006). More recently, CSS52A has also been cloned from Arabidopsis (Tarayre
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et al. 2004), where it was found to be present as two distinct genes (Fulop et al.
2005). The analysis of CSS52A during root nodule development indicated that
this protein plays a key role in the switch from a mitotic to an endoredupli-
cation cell cycle as cells differentiate, rather than in sustaining or enhancing
endoreduplication in differentiated cells.

The best-known function of the APC/C is to promote the separation of
sister chromatids, by activating separase activity at metaphase. Since en-
doreduplicated chromosomes are often polytenic, it will be interesting to
learn whether this aspect of APC/C activity is affected in endoreduplicat-
ing cells. Recent investigation in human cells has shown that oscillations in
APC/C activity are part of a redundant pathway that regulates pre-RC for-
mation and rereplication (Machida and Dutta 2007), primarily by the degra-
dation of CycA and geminin in late M-phase and in G1. Plants do not have
geminin orthologs, but low CycA levels are required for endoreduplication in
some Arabidopsis cell types (Imai et al. 2006; Yoshizumi et al. 2006). Future
investigation undoubtedly will focus on the role that APC/C may play in CycA
downregulation in endoreduplicating plant cells.

2.4
The Role of CDKs

CDKs are the main workhorses of the cell cycle, and not surprisingly they play
important roles in endoreduplication. CDKs are regulated at different levels,
such as by the time and specificity of their interaction with cyclin partners
(which in turn involves factors controlling the availability of cyclins, such as
cyclin synthesis, degradation, and compartmentalization), by phosphorylation
and dephosphorylation events, and by interaction with specific inhibitors.

A consensus view has emerged from studies of animals and plants, accord-
ing to which the endoreduplication cell cycle involves sustained or upregulated
S-phase CDKs and downregulation of M-phase CDKs (Sauer et al. 1995;
Edgar and Orr-Weaver 2001; Larkins et al. 2001). However, specific CDKs
may have distinct roles in regulating endoreduplication in different species,
or even different cell types in the same organism. For example, in mammalian
trophoblasts, endoreduplication involves loss of CycB expression, and a coinci-
dental increase in CycA- and CycE-associated CDK activity that oscillates prior
to and during S-phase (MacAuley et al. 1998; Hattori et al. 2000). In Drosophila
embryos, CycA and B are present at constant levels, and cdc2 activity is consti-
tutively high. In this system, oscillations of CycE activity and downregulation
of the APC/C trigger endoreduplication. However, these differences may reflect
the specific modes by which endoreduplication occurs in the two examples
above, which differ significantly from the reiterated rounds of gap and com-
plete DNA synthesis phases that define the prototypical endoreduplication cell
cycle discussed in this chapter. In fact, endoreduplicating trophoblasts still
display vestigial aspects of mitosis, whereas endoreduplication in Drosophila
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generally involves incomplete replication of heterochromatin (Edgar and Orr-
Weaver 2001). That not withstanding, many studies have implicated CDKs in
preventing rereplication in baker’s yeast, fission yeast, fly, and frog. As already
mentioned, in Saccharomyces cerevisiae CDK activity represses rereplication
by three overlapping mechanisms, and rereplication is stimulated by muta-
tions affecting CDC2/CycB kinase (Nguyen et al. 2001).

It has also been shown in Arabidopsis that CycA2;3 negatively regulates
endoreduplication and ploidy levels (Imai et al. 2006). The involvement of
CYCA2 in repressing endoreduplication was further confirmed by the obser-
vation that transcription of all CYCA2 family members was repressed in the
increased level of polyploidy1-1D mutant, in which endoreduplication is stim-
ulated (Yoshizumi et al. 2006). Although CYCA2 inhibits endoreduplication,
it does not seem to play a role in the mitosis/endoreduplication switch. How-
ever, the SIAMESE (SIM) protein, which interacts with and inhibits CycD and
CDKA;1, appears to control the balance (switch) between mitotic and endo-
reduplication cell cycles (Churchman et al. 2006).

CycD expression is associated with the mitotic cell cycle but not with the en-
doreduplication cell cycle. Overexpression of CYCD3;1 has an inhibitory effect
on endoreduplication and cell differentiation in Arabidopsis leaves, suggesting
that aspects of G1/S-phase regulation are distinct in mitotic and endoredu-
plicating cells (Dewitte et al. 2003). Likewise, trichome endoreduplication
was inhibited by overexpression of CYCB1;2, but trichome size was main-
tained through compensatory stimulation of cell proliferation (Schnittger et al.
2002b). A similar result was obtained upon downregulation of the mitotic cy-
clin inhibitor, CCS52A, in Medicago sativa (Cebolla et al. 1999). In contrast,
when the CDK inhibitor ICK1/KRP1 was overexpressed in trichomes, it caused
an inhibition of endoreduplication only (i.e., no effect on cell number) with
trichome downsizing and a simplified morphology (Schnittger et al. 2003).
Additional evidence involving the reduction of CDK activity by overexpress-
ing certain CKIs, such as NtKIS1a (Jasinski et al. 2002) and KRP2 (De Veylder
et al. 2001), in Arabidopsis confirmed the important role played by CDKs in
endoreduplication. Consistent with these findings, downregulation of CDKA1-
associated kinase in developing maize endosperm resulted in an inhibition of
the endoreduplication cell cycle (Leiva-Neto et al. 2004).

3
Endoreduplication Model Systems

3.1
Maize Endosperm

Maize endosperm is a triploid tissue that originates from the fusion of one
sperm nucleus with two polar nuclei in the female gametophyte. Endosperm
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development progresses initially through distinct stages of acytokinetic mi-
tosis, cellularization, and mitosis coupled to cell division. From around
8–10 days after pollination (DAP), central endosperm cells gradually switch
to an endoreduplication cell cycle. By 20 DAP, ploidy levels reach and can ex-
ceed 96–192C, indicating up to six or more endoreduplication cycles (Larkins
et al. 2001; Sabelli et al. 2005b) (Fig. 1). Considerable attention has been paid
to the regulation of the endoreduplication phase of maize endosperm devel-
opment for several reasons. First, it provides an excellent system in which
to study how plant cells transition from a mitotic to an endoreduplication
cell cycle. Second, this phase of endosperm development is correlated with
dramatic enlargements in nuclear and cell size, the accumulation of storage
compounds such as starch and storage proteins, and the rapid growth of the
caryopsis. Third, endoreduplication also occurs during endosperm develop-
ment in rice, wheat, and sorghum, and thus the study of endoreduplication
in maize endosperm is likely to provide a blueprint that can be applied to all
cereal crops.

Fig. 1 Endoreduplication during maize endosperm development. Schematic diagrams of
the mitotic and endoreduplication cell cycles are superimposed on micrographs of kernels
at 5 and 15 days after pollination (DAP), respectively. Nuclei are stained with propidium
iodide. Nuclear, cell, and endosperm sizes are clearly correlated with endoreduplication.
Factors that appear up- (�) or down- (�) regulated as cells switch from a mitotic to an
endoreduplication cell cycle are listed in boxes. The bottom panels show nuclear ploidy
classes at different stages of endosperm development. Nu, nucellus; Em, embryo; En,
endosperm; Pe, pericarp; SAl, subaleurone layer; CSEn, central starchy endosperm; Pl,
placentochalaza; TC, transfer cells



84 P.A. Sabelli · B.A. Larkins

Recent work and previous findings indicate that endoreduplicated chromo-
somes in maize endosperm are completely replicated with a loose polytene
structure (Kowles and Phillips 1985; Kowles and Phillips 1988; Kowles et al.
1990) in which they appear to be tightly associated at the centromere and,
unexpectedly, at the highly heterochromatic knob regions (Bauer and Birch-
ler 2006). This observation suggested that during endoreduplication specific
chromatin binding proteins, perhaps of the cohesion (cohesin) class, may
be in place to ensure chromosome association with a higher concentration
at centromeres and knobs. A polytene structure of chromosomes is likely
to involve extensive chromatin reorganization (Zhao and Grafi 2000), al-
though this aspect of endosperm development has been poorly investigated.
However, this view is supported by the observation that interploidy crosses,
which are known to perturb caryopsis development and the endoreduplica-
tion pattern, result in dramatic alteration of chromatin organization (Bauer
and Birchler 2006). Chromatin reorganization has also been observed during
the endoreduplication phase in the endosperm of durum wheat, but per-
haps surprisingly, in this system endoreduplication seems to entail increased
chromatin condensation, potentially resulting in methylation-induced gene
silencing (Polizzi et al. 1998).

During the early endoreduplication period of maize endosperm develop-
ment, DNA replication appears to proceed extremely rapidly. Each round of
DNA synthesis is estimated to take 22–24 h, with the last round requiring an
average DNA synthesis of 916 µm/second/nucleus, which is equivalent to the
incorporation of 2.75 × 106 bases pairs/second/nucleus (Kowles and Phillips
1988).

Early experiments on the analysis of CDK activity typically associated with
S-phase or M-phase revealed a peak in M-phase-associated CDK activity at
10 DAP, coincident with a peak in the frequency of mitotic figures (Kowles
and Phillips 1988), and a peak in S-phase-associated CDK activity at 16 DAP,
which is when most endosperm cells are engaged in endoreduplication (Grafi
and Larkins 1995). Thus, similarly to what was observed in animal systems,
a switch from a mitotic to an endoreduplication cell cycle in developing endo-
sperm appears to involve a downregulation of M-phase-associated CDK and
a sustained or upregulated S-phase CDK activity. In agreement with this view,
the characterization of A- and B-type CDKs has shown that whereas CDKA
protein expression is relatively constant in developing endosperm, expression
of the M-phase-associated CDKB decreases in endoreduplicating endosperm
(Dante 2005).

CDKA, on the other hand, plays a key role in endoreduplication. CDKA
activity was specifically downregulated in transgenic endosperms by overex-
pressing a dominant-negative mutant form of CDKA (CDKA-DN), in which
an Asp146Asn mutation abolished kinase activity, but did not interfere with
cyclin binding (Leiva-Neto et al. 2004). Because CDKA-DN expression was
driven by the strong 27-kD γ -zein promoter throughout the starchy endo-
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sperm, CDKA-DN out-competed the endogenous CDKA for cyclin binding,
thereby effectively reducing S-phase kinase activity and inhibiting the DNA
replication process. As a result, there was a 50% reduction in endoredu-
plication during transgenic endosperm development, with virtually no cells
exceeding three cycles of endoreduplication and a maximum ploidy of 24C at
18 DAP. Nuclear size in CDKA-DN endosperm was clearly reduced compared
to control, nontransgenic nuclei, especially within the larger cells in the cen-
tral area of the starchy endosperm, but cell size was virtually unaffected. Only
a minor decrease was measured in the transcription of genes encoding starch
biosynthetic enzymes and zein storage proteins in CDKA-DN endosperms.
An alternative approach involving overexpressing CDKA was inconsequen-
tial, suggesting that this kinase, thought important for endoreduplication, is
not rate-limiting for the process. Investigation of the role of CDKA in maize
endosperm development suggested that endoreduplication and nuclear size
can be uncoupled from cell size and gene expression, thus challenging the
long-standing hypothesis that endoreduplication drives cell growth and sup-
ports higher levels of gene expression.

Several A-, B-, and D-type cyclins have been characterized and found to
be expressed in maize endosperm (Sun et al. 1999b; Dante 2005). CycA1;3-
associated kinase was most active during the mitotic stage and then declined
as the endosperm progressed into the endoreduplication stage, suggesting
that CycA1;3 is more likely involved in the mitotic than the endoreduplication
cell cycle. However, CycB1;3, D5;1, and D2;1 showed a peak in kinase activ-
ity at 11 DAP, a stage in which the endosperm is active in both the mitotic
and endoreduplication cell cycles. The sustained (although reduced) kinase
activity associated with these three cyclins throughout endosperm develop-
ment suggested that they may be involved in the regulation of both types of
cell cycle. This is not surprising for CycD5;1 and D2;1, as CycDs are known
to be involved in S-phase entry. However, the finding that CycB1;3-associated
kinase was active after mitosis ceased was unexpected and suggested a novel
role for CycB1;3 in endoreduplication. Although an important role for CDKA
in regulating endoreduplication in the endosperm has been established, the
cyclin partner has not been identified and remains a challenge for future ex-
periments.

Among the factors known to inhibit CDK activity, a maize Wee1 (Sun
et al. 1999a) and two CKIs, KRP;1 and KRP;2 (Coelho et al. 2005) horthologs,
have been investigated in developing maize endosperm. Ectopic expression of
maize Wee1 in fission yeast inhibited cell division and resulted in elongated
cells, consistent with an inhibitory role in CDK activity. Although specific
data are lacking, the peak in Wee1 expression during endoreduplication sug-
gests that it might contribute to inhibit cell division in endoreduplicating
cells. Both KRP;1 and KRP;2 are expressed in the endosperm and inhibit
in vitro CycA1;3- and D5;1-associated kinase activities, both of which are
considered to be involved in S-phase. However, KRP;1 protein appeared con-
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stitutively expressed throughout endosperm development, whereas KRP;2
expression was downregulated after the onset of endoreduplication, suggest-
ing different roles for these two CKIs in the mitotic and endoreduplication
cycles (Coelho et al. 2005). It is possible that KRP;1 specifically plays an im-
portant role in providing the oscillation in CDK activity required to sustain
endoreduplication in maize endosperm by inhibiting S-phase CDK activity
after replication initiation, similarly to what has been demonstrated for the
Drosophila endoreduplication cycle (Weiss et al. 1998).

In our laboratory, intense research is focused on the role that the RBR/E2F
pathway plays in cell cycle regulation during endosperm development. Maize
possesses at least two different RBR types of genes, RBR1 (Grafi et al. 1996;
Xie et al. 1996) and RBR3 (Sabelli et al. 2005a; Sabelli and Larkins 2006).
A third gene, RBR2 (Ach et al. 1997a), belongs to the RBR1 type of sequences
and encodes a protein over 90% identical to RBR1, and it is not clear whether
it has a distinct function from that of RBR1. RBR3, however, is clearly dis-
tinct from RBR1 and RBR2 both in structural and functional terms. In fact,
it shares only 50% sequence identity with RBR1 and is repressed by RBR1,
suggesting that total pocket protein activity is determined by an intrinsic reg-
ulatory loop within the RBR gene family. Evidence for such a configuration of
the RBR protein family has been reported in plants for only the grass family
within monocots, and the significance of this finding is being actively inves-
tigated (Sabelli et al. 2005a; Sabelli and Larkins 2006). Although both RBR1
and RBR3 are expressed in developing endosperm, RBR1 expression is con-
stitutive and actually increases during late endoreduplication stages, whereas
RBR3 expression is dramatically downregulated after the onset of endoredu-
plication, indicating that it may be involved specifically in regulating the
mitotic cell cycle but is largely dispensable (or even counterproductive) in en-
doreduplicating cells. The upregulation of RBR1 expression during endoredu-
plication might indicate a role in regulating the alternation of G- and S-phases
during endoreduplication, or an involvement in inducing programmed cell
death. Early results suggested that RBR1 was hyperphosphorylated (and pre-
sumably inactivated) during endoreduplication (Grafi et al. 1996), and thus
it is not clear whether the total activity of this protein increases, decreases,
or remains constant during endosperm endoreduplication. It is expected that
forward genetic experiments aimed at down- or upregulating RBR1 and RBR3
expression in transgenic endosperms will provide an answer to this question.

3.2
Arabidopsis Leaf Trichome

Trichomes are unicellular, epidermal structures and endoreduplication is
associated with their differentiation (Hulskamp 2004). Fully developed Ara-
bidopsis trichomes average a 32C ploidy level (indicative of four rounds of
endoreduplication), and typically have three or four branches. Trichome cell
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endoreduplication correlates with its branching pattern and size, with highly
endoreduplicated trichomes being more branched and larger (Hulskamp
et al. 1999) (Fig. 2). In CDC6- and CDT1-overexpressing plants, endoredu-
plication is enhanced in trichome-forming cells, which eventually display
a more highly branched pattern (Castellano et al. 2004). RBR1 inactivation
by WDV RepA protein also resulted in trichomes with increased nuclear size
and larger number of branches (Desvoyes et al. 2006). The closely related
CYCB1;1 and CYCB1;2 genes are not normally expressed in trichomes. How-
ever, ectopic expression of CYCB1;2, but not CYCB1;1, in trichomes promoted
a switch to cell division resulting in a multicellular phenotype (Schnittger
et al. 2002b). Interestingly, although trichome cells appeared to switch from
an endoreduplication to a full mitotic cycle upon CYCB1;2 expression, the
total number of cell cycles did not change during trichome development, in-
dicating the presence of upstream constraints on the number of cell cycle
rounds. The multicellular phenotype became enhanced when CYCB1;2 was
expressed in a siamese mutant background (which itself results in multicel-
lular trichomes), suggesting that SIM interacts genetically with CYCB1;2 and,

Fig. 2 Simplified diagram illustrating the relationship between endoreduplication and tri-
chome cell size and differentiation in Arabidopsis. Wild-type trichomes are unicellular,
have three to four branches and an average DNA content of 32C. In certain mutants en-
doreduplication is stimulated up to a DNA content of 256C, resulting in large cells with
a complex branched morphology. These mutants identify negative regulatory genes of
endoreduplication. In other mutants endoreduplication is inhibited, indicating that the
corresponding genes play a positive role. In addition, expression of certain cell cycle
genes can promote or repress endoreduplication, the latter generally resulting in smaller
trichomes with a simplified morphology (as in the case of ICK1/KPR1). Expression of
CYCB1;2 and CYCD3;1 in trichomes can induce the mitotic program, resulting in multi-
cellular structures. The SIAMESE (SIM) gene appears to stimulate endoreduplication by
repressing CYCB1;2 and CYCD3;1
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most likely, represses CYCB1;2 expression in wild-type, endoreduplicating
trichomes. Similarly to CYCB1;2, CYCD3;1 is not expressed during normal
trichome development. Its ectopic expression, however, led to multicellular
trichomes, which initiated more frequently in the leaf surface than in wild-
type or in CYCB1;2 ectopically expressing plants.

In addition, the multicellular phenotype was greatly enhanced com-
pared to CYCB1;2-expressing trichomes (which averaged two to three cells)
(Schnittger et al. 2002b). Further experiments suggested that CYCD3;1 in-
duced expression of CYCB1;2, and that SIM restricts CYCD3;1 function either
in parallel or downstream. When the CDK inhibitor ICK1/KRP1 was overex-
pressed in trichomes, it caused inhibition of endoreduplication (an average
of two endoreduplication rounds and ploidy = 9C), with trichome downsizing
and a simplified morphology with fewer branches (Schnittger et al. 2003). Co-
expression experiments indicated that ICK1/KRP1 was most likely inhibiting
the G1/S-phase transition by repressing CDKA;1.

Trichome endoreduplication appears controlled by immunophilins. Over-
expression of FIP37, which interacts with the immunophilin FKBP12, was
shown to greatly stimulate endoreduplication specifically in trichomes, with
ploidies up to 256C and enhanced trichome size and branching (Vespa et al.
2004). However, while a great deal is known about the functions of im-
munophilins in animals and particularly in human immune response, plant
immunophilins are largely uncharacterized, and it is currently unclear how
FIP37 affects the endoreduplication cycle in trichomes.

4
Factors That Affect Endoreduplication

4.1
Genetics

Genetic screens in Arabidopsis have identified several mutations that impact
endoreduplication. Mutations affecting the switch from mitosis to endoredu-
plication or the extent of endoreduplication have been best characterized
during the study of trichome development. The results indicate that at least
five distinct pathways, such as patterning, DNA catenation, hormone response,
ubiquitin-mediated proteolysis, and cell death impact the endoreduplication
cell cycle in this system (Hulskamp 2004). SIM appears to function both as
a repressor of mitosis and a stimulator of endoreduplication during the de-
velopment of endoreduplicating trichomes (Walker et al. 2000). SIM interacts
genetically with CYCB1;2 as shown by enhanced multicellular phenotype when
CYCB1;2 was expressed in a sim mutant background (Schnittger et al. 2002b).
SIM encodes a plant-specific small protein containing a motif for cyclin bind-
ing and a motif found in CKIs, similar to those that interact with both D-type
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cyclins and CDKA;1. Plants overexpressing SIM have enlarged epidermal cells
with an increased ploidy resulting from enhanced endoreduplication. It was
proposed that they possess a CDK inhibitory activity with a key function in the
mitosis-to-endoreplication transition (Churchman et al. 2006).

Mutations at the GLABRA3 (GL3) locus also reduce endoreduplication,
trichome branching, and trichome cell size, whereas mutations at the TRYP-
TICON (TRY) and KAKTUS (KAK) loci increase endoreduplication and tri-
chome cell size (Hulskamp et al. 1994). KAK encodes a protein similar to
the HECT domain proteins involved in ubiquitin-mediated protein degrada-
tion (El Refy et al. 2004). In addition, a CUE protein variant that controls
the endocycle leading to hypocotyl elongation was recently identified genet-
ically (Tsumoto et al. 2006). In the increased level of polyploidy1-1D (ilp1-1D)
mutant, hypocotyls showed increased polyploidy under both light and dark
conditions. ILP1 encodes a protein similar to the mammalian GC binding
factor, which functions as a transcriptional repressor for all members of
the CYCA2 family. Thus ILP1 regulates endoreduplication through control
of CYCA2 (Yoshizumi et al. 2006). When the Arabidopsis STEROL METHYL-
TRANSFERASE 2 gene function is mutated, such as in the frill1 mutant,
sterol composition is altered and this results in ectopic endoreduplication in
petal cells (which normally do not undergo endoreduplication) and in rosette
leaves (Hase et al. 2005).

Mutations in the Arabidopsis subunits of chromatin assembly factor CAF-
1 revealed a role for this complex in limiting DNA endoreduplication (Exner
et al. 2006). Additional mutations affecting endoreduplication in Arabidopsis
have been reviewed elsewhere (Sugimoto-Shirasu and Roberts 2003).

In maize, analysis of defective kernel (dek) mutants, in which both the mi-
totic and endoreduplication cell cycle are inhibited, highlighted an elevated
degree of coordination between the mitotic and endoreduplication phases of
endosperm development (Kowles et al. 1992). However, mitosis and endo-
reduplication are also genetically uncoupled to some extent in this system,
as shown by the phenotype of the miniature1 (mn1) mutant (Vilhar et al.
2002), in which the amount of energy available for endosperm development
is substantially decreased. In this mutant the activity of the cell wall INCW2
invertase, which is involved in providing hexose sugars to the developing
endosperm, is compromised, resulting in reduced mitotic activity and cell ex-
pansion, but leaving endoreduplication largely unaffected. This suggests that
endoreduplication is somewhat more resistant to certain perturbing factors
than the mitotic cell cycle.

4.2
Environment and Phytohormones

Endoreduplication is affected by environmental factors and phytohormones
and this subject has been recently reviewed (Barow 2006). For example, it
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has been shown that light has a negative effect on endoreduplication in
Arabidopsis hypocotyls (Gendreau et al. 1998; Gendreau et al. 1999). Endo-
reduplication in maize endosperm is inhibited by environmental stresses,
such as water deficit (Artlip et al. 1995; Setter and Flannigan 2001) and heat
stress (Engelen-Eigles et al. 2000). However, the reduction in endoreduplica-
tion is more a consequence of perturbation during early mitotic development,
rather than a direct result of the inhibition of the endoreduplication cell cycle
per se, reinforcing the idea that a tight relationship couples the mitotic and
endoreduplication phases of development mentioned above. A direct stimu-
latory effect of certain symbionts and parasites on endoreduplication in plant
cells has been well established in the case of nitrogen-fixing root nodules of
legumes infected with the bacterium Sinorhizobium meliloti, and in root-knot
galls induced by the endoparasitic root-knot nematode Meloidogyne incog-
nita (Kondorosi and Kondorosi 2004) (see Sect. 2.3).

Various plant hormones impact endoreduplication differently. For ex-
ample, ethylene stimulates endoreduplication in both Arabidopsis (Joubes
and Chevalier 2000) and cucumber hypocotyls (Dan et al. 2003). It is well es-
tablished that the transition from a mitotic to an endoreduplication cell cycle
in maize endosperm involves a sharp decline in the cytokinin/auxin ratio
(Lur and Setter 1993; Sabelli et al. 2005b). Auxin is apparently involved in the
induction of endoreduplication, but does not seem limiting for its continua-
tion. Application of chemicals that inhibit auxin-triggered effects suggested
that auxin has a rather indirect effect in stimulating endoreduplication (Lur
and Setter 1993). In spite of a large body of circumstantial evidence for
endosperm cell cycle control by both environmental and hormonal factors,
information about the key elements linking them to the cell cycle machinery
is largely missing and this is a challenge for future research.

4.3
Parent-of-Origin Effects and Epigenetic Control

It is well known that endoreduplication in maize endosperm is under ma-
ternal control, in that the endoreduplication pattern in the offspring of
a cross between two inbred lines generally resembles that of the maternal
parent (Kowles et al. 1997; Dilkes et al. 2002). It is possible that differen-
tial gene dosage contributes to this “maternal effect”, as the genetic makeup
of the endosperm involves two maternal copies and one paternal copy of
the genome. An alteration to this 2 : 1 ratio is deleterious for the develop-
ment of the endosperm. A maternal excess causes a shortened mitotic phase
and a precocious endoreduplication period (but does not affect the extent of
endoreduplication). Conversely, excess of the paternal genome delays endo-
reduplication through an apparent extended mitotic hiatus prior to the switch
to endoreduplication, and it also inhibits DNA amplification in all endo-
reduplicating cells (Leblanc et al. 2002).



The Endoreduplication Cell Cycle: Regulation and Function 91

Genomic imprinting, which involves the differential expression of mater-
nally and paternally derived alleles, may be involved in the maternal effect
on endosperm development in general, and endoreduplication in particu-
lar (Guitton and Berger 2005). In Arabidopsis, several Polycomb group genes
that are involved in chromatin remodeling and epigenetic regulation of gene
expression, including FIS, FIE, and MEA, are imprinted during early seed
development (Sorensen et al. 2001). After fertilization, only the maternal alle-
les of these genes are expressed in the endosperm, while the paternal alleles
are silenced. Maize FIE homologs have been identified (Danilevskaya et al.
2003), but it is not known if and how they might be involved in endoredu-
plication. A potential pathway linking imprinting, Polycomb group genes,
and endoreduplication may involve histone modification around replication-
origin bound ORC (Machida et al. 2005), chromatin remodeling complexes,
and interaction between RBR and Polycomb subunits (Ach et al. 1997b;
Mosquna et al. 2004).

5
Functions of Endoreduplication

It has long been recognized that endoreduplication is often correlated with
increased nuclear size, cell size, cell differentiation, and metabolic activity.
Therefore it has been tempting to propose a general role for endoredupli-
cation in driving growth and development. Indeed, there is strong evidence
supporting this view (for an in-depth discussion on cell size control by
endoreduplication, see Sugimoto-Shirasu and Roberts 2003). For example,
a clear relationship between ploidy, nuclear size, and cell size was observed
in floral apices of Datura stramonium (Satina and Blakeslee 1941), Arabidop-
sis epidermis (Melaragno et al. 1993), and in petal development in cabbage
(Kudo and Kimura 2002). Endoreduplication is the first visible cellular event
in trichome development prior to cell growth and branching (Hulskamp
et al. 1994) and decreased ploidy content in transgenic trichomes expressing
ICK1/KRP1 results in reduced cell size (Schnittger et al. 2003). In leaf epi-
dermis of durum wheat it promotes cell expansion and precedes cell growth
(Cionini et al. 1983). Endoreduplication in the pericarp could contribute sub-
stantially to the growth of the tomato fruit (Cheniclet et al. 2005), and it
is correlated with nuclear and cell size as well as starch and storage pro-
tein accumulation during endosperm development in cereals such as maize
(Larkins et al. 2001) and sorghum (Kladnik et al. 2006). These (and other)
observations are consistent with the “karyoplasmic ratio” theory, according
to which nuclear size controls cell size through regulation of cytoplasm vol-
ume. For example, in Arabidopsis gl3 mutant trichomes both DNA content
and cell size are reduced, but the nuclear size to cell size ratio is similar
to wild type.
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Indeed, a convincing demonstration that ploidy directly regulates, and
it is not merely correlated with, body size comes from a recent study of
Caenorhabtis elegans (Lozano et al. 2006). This investigation also identified
CycE activity as a likely effector of endoreduplication-dependent growth.

Early observations suggested that endoreduplication preferentially occurs
in species with a small genome, and it was proposed that it can be viewed as
an evolutionary strategy compensating for the lack of phylogenetic increase
in nuclear DNA (needed to support the development and metabolism of com-
plex organisms) (Nagl 1976; Derocher et al. 1990). However, in spite of the
overwhelming evidence linking endoreduplication to increased cell size, there
are instances in which the two processes can be uncoupled. For example, mi-
sexpression of CDK inhibitors and dominant-negative CDKs in Arapidopsis
(Hemerly et al. 1993; De Veylder et al. 2001; Schnittger et al. 2003), tobacco
(Jasinski et al. 2002), and maize (Leiva-Neto et al. 2004) have shown that
changes in ploidy levels may not be reflected by straightforward changes in
cell size. Indeed, organ and body size are often maintained through com-
pensatory mechanisms involving changes in cell size that counteract ploidy
and nuclear changes. In this respect, endoreduplication may be viewed as one
important mechanism by which cell size could be attained within the devel-
opmental constraints set by higher-order control at the organ or body level.
Interestingly, endoreduplication stops well before the differentiation of tri-
chome or epidermal cells that are located on the surface of organs, arguing
that it does play a role in presetting cell size. However, the size of cells that
are deeply embedded in a tissue may be primarily determined by the physical
and developmental constraints from neighboring cells. Thus, it is conceivable
that endoreduplication allows cell size increase, which may or may not occur
depending on the context (Traas et al. 1998). In this context it is important to
keep in mind that plant cells are vacuolated and that there is a notable distinc-
tion between cell growth, as measured by cytoplasmic macromolecular mass,
and cell expansion, which reflects cell volume increase mostly through vacuo-
lation (Sugimoto-Shirasu and Roberts 2003). Thus, regulation of vacuolation
can contribute to cell enlargement in a way that may be largely independent
of endoreduplication.

How does endoreduplication impact cell growth, as defined above? One
long-standing hypothesis involves an increase in gene expression in endo-
reduplicated cells. A twofold mechanism could be envisioned here. First,
endoreduplication generates more gene templates that could support increased
transcription (D’Amato 1984). Second, endoreduplicated cells often contain
more (Fankhauser and Humphrey 1943) or larger (Kowles and Phillips 1988)
nucleoli, potentially leading to higher rates of net protein synthesis through
enhanced RNA synthesis and ribosome biogenesis. Regulation of chromatin
conformation may play an important role in enhancing gene expression during
endoreduplication. During the mitotic cell cycle, chromatin condenses in prep-
aration of mitosis and this temporarily inhibits gene expression. In contrast, in
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endoreduplicating cells chromatin is permanently decondensed, which could
favor increased gene expression by sustaining RNA synthesis. However, this
hypothesis is mainly supported by correlative studies rather than by direct ev-
idence, and recent experiments have shown that a decrease in ploidy in maize
endosperm nuclei does not seem to impact transcriptional activity (Leiva-Neto
et al. 2004). However, only a small set of genes was analyzed in detail, and
it is not known the effect of reduced endoreduplication on a genome-wide
basis. Studies on polyploid isogenic yeast strains have indicated that expres-
sion of certain genes is induced or repressed in a ploidy-dependent fashion,
possibly by ploidy-related mechanisms such as transient homologous pairing
(Galitski et al. 1999). Thus, endoreduplication may represent a mechanism for
modulating expression of a selected pool of genes rather than indiscriminately
increasing gene expression across the entire genome.

Other potential functions of endoreduplication involve a role in protecting
the genome from recessive mutations, adapting to salt stress (Ceccarelli et al.
2006), or marking cells for programmed cell death (Bennett 1973; Kowles and
Phillips 1988). The latter may relate to the ability of polyploid endosperm
cells to provide a large pool of nucleosides and phosphorus for the develop-
ment and germination of the embryo.

Is endoreduplication tied to cell differentiation? A large body of evi-
dence suggests that endoreduplication is associated with differentiation in
many cases (Edgar and Orr-Weaver 2001). One of the best examples comes
from Medicago truncatula, in which the differentiation of nodules contain-
ing nitrogen-fixing cells in symbiotic bacteroids requires the APC/C activator
CCS52A. Downregulation of CCS52A in transgenic plants resulted in lower
ploidy, reduced cell size, and affected the maturation of symbiotic cells, indi-
cating that large, endoreduplicated cells are an essential component of nodule
development (Vinardell et al. 2003). Likewise, terminally differentiated cells
in the maize starchy endosperm are highly endoreduplicated (Larkins et al.
2001). Although there is often a clear correlation between endoreduplica-
tion and cell differentiation in endoreduplicating tissues and organs, cells can
undergo terminal differentiation without endoreduplicating, which indicates
that endoreduplication and cell differentiation are not necessarily associated
(Evans and Van’t Hof 1975). Thus, the requirement for endoreduplication dur-
ing the differentiation of certain cell types depends largely on the biological
and physiological contexts.

6
Perspectives

Investigators have been aware of the occurrence of endopolyploid cells for
a long time, yet until recently most studies on endoreduplication have been
primarily correlative. However, the ongoing characterization of many plant
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cell cycle genes, coupled to the identification of mutants affecting endoredupli-
cation patterns and the ability to perturb gene expression in transgenic plants,
has resulted in substantial progress being made in recent years. Although sev-
eral fundamental mechanisms controlling the endoreduplication cell cycle are
evolutionarily conserved, the identities of the specific factors and pathways in-
volved vary considerably, particularly in relation to the biological context in
which they operate. This, of course, is an indication of the remarkable plastic-
ity of cell cycle regulation in plants, which suits well the necessity of sessile
organisms to respond to rapidly changing environmental conditions. Many
studies have been based on increasing or decreasing expression of certain cell
cycle regulators constitutively, but it is becoming increasingly apparent that in
the future investigators will have to design more precise approaches to con-
trol gene expression in specific cell types and in a timely manner. Fortunately,
the necessary molecular tools to do this are already available or are being de-
veloped, and there is little doubt that exciting advancements will be made in
unraveling the endoreduplication cell cycle in the near future.
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Abstract Meiosis encompasses a large number of dynamic processes. Some of them are
biochemical, such as formation and repair of meiotic double-strand breaks, while others
are physical in nature, such as homologous chromosome segregation in anaphase I. Plants
have been used as model species in meiosis studies for over 80 years. However, the past
decade brought a dramatic improvement in the understanding of meiosis in plants at the
mechanistic level, thanks to the adoption of genetic and molecular biology techniques in
chromosome research and new microscopy methods.

1
Overview of Meiosis

Meiosis consists of two consecutive nuclear divisions (Fig. 1), a reductional
division (meiosis I) and an equational division (meiosis II), without an
intervening S phase between them. While meiosis II is essentially similar
to a mitotic division, meiosis I is a specialized division, whose aim is to
reduce the number of chromosomes in the nucleus and allow exchange of ge-
netic material between maternal and paternal chromosomes. Based largely on
chromosome dynamics, meiosis I is subdivided into four stages, prophase I,
metaphase I, anaphase I, and telophase I. Meiotic prophase I, the most event-
ful of these stages, is further subdivided into five sub-stages: leptotene, zy-
gotene, pachytene, diplotene, and diakinesis (Fig. 2). During leptotene, which
follows the pre-meiotic S phase, decondensed chromatin becomes organized
into chromosomes by the assemblage of a proteinaceous core. Meiotic recom-
bination is initiated at this step by formation of double-strand breaks (DSBs)
in chromosomal DNA (Pawlowski et al. 2004; Zickler and Kleckner 1999).
In zygotene, homologous chromosomes pair. Pairing is followed by synap-
sis, when the central element of the synaptonemal complex (SC) is installed
between the paired homologs and stabilizes pairing interactions (Page and
Hawley 2004). By pachytene, SC formation is complete and meiotic recombi-
nation between homologs is resolved. In diplotene, the SC disassembles and
chiasmata are visible. Chiasmata are the sites of crossovers (COs) and are
responsible for holding homologous chromosomes together until their segre-
gation in anaphase. Finally, in diakinesis, the chromosomes undergo the final
stage of condensation.
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Fig. 1 A general overview of meiosis. Only one pair of chromosomes is shown and each
homolog is a different shade of grey. Early and late recombination nodules are depicted
as dots of different size. See Fig. 2 for a detailed list of prophase I substages and events

Recombination, pairing and synapsis are three main processes of mei-
otic prophase I. Recombination encompasses formation and repair of meiotic
DSBs, including reciprocal chromosome arm exchanges. Pairing includes
interactions between chromosomes, which involve homology recognition and
lead to juxtaposition of homologs. Pairing is followed by synapsis, which
is defined as the process of installation of the central element (CE) of SC,
which binds the paired chromosomes along their entire length. These three
processes are formally distinct but genetic and molecular analyses are now
drawing a more complex scenario where these processes are intimately in-
terconnected and show a great deal of coordination (Pawlowski and Cande
2005).

2
Initiation of Meiosis in Plants

The switch from the mitotic to the meiotic cell cycle in plants is preceded by
a developmental pathway that assigns germ cell identity. First, archesporial
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Fig. 2 Pre-meiotic interphase and meiotic prophase I in plants: substages, main events
and key genes that regulate them. Only one pair of chromosomes is shown and each ho-
molog is a different shade of grey. Early and late recombination nodules are depicted
as dots of different size. Images on the left are chromosomes of maize male meiocytes
stained with DAPI. The images are flat projections of three-dimensional image stacks
collected with three-dimensional deconvolution microscopy

cells are differentiated from hypodermal cells in male and female reproduc-
tive organs. Then, the archesporial cells develop into sporocytes, which show
features distinct from other cells and are destined to undergo meiosis (Ma
2005).

In contrast to the developmental events preceding the switch to meiosis,
the initiation of meiosis in plants is less understood. The ameiotic1 (am1)
gene has been identified as a master controller of the switch from mitotic
to meiotic cell cycle in maize (Golubovskaya et al. 1997, 1993) (Pawlowski
et al., unpublished). Pre-meiotic cells in most am1 mutants, instead of enter-
ing meiosis, undergo mitotic divisions. In severe cases, the progression of the
cell cycle is arrested during interphase. All known specific aspects of meiosis,
such as establishment of meiosis-specific chromatin structure, chromosome
pairing, synapsis, recombination, and meiosis-specific chromosome dynam-
ics require am1. In addition to its role in initiating meiosis, am1 regulates
the progression through the early stages of meiotic prophase (Golubovskaya
et al. 1993) (Pawlowski et al., unpublished). This conclusion is based on the
analysis of an unusual am1 allele, am1-praI, in which pre-meiotic cells enter
meiosis but arrest during meiotic prophase.

The Arabidopsis homolog of am1, SWITCH1 (SWI1), also known as DYAD,
has been shown to regulate several meiotic prophase processes, including es-
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tablishment of meiotic chromosome structure, recombination and synapsis
(Agashe et al. 2002; Mercier et al. 2001, 2003). However, the phenotypes of
swi1 mutants are less obvious than those of the maize am1 mutants. Male
meiocytes in swi1 mutants either undergo a normal meiosis or show mei-
otic sister-chromatid cohesion (SCC) defects. Female swi1 meiocytes undergo
an equational division. However, this division is an abnormal meiosis rather
than mitosis, since the meiosis-specific cohesin REC8 is loaded onto chromo-
somes, and DMC1, a gene encoding a meiosis-specific recombinase, is ex-
pressed. None of the swi1 mutations result in meiocytes undergoing a normal
mitotic division, as is the case in am1 mutants. This suggests that initiation at
the mechanistic level differs between maize and Arabidopsis.

Homologs of the AM1/SWI1/DYAD proteins are confined to plants. The
molecular functions of AM1 and SWI1 are not known and the pathway down-
stream from these proteins that results in the transition from mitotic to
meiotic cell cycle is poorly understood. The decision to enter meiosis is prob-
ably made before or at the beginning of the pre-meiotic S phase, although
the evidence is mostly indirect. This timing is suggested by observations that
female meiocytes in several am1 mutants arrest at interphase and that the
Arabidopsis SWI1 shows expression exclusively during pre-meiotic G1 and S.
Overall, the mechanisms of meiosis initiation in plants is likely to corroborate
conclusions from yeast and mammals indicating that the signaling cascade
leading to meiosis initiation shows great diversity among species while the
timing of meiosis initiation is a universal feature shared by all eukaryotes
(Pawlowski et al. 2007).

3
Regulation of Meiosis Progression

Several candidates for meiotic cell cycle regulators have been identified
in Arabidopsis based on their functions and/or similarity to known cy-
clins. These proteins, CDC45, SOLO DANCERS (SDS), and TARDY ANSYN-
CHRONOUS MEIOSIS (TAM), are proposed to act at different times in meio-
sis. CDC45 functions during pre-meiotic S-phase (Stevens et al. 2004). SDS
regulates chromosome pairing and synapsis in prophase I (Azumi et al. 2002),
although the molecular mechanism of its function is not known. TAM has
been proposed to regulate progression of both, meiotic prophase I and meio-
sis II, and its absence also leads to meiotic nuclear division becoming asyn-
chronous with cytokinesis (Wang et al. 2004).
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4
Meiotic Chromosome Structure

4.1
Dynamics of the Chromatin Structure and the Histone Code

The beginning of meiosis is associated with a dynamic re-organization of
chromatin (Dawe et al. 1994; Zickler and Kleckner 1999). In fact, changes
in chromosome structure and condensation have been recognized as land-
marks to identify meiosis sub-stages. Specific histone H3 variant deposition
(Okada et al. 2005), and histone modifications, such as methylation (Shi
and Dawe 2006; Yang et al. 2006) and phosphorylation (Houben et al. 2005;
Kaszas and Cande 2000) are observed in meiosis, suggesting a wide and
dynamic meiotic reorganization of the histone code. In particular, phospho-
rylation of H3 at Ser10 correlates with the maintenance of sister chromatid
cohesion (Kaszas and Cande 2000) and phosphorylation of H3 at Thr11
was found to correlate with meiotic chromosomes condensation (Houben
et al. 2005). Insight into the regulation of these modifications is limited at
present but an Arabidopsis SKP1 homolog, ASK1, was recently shown to play
a role in this process (Yang et al. 2006). In hexaploid wheat, a change in
chromatin conformation coincides with chromosome pairing and has been
implicated in the process of homologous chromosome recognition (Prieto
et al. 2004).

4.2
Chromosome Axis

The chromosome axis (axial element, AE), forming at the base of chromatin
loops, contains components essential for SCC. The chromosome axis is cred-
ited with allowing preferential exchanges between homologous chromosomes
rather than sister chromatids. The resulting chiasmata ensure correct segre-
gation of chromosomes at the first meiotic division. AEs are also essential for
homologous chromosome synapsis because they become, as lateral elements
(LEs), components of the tripartite SC.

Loss of the ASYNAPTIC1 (ASY1) protein associated with the chromosome
axis in Arabidopsis reduces fertility by 90% (Caryl et al. 2000; Ross et al. 1997).
ASY1, proposed to be a homolog of the yeast Hop1 protein, forms foci on
chromatin during pre-meiotic interphase and localizes to the entire length of
chromosomes from leptotene to diplotene, except for the telomeric regions
(Armstrong et al. 2002). The Arabidopsis genome also contains another hom-
olog of HOP1, ASY2 (At4g32200), whose function is non-redundant with ASY1
(Caryl et al. 2000). Two HOP1 homologs, PAIR2 and PAIR2c3, were also found
in rice. PAIR2 is the ortholog of ASY1, since the pair2 mutant exhibits the
same phenotype as the Arabidopsis asy1 mutant (Nonomura et al. 2004) and
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the PAIR2 protein in rice shows the same localization pattern as ASY1 in Ara-
bidopsis (Nonomura et al. 2006).

4.3
Sister-Chromatid Cohesion

During the S-phase DNA replication, the newly copied sister chromatids are
kept associated, in meiosis as well as in mitosis, with a multi-subunit co-
hesin complex (Revenkova and Jessberger 2006). The cohesin complex is well
conserved across kingdoms. The composition of the cohesin complex dif-
fers between mitotic and meiotic cells. In mitotic cells, it contains RAD21
and SCC3 proteins associated with two Structural Maintenance of Chromo-
somes (SMC) proteins, SMC1 and SMC3. In meiotic cells, RAD21 is replaced
by a meiosis-specific cohesin REC8. Because SMC1, SMC3, and SCC3 function
in both mitosis and meiosis, mutants defective in these proteins show embry-
onic defects and are embryo lethal in Arabidopsis (Chelysheva et al. 2005; Liu
et al. 2002).

In contrast to fungi and animals, plants contain more than two genes
encoding the RAD21/REC8 proteins. Arabidopsis has four RAD21/REC8 hom-
ologs (Dong et al. 2001) but only one of them, SYN1, also known as DIF1, has
a meiotic function and is the true ortholog of REC8 (Bai et al. 1999; Bhatt et al.
1999; Cai et al. 2003; Peirson et al. 1997). Immunolocalization studies showed
that SYN1 is present in meiocyte nuclei from interphase to metaphase I and
localizes along chromosome arms while being devoid from the centromeric
region (Cai et al. 2003).

The analysis of a maize rec8 mutant called absence of first division1 (afd1)
shows that the maize REC8 homolog is required for establishing the leptotene
chromosome structure, the bouquet formation, as well as chromosome pair-
ing, synapsis, and recombination (Golubovskaya et al. 2006; Pawlowski et al.
2003). AFD1 colocalizes with ASY1 from leptotene through pachytene, sug-
gesting that both proteins are associated with the chromosome axis. ASY1
is present on chromosomes in afd1 mutants, indicating that AFD1 is not re-
quired for ASY1 recruitment. A series of weaker afd1 alleles revealed that the
functions of REC8 in chromosome pairing, synapsis, and recombination may
be independent from its function in establishing the meiotic chromosome
structure (Golubovskaya et al. 2006).

5
Chromosome Dynamics of Early Meiotic Prophase—The Telomere Bouquet

The telomere bouquet is a temporary chromosome arrangement that occurs
exclusively in meiosis and is found in most species examined to date (Harper
et al. 2004; Zickler and Kleckner 1999). During prophase I, all telomeres
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cluster at a single location on the nuclear envelope (NE), generally juxta-
posed with the microtubule organizing region, causing the chromosomes to
resemble a bouquet of flowers. The coincidental timing of the bouquet stage
with homologous chromosome pairing, recombination, and synapsis sug-
gests a role of the bouquet in these processes.

Within the plant kingdom, the bouquet has been studied in several species,
mainly grasses such as rye, wheat, and maize (Bass et al. 2000; Cowan and
Cande 2002; Martinez-Perez et al. 1999; Noguchi 2002).

5.1
Function of the Bouquet

In most organisms, the bouquet forms at the beginning of, or just before,
zygotene and persists until the end of zygotene (Harper et al. 2004). In rye,
wheat and maize, telomeres begin to attach to the NE in leptotene and the
bouquet persists until early pachytene (Bass et al. 2000; Maestra et al. 2002;
Martinez-Perez et al. 1999; Noguchi 2002). In addition to coincidental tim-
ing, there is evidence supporting a close relationship between the bouquet
and pairing, although the exact nature of that relationship is still unknown. In
mutants with defective bouquet formation, pairing is delayed and inefficient
(Golubovskaya et al. 2002; Harper et al. 2004; Niwa et al. 2000; Trelles-Sticken
et al. 2000). Attachment of telomeres and confinement of chromosomes to
a small area may assist the sequence-dependent homology search by limiting
the physical volume within which chromosomes may interact, and by creating
constructive chromosome movements (Scherthan 2001). This could enhance
the efficiency of pairing (Harper et al. 2004). Telomere clustering might also
eliminate or reduce ectopic pairing interactions in highly conserved syntenic
regions or regions of highly repetitive sequences (Niwa et al. 2000). Further-
more, synapsis in plants initiates at the telomeres and the bouquet may help
catalyze this process (Maestra et al. 2002).

5.2
Genetics of Bouquet Formation

The most complete picture of bouquet formation in a single system exists in the
fission yeast, S. pombe, where there are a number of mutants known to cause
specific bouquet defects (Davis and Smith 2006; Harper et al. 2004; Jin et al.
2002). In contrast, little is known about the bouquet in higher eukaryotes. The
best-characterized plant bouquet mutant is the pam1 (plural abnormalities of
meiosis1) mutant of maize (Golubovskaya et al. 2002). As the name indicates,
the pam1 mutation has several obvious meiotic defects, including asynchrony
of meiocytes, inhibition of telomere bouquet clustering, and abnormal synap-
sis (Golubovskaya et al. 2002). The initiation of meiotic recombination in the
pam1 mutant is not affected. However, later recombination stages are likely de-
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fective since it has been noticed that the RAD51 recombination protein persists
on pam1 chromosomes longer than in wild-type meiocytes.

5.3
Dynamics of Bouquet Formation

The “early bouquet” stage forms in late leptotene with the telomeres attached
to the NE opposite the nucleolus, which has migrated from the center to the pe-
riphery of the nucleus. By zygotene, telomeres have migrated to coalesce with
the nucleolus in the “mature bouquet” (Bass et al. 1997). Coincident with this
migration, nuclear pores also migrate but in the opposite direction, away from
the bouquet focus and nucleolus (Bass et al. 1997; Cowan and Cande 2002).
On the basis of the low numbers of nuclei detected at early compared to late
bouquet stages, Bass et al. determined that bouquet formation is a sudden and
active process (Bass et al. 1997). By contrast, the termination of the bouquet
seems to be a passive process with telomeres diffusing away from the focus.

The formation of the bouquet is most likely a two-stage process with
telomeres first attaching to the NE, then migrating from a distal to a proximal
position at or near the nucleolus (Bass et al. 1997). This model is supported
by evidence from several maize meiotic mutants. In pam1, telomeres are able
to attach to the NE in a wild-type fashion, but clustering is disrupted (Gol-
ubovskaya et al. 2002). Telomere attachment to the NE can also be disrupted
as was shown in the allelic series of mutants in afd1, the maize homolog of
REC8 (Golubovskaya et al. 2006). In weak alleles of afd1, telomeres are able
to attach to the NE, whereas in strong alleles, they cannot. Clustering is com-
pletely abolishing in all but the weakest afd1 allele. Telomere attachment is
not dependent on REC8 recruitment per se but on the formation of the AE
over the entire length of the chromosome (Golubovskaya et al. 2006; Liebe
et al. 2004; Trelles-Sticken et al. 2005). Evidence from mammals and fungi
point to completion of DSB repair and CO formation (Liebe et al. 2006; Pan-
dita et al. 1999; Trelles-Sticken et al. 2000) as the cue to exit from the bouquet,
but there has not yet been evidence in plants for this hypothesis.

Studies indicate that telomere sequence and unknown host factors govern
bouquet formation. Maize telocentric and ring chromosomes can enter the
bouquet, indicating that the presence of the physical chromosome end is not
necessary for bouquet formation (Carlton and Cande 2002). In another study,
the meiotic behavior of an oat line carrying an addition of maize chromosome
9 was investigated (Bass et al. 2000). Normally in maize, all of the telomeres are
localized in the bouquet at zygotene. In the oat-maize addition line, only about
70–90% of telomeres (both maize and oat) are localized to the bouquet dur-
ing zygotene. Interestingly, the maize chromosome telomeres were observed
to attach to the NE and enter the bouquet in a way similar to oat chromosomes,
suggesting that telomere clustering in this line is controlled by the oat nuclei
rather than by the telomeres themselves (Bass et al. 2000).
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In addition to telomere sequences, there is mounting evidence that an in-
tact cytoskeleton is required for bouquet formation. It has long been known
that the microtubule (MT) depolymerizing drug colchicine applied during
prophase I in plants and animals causes reduced chiasmata and impaired SC
formation (Loidl 1989; Tepperberg et al. 1997). The application of colchicine
to rye anthers inhibited telomere clustering but not telomere attachment to
NE or nuclear pore migration, causing a resemblance to the maize pam1
phenotype (Cowan and Cande 2002; Golubovskaya et al. 2002). Interestingly,
this same effect was seen even when low levels of colchicine were applied
that were insufficient to cause depolymerization of MTs. It is unknown if
the target of colchicine is a cytoskeletal component on the inner NE or
perhaps a membrane-associated β-tubulin (Cowan and Cande 2002; Harper
et al. 2004).

5.4
Telomere Clustering in Arabidopsis

Arabidopsis does not form a bona fide telomere bouquet but it has been ob-
served that Arabidopsis telomeres cluster around the nucleolus in pre-meiotic
interphase (Armstrong et al. 2001), which could play a role equivalent to
the role of the bouquet. However, this telomere clustering is also observed
in mitotic interphase, and its early occurrence suggests the utilization of
a chromosome arrangement existing after a previous cell division, rather than
de novo clustering. In addition, a very loose bouquet-like arrangement of
telomeres is observed in Arabidopsis in zygotene (Armstrong et al. 2001).

6
Meiotic Recombination

6.1
Formation of Meiotic DSBs and Early Recombination Steps

Meiotic recombination is universally initiated in all species by the intro-
duction of DSBs into chromosomal DNA by SPO11, a protein belonging
to the topoisomerase family (Keeney et al. 1997). In contrast to all other
species, plants possess multiple SPO11 homologs. The Arabidopsis genome
has three SPO11 genes (Hartung and Puchta 2001), although only two of
them, AtSPO11-1 and AtSPO11-2, are essential for meiosis (Grelon et al. 2001;
Stacey et al. 2006). Analysis of the spo11-1 mutant demonstrated that the re-
combination defect is coupled with the inability of the mutant to synapse,
leading to univalents, improper gamete formation, and ultimately, sterility
(Grelon et al. 2001). Visualizing the presence of meiotic DSBs on maize mei-
otic chromosomes using the TUNEL assay showed that DSBs occur along the
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entire length of chromosomes, are formed in very early leptotene, and persist
until early pachytene (Pawlowski et al. 2004).

Downstream from SPO11, meiotic DSBs are resected by the MRN com-
plex, which includes MRE11, RAD50, and NBS1 (Akutsu et al. 2007; Bleuyard
et al. 2004; Daoudal-Cotterell et al. 2002; Gallego et al. 2001; Puizina et al.
2004). Like spo11-1, the Arabidopsis rad50 and mre11 mutants exhibit recom-
bination defects and are unable to synapse. However, unlike spo11-1, they
also show fragmented and dicentric chromosomes, resulting from unrepaired
DSBs (Bleuyard et al. 2004; Gallego et al. 2001; Puizina et al. 2004). An analysis
of mre11/spo11-1 double mutants indicated that this fragmentation is SPO11-
dependent (Puizina et al. 2004). In addition to the meiotic defects, the rad50
and mre11 mutants are hypersensitive to DNA damage agents and exhibit
progressive telomere shortening in mitotically dividing cells (Gallego et al.
2001; Puizina et al. 2004). This indicates that the MRN complex in plants, sim-
ilarly to its counterparts in yeast and mammals, is also involved in somatic
DNA repair processes.

6.2
Single-End Invasion and the Role of the RAD51 Family

Meiotic DSBs generated by SPO11 and the MRN complex are subsequently
repaired by a complex of proteins containing two homologs of the bacterial
RecA recombinase, RAD51 and DMC1. RAD51 and DMC1 exhibit extensive
similarity at the amino acid level, but while RAD51 is expressed through-
out the plant life cycle, DMC1 is only expressed during meiosis (Doutriaux
et al. 1998; Jones et al. 2003; Klimyuk and Jones 1997; Li et al. 2004). RAD51
and DMC1 facilitate the single-end invasion (SEI) process, in which a single
stranded DNA overhang, created by the MRN complex, invades a homologous
double-stranded DNA region. Rad51 and Dmc1 in S. cerevisiae are known to
form a complex that covers single stranded DNA ends, forming a nucleopro-
tein filament. This structure facilitates the recognition of the corresponding
region in the homologous double helix (Neale and Keeney 2006).

RAD51 and DMC1 form distinct foci on meiotic chromosomes, presum-
ably on the sites of DSBs (Franklin et al. 1999; Pawlowski et al. 2003; Terasawa
et al. 1995). In maize, RAD51 foci first appear at the beginning of zygotene
(Franklin et al. 1999; Pawlowski et al. 2003). The number of foci reaches its
peak of roughly 500 per nucleus in mid zygotene, and later declines to about
10–20 in late pachytene. Observations in lily showed that most RAD51 and
DMC1 foci colocalize (Terasawa et al. 1995).

The numbers and dynamics of RAD51/DMC1 foci resemble those of the
early recombination nodules (EN), electron-dense structures observed in
Transmission Electron Microscopy (TEM) in a number of species, including
maize, lily and tomato (Anderson et al. 2003; Anderson et al. 2001). EN have
been suggested to play a role in recombination and homologous chromosome
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pairing. RAD51 and DMC1 are indeed components of early recombination
nodules, as demonstrated by immuno-gold labeling (Anderson et al. 1997).

Arabidopsis rad51 and dmc1 mutants show defects in meiotic recombina-
tion, chromosome pairing and synapsis (Couteau et al. 1999; Li et al. 2004).
The atrad51 mutant shows also extensive SPO11-dependent chromosome
fragmentation, similar to the phenotypes observed in Arabidopsis mutants
defective in MRE11 and RAD50 (Bleuyard et al. 2004; Li et al. 2004; Puizina
et al. 2004). Interestingly, fragmentation is not observed in the Arabidopsis
dmc1 mutant (Couteau et al. 1999). It is likely that, in the absence of DMC1,
meiotic DSBs are repaired by RAD51 using the sister chromatid as the tem-
plate. Supporting this conclusion are observations that depletion of RAD51
in the atdmc1 mutant background does lead to chromosome fragmentation
(Siaud et al. 2004).

In addition to RAD51 and DMC1, the Arabidopsis genome encodes five
other RecA homologs, RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3 (Lin
et al. 2006). Of these, only RAD51C and XRCC3 have meiotic functions (Abe
et al. 2005; Bleuyard and White 2004; Li et al. 2005), supporting the no-
tion that different members of the RAD51 protein family have evolved to
fulfill different requirements for meiosis and somatic DNA repair (Bleuyard
et al. 2005).

The RAD51/DMC1 protein complex interacts with several other proteins
in the process of DSB repair, including HOP2, MND1, and BRCA2. HOP2 and
MND1 play roles in both recombination and homologous chromosome pair-
ing and are discussed in the chromosome pairing section later in this chapter.
BRCA2 is hypothesized to act in recruiting the RAD51/DMC1 complex to the
sites of DSBs (Sharan et al. 2004). The Arabidopsis homolog of BRCA2 inter-
acts with AtRAD51 and AtDMC1 through the conserved BRC motifs in the
BRCA2 protein (Dray et al. 2006; Siaud et al. 2004). Silencing BRCA2 in Ara-
bidopsis using RNAi leads to unrepaired DSB (Siaud et al. 2004).

6.3
Formation of Crossovers: Two Ways to Recombine Homologs

Only a subset of the numerous DSBs formed during meiosis produce COs,
which lead to chiasmata and chromosome arm exchanges. The repair of most
meiotic DSBs results in non-crossover (NCO) products (gene conversion). For
example, in maize there are about 500 SEI events/nucleus that are marked
by RAD51 foci, but only about 20 crossovers. Data from budding yeast indi-
cate that COs and NCOs are made by two alternative pathways that branch
very soon after DSB formation (Allers and Lichten 2001; Hunter and Kleckner
2001). In the CO pathway, SEI recombination intermediates form double Hol-
liday junctions, which are subsequently resolved to give mostly CO products.
The events that lead to NCOs are less clear, although it has been suggested
that a synthesis-dependent strand-annealing mechanism is involved in their
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formation (Allers and Lichten 2001). Although direct evidence is still lacking,
similar two pathways may exist in Arabidopsis (Higgins et al. 2004).

Meiotic cells must ensure that each chromosome pair has at least one CO
to form chiasmata that keep the homologous chromosomes together until
anaphase I. The mechanism of this “crossover assurance” is unclear. A num-
ber of proteins that specifically promote CO formation have been identified,
including members of the MutL and MutS DNA mismatch-repair protein fam-
ilies, MLH1, MLH3, MSH4, and MSH5. The Arabidopsis MLH1 homolog is
expressed in vegetative and reproductive tissues (Jean et al. 1999) but MLH3
is specifically expressed during meiosis (Jackson et al. 2006). The MLH1
and MLH3 proteins form foci on chromosomes and colocalize in pachytene
(Franklin et al. 2006). The Arabidopsis MSH4 protein also has a function in
meiosis. The msh4 mutant is defective in CO formation as well as synapsis
(Higgins et al. 2004). Higgins et al. observed that a residual 16% of crossovers
form independent of MSH4 and these events are randomly distributed on
chromosomes (Higgins et al. 2004). Similar observations were made in sev-
eral other Arabidopsis recombination mutants, mlh3 (Jackson et al. 2006),
mer3/rock and rollers (rck) (Chen et al. 2005; Mercier et al. 2005) and part-
ing dancers (ptd) (Wijeratne et al. 2006). These observations are consistent
with the proposal that there are two classes of meiotic COs: class I COs that
have a regulated distribution and are subject to crossover interference, and
class II COs that occur randomly, are not subject to interference (Copenhaver
et al. 2002). CO interference is a poorly understood mechanism that prevents
formation of two COs close to each other. The analyses of mutants in the
MSH4, MLH3, MER3, and PTD genes indicate that they all are involved in
class I CO formation. The Arabidopsis genome contains a homolog of MUS81,
a gene thought to be involved in class II CO formation in yeast, but its meiotic
function has not been studied.

At the cytological level, CO formation corresponds to the presence of
late recombination nodules (LN) (Anderson et al. 2003; Stack and Anderson
2002). LN are less numerous then EN and likely form from a subset of EN.
LN in the mouse contain recombination proteins involved in CO formation,
MSH4 and MLH1 (Moens et al. 2002), and it is likely these enzymes are also
present in the LN in plants.

7
Homologous Chromosome Pairing

Homologous chromosome pairing is one of the least-explored processes in
meiosis. In most plants, with the exception of hexaploid wheat, chromo-
somes enter meiosis unpaired and pair de novo during zygotene. Intuitively,
chromosome pairing must occur in two steps, a step in which the hom-
ologs are brought together into a close proximity and a homology search
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step in which correct homologous chromosomes identify each other. The dy-
namic movement of chromosomes during early meiotic prophase I, including
formation of the telomere bouquet, may be a part of the first step. Plants
belong to a group of species, along with mammals and fungi, in which suc-
cessful chromosome pairing depends on meiotic recombination (Pawlowski
and Cande 2005). Consequently, it has been hypothesized that recombina-
tion plays a role in the homology search step of chromosome pairing in
plants (Franklin et al. 1999; Li et al. 2004; Pawlowski et al. 2003). In add-
ition to recombination, other mechanisms may be involved in the homology
search, particularly in species with large genomes containing extensive repet-
itive DNA sequence families. Repetitive DNA would make identification of
DNA sequence similarity insufficient alone to establish chromosome hom-
ology. However, even though existence of chromosome or chromatin-level
homology recognition mechanisms may be intuitive (Stack and Anderson
2001), such mechanisms have not yet been experimentally identified.

7.1
Pairing and Recombination

Defects in chromosome pairing were observed in a number of Arabidopsis re-
combination mutants already mentioned in this chapter, including spo11-1,
rad50, mre11, brca2, rad51, dmc1, rad51c, and xrcc3. In particular, members
of the RecA family, DMC1, RAD51, and RAD51C, have been proposed to act
in homologous chromosome pairing in addition to their roles in meiotic re-
combination (Franklin et al. 1999; Li et al. 2005; Pawlowski and Cande 2005;
Pawlowski et al. 2003). Franklin et al. proposed a role for RAD51 in hom-
ologous pairing in maize based on the analysis of the dynamics of the dis-
tribution of chromosomal RAD51 foci in zygotene and pachytene (Franklin
et al. 1999). This was supported by Pawlowski et al., who observed that, in
a collection of meiotic mutants in maize, the degree of homologous pairing
defects corresponded to the number of chromosomal RAD51 foci in zygotene
(Pawlowski et al. 2003).

Recent years brought the identification of a small group of meiotic genes
that affect both recombination and homologous chromosomes pairing and
have been hypothesized to play major roles in coordinating recombination and
pairing. This group contains the maize Phs1 gene (Pawlowski et al. 2004), as
well as HOP2 and MND1, which were first identified in yeast (Leu et al. 1998;
Tsubouchi and Roeder 2002) but recently also shown to have homologs in other
species, including plants (Domenichini et al. 2006; Kerzendorfer et al. 2006;
Panoli et al. 2006; Schommer et al. 2003). Mutants in these genes are defective in
both pairing and recombination. The maize phs1 mutant and the hop2 mutant
in yeast show a striking phenotype: in the absence of homologous pairing, non-
homologous chromosomes associate and synapse (Leu et al. 1998; Pawlowski
et al. 2004). In phs1, this phenotype is particularly strong and only about 5%
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of chromosome associations are between proper homologs. In the maize phs1
mutant, meiotic DSBs are formed, but the repair process is delayed and most
likely proceeds through an alternative pathway, since the RAD51 protein does
not form foci on chromosomes in mutant meiocytes (Pawlowski et al. 2004).
Mutants in the Arabidopsis MND1 and AHP2 (Arabidopsis homolog of HOP2)
genes also show DSB formation but the DSBs are not repaired, leading to chro-
mosome fragmentation, even though in the mnd1 mutant a normal number
of RAD51 foci is observed (Domenichini et al. 2006; Kerzendorfer et al. 2006;
Panoli et al. 2006; Schommer et al. 2003). The molecular mechanism of the
PHS1 protein function is not known. In contrast, the function of MND1 and
HOP2 has been extensively studied in yeast, mammals, and Arabidopsis. The
two proteins were shown to form a heterodimer (Kerzendorfer et al. 2006).
Studies in mouse and yeast indicate further that this heterodimer interacts
with the Rad51/Dmc1 complex. However, the details of this interaction remain
unclear. It was proposed that the Hop2/Mnd1 complex acts directly to facili-
tate the SEI activity of Dmc1 (Chen et al. 2004; Tsubouchi and Roeder 2002).
Another hypothesis suggests that Hop2/Mnd1 influence pairing and recom-
bination indirectly by affecting chromatin and/or higher-order chromosome
structures of the homologous target (Zierhut et al. 2004).

7.2
Other Pairing Mechanisms Independent of Recombination

Polyploid species may have developed additional mechanisms that allow dis-
tinguishing between homologous and homeologous (not homologous but
similar) chromosomes (Moore 2000). For example, in wheat, homeologous
associations between chromosomes of different genomes are prevented by the
Ph1 locus. Ph1 was proposed to act by regulating centromere associations that
are found in meiotic and somatic cells of wheat (Martinez-Perez et al. 2001).
In the presence of Ph1, non-homologously associated centromeres separate
at the beginning of meiosis. Chromatin structure is likely to be involved in
this homolog recognition process (Mikhailova et al. 1998; Prieto et al. 2005;
Prieto et al. 2004). The endeavor to fine-map and clone Ph1 has recently fo-
cused on a structure that consists of a subtelomeric heterochromatin repeat
that inserted into a cluster of Cdc2 gene repeats following the polyploidiza-
tion event (Griffiths et al. 2006). Presence of this structure correlates with
Ph1 activity, making it a good candidate for the Ph1 locus.

8
Synapsis

SC forms between the paired homologs along the entire chromosome length
in zygotene (Page and Hawley 2004). The tripartite SC structure is com-
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prised of two electron-dense LEs that flank a less-dense central region. LEs
correspond to the AEs, which are formed in leptotene. Between the LEs are
transverse filaments (TFs) that span the central region creating a zipper-like
structure. Although the SC shows a high degree of structural conservation
among species, the TF proteins of different species do not show signifi-
cant similarity at the amino acid sequence level, which means that they
have to be identified in each species de novo. The TF protein in Arabidop-
sis, ZYP1, has recently been identified by combining bioinformatics and
protein immunolocalization approaches (Higgins et al. 2005). ZYP1 is en-
coded by two duplicated and highly redundant genes ZYP1a and ZYP1b.
ZYP1 is first visible as foci on chromatin in late leptotene and then local-
izes to the region between synapsed homologous chromosomes in pachytene.
However, in rye, the formation of the elongated ZYP1 structures along the
entire chromosome length precedes synapsis and takes place as early as
leptotene (Mikhailova et al. 2006). Arabidopsis zyp1 RNAi mutants show
that the SC is not formed in absence of ZYP1 but recombination is only
slightly reduced. Interestingly, the distribution of chiasmata in these plants
is normal showing that in plants SC is not required for interference (Hig-
gins et al. 2005; Osman et al. 2006). In the absence of ZYP1, recombi-
nation can occur between homologous as well as non-homologous chro-
mosomes, suggesting that ZYP1 may also affect homologous chromosome
recognition.

9
Chromosome Segregation in Meiosis I and II

After completion of prophase I, the key events in meiosis are segregation
of homologous chromosomes in meiosis I, followed by segregation of sister-
chromatids in meiosis II. Both events require cleavage of the cohesin complex.
In addition, homologous chromosome segregation requires SC disassembly,
which takes place in diplotene. Cohesion in meiosis is removed in two steps.
Cohesion along chromosome arms is released prior to anaphase I. However,
in the centromere region, cohesion is preserved until anaphase II by the SUG-
OSHIN1 (SGO1) protein (Hamant et al. 2005). In maize, SGO1 is installed
in centromeric and pericentromeric chromosome regions in early leptotene
and requires the presence of REC8. A specialized protease, called separase, is
responsible for cohesin cleavage (Liu and Makaroff 2006).

Segregation in meiosis I and II also requires spindle formation and
chromosome attachment to spindle microtubules. A large group of proteins,
kinesins, is thought to be involved in spindle morphogenesis. Recently, a mei-
osis specific kinesin ATK1 was shown in Arabidopsis to be specifically re-
quired for spindle formation in male meiocytes (Chen et al. 2002).
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Abstract During cell cycle progression, intra-cellular cytoskeletal and membrane struc-
tures undergo dynamic changes in their form and localization, which in turn regulate
further progress of the cell cycle. Despite the considerable insights into these intra-
cellular structures obtained from immuno-fluorescence microscopy, the need for chem-
ical fixation has limited the acquired images to only static ones. In contrast, more recent
fluorescent protein techniques used to visualize these structures in living cell systems
have allowed investigations of their dynamics. The visualization of microtubules (MTs) by
using the green fluorescent protein (GFP) and the analysis of MT-associated proteins will
be presented. In addition, to further understand plant cell cycle progression, dynamics of
actin microfilaments (MFs) and vacuolar membranes (VMs) visualized with fluorescent
proteins are also reviewed.

1
Introduction

Cell division and cell cycle progression, as well as cell elongation/expansion
and differentiation, are fundamental processes to reconstitute a plant in-
dividual. From a view point of intra-cellular structures, cell division and
cell cycle progression are regulated by two categories of these structures;
membrane organelles, such as vacuoles, the endoplasmic reticulum (ER) and
Golgi-derived vesicles, and the fibril networks of the cytoskeleton. Of these
various intra-cellular structures, the plant cytoskeleton undergoes the most
dynamic structural changes during cell cycle progression and cell division.
Conventionally, such structures have been observed by indirect immuno-
fluorescence microscopy and microinjection of fluorescent-labeled proteins,
techniques that have provided a great deal of insight into the morphology
of plant cells. During cell cycle progression, the microtubules (MTs), one of
the major cytoskeletons of plant cells, were found to be comprised of four
typical structures; the cortical microtubules, preprophase band (PPB), mi-
totic spindle and the phragmoplast (Zhang et al. 1990; Hasezawa et al. 1991).
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However, because only static images could be obtained from these immuno-
fluorescence microscopy studies, due to the need for chemical fixation, the
bases of the structural changes in MTs during cell cycle progression could not
be unequivocally demonstrated. Similarly, although microinjection allowed
time-sequential observations in living cells, more detailed analyses were often
limited because of the brevity of the observation period due to diffusion of the
fluorescence and the applicability of the method to limited types of plant cells.

In contrast, the more recent fluorescent protein techniques allow the vi-
sualization of several intra-cellular structures in living cell systems (Hawes
et al. 2001). The primary advantage of these techniques is that they allow
time-sequential observations. Through the use of fluorescent proteins, the
dynamics of the intra-cellular structures were observed and the sequential
changes in MT configurations during cell cycle progression were clarified
(Hasezawa et al. 2000; Kumagai et al. 2001). The second advantage of these
techniques is that they preserve the cellular structures by avoiding the need
for chemical fixation. To observe sensitive structures against chemical fixa-
tion such as actin microfilaments (MFs), these techniques could show detailed
structures (Sano et al. 2005). Furthermore, as chemical fixation largely abol-
ished membrane structures, fluorescent protein techniques will provide new
insight in observing membrane organelles, such as vacuoles, ER and Golgi-
derived vesicles (Hawes et al. 2001).

Herein, we present an overview of recent progress in our understanding
of the dynamic changes in intra-cellular structures during cell cycle progres-
sion, as revealed by visualization of these structures by fluorescent proteins.
In particular, focus is placed on MTs, MFs and the vacuolar membrane (VM)
which we have analyzed using transgenic tobacco BY-2 cell lines. Starting with
an introduction to the tobacco BY-2 system, the dynamics of MTs and the in-
volvement of MT-associated proteins in cell cycle progression are described.
Subsequently, results from detailed observations of MFs and VM and their
dynamics are discussed in combination with our approach towards the devel-
opment of 3-D reconstruction software.

2
The Tobacco BY-2 System

Here, we first introduce the tobacco BY-2 cell line as the original cell line
of the transgenic lines described below. Of the numerous plant cell lines
available, the tobacco BY-2 cell line is perhaps the most useful for basic
plant cellular and molecular biology studies because of its rapid growth
rate (Nagata et al. 1992; Nagata 2004). In addition, the establishment of an
Agrobacterium-mediated transformation method (An et al. 1985) has allowed
chimeric proteins, such as fusions with fluorescent proteins, to be quite easily
expressed in the cell line. Furthermore, as the BY-2 cell line is the only plant
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cell line that can be highly synchronized, it is the main cell line used for plant
cell cycle studies (Nagata et al. 1992). Synchronization in BY-2 cells is usually
performed using aphidicolin, an inhibitor of DNA polymerase (Nagata and
Kumagai 1999). Incubation of fully grown (usually 7-day-old) tobacco BY-2
cells for 24 h in fresh medium with 5 mg/L aphidicolin arrests the cell cycle at
the border of the G1/S phase, and subsequent washing of the cell culture with
fresh medium restarts the cell cycle from the S phase. After appropriate treat-
ment, 8 to 9 h after aphidicolin release, 60 to 70% of the cells can be observed
in mitosis. Sequential treatment with and subsequent release from propyza-
mide, a reversible inhibitor of microtubule polymerization that arrests the cell
cycle at pro-metaphase and collects the cells at this stage, results in more than
95% of cells being at mitosis (Nagata and Kumagai 1999). Using these proper-
ties, the dynamics of cytoskeletons and vacuolar structures during cell cycle
progression could be studied and are described below.

3
Microtubule Dynamics and Functions of MT-Associated Proteins
in Plant Cell Division

3.1
Microtubule Dynamics During Cell Cycle Progression

The structure and organization of microtubules in higher plant cells have
been studied mainly by immuno-fluorescence microscopy and microinjec-
tion of fluorescent-labeled tubulin (Zhang et al. 1990; Hasezawa et al. 1991;
Vantard et al. 2000; Hasezawa and Kumagai 2002). The four characteristic
structures of MTs that have to date been identified during cell cycle pro-
gression are as follows: (i) Cortical MTs (CMTs), which align transversely
to the orientation of cell elongation, are observed from G1 through S to
the G2 phase. The CMT is considered to be critical for the determination
of plant cell shape, since CMT arrays determine the direction of the newly
formed cellulose microfibrils in the primary cell walls (Ledbetter and Porter
1963; Giddings and Staehelin 1991; Baskin 2001; Wasteneys 2004); (ii) The
preprophase band (PPB) is a bundle MT structure on the cell surface that re-
places the gradually disappearing CMTs in the late G2 phase. As the PPB also
disappears during mitosis, and the future cell plate fuses at the position where
the PPB existed previously, the PPB is thought to leave some sort of mem-
ory to indicate the position of the future cell division plane (Mineyuki 1999);
(iii) the mitotic spindle then segregates the chromosomes at mitosis; and sub-
sequently (iv) a microtubule structure called the phragmoplast forms the cell
plate.

To gain further insight into the structural changes in these different MT
configurations, the development and observation of a living cell system was
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required. Through the use of suspension-cultured cells from Arabidopsis
plants stably expressing GFP-tubulin (Ueda et al. 1999), the dynamics of MTs
throughout cell division were firstly demonstrated (Hasezawa et al. 2000).
A chimeric protein, consisting of GFP fused to the microtubule-binding do-
main (MBD) of the microtubule-associated protein 4 (MAP4), allowed label-
ing of MTs (Marc et al. 1998; Granger and Cyr 2000), but detailed observations
could not be performed because of the low fluorescence of GFP-MBD. How-
ever, by establishing a transgenic BY-2 cell line stably expressing GFP-tubulin
fusion proteins (BY-GT), MT dynamics throughout the cell cycle could be
precisely followed by confocal laser scanning microscopy (CLSM) (Fig. 1, Ku-
magai et al. 2001).

Using this BY-GT cell line, the mode of CMT reorganization at the M/G1
interface was successfully clarified as follows (Kumagai et al. 2001). After dis-
ruption of the phragmoplast, the CMTs initially become organized in the
perinuclear regions, and then elongate to reach the cell cortex where they
form “bright spots”. The first CMTs subsequently elongate from these spots
and become oriented parallel to the long axis towards the distal end of the
cells. Around the time when the tips of the parallel MTs reach the distal
end, the formation of transverse CMTs follow in the cortex near the division
site. Although the role of CMTs in cellulose microfibril deposition has been
intensively discussed, recently, cellulose synthase complex visualized by a fu-
sion of yellow fluorescent protein (YFP) with a cellulose synthase protein of
CESA6 was revealed to be colocalized with CMTs, indicating a guidance of
cellulose deposition by the cytoskeleton (Paredez et al. 2006). MTs were also

Fig. 1 Microtubule (MT) dynamics during cell cycle progression in tobacco BY-GT cells.
MTs are visualized by stable expression of GFP-α tubulin fusion proteins in tobacco BY-2
cells. Typical plant MT structures observed are: cortical MTs in the G1 phase, preprophase
band in the G2 phase, mitotic spindle in metaphase of mitosis, and phragmoplast in
telophase in mitosis. Bar: 10 µm
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demonstrated to be involved in secondary wall development during tracheary
element differentiation in Arabidopsis cell culture expressing GFP-tubulin
(Oda et al. 2005; Oda and Hasezawa 2006).

3.2
Involvement of MT-Associated and Regulatory Proteins in Cell Division

Microtubules (MTs) show dynamic changes during cell cycle progression as
mentioned above. To regulate such MT dynamics, numerous proteins, known
as MT-associated proteins and regulatory proteins, are thought to be involved
(Sonobe et al. 2004), and here we describe recent findings regarding some of
these, especially involved in cell cycle progression: γ -tubulin, which is a key
factor of MT nucleation from the MT organizing center (MTOC); microtubule
associated proteins (MAPs), which appear to have roles in MT organization
and function; the 26S proteasome, which is a key component of cyclin de-
struction; and protein kinases, which regulate the activity of MAPs. Kinesins
and other kinesin-like motor proteins that are thought to be involved in MT
translocation are also described in this volume (Liu 2007, in this volume).

γ -Tubulin. In eukaryotic cells, MTs are thought to be nucleated and to
be organized from distinct structures called MTOCs, the biochemical and
structural features of which have been intensively studied using animal cell
centrosomes as models (Andersen 1999). In higher plant cells, however, no
distinct structures comparable to the animal centriolar MTOCs are found,
and consequently the nature of the plant MTOCs remains unclear (Vaughn
and Harper 1998). To explain these plant MTOC characteristics, the local-
ization of γ -tubulin, considered a candidate protein in plant MTOCs, was
examined. Gamma-tubulin is a member of the tubulin superfamily and forms
γ -tubulin ring complexes (γ -TuRCs) to initiate MT assembly (Schiebel 2000;
Job et al. 2003). Electron microscopy suggested that the γ -tubulin in this com-
plex interacts directly with α-tubulin at the microtubule minus end (Keating
and Borisy 2000; Wiese and Zheng 2000; Moritz et al. 2000). Although γ -
tubulin is localized to a limited area of animal centrosomes and yeast spindle
poles, immuno-fluorescence microscopy indicated that in higher plant cells
these proteins are widely associated with MT structures of the PPB, mitotic
spindle and phragmoplast, as well as with the cell cortex and nuclear surface
(Liu et al. 1993, 1994, 1995).

The use of transgenic BY-2 cells stably expressing GFP-γ -tubulin not only
confirmed the above localization of γ -tubulin but also revealed, through
time-sequential observations, that during MT reorganization at the M/G1 in-
terface γ -tubulin first accumulates on the daughter nuclear surfaces and then
spreads onto the cell cortex along with MTs elongating from the daughter nu-
clei (Kumagai et al. 2003). From these observations, two possible processes
can be considered in plant cells; either the MTOCs are extensively distributed
as is γ -tubulin, or that the γ -tubulin proteins localize to sites other than the
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MTOC. Recently, Murata et al. (2005) demonstrated that in tobacco BY-GT
cells, MTs were nucleated as branches on the extant cortical MTs. In add-
ition, at the branch points, γ -tubulin was localized to and functioned in MT
nucleation. These observations suggest that in higher plant cells the MTs nu-
cleate from the γ -tubulin complex, the localization of which is not limited to
distinct structures but is rather broadly associated with MTs. The MT branch-
ing system based on the γ -tubulin complex is also involved in the expansion
of phragmoplast MTs (T. Murata, personal communication). In Arabidopsis,
depletion of γ -tubulin proteins by RNA interference or by gene disruption
resulted in aberrant spindle and phragmoplast structures and affected cytoki-
nesis (Binarová et al. 2006; Pastuglia et al. 2006), confirming the involvement
of γ -tubulin in cell division through MT nucleation activity.

MAPs. Microtubule associated proteins (MAPs) play potential roles in the
regulation of MT organization and function during cell cycle progression.
Numerous proteins either with MT binding activity or related to proteins with
MT binding activity have been identified to date, and herein, MAP65 and
MOR1, which were recently cloned and biochemically characterized (Hussey
et al. 2002) are described below. Readers can refer a recent review concerning
plant MAPs (Hamada 2007).

MAP65 was first biochemically purified from tobacco BY-2 cells by
the polymerization and depolymerization procedure of tubulin (Jiang and
Sonobe 1993). The 65 kDa protein shows MT-bundling activity and forms
cross-bridge structures between adjacent MTs in vitro, as confirmed by the
Arabidopsis AtMAP65-1 recombinant protein (Smertenko et al. 2004). Al-
though the deduced amino acid sequence of the corresponding cDNA shows
only a 20% homology with Saccharomyces cerevisiae Ase1 (anaphase spindle
elongation factor) and the vertebrate PRC1 (protein regulating cytokinesis),
the plant MAP65 is now proposed to be a functional equivalent of these pro-
teins since all three proteins are components of mitotic spindles and their
expression or/and localization is cell cycle dependent (Hussey et al. 2002;
Mollinari et al. 2002; Schuyler et al. 2003). Immuno-fluorescence microscopy
and studies with GFP fusion proteins have further revealed an overlap be-
tween the localization of MAP65 and regions of MTs, namely the PPB, mitotic
spindle and phragmoplast in addition to CMTs (Smertenko et al. 2000, Mao
et al. 2005), suggesting a role for MAP65 in events involving cell cycle pro-
gression. Completion of the Arabidopsis thaliana genome sequencing project
identified nine Arabidopsis MAP65 genes (Hussey et al. 2002) with deduced
amino acid sequences showing 28–79% identity and predicted molecular
masses varying from 54 to 80 kDa. Although characterization of these plant
MAP65 proteins is still incomplete, it is possible that the proteins play diver-
gent roles in the regulation of MT organization and activity in plant cells.

MOR1 was initially identified in a screen of Arabidopsis mutants with
aberrant microtubule patterns (Whittington et al. 2001). One mutant, mor1,
showed temperature-sensitive cortical microtubule shortening and disor-
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ganization, and characterization of the corresponding gene revealed that
the deduced amino acid sequence of MOR1 had similarity to Xenopus
MAP215 (XMAP215) and a human homolog of TOG1p (Charrasse et al.
1998; Tournebize et al. 2000). Biochemical identification of microtubule-
associated proteins from tobacco BY-2 cells revealed proteins with a molecu-
lar mass of about 200 kDa, which were found to be tobacco homologs of
MOR1/XMAP215 (Yasuhara et al. 2002; Hamada et al. 2004). Purified tobacco
MOR1 proteins accelerated the polymerization, lengths and numbers of MTs
(Hamada et al. 2004). Although a role for MOR1 in CMT organization was
initially implied by the mutant phenotype, an Arabidopsis mutant of gem1-1
that affects cytokinesis and cell division patterns at pollen mitosis was found
to be allelic to mor1 (Twell et al. 2002). Recently, Kawamura et al. (2006) re-
ported short and abnormally organized mitotic spindles and phragmoplasts
in the mor1-1 mutant, in which these MT structures persisted longer than in
WT plants. Therefore, MOR1 is now implicated in mitosis and cytokinesis as
well as in CMT organization.

26S proteasomes. During cell cycle progression, increased evidence indi-
cates the rapid and timely degradation of cell cycle regulatory proteins by
the ubiquitin-proteasome pathway in mammalian and yeast cells. In higher
plant cells, degradation of cyclins A and B by the 26S proteasome has also
been reported (Genschik et al. 1998; Criqui et al. 2000). The 26S proteasome
is a highly organized protein-degrading machinery that catalyzes the ATP-
dependent degradation of ubiquitinated proteins (Coux et al. 1996; Hershko
and Ciechanover 1998). In tobacco BY-2 cells, the 26S proteasome was local-
ized to nuclear envelopes and the MT structures of the PPBs, mitotic spindles
and phragmoplasts (Yanagawa et al. 2002). The proteasome inhibitor, MG-
132, exclusively caused cell-cycle arrest at the early stages of PPB formation
at metaphase and prior to entering the G1 phase, which appears to be closely
related to proteasome distribution in the cells. In BY-GT cells treated with MG-
132 at metaphase, after formation and collapse of the original phragmoplast,
phragmoplast-like structures appeared again (Oka et al. 2004). In such cases,
the CMTs never became reorganized and the phragmoplast-like structures had
the ability to form cell plates as did the original phragmoplast. Associated with
phragmoplast collapse was the disappearance of the kinesin-related protein,
TKRP125, which co-localized with phragmoplast microtubules, demonstrated
possible microtubule translocation activity, and was implicated in the forma-
tion and/or maintenance of the bipolar structure of phragmoplasts (Asada
et al. 1997). As the TKRP125 protein level remained constant following MG-
132 treatment and was localized to the extra phragmoplast (Oka et al. 2004),
it is possible that TKRP125 is one of the targets of the ubiquitin-proteasome
degradation pathway during M/G1 transition and that degradation of MT-
associated proteins is an indispensable process in cell cycle progression.

Protein kinases. MT dynamics during cell cycle progression have been
shown to be regulated by several protein kinases. Mutagenesis of the con-
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sensus Cdk site in AtMAP65-1 to a non-phosphorylatable form affected the
recruitment of MAP65 proteins to the central spindle at anaphase (Mao et al.
2005). During phragmoplast development, phosphorylation of MAP65-1 by
a NRK1/NTF6 MAP kinase regulated MT stability and hence progression
of cytokinesis (Sasabe et al. 2006). Recently, three Aurora kinase orthologs,
AtAUR1, AtAUR2 and AtAUR3, were identified in Arabidopsis (Kawabe et al.
2005). In animal systems, the Aurora serine/threonine protein kinases reg-
ulate cell cycle events, including chromosome bi-orientation and segrega-
tion, in which the mitotic spindle MTs function (Andrews et al. 2003). GFP-
tagged AtAUR proteins demonstrated AtAUR1 and 2 to be localized to the
mitotic spindle and AtAUR3 to the chromosomes during cell division. More-
over, overexpression of AtAUR3 induced the disassembly of spindle MTs
(Kawabe et al. 2005). These findings indicate that the characteristics and func-
tions of plant Aurora kinases in mitotic events differ from those of other
eukaryotes.

4
Dynamics of Actin Microfilaments during Cell Cycle Progression

The actin microfilaments (MFs) of higher plants are involved in various
aspects of plant morphogenesis, including pollen tube growth, trichome de-
velopment and the formation of stomatal complexes (McCurdy et al. 2001).
During cell cycle progression, a dynamic change in the actin cytoskeleton has
been demonstrated by fluorescent-phalloidin labeling after fixation or by mi-
croinjection into various plant cells (Traas et al. 1987; Hasezawa et al. 1989,
Schmit and Lambert 1990, Cleary et al. 1992; Liu and Palevitz 1992). These re-
ports described three major MF structures from the G2 phase to mitosis; the
MF band in G2 phase, the so-called actin-depleted zone (ADZ) in mitosis, and
a structure that overlaps the phragmoplast. The ADZ was identified as a band
or zone in the middle of the cell from where cortical MF structures disap-
peared while adjacent cortical MF structures remained intact. This structure
appeared at late G2 to mitosis at the original position of the PPB after the PPB
had disappeared and has been proposed to function as a memory of the PPB
position (Cleary 1995; Hoshino et al. 2003).

Recent GFP techniques have again successfully labeled plant MFs by using
GFP fusions with actin-binding domains (ABD) from mouse talin or fimbrin
(Kost et al. 1998; Mathur et al. 1999; Sheahan et al. 2004a; Sano et al. 2005;
Voigt et al. 2005). The lower MF binding activity of the fimbrin ABD appears
to successfully allow non-invading visualization of MFs (Kovar et al. 2001;
Sheahan et al. 2004b) and a tobacco BY-2 cell line, stably transformed with
a GFP-fimbrin ABD2 construct (BY-GF), has allowed MF dynamics to be fol-
lowed during cell cycle progression (Fig. 2, Sano et al. 2005). Time-sequential
observations revealed that the MF band in the late G2 phase separated to form
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Fig. 2 Actin microfilament (MF) dynamics during cell cycle progression from S phase to
telophase in tobacco BY-GF cells. MFs are visualized by stable expression of GFP-fimbrin
ABD2 fusion proteins in tobacco BY-2 cells. In S phase, the MFs extend radially from
the nuclear surface to the cell periphery. In G2 phase, transversely oriented cortical MFs
form a band-like structure at the center of the cell. In metaphase, the cortical MF band
in the G2 phase separates to form two bands at the cell cortex, which are designated
as the MFTP (microfilament twin peaks). In telophase, the MFs co-localize with the MT
phragmoplast. The scale bars represent 10 µm

a structure corresponding to the ADZ in mitosis. As measurements of fluores-
cent intensities of the cell cortex indicated an MF distribution that resembled
two peaks, the structure was referred to as “MF twin peaks” (MFTP, Sano
et al. 2005). Transition of the MF band to the MFTP may occur by a gradient of
MF polymerization/depolymerization activity in this region. Time-sequential
observations clearly indicated the formation of the cell plate exactly within
the valley between the MFTP at cytokinesis (Sano et al. 2005), corroborating
the role of the MFTP/ADZ suggested before.

In addition to clarifying MF dynamics during cell division, studies using
the tobacco BY-GF line clearly revealed localization of the MFs along the cy-
toplasmic strands (Sano et al. 2005); a feature not previously recognized by
immuno-fluorescence microscopy because of disruption of the integrity of
membrane structures by fixation. Visualization of the vacuolar membrane
(VM) by vital VM staining with FM4-64 in living tobacco BY-GF cells also
demonstrated co-localization of MF structures and the vacuolar membrane
(Higaki et al. 2006). As treatment with the actin polymerization inhibitor,
bistheonellide A, disrupted the cytoplasmic strands and inhibited the reorga-
nization of this structure at the early G1 phase, MFs have been implicated in
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vacuolar morphogenesis and maintenance, as well as in cytoplasmic strand
formation during cell cycle progression (Higaki et al. 2006).

5
Vacuolar Dynamics and Functions in Plant Cell Division

Vacuoles constitute the largest of compartments and multifunctional or-
ganelles of plant cells (Wink 1993). During plant cell morphogenesis, vacuoles
act in combination with the cell wall to generate cell turgor, in addition to
their space filling properties within cells (Marty 1999). Recently, GFP fu-
sion with the γ -tonoplast intrinsic protein (γ -TIP) or the vacuolar syntaxin-
related AtVam3 protein demonstrated the detailed structure of the vacuolar
membrane (Hawes et al. 2001; Saito et al. 2002; Uemura et al. 2002; Kutsuna
and Hasezawa 2002). Establishment of a transgenic tobacco BY-2 cell line ex-
pressing a GFP-AtVam3 fusion protein (BY-GV) allowed us to follow vacuolar
dynamics during cell cycle progression (Fig. 3, Kutsuna et al. 2003). Whereas
a single, large vacuole with a rather simple shape was identified from the G1
to G2 phase, compartmented and tubular structures of the vacuolar mem-
brane (TVMs) were found to encircle the mitotic spindle in mitosis, then to
be cut off by the cell plate at cytokinesis. Although the TVMs were recog-
nized as small ellipses on each optical section, a 3-D reconstruction, using our
originally developed software, REANT (reconstructor and analyzer of three-
dimensional structure) together with photobleaching analysis, revealed the
topological connection between TVMs and the two large vacuoles (Fig. 3, Kut-
suna et al. 2003). The REANT permitted quantification of the 3-D structures,
including volume and surface area (Kutsuna and Hasezawa 2005). Following
cytokinesis, the TVMs returned to form large vacuoles by expansion of their
diameters and fusion with each other. Therefore, vacuolar structures changed
cyclically between TVMs and large vacuoles during cell cycle progression,
and the regeneration of the large vacuoles was not from the simple swelling
of small vacuoles.

6
Conclusions

Herein, we have demonstrated the dynamics of the cytoskeleton and vac-
uoles during cell cycle progression. By establishing transgenic cell lines in
which these structures could be visualized we were able to perform time-
sequential observations of their structural changes in living cells during cell
cycle progression. As a further analysis, by developing the original software
package designated as REANT, the precise 3-D organizations of the vac-
uole could be understood. A new area of research, therefore, will be the
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Fig. 3 Three-dimensional (3-D) surface models of vacuoles. The 3-D models are recon-
structed from a series of confocal sections. A In the G2 phase, the large vacuoles are
penetrated by thick cytoplasmic strands near the central region of the cell. B In prophase,
the TVMs begin to elongate from the smaller compartments of the large vacuole. C In
metaphase, the TVMs connect the two divided large vacuoles. D In telophase, the TVMs
are cut off by the developing cell plate. The division plane is represented by the white
line in D-1. To clearly visualize the TVMs, the large vacuoles are rendered transparent in
panels B, C and D-2. Bar: 10 µm

development of new software for analyzing the respective images obtained
by microscopy.

Although both of these techniques are expected to be applicable to other
intra-structural analyses, the use of fluorescent proteins requires several
points to be carefully considered. First, the fusion proteins may, because of
the fused fluorescent protein, produce aberrant internal structures. Second,
the fusion proteins may not always label the complete structures of interest.
Third, because of the lack of appropriate plant specific promoters, and the
consequent use of the cauliflower mosaic virus 35S promoter, the effects of
constitutive expression of the target proteins should be carefully considered.
Despite these possible limitations, we consider the techniques introduced
here will provide new insights into plant intracellular structures and will be
useful tools for analyzing various cellular events in higher plant and animal
cells.
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Abstract The ability of plant mitotic spindles to form and function with robust ac-
curacy, in the absence of centrosomes, underscores the importance and prevalence of
centrosome-independent pathways of spindle assembly. This work includes overviews of
plant mitotic spindle structure and formation, microtubule-associated proteins involved
in plant mitosis, and the multiple pathways used by plants to promote robust spindle
assembly and function.

1
Introduction

Plant growth can be described as increases in cell numbers and cell size. Since
plant cells are encased within rigid cell walls and “cemented” together, the
timing, placement and direction of cell division and expansion are crucial in
specifying proper tissue and organ morphogenesis. This work focuses on cell
division from the point of view of the organization and functioning of the
microtubule (MT) spindle apparatus and its associated proteins.

During cell division, partitioning of replicated chromosomes into daugh-
ter cells is mediated by the mitotic spindle apparatus, an array of MTs and
microtubule-associated proteins (MAPs). Herein, we first describe the plant
mitotic spindle during its different stages of development, follow with a sur-
vey of known MAPs involved in plant spindle function, and end with a dis-
cussion of the various pathways of spindle formation and function and how
these pathways work both redundantly and synergistically in extant plants.
For other reviews on various aspects of plant mitosis, see (Baskin and Cande
1990; Mineyuki 1999; Lloyd and Chan 2006).

2
Plant Mitotic Spindle Formation, Function and Morphology

2.1
General Description of the Mitotic Spindle

Although a number of variations exist between different eukaryotic king-
doms, the mitotic apparatus in its simplest form is comprised of two opposing
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Fig. 1 Cartoons illustrating simplistic and realistic models of the higher plant mitotic
spindle during metaphase and anaphase

sets of MTs oriented with their minus ends near the poles and their plus ends
in the midzone, where they terminate at chromosomal kinetochores, form-
ing kinetochore MTs (kMTs), or overlap in an antiparallel manner with MTs
from the opposite half-spindle, forming interpolar MTs. Multiple kMTs as-
sociate to form kinetochore MT fibers (k-fibers), which mediate congression
of chromosomes to a point equidistant from each pole during prometaphase,
maintain them at the metaphase plate, and later shorten during anaphase
A to pull sister chromatids to the poles (Fig. 1, left panel). Interpolar MT
bundles contribute to the structural integrity of the spindle, to spindle elon-
gation during anaphase B, and play a pivotal role in spindle formation. This
simplistic description is sufficient for initially orienting the reader, however,
in reality, individual k-fibers and interpolar MT bundles exhibit substan-
tial branching and lateral interactions with one another (Fig. 1, right panel).
As will be discussed, these interactions likely play a fundamental role in
ensuring the integrity of spindle structure and the fidelity of chromosome
segregation.

2.2
Premitotic Nuclear Migration and PPB Formation

A prominent indication of ensuing cell division in plant cells is the migration
of the nucleus during S/G2 phase to the future cell division site (Sinnott and
Bloch 1940). Nuclear migration is mediated via cytoplasmic strands that em-
anate out from the nucleus and anchor at the cortex. These strands contain
actin microfilaments (MFs) and MTs, both of which are involved in nuclear
migration, although the relative contributions of each vary between species
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and cell type (Bakhuizen et al. 1985; Venverloo and Libbenga 1987; Kat-
suta et al. 1990). Upon reaching the division plane, migration ceases and the
nucleus becomes anchored in place, its position being more resistant to cen-
trifugation or cytoskeletal-disrupting drugs (Venverloo and Libbenga 1987;
Katsuta et al. 1990; Panteris et al. 2006). In highly vacuolated cells such as
those found in Nautilocalyx leaves, cytoplasmic strands initially radiate out
in all directions from the centralized nucleus, and then later become more
or less restricted to a dense disc-like structure, the phragmosome, which de-
fines the future division plane (Sinnott and Bloch 1940). In addition to the
phragmosome, several polar cytoplasmic strands may remain, which supple-
ment the phragmosome in nuclear positioning and division plane determin-
ation (Traas et al. 1987; Lloyd and Traas 1988). Both the polar strands and the
phragmosome contain MTs and actin, the cytoskeletal elements responsible
for nuclear migration and positioning. The phragmosome is thought to play
a role in division plane determination, although its role may not be essen-
tial since it is not obvious in some cell types, such as the densely cytoplasmic
meristematic cells of root tips. Similarly, the phragmosome itself may not play
a direct role in division plane determination; instead it may be a visible mani-
festation of cellular polarity in large vacuolated cells, this same polarity being
present also in smaller cytoplasmic cells.

In addition to the migration of the nucleus to the division site, changes
in the arrangement of cortical MTs are also indicative of ensuing cell div-
ision. Concomitant with or shortly after nuclear migration, the transversely
oriented MTs of the cortex begin to accumulate in a dense band encircling
the nucleus, while simultaneously becoming depleted in the distal cortical
regions of the cell. This preprophase band (PPB) of MTs is unique to the
vegetative cells of land plants, and forecasts the future plane of cell division
(Mineyuki 1999). As the cell nears prophase, MTs become more numerous
and densely packed within the PPB as it narrows into a tight band (Mineyuki
et al. 1991; Vos et al. 2004). For reasons that will be discussed throughout this
work, it is appropriate for this cortical structure to be considered an integral
component of the plant mitotic spindle.

2.3
Development of the Prophase Spindle

The first sign of the prophase spindle is the appearance of a cytoplasmic clear
zone (seen with light microscopy) largely devoid of organelles, around the
prophase nucleus (Bajer 1957). In narrow cells, this thin layer later becomes
asymmetrically distributed into two cone-like projections along the future
long axis of the spindle. These were termed “polar caps” by early light mi-
croscopists (Robyns 1929). It was later shown that the clear zone and polar
caps exhibit birefringence under polarizing light microscopy (Inoue and Ba-
jer 1961), and were subsequently shown to contain MTs (Bajer and Molè-Bajer
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1969; Sakai 1969). Because of their close association with the nuclear envelope
(NE), the MTs of the clear zone and polar caps will subsequently be referred to
herein as perinuclear MTs. Perinuclear MTs are initially distributed randomly
along the surface of the NE, radiating out into the cytoplasm in all directions
(De Mey et al. 1982; Mineyuki et al. 1991). Close examination of these perinu-
clear MTs in Haemanthus endosperm reveals that most of them are organized
into groups of 2–3 MTs, called MT-converging centers (MTCCs), which collect
together at one end on the NE, while the other ends radiate into the cyto-
plasm (Bakhuizen et al. 1985; Smirnova and Bajer 1994). It was assumed that
the converging ends of the MTs within MTCCs were minus ends, based on
the known capacity of the nucleus to spawn MT growth (Stoppin et al. 1994).
Visualization of growing MT plus ends with GFP::EB1 later confirmed that
MTs grow predominately away from the nucleus at this stage (80% away, 20%
toward), consistent with the minus ends being anchored at the nuclear surface
(Dhonukshe et al. 2005).

Concurrent with PPB formation and narrowing, MTs become more nu-
merous on the surface of the nucleus, radiating out into the cytoplasm and
often reaching the cortical regions of the cell. In later prophase, these ra-
diating MTs become more dynamic and shorter in all regions except in the
plane of the PPB, where they continue to interact with the PPB site (Mineyuki
et al. 1991; Dhonukshe et al. 2005). As the PPB narrows, MTs radiating from
the nucleus and connecting to the cortex become progressively restricted
to the same region of the cortex that is occupied by the PPB, appearing as
spokes in a wheel from the pole view (Wick and Duniec 1983, 1984; Mineyuki
and Palevitz 1990; Nogami et al. 1996). At the same time, existing perinu-
clear MTs become sorted asymmetrically into two poles (forming the polar
caps), the axis of which defines the prophase spindle and corresponds to
the future spindle axis (Schmit et al. 1983). In cells with a PPB, the axis
of the prophase spindle is typically perpendicular to the plane of the PPB.
MTs within the poles run parallel to the future spindle axis, often extending
along the surface of the nucleus where they may interdigitate in the equa-
torial region; or they may extend out laterally into the cytoplasm to contact
the PPB region (Pickett-Heaps and Northcote 1966; Burgess 1970; Bakhuizen
et al. 1985). MTs of the prophase spindle typically converge at pointed poles,
which may appear annular in structure (Wick and Duniec 1984; Marc and
Gunning 1988; Liu et al. 1993). In some species, such as soybean suspension
cultures, prophase spindle poles are comparatively broad (Wang et al. 1991).
MTs may also become associated with protrusions or invaginations near the
polar regions of the NE (Bajer and Molè-Bajer 1969; Hanzely and Schjeide
1973), or may also occasionally penetrate into the nucleus (Pickett-Heaps
and Northcote 1966).

Although no discrete microtubule-organizing centers (MTOCs) have been
observed in the polar caps of higher plants, extensive ER is present through-
out the polar caps, and has been observed to frequently coalign and/or inter-



Mitotic Spindle Assembly and Function 145

act with MTs (Burgess and Northcote 1967; Bajer and Molè-Bajer 1969). Since
plants lack centrosomes or spindle pole bodies, it has been suggested that the
nuclear surface acts as an MTOC (Schmit 2002). Abundant evidence supports
the role of the nucleus as an MTOC: (1) isolated nuclei are able to nucleate MT
growth from their surfaces in vitro (Stoppin et al. 1994); (2) gamma tubulin,
the universal MT nucleator localizes to the NE (Liu et al. 1993; Erhardt et al.
2002); (3) spc98, a key centrosomal component is found in plants and local-
izes to the nuclear surface (Erhardt et al. 2002); (4) adding antibodies to spc98
inhibits the ability of nuclei to nucleate MTs (Erhardt et al. 2002); (5) anti-
bodies to centrosomal components frequently localize to the NE, and; (6) MTs
reform on the NE after recovery from depolymerization with drugs (Falconer
et al. 1988; Galatis and Apostolakos 1991).

2.4
Formation of the Prometaphase and Metaphase Spindle

Prometaphase begins at nuclear envelope breakdown (NEB) and lasts until
a clear metaphase plate is formed. During prometaphase, MTs congress in-
ward from the poles to the equator and immediately begin forming connec-
tions with kinetochores (forming k-fibers) or with other MTs from the op-
posite pole (forming interpolar bundles). K-fiber formation is asynchronous
between sister kinetochores (Bajer 1987), and corresponds with the initiation
of chromosome movements. K-fibers mediate the congression of chromo-
somes toward the metaphase plate and the separation of sister chromatids
during anaphase, while interpolar MTs serve to stabilize the spindle along
its length and width, and participate in anaphase spindle elongation. In
most cases, the metaphase spindle lacks well-defined poles (as seen in ani-
mal cells), even if the preceding prophase spindle did contain focused poles
(Fowke 1993). Metaphase spindles instead exhibit a barrel-shaped morph-
ology, in contrast to animal spindles, which maintain a fusiform morph-
ology throughout mitosis, even in the absence of centrosomes (Khodjakov
et al. 2000).

Early EM studies showed that prior to NEB, MTs may penetrate the NE in
the polar regions (Pickett-Heaps and Northcote 1966) and also associate with
deformations of the prophase nucleus (Bajer and Molè-Bajer 1969). During
NEB in Haemanthus endosperm, the NE appears wavy, giving the impres-
sion of “boiling”, and subsequently begins fragmentation at the polar regions,
with large invaginations of membrane apparently being pushed in by bundles
or sheets of 50–100 MTs (Bajer and Molè-Bajer 1969). The NE fragments are
later degraded, or they may persist within the spindle throughout mitosis, be-
coming associated with chromatin, and in some cases, becoming reincorpo-
rated into the NE of the daughter nuclei (Bajer and Molè-Bajer 1969). Electron
micrographs show that most MTs invade the nucleus in the above-mentioned
bundles before becoming attached to kinetochores or opposing MTs. These
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MTs attach to kinetochores throughout prometaphase and metaphase, such
that the number of MTs in an individual K-fiber gradually increases until the
start of anaphase, at which point a drastic decrease in numbers is observed
(Jensen and Bajer 1973). This phenomenon may vary between species how-
ever, since birefringence increases throughout prometaphase but then ceases
abruptly at metaphase (when chromosome oscillations stop) in Tilia ameri-
cana endosperm (Fuseler 1975).

During metaphase, a majority of spindle MTs reside within thick bundles
of k-fibers or interpolar bundles, and the degree of this bundling is exacer-
bated by the effects of taxol (Molè-Bajer and Bajer 1982, 1983). At this stage,
interpolar MT bundles have been shown to branch frequently and intermin-
gle with k-fibers and other interpolar bundles (Jensen and Bajer 1973). The
structure of an individual k-fiber resembles that of a fir tree, the base of
which is at the kinetochore, and the bough is at the poles (Bajer and Molè-
Bajer 1986; Palevitz 1988). Numerous MTs splay out (like branches) along the
length of the fiber, becoming tapered toward the pole. Indeed these micro-
tubule fir trees may represent a fractal manifestation of the fundamental plant
MT organizational unit, the MTCC (Smirnova 1998). The k-fibers are thus
higher order structures, composed of many short and overlapping MTs. In-
terestingly, gamma tubulin associates along the length of interphase MTs and
spindle MTs, and nucleates MT branches from preexisting cortical MTs at
an angle of 40 degrees (Murata et al. 2005). From examining micrographs of
MTCCs, it appears that most MTs within the MTCC branch at roughly a 40 de-
gree angle. It therefore seems possible that the nucleation of MTs occurs all
along the length of k-fibers, rather than predominately at the pole regions (as
is often depicted in textbooks). Similarly, chromatin may provide a source of
MT nucleation, since plant spindles recovering from cold- or drug-induced
MT depolymerization frequently appear as a collection of semi-autonomous
“minispindles”, each one comprised of an individual kinetochore of a given
chromosome with its own opposing fir-trees (each fir tree emanating from
a sister kinetochore), creating a diamond shape with a dark center (Bajer
1987; Cleary and Hardham 1988; Falconer et al. 1988).

Numerous ER is found throughout prometaphase and metaphase spindles,
frequently as long tubular structures closely apposed to MTs (Pickett-Heaps
and Northcote 1966), similar to that observed in prophase polar caps. Al-
though possibly involved in MT stabilization or nucleation, the function of
this ER is not known. Given the presence of crosslinks between this ER and
spindle MTs, ER may comprise a component of the theoretical “spindle ma-
trix”, an electron-dense substance proposed to provide a structural scaffold
for spindle MTs and motors (Pickett-Heaps and Northcote 1966; Pickett-
Heaps et al. 1984).

One intriguing question concerning spindle function is how MTs, which
are highly dynamic polymers that exhibit frequent transitions between
growth and shortening, give rise to the metaphase spindle, which maintains
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a constant length. Poleward MT flux refers to the situation wherein tubu-
lin subunits are incorporated at MT plus ends in the midzone, and then
transported to the poles via the combined activities of motor activity and
minus end depolymerization; the net result being that the spindle length
remains unchanged (Mitchison 2005). Although plant spindle MTs exhibit
increased dynamics compared to interphase MTs, initial experiments employ-
ing photobleached fluorescent tubulin subunits were unable to demonstrate
flux (Hush et al. 1994). Using newer technology, however, our lab has de-
tected poleward flux of bleached GFP::Tubulin subunits within BY-2 spindles
(our unpublished observation). More recently, a paper by Dhonukshe et. al
demonstrates this as well (Dhonukshe et al. 2006). This suggests that pole-
ward flux may be a conserved feature of spindle functioning in eukaryotic
cells, although it has not been detected to date in fungi; possibly due to
technological limitations and small spindle sizes (Mallavarapu et al. 1999;
Maddox et al. 2000). It is interesting to note that as early as the 1950s, one
of the pioneers of live-cell microscopy, Andrew Bajer, described poleward
movement of small particles, granules, and nucleoli, which he collectively
termed “acentrics”—effectively demonstrating poleward flux in plant spin-
dles before it had even been hypothesized (Bajer 1967; Allen et al. 1969; Bajer
and Molè-Bajer 1972).

2.5
Anaphase

Anaphase chromosome movements in plants are derived from two differ-
ent processes: (1) kinetochore-to-pole movement, which results from the
shortening of k-fibers; and (2) spindle elongation, which is derived from
the sliding apart of the overlapping parts of antiparallel interpolar MT bun-
dles. In animal cells, these processes have been described as anaphase A and
B, respectively, due to their sequential nature. In plants, however, the two
processes appear to be largely concurrent, with varying degrees of over-
lap in different cell types (Ota 1961; Harris and Bajer 1965; Fuseler 1975;
Ryan 1983). As k-fibers shorten during anaphase A, they become disorga-
nized, losing their fir-tree appearance and becoming splayed out from the
kinetochore into the pole region (Bajer 1968; Hard and Allen 1977). At the
same time, interpolar MT bundles in the midzone become more ordered
and densely packed as they elongate and slide apart, thus decreasing the
degree of overlap between half-spindles (Jensen and Bajer 1973; Euteneuer
and McIntosh 1980; Euteneuer et al. 1982). Formation of the cell plate often
begins in mid to late anaphase, as indicated by the appearance of vesicles
and cell-plate precursors near interdigitating regions of interpolar MTs (Ota
1961; Hepler and Jackson 1968; Fuseler 1975). MTs of the anaphase spin-
dle midzone persist into telophase, giving rise to the phragmoplast during
cytokinesis.
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3
Microtubule-Associated Proteins in Plant Mitotic Spindles

Identification of the molecular players involved in plant mitosis has tradition-
ally lagged behind that of animals and fungi; however, with the sequencing of
the Arabidopsis and rice genomes, the advent of GFP technology, and an ex-
plosion in proteomic technologies, advances are being made at the forefront
of the mitosis field. Since a number of excellent reviews are available on the
molecular characteristics of animal mitosis (Gadde and Heald 2004; Kline-
Smith and Walczak 2004), this section will emphasize the available data from
plants.

Control of MTs dynamics and organization within the plant mitotic spindle
is accomplished in part with a diverse ensemble of structural and regula-
tory microtubule-associated proteins (MAPs) (Wick 2000; Hussey et al. 2002).
MAPs can be divided roughly into two main groups: structural MAPs and
motor MAPs.

3.1
Structural MAPs

Structural MAPs can be further subdivided into three functional classes:
(1) MAPs that affect MT dynamics (e.g. stabilize or destabilize MTs);
(2) MAPs that crosslink or bundle MTs; and (3) MT-severing MAPs. It should
be noted, however, that these groupings are not mutually exclusive.

MAP-65. To date, nine MAP-65 proteins have been identified or predicted
in Arabidopsis, three in tobacco BY-2 suspension cells, and three in carrot
suspension cells (Hussey et al. 2002). These proteins share homology to hu-
man PRC1 and yeast Ase1p, both of which contribute to the formation and
integrity of antiparallel midzone MTs via crosslinking and stabilization (Mol-
linari et al. 2002; Schuyler et al. 2003; Zhu and Jiang 2005). In plants, several
members of the MAP-65 family have also been localized at the midzone,
suggesting they share a similar function (Muller et al. 2004; Chang et al.
2005; Mao et al. 2005). Several other members localize to the cortical ar-
rays, where they have been implicated in MT bundling (Van Damme et al.
2004b; Mao et al. 2005); indeed, purified carrot MAP-65 bundles MTs in
vitro, forming 20–25 nm crossbridges between MTs (Chan et al. 1999). In the
case of AtMAP65-4, localization to the spindle is observed, but midzone en-
richment is not seen (Van Damme et al. 2004b). The presence or absence
of CDK phosphorylation sites between different MAP-65 family members
may contribute to their differentially modulated localization dynamics. In-
terestingly, mutation of the MAP consensus Cdk site to an unregulated form
results in the premature accumulation of AtGFP-MAP65-1 to the midzone in
early prometaphase, whereas the wild-type version doesn’t appear there until
anaphase (Mao et al. 2005).
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Mor1/Map200 (Dis1/XMAP215/TOG). The Arabidopsis MOR1 gene was
identified in a screen for plants with aberrant MT organization and was found
to share homology to the Dis1/XMAP215/TOG family of MAPs (Whittington
et al. 2001), which are known to facilitate polymerization of MTs (Whitting-
ton et al. 2001; Hamada et al. 2004). Although initially characterized by its
disruption of cortical MT arrays at restrictive temperature, additional mor1
defects during mitosis have been reported (Kawamura et al. 2006). At restric-
tive temperature, cells of mor1 mutants frequently fail to form PPBs, and in
these cells, the subsequent orientation of the spindle and phragmoplast is
aberrant (Eleftheriou et al. 2005; Kawamura et al. 2006). Spindles of mor1 mu-
tants are also significantly shorter than normal, providing additional support
for its role as an MT-polymerizing factor. This finding presents the first ge-
netic alteration of spindle length in plants, and emphasizes the universality of
MT dynamics as a key governor of spindle length; which is also becoming ap-
parent in animal systems (Goshima et al. 2005). The tobacco MOR1 homolog,
TMPB200, has been localized to all MT arrays, and purified TMBP200 has
the ability to crosslink MTs in vitro, suggesting a possible role in structural
organization of MT arrays, in addition to modulating dynamics (Yasuhara
et al. 2002; Hamada et al. 2004). Although structural and motor proteins fa-
cilitate the integrity and functioning of spindles, alterations of MT dynamic
properties generally result in the most dramatic changes in spindle length
(Goshima et al. 2005).

Interestingly, another member of this family, XMAP215, from Xenopus
acts antagonistically in mitotic spindles with the MT-destabilizing kinesin,
XKCM1, in regulating MT length (Tournebize et al. 2000). A similar scenario
exists in yeast, where the MT-destabilizing kinesin Kar3p counteracts the MT-
stabilizing effects of another kinesin, Kip1p (Huyett et al. 1998). Whether an
analogous situation exists in plants remains to be seen; although it is likely,
given that the counterbalancing of MT polymerizing and depolymerizing fac-
tors is emerging as a general mechanism in regulating MT structures and
fine-tuning of MT dynamics in vivo (Valiron et al. 2001).

EB1. It is the founding member of a conserved group of plus end tracking
proteins (+TIPs) involved in modulation of MT dynamics and attachment of
MT plus ends to cellular structures such as kinetochores and cortical division
sites (Tirnauer et al. 2002; Tirnauer et al. 2004). Three Arabidopsis EB1 hom-
ologs have been cloned and shown to localize to mitotic spindles, although no
functional data have yet been reported (Chan et al. 2003; Mathur et al. 2003;
Van Damme et al. 2004a; Chan et al. 2005; Dixit et al. 2006). It will be interest-
ing to learn the roles of plant EB1, given the presence of the novel MT arrays
seen in plants.

Tangled. The maize Tangled gene encodes a MAP with distant homology to
the animal EB-1 binding partner APC (Smith et al. 2001). Mutants in the tan-
gled gene form normal mitotic arrays, but the trajectory of the phragmoplast
is aberrant, leading to oblique cell plates and disorganized cell files (Cleary
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and Smith 1998). Although transverse PPBs appear normal, the occurrence of
longitudinal PPBs is markedly reduced, suggesting a role for Tangled in di-
vision plane determination. Although Tan1 has been localized to the mitotic
spindle (Smith et al. 2001), its role there remains to be determined.

Spiral. The Arabidopsis Spiral (SPR1) gene product is a novel 12 kD plant-
specific MAP belonging to a family with five other SPR-like genes. First
identified in screens for mutants with skewed root growth, spr1 plants exhibit
right-handed twisting of organs (Furutani et al. 2000; Sedbrook et al. 2004).
SPR1::GFP localizes to all MT arrays and is a +TIP (Nakajima et al. 2004; Sed-
brook et al. 2004). Although localized in mitotic spindles, its function also
remains to be determined (Sedbrook et al. 2004).

Map70. Given the complex organization and rearrangements of plant MT
arrays, a large toolbox of novel MAPs may exist that would not be identified
by homology searches using known animal MAPs. The identification of the
novel Arabidopsis protein MAP70 through proteomic screens for MT-binding
proteins is one such example (Korolev et al. 2005). Identified in proteomic
screens of proteins bound to taxol-stabilized MTs in Arabidopsis suspension
cultures, MAP70 is a novel plant-specific coiled-coil protein with 5 Arabidop-
sis family members. GFP fusions to MAP70 decorate all 4 arrays (Korolev et al.
2005), although its function remains to be identified.

Map190. MAP190 is a novel plant MAP isolated from BY-2 cells based on
its affinity for both MTs and MFs; and it localizes to the nucleus in inter-
phase and to the spindle during mitosis (Igarashi et al. 2000). The presence
of a MAP with actin-binding capacity within mitotic spindles suggests a pos-
sible role for actin in mitosis. Actin has been found within spindles and has
been implicated in spindle positioning and orientation, but its contribution to
spindle function, if any, is questionable (Mineyuki and Palevitz 1990; Staiger
and Cande 1991).

3.2
Kinesins: Force-Generating MAPs

Kinesins are force-generating MAPs that use the hydrolysis of ATP to move
unidirectionally along microtubules, carrying cellular cargo such as or-
ganelles, vesicles, and chromosomes (Dagenbach and Endow 2004; Miki et al.
2005). A standardized nomenclature was developed that recognizes 14 dis-
tinct kinesin families (Lawrence et al. 2004). This nomenclature will be used
throughout this work. Because of the conserved nature of kinesin function
within the spindle apparatus, it is helpful to give a short overview of the
known functional data available from non-plant studies before describing
plant mitotic kinesins.

Kinesins involved in spindle function. At least eight kinesin families con-
tain members that are involved in some aspect of cell division (Goshima
and Vale 2003; Zhu et al. 2005). Of these, five families appear to facilitate
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chromosome movement via direct binding to distinct regions of chromo-
somes. Members of the Kinesin-7 (CENP-E) and Kinesin-13 (KinI/MCAK)
families associate with chromosomal kinetochores, where they mediate sta-
ble attachment of MTs to kinetochores and congression to the metaphase
plate (kinesin-7), or through MT depolymerase activity, modulate spindle MT
dynamics (Kinesin-13) to facilitate spindle bipolarity and length (Yen et al.
1991; Schaar et al. 1997; Goshima and Vale 2003; Sharp et al. 2005; Kapoor
et al. 2006). Similar to Kinesin-13, members of the Kinesin-8 (Kip3) family
also appear to act as kinetochore-localized MT depolymerases because their
depletion results in elongated spindles and failed chromosome congression
(West et al. 2001; Savoian et al. 2004; Goshima and Vale 2005).

Members of kinesin-4 (chromokinesin/KIF4) and kinesin-10 (Nod/Kid)
families bind directly to chromosomal arms, where they facilitate motility
along non-kinetochore MTs toward the metaphase plate, thus producing so-
called “polar ejection forces” (Funabiki and Murray 2000; Yajima et al. 2003).

In contrast to the above kinesin families, which directly influence chromo-
some behavior, members of the Kinesin-5 (BimC), Kinesin-6 (MKLP1), and
Kinesin-14 (C-terminal) families facilitate spindle organization and function
via crosslinking MTs and sliding them relative to one another, thereby indi-
rectly influencing chromosome motion and behavior.

Plant kinesins involved in mitotic spindle function. Of the 61 predicted
kinesins in the Arabidopsis genome, 18 have so far been reported on, and of
those, seven have been implicated directly in mitosis and genes from 23 have
been shown to be up-regulated during mitosis (Vanstraelen et al. 2006). Al-
though flowering plants lack four of the 14 kinesin families designated by
Lawrence et al. (2004), they do contain representatives of each of the eight ki-
nesin families that have so far been implicated in mitosis in animals or fungi.
Furthermore, plants contain several novel plant-specific families not included
in the 14-family nomenclature (Richardson et al. 2006), some of which may be
involved in mitosis.

Several kinesins have been localized to the PPB and/or spindle (Liu et al.
1996; Smirnova et al. 1998; Kong and Hanley-Bowdoin 2002; Vanstraelen et al.
2004; Ambrose et al. 2005), however, functional data has only been reported
for ATK1, ATK5, and KCBP (Vos et al. 2000; Marcus et al. 2003; Ambrose et al.
2005; Ambrose and Cyr 2007); therefore, the bulk of this section will focus
on this functional data within the broader context of common mechanisms in
eukaryotic mitosis.

Over a third of the 61 predicted kinesins in the Arabidopsis genome be-
long to the Kinesin-14 family, which comprises the sole group of minus
end-directed kinesins (Reddy 2001). Members of this family typically con-
tain a C-terminally located motor domain (although central- or N-terminal
locations are also present in some plant Kinesin-14s) and function in the
gathering of microtubule minus ends into poles and also in providing inward
forces between overlapping MT plus ends to facilitate spindle compaction
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(Walczak et al. 1998; Vos et al. 2000; Chen et al. 2002; Ambrose et al. 2005;
Ambrose and Cyr 2007). In animals and fungi, these inward-directed sliding
forces generated by Kinesin-14 counterbalance the outward pushing forces
provided by Kinesin-5 (BimC) family members, as evidenced by the finding
that loss of Kinesin-14 partially rescues the spindle-collapse phenotype found
with Kinesin-5 disruption (Hoyt et al. 1993; O’Connell et al. 1993; Mountain
et al. 1999; Sharp et al. 1999, 2000). Although the balance of inward forces gen-
erated by Kinesin-14 with outward forces generated by Kinesin-5 has not yet
been identified in plant spindles, it probably exists based on the similarity of
Kinesin-14 phenotypes (Chen et al. 2002; Marcus et al. 2003; Ambrose et al.
2005; Ambrose and Cyr 2007) and the known localization of Kinesin-5 family
members to the mitotic spindle in tobacco BY-2 cells and carrot cells (Asada
et al. 1997; Barroso et al. 2000).

It has been suggested that the abundance of Kinesin-14 family members
in plants accounts for the absence of the other known eukaryotic minus end-
directed motor, dynein (Reddy and Day 2001; Ambrose et al. 2005). While
dynein-containing fungi and animal genomes generally contain only one or
a few dyneins, the varied association of components of the dynein regulatory
complex, dynactin, probably accounts for the regulation and modulation of
the diverse cellular activities of cytoplasmic dynein. In higher plants these
multiple roles may be taken on by different Kinesin-14 family members, in-
stead of one or a few minus end motors with complex regulatory subunits.
Indeed, Kinesin-14 and cytoplasmic dynein share similar functions within
the spindle apparatus in acentrosomal Xenopus egg extracts, where the de-
pletion of both cytoplasmic dynein and the Kinesin-14 XCTK2 leads to an
exacerbation of the splayed-pole phenotype observed with inhibition of ei-
ther one alone (Walczak et al. 1998).

The Kinesin-14 ATK5 is a +TIP that localizes to the mitotic spindle
midzone from early prometaphase until telophase, where it generates in-
ward forces and organizes spindle MTs (Ambrose et al. 2005; Ambrose and
Cyr 2007). Spindles from atk5-1 null mutants are elongated and bent dur-
ing prometaphase, and later become abnormally broad at the midzone and
poles, consistent with a loss of MT organizing activity. Additionally, although
prophase spindle poles appear normal, the broadening of poles in atk5-
1 spindles appears during prometaphase, suggesting that ATK5 is a major
pole determinant during prometaphase (Ambrose and Cyr 2007). The ob-
servation that poles become splayed during prometaphase, when the PPB
has already disappeared, but remain tight during prophase, when the PPB
is present, illustrates a redundancy between the PPB and Kinesin-14 in pole
formation. Similarly, the atk1-1 phenotype, which affects pole formation, is
more pronounced in meiotic cells, which lack PPBs (Chen et al. 2002). In
the next section, we discuss how different mechanisms and pathways in-
teract and supplement one another in the formation of the plant mitotic
spindle.
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4
Pathways of Mitotic Spindle Assembly and Function in Higher Plants

During cell division, two general mechanistic pathways coexist to facilitate
efficient and accurate segregation of chromosomes into daughter cells. The
self-organizational pathway involves nucleation of MTs around condensed
chromatin and subsequent sorting of these MTs into a bipolar spindle via the
action of motor proteins. The search-and-capture pathway predominates in
the presence of centrosomes, which provide dominant centers for nucleation
of MTs that dynamically probe the cytoplasm until they encounter a kineto-
chore, forming stable attachments. In this section, we discuss the prevalence
of these pathways in higher plants and introduce modifications to general-
ize the mechanistic processes, thereby including the phenomena observed in
higher plants.

4.1
Evidence for the Self-Organizational Pathway in Plants

Chromatin-mediated MT nucleation involves the small GTPase Ran, which
in its GTP-bound form facilitates the activation of various spindle-promoting
components such as XCTK2, NuMA, TPX2, and the gamma tubulin ring com-
plex (γTuRC), which initiates nucleation of MTs around chromatin (Wilde
and Zheng 1999; Ems-McClung et al. 2004). The concentration of Ran-GTP is
kept high in the vicinity of chromatin via the activity of the chromatin-bound
GTP-exchange factor RCC1, and kept low in the cytoplasm via the Ran GT-
Pase activating protein RanGAP. Thus, MT nucleation and organization are
maintained in the vicinity of the chromatin.

The best evidence for chromatin-mediated MT nucleation in plants comes
from drug studies where MTs are depolymerized, and then fixed and im-
munostained for MTs at various time points during recovery. Several studies
show MTs appearing during recovery, first as kinetochore-associated dots,
which then grow into small tufts and later into fir-tree structures (Cleary
and Hardham 1988; Falconer et al. 1988). Similarly, small tufts of MTs form
asynchronously between different granules of individual sister kinetochores
during early prophase in Haemanthus endosperm cells (Bajer 1987). The
presence of poleward flux in plant spindles also indicates probable MT plus
end assembly at or near kinetochores.

4.2
Self-Organization from Random Arrays via Motor-Driven MT Sorting

When DNA-coated beads are added to Xenopus egg extracts, MTs are nu-
cleated randomly around the beads via chromatin-mediated nucleation and
sorted into a bipolar spindle by the action of motor proteins (Heald et al.
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1996). A somewhat similar situation has been observed in plants, the differ-
ence being that the MTs are nucleated randomly about the prophase nuclear
surface, instead of around chromatin or DNA-coated beads. In cells lacking
PPBs or exhibiting aberrant PPB organization, the prophase spindle exhibits
reduced bipolarity—with randomly organized MTs accumulating about the
NE during prophase—creating apolar or multipolar spindles. These MTs later
become sorted (presumably via motor proteins) during prometaphase into
bipolar spindles, although establishment of a metaphase spindle takes more
time compared to cells with bipolar prophase spindles (Chan et al. 2005;
Yoneda et al. 2005). In the Xenopus extract system, sorting into a bipolar
spindle is mediated by Eg5 (Kinesin-5), while Kinesin-14 and cytoplasmic
dynein participate in spindle stability and pole focusing (Walczak et al. 1998).
A similar situation is likely to exist in plants, given the existence of Kinesin-5
motors (Asada et al. 1997; Barroso et al. 2000), and given that spindles lack-
ing ATK1 or ATK5 exhibit splayed spindle poles (Chen et al. 2002; Ambrose
et al. 2005; Ambrose and Cyr 2007). Given the likely involvement of motors
in sorting of random perinuclear MTs, the self-organizational pathway can
be generalized to include both the chromatin-based MT nucleation as well as
nuclear-envelope-based MT nucleation. In both cases, motor-dependent sort-
ing of random MT arrays occurs, regardless of the nucleating structure (i.e.
chromatin or NE).

4.3
Evidence for Search-and-Capture Pathways in Plants

The term “search-and-capture” was initially coined as a theoretical explan-
ation for the functional significance of MT dynamic instability, the in-
trinsic property wherein individual MTs stochastically alternate between
phases of growth and shortening (Mitchison and Kirschner 1984; Kirschner
and Mitchison 1986). Search-and-capture of kinetochores was later demon-
strated both in vitro (Mitchison and Kirschner 1985) and in vivo in ani-
mal cells (Tulu et al. 2006). Although search-and-capture has not been di-
rectly demonstrated in plant cells, its presence can be inferred from sev-
eral lines of evidence. First, the bipolar organization of plant prophase
spindles poises MT plus ends such that they point predominately inward,
much in the same way that centrosomes do, allowing dynamic MTs to
probe the three-dimensional cellular space for kinetochores after NEB. Sec-
ond, GFP::EB1 moves from the poles toward the midzone during mitosis,
consistent with polar nucleation and growth toward the spindle midzone,
as described by the search-and-capture model (Dixit et al. 2006). Third,
when the bipolar organization of prophase spindles is disrupted, the sub-
sequent duration of metaphase spindle formation is prolonged, consistent
with a less efficient search-and-capture than from pre-established spindle
poles (Chan et al. 2005; Yoneda et al. 2005). Advances in live-cell imaging
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and GFP technology will likely reveal search-and-capture in plant mitotic
spindles.

4.4
The PPB as an Equatorial Organizer of the Prophase Spindle

Substantial evidence supports the notion that the PPB facilitates the bipolar
organization of the associated prophase spindle. In all reported cases where
the PPB is experimentally perturbed or absent, the accompanying prophase
spindle also exhibits abnormalities. Specifically, bipolarity of the prophase
spindle is absent or reduced in the following cases: (1) cells that naturally
lack PPBs, such as those of endosperm and meiotic tissues (Smirnova and
Bajer 1992); (2) cells of the tonneau mutant, which lack cortical MTs and
PPBs (Camilleri et al. 2002); (3) Arabidopsis suspension cells overexpressing
EB1::GFP, which frequently lack PPBs (Chan et al. 2005); (4) cells treated with
Cytochalasin D, which causes narrow PPBs to broaden (Mineyuki and Pale-
vitz 1990; Mineyuki et al. 1991; Eleftheriou and Palevitz 1992); (5) cells treated
with cycloheximide or kinase inhibitors, which also inhibit PPB narrowing
(Nogami et al. 1996; Nogami and Mineyuki 1999); (6) cells exhibiting double
PPBs (Yoneda et al. 2005); (7) cells treated with taxol, which interferes with
PPB narrowing and causes the MTs bridging the nucleus and PPB to become
more numerous and unevenly distributed (Panteris et al. 1995; Baluska et al.
1996); (8) caffeine-induced binucleate cells where one nucleus lacks a PPB
(Manandhar et al. 1996); (9) cells from the Arabidopsis atk1-1 mutant, which
exhibit abnormally broad PPBs (Marcus et al. 2003); (10) asymmetrically
dividing subsidiary cells of Zea mays, where the PPB does not encircle the nu-
cleus (Panteris et al. 2006); and (11) meristematic cells from Arabidopsis root
tips overexpressing the MT reporter GFP::MAP4, which frequently exhibit an
absence of PPBs or lack of PPB narrowing (our unpublished observations).

Although there is little doubt that the PPB plays a role in establishing
prophase spindle bipolarity, studies are lacking that suggest a clear mech-
anism as to how this occurs. On the basis of the available data, we propose
that the cytoplasmic MTs bridging the PPB and spindle (hereafter referred to
as bridge MTs) are capable of transmitting forces that facilitate the sorting
of perinuclear MTs into two half-spindles, which are symmetrically mirrored
about the PPB plane. These bridge MTs may exert transient tensive forces be-
tween the PPB and perinuclear MTs, thereby providing a cue for both the
bipolar organization and proper orientation of the prophase spindle. Bridge
MTs connect directly to the PPB, where they may become bundled with PPB
MTs (Burgess 1970; Bakhuizen et al. 1985; Panteris et al. 2006). The ends of
the bridge MTs that reside inside the PPB, coaligned with cortical PPB MTs,
provide possible sites for anchorage or generation of force via MT-MT sliding
mechanisms. Indeed crossbridges between PPB MTs, which could represent
crosslinking factors or motors, have been observed (Hardham and Gunning
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1978). Similarly, regions of overlap between adjacent bridge MTs within the
cytoplasm between the PPB and nucleus could also provide sites for force
generation via a sliding-filament mechanism.

Considerable evidence supports the presence of tension between the PPB
and prophase nucleus/spindle: (1) cytoplasmic strands rapidly recoil upon
laser ablation (Hoffman 1984; Goodbody et al. 1991); (2) prophase nuclei
are often somewhat flattened within the PPB plane, suggesting pulling forces
at the nuclear equator (Burgess 1970; Panteris et al. 1991; Granger and Cyr
2001); (3) PPBs copurify with isolated prophase nuclei, indicating a phys-
ical link between the PPB and nucleus (Wick and Duniec 1984); (4) or-
ganelle motility decreases inside mature phragmosomes (Ota 1961; Mineyuki
et al. 1994) and prophase nuclei are less easily displaced by centrifugation
than interphase nuclei, indicating increased gelation within mature phragmo-
somes (Pickett-heaps 1969; Mineyuki and Furuya 1986; Mineyuki and Pale-
vitz 1990). Although these findings provide compelling evidence for tensile
forces between the PPB and prophase spindle, the mechanism by which these
interactions facilitate bipolarity along an axis perpendicular to the plane of
the PPB remains speculative. We favor the idea that this is mediated, at least
in part, by intervening bridge MTs.

4.5
The PPB and Centrosome Share Similar Functions

Because of their ubiquitous presence across diverse phyla and intimate associ-
ation with spindle poles in animal cells, the long-standing view has been that
centrosomes are essential for spindle formation and function. Although com-
pelling, a large body of evidence challenges this notion. First, higher plants
and certain animal cell types (e.g. oocytes) lack discrete MTOCs and yet
still form bipolar spindles. Second, numerous studies have shown that nor-
mal bipolar spindles can still form in the absence of centrosomes, even in
cells that normally contain these structures (Phalle and Sullivan 1998; Khod-
jakov et al. 2000; Khodjakov and Rieder 2001; Megraw et al. 2001; Wadsworth
and Khodjakov 2004). Third, by disruption of key pole determinants such as
NuMA, a loss of pole focusing can be induced even in cells in which centro-
somes are still present (Gaglio et al. 1997).

It was initially believed that the “inside-out” or self-organizational mech-
anisms of spindle assembly observed in acentrosomal systems were not oper-
ative in centrosome-containing cells, however this is not the case. More recent
experiments have shown these pathways are also operative in centrosome-
containing cells (Maiato et al. 2004; Wadsworth and Khodjakov 2004). Simi-
larly, when centrosomes are introduced into acentrosomal self-organizational
systems, they become the dominant sites of MT nucleation and contribute
to spindle formation (Heald et al. 1997). In light of these findings, the cur-
rent understanding of centrosome function has shifted away from that of
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an MTOC essential to mitotic spindle formation, to one of an organelle that
facilitates proper spindle positioning and enhances the fidelity of cell divi-
sion, thus becoming important in cell survival and viability of the organism
(Wadsworth and Khodjakov 2004). In animal cells, which are malleable and
constantly change shape, centrosomes act to position and orient the spindle
via their associated astral MTs, which attach to the cortex and anchor the
spindle (Wittmann et al. 2001). In these regards, centrosomes bear several
functional similarities to the PPB.

The general effects of loss or disruption of PPBs include misoriented and
wobbly spindles (Chan et al. 2005), lack or reduction of prophase/prometa-
phase spindle bipolarity (Nogami et al. 1996; Nogami and Mineyuki 1999;
Chan et al. 2003; Marcus et al. 2003), prolonged duration of prometaphase/
metaphase, while MTs sort into bipolar spindles (Yoneda et al. 2005), and
misguided phragmoplast trajectory during cytokinesis (Camilleri et al.
2002; Chan et al. 2005). Similarly, in animal cells wherein the centrosomes
have been removed either genetically or mechanically, bipolar spindles still
form, although this occurs in a slower and less efficient manner (Khod-
jakov et al. 2000). Furthermore, these spindles frequently become mis-
oriented, which can lead to abortive cytokinesis (Khodjakov et al. 2000;
Khodjakov and Rieder 2001). In all cases, as with loss of centrosomes in
animal cells, plant cells lacking PPBs are capable of forming spindles, but
the efficiency of formation and subsequent orientation of the spindles are
compromised.

On the basis of these observations, we hypothesize that the PPB and
centrosomes represent derived structures that act complementarily to the an-
cestral self-organizational pathways to facilitate efficient spindle formation
and orientation/positioning, as well as to enhance the fidelity of cytokinesis.
Both the PPB and centrosome facilitate bipolar organization of the prophase
spindle, which poises dynamic MTs to undergo search-and-capture of kineto-
chores and interpolar MTs during prometaphase. In this regard, both the PPB
and centrosome function within the search-and-capture pathway of spin-
dle formation, although these two structures achieve spindle bipolarity by
very different mechanisms; the centrosomes acting at the poles, and the PPB
acting at the equator. In this regard, components that act in the search-and-
capture pathway may be grouped into polar organizers (e.g. centrosomes,
spindle pole bodies, plastids) and equatorial organizers (i.e. the PPB). All of
these structures share the common function of facilitating prophase spindle
bipolarity, which aids search-and-capture during prometaphase/metaphase
spindle formation.

Another major function of both centrosomes and the PPB is cortical an-
chorage and orientation of the spindle. Centrosomes achieve this through-
out mitosis via interactions of their associated astral MTs with the cortex,
whereas in plants the function of astral MTs is supplanted by two cytoskeletal
components: F-actin and bridge MTs. In contrast to astral MTs, the pres-
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Fig. 2 Pathways of spindle assembly in eukaryotes. The self-organizational pathway in-
volves the nucleation of MTs around chromatin or the NE and their subsequent sorting
into a bipolar spindle via the action of motor proteins. The search-and-capture path-
way predominates when bipolarity of the spindle is established prior to NEB, thereby
predisposing MTs in a favorable orientation to establish kinetochore and interpolar MT
connections. Prophase spindle bipolarity is facilitated via polar organizers or the PPB,
which acts as an equatorial organizer

ence of these components is separated temporally during plant mitosis; both
F-actin and bridge MTs are operative in spindle positioning and orientation
during prophase, but after NEB, the bridge MTs are lost and F-actin takes over
the role of spindle positioning and subsequent phragmoplast guidance during
cytokinesis (Mineyuki and Palevitz 1990; Molchan et al. 2002). The idea that
astral MTs in animals are analogous to bridge MTs and actin cables in plants
as spindle-orienting structures is supported by the observations that each of
these structures are under tension, providing a pulling force on the associated
spindle in the direction of the sites of cortical anchorage (Hahne and Hoff-
man 1984; Aist et al. 1991; Goodbody et al. 1991). The key difference is that
astral MTs act solely at the spindle poles, bridge MTs act in the phragmoso-
mal plane, and F-actin acts at both of these sites (Traas et al. 1987; Lloyd and
Traas 1988).

Figure 2 summarizes the above pathways of spindle formation in eu-
karyotes, with modifications accounting for the diverse mechanisms utilized
within each fundamental pathway.
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Abstract Plant cell division involves anastral spindles with incompletely focused poles
and the phragmoplast with antiparallel microtubules. The organization of the spindle mi-
crotubule array and the phragmoplast array is thought to be dependent on microtubule-
based motor kinesins. Among the more than 50 kinesins encoded by a single plant
genome, a number of them are either proven or predicted to be essential for cell di-
vision. Members of the Kinesin-14 subfamily play a critical role in organizing spindle
poles. Some kinesins yet to be identified could be required for facilitating nuclear enve-
lope breakdown at the end of prophase, and others for mediating the interaction between
chromosomes and microtubules for spindle assembly. During anaphase, the disassembly
of kinetochore fibers and the accompanying sister chromatid movement would definitely
be assisted by kinesins. Similarly to fungi and animals, plants likely use Kinesin-5 for
microtubule sliding, leading to spindle elongation. During cytokinesis, Kinesin-12 is re-
quired for establishing the antiparallel fashion of the phragmoplast microtubule array.
Microtubule turnover in this highly dynamic array also depends on plant-specific ki-
nesins acting on an MAP kinase cascade. More than one kinesin is predicted to deliver
vesicles for cell plate assembly. Lastly, recent data also suggest that kinesins play a critical
role in spatial regulation of cytokinesis. Very little has been learned about the poten-
tial roles of myosins in plant cell division. Whether myosins are also involved in vesicle
transport in the phragmoplast awaits further examination. We can conclude that splendid
cytoskeletal motors play splendid roles in plant cell division.

1
Introduction

In flowering plants, mitosis and meiosis involve anastral spindles with incom-
pletely focused spindle poles. Following the segregation of genetic material,
cytokinesis is brought about by a unique apparatus known as the phrag-
moplast, which is an evolutionary landmark found among organisms from
advanced green algae to land plants (Graham et al. 2000). While plant mi-
tosis and meiosis share many features similar to those of animal cells, plant
cytokinesis emphasizes the buildup of the cell plate while fungal and animal
cytokinesis emphasizes the contraction of the actomyosin ring.

The anastral spindle apparatus has a microtubule array with the kineto-
chore fibers focused at more than one discrete point, implicating that plant
cells contain diffuse microtubule-organizing centers (MTOCs) during mi-
tosis and meiosis (Palevitz 1993). In different plant cell types, the spindle
microtubule array often exhibits flexible shapes largely due to the geomet-
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rical restriction defined by the rigid cell wall. For example, at metaphase
Tradescantia generative cells have kinetochore fibers arranged along the
cell axis (Liu and Palevitz 1992). Nevertheless, plant spindle, no matter
how “distorted”, still functions perfectly to faithfully segregate genetic ma-
terial. During mitosis and meiosis, specific activities like the organiza-
tion of spindle poles, attachment of kinetochores to the microtubule plus
end, chromotid movement towards the poles, and microtubule polymeriza-
tion/depolymerization would be dependent on activities of motor proteins
acting on spindle microtubules. Compared to microtubules, during mitosis
microfilaments exhibit a cortical array encaging the two half spindles (Liu and
Palevitz 1992). Thus, microfilament-based motor proteins unlikely contribute
to mitosis and meiosis directly in flowering plants.

The phragmoplast is organized with a framework of an anti-parallel mi-
crotubule array in which microtubule plus ends are juxtaposed in the middle.
Microfilaments as well as membranous structures like the endoplasmic retic-
ulum, vesicles, and other organelles are arranged in close proximity to micro-
tubules (Staehelin and Hepler 1996). Microtubules are essential for assembly
of the cell plate as vesicles destined to the division site are largely transported
along phragmoplast microtubules. In addition to being motors for vesicle
transport in the phragmoplast, microtubule-based motors also contribute to
organization of phragmoplast microtubules. Microfilaments are arranged in
a similar but distinct pattern as that of microtubules in the phragmoplast
as they do not occupy the equatorial region (Zhang et al. 1993). Microfila-
ments are required for proper orientation of the cell plate although they are
not essential for cell plate formation (Palevitz 1980).

The presence of both microtubule-based and microfilament-based motor
proteins in plant cells was first confirmed by biochemical means around the
late 1980s and early 1990s (Asada et al. 1991; Ma and Yen 1989). The splendid
picture of the diversity of these motor proteins was not revealed until recently
when the genomes of model plants were completely sequenced. Compared to
animal species, plants have a more complicated family of microtubule motor
kinesins and a simpler family of microfilament motor myosins.

1.1
Kinesin Superfamily Proteins in Plants

Directional movement along microtubules is powered by microtubule-based
motors. Members of the kinesin superfamily are one of the two types of such
motor proteins (Kreis and Vale 1999). The other type is dynein. However, to
date completed genomes of flowering plants do not contain genes encoding
the heavy chain of dynein (Lawrence et al. 2001). Thus, microtubule-based
motility in plant cells is likely driven by kinesins only.

Members of the kinesin superfamily contain a conserved kinesin motor
domain of approximately 350 amino acids with an ATP-binding motif and
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a microtubule-binding site (Vale 2003). The ATPase activity residing in this
motor domain is activated upon nucleotide (ATP)-dependent binding to mi-
crotubules. The directionality of kinesins, or whether a particular kinesin
moves towards the plus or minus end of microtubules, is determined by
a short peptide known as the neck sequence (Endow 1999). Among kinesins,
amino acid sequences of non-motor domains are not conserved. Most ki-
nesins have a tripartite structure of the motor domain, coiled-coil domain
for dimerization, and a cargo-binding domain. On the basis of phylogenetic
analysis of the motor domain, a unified nomenclature has classified kinesins
into Kinesin-1 to Kinesin-14 subfamilies (Lawrence et al. 2004; Miki et al.
2005). However, members of the same subfamily may have unrelated func-
tions in different organisms. Kinesins which do not fit in these 14 subfamilies
are often treated as orphan kinesins.

The Arabidopsis thaliana genome contains 61 genes encoding kinesins
(Reddy and Day 2001b). The rice Oryza sativa also has more than 50 ki-
nesin genes (Richardson et al. 2006). Unfortunately, most of these genes do
not have their cDNA sequences determined. The number of plant kinesins
is overwhelming especially considering mammals like mouse and human
have significantly fewer kinesins (Miki et al. 2005; Vale 2003). As kinesins
from other kingdoms, both Arabidopsis and rice kinesins include those with
plus end-directed motor activity, and those with minus end-directed activity.
Compared to kinesins from animals, plant kinesins include a large number
of minus end-directed ones. For example, in A. thaliana 21 kinesins are pre-
dicted to be minus end-directed motors (Reddy and Day 2001b). Most of
plant kinesins contain non-motor sequences not found in kinesins of other
kingdoms, such as the Armadillo repeat sequence and calponin-homology
domain (Reddy and Day 2001b; Richardson et al. 2006). Functions of only
a few kinesins have been experimentally determined (Lee and Liu 2004).

Among the 61 kinesins in A. thaliana, it is intriguing how many are in-
volved in cell division. Unfortunately, the comparison of non-motor domains
of these kinesins to animal and fungal ones known to play a role in cell divi-
sion usually is not informative. In a recent study, three criteria have been used
to postulate that a given kinesin may play a role in mitosis: (1) the presence of
a mitosis specific cis-acting element; (2) the presence of one or more putative
cyclin-dependent kinase (CDK)-phosphorylation sites; and (3) the presence
of a mitotic destruction box (Vanstraelen et al. 2006). On the basis of these
criteria, 23 kinesins are designated as “mitotic kinesins”, and their expression
are indeed elevated during cell division. Some of the later mentioned kinesins
are included in these 23 mitotic kinesins.

This article summarizes functions of kinesins in plant cell division, which
have either been experimentally determined or hypothesized according to
particular microtubule-based motility at certain stages during cell division.
While some kinesins may only function at a certain stage of cell division,
others may be active at multiple stages.



172 Y.-R.J. Lee · B. Liu

1.2
Myosin Superfamily Proteins in Plants

Motility along microfilaments is driven by myosins. The myosin motor do-
main of approximately 700 amino acids bears a nucleotide-binding motif and
an actin-binding site. Myosins contain a special motif known as the IQ repeat
for binding to calmodulin as one of their light chains. Myosins are classi-
fied into 24 subfamilies (Berg et al. 2001; Foth et al. 2006; Hodge and Cope
2000). To date, only Myosin VI has been determined as a pointed (minus)
end-directed motor, and others are either determined as or predicted to be
barbed (plus) end-directed motors (Berg et al. 2001). Plant cells are known
for rapid cytoplasmic streaming which is powered by myosins (Shimmen and
Yokota 2004). Compared to the complex figure of myosins in animals, plant
myosins are grouped into only two subfamilies, Myosin VIII and Myosin XI
(Reddy and Day 2001a). Plant myosins are more related to Myosin V than
to others, implying that they probably play a role in membrane trafficking
as animal and fungal Myosin Vs do. Because plant myosins have predicted
molecular masses of larger than 150-kDa, a few of them have their cDNA se-
quences determined. Moreover, cellular activities of most plant myosins have
not been studied experimentally.

2
Kinesins in Plant Mitosis and Meiosis

The spindle apparatus in plant cells looks very similar to that of an animal
cell, except for having incompletely focused spindle poles (Fig. 1A). There-
fore, the plant spindle microtubule array only consists of kinetochore mi-
crotubules linking the kinetochore to the spindle pole, and inter-polar non-
kinetochore microtubules probably required for maintaining the overall
structure of the spindle. Kinesins would be required for the following pro-
cesses: (1) organization of microtubules to form the two spindle poles dur-
ing spindle assembly; (2) nuclear envelope breakdown; (3) attachment of
sister chromatids to microtubules; (4) congression of chromosomes at the
metaphase plate; (5) disassembly of kinetochore fibers and movement of sis-
ter chromatid/homologous chromosomes towards the poles; and (6) spindle
elongation.

2.1
Kinesins for Spindle Pole Organization

Unlike in animal cells where microtubules often originated from the cen-
trosome prior to mitosis, plant somatic cells committed to mitosis have mi-
crotubules polymerized across the nuclear envelope, concomitantly with the
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Fig. 1 Organization of spindle microtubules in plant cells. A Fluorescent images show-
ing microtubules and chromosomes in an onion cell at metaphase. Asterisks mark the
incompletely focused spindle poles. Arrows point at kinetochore microtubule fibers, and
arrowheads at interzonal microtubules which do not end at kinetochores. B Proposed role
of minus end-directed Kinesin-14 in converging microtubule minus ends. Arrows indicate
the direction of kinesin motility

development of the preprophase band (PPB) (Wick and Duniec 1983). These
nuclear envelope-associated microtubules are later organized into what is re-
ferred to as the “prophase spindle” with two clear poles. The formation of
these spindle poles, which are the new MTOCs, involves the reorganization of
microtubules with their minus ends focused at the polar region as indicated
by the concentration of minus end-specific protein γ -tubulin at the poles (Liu
et al. 1993). Prior to the breakdown of the nuclear envelope, microtubules
form polar caps which mark the future spindle poles (Lloyd and Chan 2006).
The formation of polar caps would require that microtubules get translocated
so that their minus ends become converged. Such a microtubule converging
phenomenon has been well documented in the endosperm cells undergoing
mitosis in the African blood lily Haemanthus (Smirnova and Bajer 1998).

A microtubule gliding activity along a parallel microtubule would account
for the convergence of these microtubules. Minus end-directed kinesins in the
Kinesin-14 subfamily would be ideal candidates for such an activity (Fig. 1B).
Members of the Kinesin-14 subfamily have their motor domain located at
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the C-terminus which is preceded with a minus end specific neck sequence
(Henningsen and Schliwa 1997). Besides its ATP-dependent microtubule-
binding site in the motor domain, Kinesin-14 also has an ATP-independent
microtubule-binding site located at the N-terminus (Karabay and Walker
1999; Narasimhulu and Reddy 1998). A. thaliana has four kinesins struc-
turally resembling Kinesin-14 from fungi and animals like Kar3p and NCD
(Reddy and Day 2001b). Two of them, KATA/ATK1 and ATK5 demonstrate
minus end-directed motility, and localize preferentially towards the plus ends
of spindle microtubules (Ambrose et al. 2005; Liu et al. 1996; Liu and Palevitz
1996; Marcus et al. 2002). These kinesins are able to translocate microtubules
towards the spindle poles and to form focused poles, which has been demon-
strated in the presence of excess ATP (Liu et al. 1996). Genetic evidence
supports the notion that KATA/ATK1 plays a role in spindle microtubule or-
ganization during mitosis and meiosis (Chen et al. 2002; Marcus et al. 2003).
A mutation at this locus leads to reduced microtubule accumulation at spin-
dle poles (Marcus et al. 2003). The meiotic spindle is dramatically affected by
the loss of this kinesin as spindle poles become splayed with no obvious poles,
which leads to frequent failure in meiosis (Chen et al. 2002). Plants carrying
loss-of-function atk5 mutations exhibit broad spindles in mitotic cells (Am-
brose et al. 2005). Similar roles of animal Kinesin-14 in spindle pole focusing
has been confirmed recently (Goshima et al. 2005). Despite the abnormal
spindle morphology caused by atk1/5 mutations, mitosis proceeds normally.
Thus, other cellular factors, e.g. other members of the Kinesin-14 subfamily,
may have redundant roles as these two kinesins.

2.2
Kinesins in Nuclear Envelope Breakdown

Studies in animal cells indicate that cytoplasmic dynein functions in facili-
tating the breakdown of the nuclear envelope by promoting nuclear envelope
invaginations along astral microtubules (Salina et al. 2002). Because plant
cells lack cytoplasmic dynein, such a role by dynein may have been taken over
by one or more minus end-directed kinesins. Two lines of evidence would
support this postulation. First, microtubules are associated with the nuclear
envelope at prophase (Fig. 2). Second, kinesin(s) are present on the prophase
nuclear envelope as revealed by pan kinesin antibodies raised against peptide
conserved among all kinesins (Sawin et al. 1992) (Fig. 2).

A unique member of the plant Kinesin-14 subfamily, the calmodulin-
binding kinesin KCBP/ZWI may play a role in nuclear envelope breakdown.
KCBP/ZWI contains a C-terminal Ca++/calmodulin-binding site and a talin-
like domain towards the N-terminus (Reddy et al. 1996; Reddy and Reddy
1999). Otherwise, it is a minus end directed kinesin similar to KATA/ATK1
with an N-terminal ATP-independent microtubule-binding site (Narasimhulu
et al. 1997; Song et al. 1997). Interestingly, its motor activity is inhibited upon



Cytoskeletal Motor Proteins in Plant Cell Division 175

Fig. 2 Microtubules and kinesins at prophase nuclear envelope. A prophase onion cell was
stained with anti-tubulin, anti-pan kinesin, and DAPI to reveal microtubules, kinesins,
and DNA, respectively. Note microtubules were polymerized on the nuclear envelope (ar-
rowheads) while the PPB microtubules were prominent at the cortex in the middle of the
cell. Kinesins also accumulated on the nuclear envelope (arrowheads)

binding to Ca++/calmodulin (Deavours et al. 1998; Narasimhulu et al. 1997).
Conversely, its motor activity can be constitutively activated using an anti-
body against the calmodulin-binding peptide (Narasimhulu and Reddy 1998).
It decorates microtubule arrays of the spindle and the phragmoplast (Bowser
and Reddy 1997; Preuss et al. 2003; Smirnova et al. 1998). When such a protein
is activated by microinjection of anti-calmodulin-binding peptide antibody in
the stamen hair cells of Tradescantia, nuclear envelope breakdown is induced
to allow cells to enter prometaphase precociously (Vos et al. 2000). There-
fore, KCBP/ZWI’s potential function in nuclear envelope breakdown may be
regulated by local concentration of Ca++/calmodulin at the nuclear envelope
region. Other proteins may play a redundant role as KCBP/ZWI does, because
null mutations at the corresponding locus in A. thaliana only affect trichome
morphogenesis, but not cell division (Oppenheimer et al. 1997).

2.3
Kinesins Mediating the Interaction Between Chromosomes and Microtubules

In animal cells, the inventory of microtubule motors interacting with chro-
mosomes includes cytoplasmic dynein, CENP-E/Kinesin-7, and MCAK/
Kinesin-13 that appeared at the kinetochore; and chromokinesin/Kinesin-4
and Kinesin-10 along chromosome arms (Heald 2000). In addition to the ab-
sence of cytoplasmic dynein in angiosperms, plant kinesins in the Kinesin-4,
-7, and -13 subfamilies appear to function in interphase cells. Null mutations
at the fra1 locus encoding a Kinesin-4 only affect cell elongation but not cell
division (Zhong et al. 2002). The Arabidopsis Kinesin-13A protein is associ-
ated with the Golgi stacks, and plays a role in trichome morphogenesis, again,
not in cell division (Lu et al. 2005). None of the plant Kinesin-7 members have
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been proved to be associated with chromosomes. It is noteworthy that the ho-
mology of plant kinesins with their animal counterparts in these subfamilies
only limits to their motor domains. Functional non-motor domains found in
animal Kinesin-4, -7, -10, -13 are not detected in the plant members of these
subfamilies.

After the breakdown of the nuclear envelope, kinetochores exhibit a lateral
interaction with microtubules prior to the formation of end-on kinetochore
fibers in plant cells (Liu and Palevitz 1991). Thus, kinesins yet to be identi-
fied may be accountable for bringing kinetochores to plus ends of kinetochore
fiber microtubules. To date, only a soybean kinesin decorates the kinetochore
indicating that plant kinesin(s) do act at the kinetochore (Lee and Liu, unpub-
lished data) (Fig. 3). Whether it plays a role in mitosis awaits further analysis.

Congression of chromosomes to the metaphase plate is a key step at
prometaphase before cells proceed to anaphase. In animal cells, a number of

Fig. 3 Kinesin at the kinetochore. A A metaphase soybean cell was stained for micro-
tubules (red), kinesin (green), and DNA (white). Note the kinesin was detected at the
kinetochore (arrowheads). B Diagram of transition from lateral interaction between mi-
crotubules and the kinetochore to an end-on association. A plus end-directed kinesin is
proposed to play a role in this process. Arrow indicates plus end-directed motility for
bringing chromosomes to the microtubule plus end
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kinesins including Kinesin-7, -10, -13 all play a non-redundant role in this
process (Zhu et al. 2005). In plant cells, it is not known whether members
of the Kinesin-7 subfamily are associated with kinetochore or chromosome
arms. Because motor activity is required for chromosome congression, it is
only a matter of time before kinesins in charge of this event are revealed
experimentally in plants.

2.4
Kinesins in Kinetochore Fiber Disassembly
and Sister Chromatid Movement During Anaphase

The disassembly of kinetochore fiber leads to the segregation of genetic mate-
rial during anaphase among eukaryotes. A molecular model depicting motor-
driven kinetochore fiber disassembly and sister chromatid segregation has
been developed in animal cells. While the cytoplasmic dynein is the primary
motor for the pole-ward movement, MCAK/Kinesin-13 plays an assistant role
for microtubule disassembly at the kinetochore (Heald 2001). Direct evidence
has been obtained in cells of the fly Drosophila melanogaster (Sharp et al.
2000b). Thus, ideally in plant cells a minus end-directed kinesin is needed at
the kinetochore to fulfill the function of dynein in animal cells. Among 21
predicted minus end-directed kinesins encoded by the A. thaliana genome,
to date none of the studied ones has been detected at the kinetochore. Al-
ternatively, microtubules of the kinetochore fiber could be depolymerized
solely at the spindle pole during anaphase in plant cells. An example has been
shown in Drosophila cells in which a microtubule depolymerizing Kinesin-13
acting at the centrosome, and another Kinesin-13 at the kinetochore coop-
eratively drive sister chromatid segregation during anaphase (Rogers et al.
2004). Therefore, identification of kinesins at the kinetochore and the spindle
pole would be critical for us to determine the mechanism of sister chromatid
movement in plant cells.

2.5
Kinesins Acting on Midzone Microtubules for Spindle Elongation

Midzone microtubules are responsible for spindle elongation, which is the
hallmark of anaphase B in animal and fungal cells. In plant meristematic cells,
midzone microtubules are rather prominent although anaphase B often is not
obvious (Fig. 4A) (Palevitz 1993). However, rapid polymerization and reorga-
nization of the interpolar microtubules, usually occurring within 10 minutes,
are rather intriguing and allow us to speculate that kinesins likely play a role
during this process (Granger and Cyr 2000; Kumagai et al. 2001; Zhang et al.
1990). The ultimate consequence of midzone microtubule organization is the
birth of the phragmoplast microtubule array. Thus, microtubule sliding activ-
ity would be responsible for the formation of this anti-parallel array.
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Fig. 4 Organization of spindle midzone microtubules. A An anti-tubulin immunofluores-
cent image showing microtubule organization in an anaphase onion root cell. Midzone
microtubules are indicated by arrowheads, and remnants of shortening kinetochore mi-
crotubules are indicated by arrows. B Kinesin-5 members are proposed to play a role in
sliding anti-parallel microtubules apart. Dumbbell-shaped homotetramers of Kinesin-5
are plus end directed motors, and its directionality is indicated by arrows

Members of the BIMC/Kinesin-5 subfamily are the key players for micro-
tubule sliding in the spindle (Sharp et al. 2000c). BIMC was first isolated from
the filamentous fungus Aspergillus nidulans as a motor for spindle pole body
separation (Enos and Morris 1990). It contains an N-terminal motor domain
followed by long coiled-coils. Towards the C-terminus of Kinesin-5, there is
a signature domain known as the BIMC box with a CDK phosphorylation site,
indicating its activity is regulated in a cell cycle-dependent fashion (Blangy et al.
1995). Biochemical analysis of its Drosophila homolog indicates that the native
form of such kinesins is a homotetramer with two motor domains at each dis-
tal end in a dumbbell-like shape so that it is often referred to as bipolar kinesin
(Kashina et al. 1996). Kinesin-5/BIMC is essential for maintaining the bipolar
structure of the spindle as its inactivation leads to collapse of the bipolar spindle
into a monopolar one (Blangy et al. 1995; Enos and Morris 1990).
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Plant Kinesin-5 was first isolated from the tobacco BY-2 cells as TKRP125
(Asada et al. 1997). Later two similar proteins were identified in carrot sus-
pension cells by a biochemical approach (Barroso et al. 2000). Structurally,
they are very similar to their counterparts in fungi and animals. Among 61
kinesins in A. thaliana, four belong to Kinesin-5 with the signature BIMC box
(Lee and Liu 2001, 2004). Immunolocalization data indicate that one or more
Kinesin-5 decorates midzone microtubules (Asada et al. 1997; Barroso et al.
2000), suggesting they may play a role in microtubule sliding there (Fig. 4B).
Unfortunately, functional characterization of Kinesin-5s in A. thaliana by ge-
netic means has been lagging behind, likely due to functional redundancy of
multiple homologs.

Intriguingly, the activity of Kinesin-5 is antagonized by Kar3p/NCD-like
kinesins in the Kinesin-14 subfamily in both fungi and animals (Hoyt et al.
1993; O’Connell et al. 1993; Sharp et al. 2000a). The current model is that
Kinesin-5 generates outward force along microtubules to allow anti-parallel
microtubules to slide against each other, while Kinesin-14 acts as a brake by
generating inward forces (Sharp et al. 2000c). Four members of the Kinesin-
14 subfamily in A. thaliana, KATA/ATK1, KATB, KATC, and ATK5, struc-
turally resemble Kar3p/NCD (Lee and Liu 2001, 2004). They decorate midzone
microtubules in mitotic cells by both immunofluorescence and fluorescent
protein tagging (Ambrose et al. 2005; Liu et al. 1996; Liu and Palevitz 1996;
Mitsui et al. 1994). Whether these four kinesins function antagonistically
against the four Kinesin-5s awaits further studies.

In summary, to our knowledge members of Kinesin-5 and Kinesin-14
may have similar functions in mitosis and meiosis as their animal and fun-
gal counterparts. Kinesins of other subfamilies which have been proven to
function in spindle operation in fungal and animal cells either do not have
homologs in plant cells, or their plant counterparts do not function in mitosis
or meiosis.

3
Kinesins in Plant Cytokinesis

Concomitant with the shortening of the kinetochore fibers during mitosis,
midzone microtubules develop into prominent tight bundles because of new
microtubule polymerization and coalescence (Zhang et al. 1993). The polarity
of these midzone microtubules is later sorted out with their plus ends facing
the future division site (Fig. 5). It had been speculated that phragmoplast mi-
crotubules interdigitated in the middle. However, a recent study indicates that
the anti-parallel microtubules in the phragmoplast do not overlap, and are
spaced by the proposed “cell plate assembly matrix” (Austin et al. 2005).

Phragmoplast microtubules serve as tracks along which Golgi-derived
vesicles are transported towards microtubule plus ends for assembling the cell
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Fig. 5 Organization of microtubules in the phragmoplast. The phragmoplast microtubule
array has a mirrored organization of microtubules with their plus ends in the middle
(arrowheads) and minus ends facing daughter nuclei (arrows)

plate. Cell plate assembly initiates in the middle of the phragmoplast, and
continues centrifugally. Upon the completion of vesicle delivery at a given
area, microtubules in this area will be depolymerized from the minus end.
While microtubules are depolymerized in the middle of the phragmoplast,
new microtubules are being polymerized towards the periphery. Once the as-
sembling cell plate reaches the parental plasma membrane, phragmoplast mi-
crotubules will then be completely depolymerized. One of the most intriguing
questions in plant cell biology is that the cortical site where developing cell
plate fuses is previous determined by the PPB before nuclear envelope break-
down in somatic cells (Wick 1991). But the molecular mechanism underlying
this readout of division plane is still unknown.

In the phragmoplast, kinesins would be required for the following activi-
ties: (1) the establishment of the phragmoplast microtubule array; (2) vesicle
transport along phragmoplast microtubules; (3) microtubule turnover (poly-
merization and depolymerization) in the phragmoplast; and (4) spatial regu-
lation of cell plate assembly.

3.1
Kinesins for Organizing the Phragmoplast Microtubule Array

The development from midzone microtubules to the phragmoplast micro-
tubule array is rather a rapid process (Zhang et al. 1993). The transition
involves microtubule polymerization and bundling/coalescence, as well as
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sorting of microtubule polarity and maintenance of the mirrored array. Ki-
nesins could be involved in all of these activities.

Although tubulins can self-polymerize into microtubules, locally empha-
sized polymerization in the spindle midzone would certainly be assisted by
proteins that promote polymerization. Cross-linking microtubule-associated
proteins in the MAP65 family are key factors for the development of midzone
microtubules (Muller et al. 2004; Van Damme et al. 2004). Recent results show
Kar3p/NCD-like ATK5, a member of the Kinesin-14 subfamily, decorates the
plus end of midzone microtubules (Ambrose et al. 2005). The NCD kinesin
has been shown to function in stabilizing microtubules, and promoting the
assembly of a stable bipolar spindle in the absence of structurally defined
MTOCs like the centrosome (Matthies et al. 1996). So ATK5 may function in
midzone microtubule polymerization by stabilizing these microtubules. Such
a stabilizing activity may be similar to that of the microtubule plus end track-
ing protein EB1 (Bisgrove et al. 2004; Chan et al. 2005; Dixit et al. 2006; Van
Damme et al. 2004).

Midzone microtubules exhibit a phenomenon of lateral coalescence to lead
the formation of the phragmoplast microtubule array (Zhang et al. 1993).
Again, the Kinesin-14 member KATA/ATK1 plays a role in the lateral coa-
lescence activity (Chen et al. 2002). In mutants lacking KATA/ATK1, mid-
zone microtubules remain as discrete thin bundles, and often fail to develop
into the phragmoplast microtubule array during meiosis. But such a pheno-
type is not obvious in somatic mitosis in the same mutant (Marcus et al.
2003). This may likely be because of functional redundancy of the other
three Kar3p/NCD-like Kinesin-14s in A. thaliana. As a matter of fact, two of
Kinesin-14s, KATB and KATC exhibit a cell cycle-dependent expression pat-
tern with a peak during the M phase, which suggests potential roles in cell
division (Mitsui et al. 1996).

One of the most critical steps in establishing the phragmoplast micro-
tubule array is to sort out the polarity of midzone microtubules so that their
plus ends would be facing each other at the division site. Earlier efforts
have determined that microtubule motor(s) are involved in microtubule-
microtubule translocation activity (Asada et al. 1991). TKRP125A of the
BIMC/Kinesin-5 subfamily is a prominent phragmoplast kinesin (Asada
et al. 1997; Asada and Shibaoka 1994). When TKRP125’s activity was in-
hibited using antibodies in vitro, microtubule translocation activity was
blocked (Asada et al. 1997). In tobacco suspension cells, TKRP125 decorates
phragmoplast microtubules, which further supports its role in microtubule-
microtubule sliding. Intriguingly, immunolocalization of a similar kinesin in
carrot suspension cells indicates that a particular Kinesin-5 specifically deco-
rates overlapping microtubules in the phragmoplast, which supports a role in
sorting out the polarity of the microtubules (Barroso et al. 2000). As a bipo-
lar motor, Kinesin-5 would be a perfect player for establishing an anti-parallel
microtubule array with plus ends in the middle (Fig. 4B).
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Once microtubules are arranged in two mirrored sets in the phragmo-
plast, they serve as tracks along which vesicles are delivered by kinesins. Early
studies on microtubule dynamics in the phragmoplast indicate that tubu-
lins are continuously added to the plus ends of phragmoplast microtubules
in the middle (Asada et al. 1991; Vantard et al. 1990). The new microtubule
segments would have to be pushed away. Otherwise, microtubule plus ends
would be located at sites other than the future cell plate position. Since
the plus end is located in the middle, a plus end-directed kinesin would be
needed to continuously translocate newly added microtubule segments away
from the middle of the phragmoplast. The PAKRP1 kinesin from Arabidop-
sis and rice exclusively decorates the plus end of phragmoplast microtubules
(Lee and Liu 2000). PAKRP1 belongs to the Kinesin-12 subfamily with pre-
dicted plus end-directed motility, and uncharacterized non-motor domains
(Lee and Liu 2004). In the A. thaliana genome, at least two genes encode
Kinesin-12 with an identical spatial and temporal localization pattern in
the phragmoplast (Pan et al. 2004). Inactivation of either Kinesin-12 by T-
DNA insertional mutations neither alter the localization of its homolog, nor
affect cytokinesis. Thus, these kinesins function redundantly during cytoki-
nesis. It would be intriguing how microtubule organization would be affected
when both kinesins are inactivated. We also ought to determine whether
Kinesin-12s act as a matrix component connecting anti-parallel microtubules
in the phragmoplast.

3.2
Kinesins and Microtubule Turnover in the Phragmoplast

During cell plate assembly, rapid turnover of phragmoplast microtubules in-
cludes depolymerization in the central region where cell plate materials have
been delivered, and concomitant polymerization at a peripheral area where
vesicle delivery is about to begin (Zhang et al. 1993). The molecular mech-
anism underlying this rapid turnover had been unclear until a MAP kinase
cascade was connected to microtubule dynamics through serendipitous in-
vestigations (Takahashi et al. 2004). Early studies of plant MAP kinases have
revealed a particular set of kinases which become localized to the division
site during cytokinesis (Bogre et al. 1999; Nishihama and Machida 2001).
Inactivation of this MAP kinase cascade by mutations in genes encoding in-
dividual kinases leads to incomplete cytokinesis in Arabidopsis and tobacco
(Krysan et al. 2002; Nishihama et al. 2001; Soyano et al. 2003). The MAPKKK
of this cascade interacts with two plant specific kinesins NACK1/HIN and
STD/TES/NACK2 (Nishihama et al. 2002). These two homologous kinesins
have a typical plus end-directed motor structure with the motor domain at
the N-terminus (Nishihama et al. 2002; Strompen et al. 2002; Yang et al. 2003).
Although they sometimes are placed inside the Kinesin-7/CENP-E subfam-
ily, their motor domains are divergent enough from animal members of this
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subfamily so that they have been suggested to reside in a plant unique sub-
family (Dagenbach and Endow 2004; Lawrence et al. 2004). They interact
with the MAPKKK through a domain in their non-motor region (Nishihama
et al. 2002). These kinesins colocalize with aforementioned MAPKKK at the
cell division site (Nishihama et al. 2002; Yang et al. 2003). In A. thaliana,
they have redundant functions in cytokinesis of all cell types as loss-of-
function mutations at either loci only lead to partial failure in cytokinesis
(Tanaka et al. 2004). However, NACK1/HIN functions more pronouncedly in
somatic cytokinesis during embryogenesis, while STD/TES/NACK2 seems to
be more critical for male meiotic cytokinesis (Hülskamp et al. 1997; Nishi-
hama et al. 2002; Spielman et al. 1997; Strompen et al. 2002). These kinesins
play a role in the localization of the MAPKKK at the division site, and con-
sequently they are required for the expansion of the cell plate (Nishihama
et al. 2002). A recent study shows that NtMAP65-1 is a substrate of this MAP
kinase cascade in tobacco (Sasabe et al. 2006). Native MAP65-1 acts as a mi-
crotubule stabilizing agent by promoting microtubule polymerization and
bundling, and is targeted to the spindle midzone during mitosis (Mao et al.
2005a,b; Smertenko et al. 2000). Upon phosphorylation by the MAP kinase
NRK1/NTF6, MAP65-1’s microtubule bundling activity is significantly down
regulated, and is more restricted to the middle region of the phragmoplast
where microtubule plus ends are located (Sasabe et al. 2006). Therefore, the
phosphorylation of MAP65-1 promotes the turnover of phragmoplast micro-
tubules.

Intriguingly, the depolymerization initiates at the minus ends, and pro-
gresses towards the plus end (Zhang et al. 1993). To our knowledge, none of
the plant kinesins has been shown with a microtubule depolymerase activ-
ity. In animal cells, Kinesin-13 acts as the depolymerase with microtubule
end-stimulated ATPase activity (Walczak 2003). In certain cells like those of
the frog Xenopus, a given Kinesin-13 can act at both the plus and the mi-
nus end of microtubules (Desai et al. 1999; Walczak et al. 1996; Wordeman
and Mitchison 1995). In Drosophila cells, however, one Kinesin-13 acts at the
plus end, while another one acts at the minus end to depolymerize micro-
tubules (Rogers et al. 2004). However, an Arabidopsis Kinesin-13 acts at the
Golgi stacks, and does not play a role in cytokinesis (Lu et al. 2005). Whether
other plant kinesins possess a depolymerase activity awaits further analysis.
It will also be interesting to learn whether plant cells use the same kinesin(s)
for depolymerizing microtubules in the spindle and the phragmoplast.

Concomitant with the depolymerization, new microtubules are polymer-
ized at the peripheral region of the phragmoplast. A recent observation
indicates that the Kinesin-14 ATK5 appears at the leading edge of the phrag-
moplast microtubule array (Ambrose et al. 2005). On the basis of its potential
role in promoting polymerization as shown by its Drosophila homolog NCD,
ATK5 may act to promote microtubule polymerization at the periphery of the
phragmoplast.
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3.3
Kinesins as Motors of Vesicle Transport for Cell Plate Assembly

One of the most conspicuous phenomena in plant cytokinesis is the for-
mation of the cell plate. As soon as the phragmoplast microtubule array
is established, along microtubules vesicles are bound towards the division
site (Fig. 6). In samples prepared by rapid freezing and freeze substitution
such as the one shown in Fig. 6, there is a space between the vesicle and
the microtubule, suggesting that they are connected by a linker. A motor-
like structure has also been shown on vesicles in the phragmoplast in an
electron microscopic/tomographic study (Otegui et al. 2001). The orienta-
tion of the phragmoplast microtubules indicates that Golgi-derived vesicles
are transported by plus end-directed kinesin(s) towards the plus end of these
microtubules. Consequently, the fusion of these vesicles gives rise to a tubulo-

Fig. 6 Microtubules and vesicles in the phragmoplast. An A. thaliana cell was pro-
cessed for electron microscopic examination after being fixed by rapid freezing and freeze
substitution. Arrowheads point at microtubules, and arrows at vesicles bound to micro-
tubules. Asterisk points at tubulo-vesicular network, formed by vesicle fusion, in the
middle area of the phragmoplast. The scale bar represents 0.5 µm
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vesicular network, and ultimately to the cell plate (Bednarek and Falbel 2002;
Jürgens 2005; Otegui and Staehelin 2000; Verma 2001).

To date, very little has been known about kinesins in vesicle transport
in the phragmoplast. Many questions are still standing. How many kinesins
are involved in vesicle transport? Are all vesicles transported by identical ki-
nesins? What is the mechanism of vesicle–kinesin interaction? How are such
kinesins activated for vesicle transport? Are vesicles transported processively
along phragmoplast microtubules? Whether, and if yes how, these kinesins are
recycled during cytokinesis?

An immunocytochemical screen for kinesins in the phragmoplast has re-
vealed a plant-specific kinesin AtPAKRP2 which is localized on vesicle-like
structures in the phragmoplast (Lee et al. 2001). This N-terminal motor
kinesin is very divergent from all other studied kinesins among eukary-
otes, thus it is considered as an orphan kinesin. AtPAKRP2 is associated
with Golgi-derived vesicles, and the association apparently is required for
AtPAKRP2 to be localized along phragmoplast microtubules. This evidence
suggests that AtPAKRP2 is most likely activated by its cargo (vesicle) binding.
Further functional analysis is necessary for addressing how AtPAKRP2 works
in the phragmoplast.

The membrane system in the phragmoplast is highly dynamic, and vesicu-
lation is probably continuously taking place (Verma and Hong 2005). Besides
relatively long distance transport along phragmoplast microtubules, there
might be short distance microtubule-based transports within the phragmo-
plast. However, our knowledge in this aspect is vague. Obviously, more ki-
nesins are yet to be characterized for their roles in vesicle trafficking in the
phragmoplast.

3.4
Kinesins for Spatial Regulation of Cytokinesis?

One of the most intriguing questions regarding plant cell division is the fore-
cast of the cell division plane by the PPB, whose assembly and disassembly
take place before the breakdown of the nuclear envelope. Apparently, the
phragmoplast is able to “read” the information left by the PPB at the corti-
cal division site. A recent report on a predicted minus end-directed kinesin
KCA1 suggests that this kinesin may be involved in the spatial regulation of
cell division in A. thaliana (Vanstraelen et al. 2006). KCA1 and its homolog
KCA2 contain typical motor and neck sequences as the Kinesin-14 mem-
ber KATA/ATK1, but in addition they have an extended coiled-coil domain
followed by a domain with two CDK-phosphorylation sites and a nuclear lo-
calization sequence (Vanstraelen et al. 2004). Using a heterologous expression
system of tobacco cells, a GFP-KCA1 fusion protein shows a localization pat-
tern at the cell cortex and the cell plate, but not at the cortical site which the
PPB occupies (Vanstraelen et al. 2006). While such a localization pattern is
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dependent on the presence of the PPB, the absence of KCA1 at the PPB site is
required for correct placement of the cell plate. Therefore, it would be of par-
ticular interest to identify the cargo molecule(s) of KCA1 in order to further
understand how KCA1 is linked to spatial regulation of cell division.

Another unresolved mystery is how microtubules and microfilaments cross
talk at the cell division site. It is known that microfilaments play a role in divi-
sion plane determination, but not cell plate formation per se (Palevitz 1980).
Our recent results indicate that plant kinesins containing the CH (calponin
homology) domain interact with microfilaments (Preuss et al. 2004). Certain
members of this plant specific kinesin group may integrate microfilaments
with microtubules at the cell division site.

4
Myosins in Plant Cytokinesis: Vesicle Transport Continued

Most myosins, except for Myosin II, are implicated in vesicle transport in fun-
gal and animal cells (Berg et al. 2001). Among them, fungal Myosin V plays
a role in vesicle transport during cytokinesis/septation (Mulvihill et al. 2006).
Both plant Myosin VIII and XI are more closely related to animal and fungal
Myosin V than to other myosins (Lee and Liu 2004). Moreover, Myosin XI is
thought to share a common ancestor with Myosin V as both contain the “di-
lute” domain towards their C-termini, which is considered to be involved in
vesicle trafficking (Berg et al. 2001; Foth et al. 2006). But how they might be
involved in cytokinesis remains to be determined. A pharmacological study
with drugs disturbing myosin activities shows that certain myosin(s) may
contribute to cell plate expansion and alignment in Tradescantia stamen hair
cells (Molchan et al. 2002). This finding has been echoed by a recent genetic
study showing that Myosin XI MYA2 plays a role in cell plate alignment in
Arabidopsis (Holweg and Nick 2004).

Functional analysis of plant Myosin XI is complicated by the fact that this
subfamily has many members. In A. thaliana, for example, 13 out of its 17
myosins are in this subfamily (Reddy and Day 2001a)! Potential functional re-
dundancy would make functional studies more tedious and time consuming.
Nevertheless, their potential role in cytokinesis will be revealed by careful ge-
netic and cell biological studies in the near future using existing or soon to be
available tools.

5
Concluding Remarks

The complexity and novelty of plant kinesin and myosin superfamilies im-
plies that fascinating intracellular motile activities powered by these cy-



Cytoskeletal Motor Proteins in Plant Cell Division 187

toskeletal motors are yet to be revealed. While concerted roles of these motors
are required during cell division, their activities are regulated by means
of cell-cycle dependent expression, post-translational modifications, and
turnovers. Additional regulatory mechanisms include activation by cargo-
binding and inhibition by Ca++/calmodulin-binding. Despite many common
phenomena in cell division among eukaryotes, simple recapitulation of func-
tions of animal kinesins for plant ones in the same subfamily will certainly be
an inappropriate practice. Characterizing functions of individual cytoskele-
tal motors in cell division would be the key for us to appreciate molecular
mechanisms that regulate plant mitosis, meiosis, and cytokinesis.
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Abstract Many organelles in plant cells show a more or less random distribution in the
interphase cell but assume very specific positions during mitosis and/or cytokinesis. Most
prominent among these is the Golgi apparatus which is thought to provide the majority
of raw materials for the assembly of the forming cell plate. However, the localization of
other organelles also seems to indicate specific functions during cell division. In addition,
organelle positioning mediated by the actin cytoskeleton has been implicated in equal
inheritance of organelles by the daughter cells. This review summarizes the current know-
ledge of dynamic organelle positioning during mitosis and cytokinesis and discusses the
mechanisms responsible for the observed localizations.

1
Introduction

Plant cells, like those of all eukaryotes, are compartmentalized into a number
of membrane-bound organelles that carry out specialized functions within
the cell (Lunn 2006). An important aspect of cell division is the distribution
of these organelles into the daughter cells to ensure proper functioning of
these progeny cells (Warren 1993). This concept is immediately obvious for
organelles that originate from fission of preexisting organelles, such as mito-
chondria and plastids. Once a cell has lost either of these organelles, it cannot
create new copies of them since their genetic information is lost.

However, the issue of organelle inheritance also applies to compartments
that do not contain their own genome. For example, it is not clear how a cell
would regenerate a new endoplasmic reticulum (ER) should it ever lose this
important biosynthetic organelle. In other cases, an organelle may be crucial
for the process of cell division itself and may be required in both daughter
cells for its successful completion. The Golgi apparatus which provides the
raw material for cell plate assembly can serve as an example for this class of
organelles.

To ensure faithful inheritance of organelles during cell division, a number
of different approaches can be envisioned that fall broadly into two categories:
regulated and random (Warren and Wickner 1996). An extreme example for
regulated inheritance is the mitotic division of the nucleus itself. In this case
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individual chromosomes are tightly attached to a bipolar spindle to ensure
that their duplicated products, the chromatids, are reliably partitioned into
the two daughter cells. A similar approach also applies to those organelles
that are present in small copy numbers such as chloroplasts and sometimes
mitochondria in some algae. Many organelles of flowering plant cells, on the
other hand, exist in high copy numbers and a random distribution through-
out the cytoplasm should suffice to ensure inheritance of at least some copies
by both daughters (Sheahan et al. 2004).

In reality, most organelle inheritance schemes fall somewhere between
these extreme cases of total control and pure chance. In particular, those or-
ganelles that function in some aspect of cell division may not be randomly
distributed in order to allow for efficient cell division to occur. As a result,
any deviation from a purely random distribution of high copy number or-
ganelles can be used to infer that this organelle may play a role in mitosis or
cytokinesis. This reasoning formed the basis of a number of studies that have
examined the positioning of organelles during various stages of cell division.
This work will review these studies and highlight some of the conclusions
derived from these observations.

2
Organelle Positioning During Mitosis and Cytokinesis

2.1
Endoplasmic Reticulum

One of the first organelles to be examined in detail for its distribution dur-
ing mitosis and cytokinesis was the ER. Staining of Haemanthus endosperm
cells with chlorotetracycline, which marks high Ca2+ concentrations, revealed
intense signals in the mitotic spindle (Wolniak et al. 1980). Since it is well
known that the ER serves as an intracellular store of Ca2+ ions it was pro-
posed that this staining represented the presence of ER in the mitotic spindle
(Fig. 1). This conclusion was confirmed by electron microscopy (EM) of Os-
FeCN stained barley and lettuce root tip cells (Hepler 1980, 1982). In both
species a high density of ER elements was detected at the spindle poles as well
as intermixed and associated with spindle microtubules (MTs). Newer studies
employing ER-targeted GFP or immunofluorescence of HDEL-carrying pro-
teins further confirmed these results for tobacco suspension cultured cells
(Gupton et al. 2006; Nebenführ et al. 2000) and gymnosperms and pterido-
phytes (Zachariades et al. 2003). It has been proposed that the spindle ER
plays a role in regulating local cytoplasmic Ca2+ concentrations that in turn
are crucial for spindle function (Hepler 1980).

Prior to mitosis, the ER was found to align with the pre-prophase band
(PPB) of MTs in Pinus (Zachariades et al. 2001). During cytokinesis, the
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Fig. 1 Several organelles accumulate in specific regions during various stages of cell
division. Light gray regions identify regions where ER, Golgi stacks, and peroxisomes
preferentially accumulate at the given mitotic phase. The vacuole is largely confined to
the periphery of the cell but sends tubular extensions into the phragmosome. For details
see text. pre-pro, preprophase; meta, metaphase; ana, anaphase; telo/early ck, telophase
to early cytokinesis; late ck, late cytokinesis

ER is prominently present within the phragmoplast where tubular elements
seem to align with the MTs when viewed by fluorescence microscopy (Gupton
et al. 2006; Nebenführ et al. 2000; Zachariades et al. 2003). ER also associates
closely with the cell plate leading to the appearance of a brightly fluorescing
line at the division plane (Gupton et al. 2006; Nebenführ et al. 2000; Zachari-
ades et al. 2003). The function of this cell-plate associated ER is not fully
established. Initially, it has been proposed that the ER may form a “cage”
within which Golgi-derived vesicles fuse to form the cell plate (Hepler 1982).
However, a more recent study employing three-dimensional EM tomography
revealed that the ER is not present during the earliest stages of vesicle fusion
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and approaches the cell plate only later (Seguí-Simarro et al. 2004). This study
speculates that the close proximity of ER and cell plate is required to facilitate
exchange of membrane lipids between these compartments during cell plate
maturation (Seguí-Simarro et al. 2004).

2.2
Golgi Apparatus

The Golgi apparatus assumes a special position among the organelles of plant
cells in that its activity is directly necessary for cell plate formation. This
special function has been postulated for the first time based on the unusual
arrangement of Golgi stacks in the vicinity of the growing cell plate in maize
root tips (Whaley and Mollenhauer 1963). In fact, until recently it has been
assumed that the cell plate is formed exclusively from Golgi-derived vesi-
cles (e.g., Staehelin and Hepler 1996). However, recent evidence suggests that
endocytosed material from the maternal plasma membrane may also con-
tribute to the new dividing structure (Bolte et al. 2004; Dettmer et al. 2006;
Dhonukshe et al. 2006). Irrespective of these new findings, it is clear that
Golgi products are required for cell plate formation, a conclusion that is fur-
ther supported by recent studies on Golgi stack partitioning.

Golgi stacks are randomly distributed throughout the cytoplasm during
interphase (Nebenführ et al. 2000; Seguí-Simarro and Staehelin 2006) and
double in number during G2 phase (Seguí-Simarro and Staehelin 2006). In
larger cells that contain large numbers of Golgi stacks, such as the highly
vacuolated tobacco BY-2 cells, these stacks start to accumulate in an equato-
rial ring underneath the thinning PPB (Dixit and Cyr 2002; Nebenführ et al.
2000). This accumulation, termed the “Golgi belt” (Fig. 1), fully develops dur-
ing pro-metaphase and is specific for this organelle since mitochondria do
not accumulate in this region (Nebenführ et al. 2000). The Golgi belt is not
found in meristematic cells of the Arabidopsis shoot meristem (Seguí-Simarro
and Staehelin 2006) which contain fewer stacks and may also impose spa-
tial constraints on organelle distribution due to their smaller size. The Golgi
belt continues to mark the future division site after disappearance of the PPB
which has led to the speculation that these stacks are involved in preparing
the cortical division site for insertion of the cell plate (Nebenführ et al. 2000).
Contrary to this prediction it was found that disruption of Golgi stacks with
brefeldin A (BFA) did not inhibit insertion of the cell plate in this area (Dixit
and Cyr 2002). However, it has to be noted that cell-plate insertion is also
possible at non-division sites (Mineyuki and Gunning 1990), in other words,
secretion from Golgi stacks to the PM at the division site may not be neces-
sary for cell division, but may only facilitate some aspect such as maturation
of the division wall. The unusual positioning of Golgi stacks in the Golgi
belt at this stage of cell division clearly deserves further study to elucidate its
function.
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During metaphase, another accumulation of Golgi stacks becomes evi-
dent at the opposing poles of the metaphase spindle (Nebenführ et al. 2000).
The density of stacks in close proximity to the spindle of BY-2 cells is ap-
proximately twice as high as in the rest of the cytoplasm. The function of
this accumulation is again unknown, but has been linked to the presence of
Golgi vesicles and products in the metaphase spindle (Hepler 1980; Sonobe
et al. 2000) and a priming of the division area with cell plate building blocks
(Nebenführ et al. 2000). During anaphase, Golgi stacks begin to appear in
the interzone between the separating chromosomes but are excluded from the
forming phragmoplast (Nebenführ et al. 2000).

Golgi stacks are prominently associated with the growing cell plate and ac-
cumulate around the phragmoplast as demonstrated by conventional EM in
root tips (Whaley and Mollenhauer 1963), fluorescence microscopy of GFP-
labeled stacks in BY-2 cells (Nebenführ et al. 2000) and EM serial sections
in shoot meristems (Seguí-Simarro and Staehelin 2006). These stacks do not
display a preferred orientation relative to the phragmoplast (Seguí-Simarro
and Staehelin 2006), but are most likely involved in the delivery of secretory
products to the phragmoplast. This association of Golgi stacks with the phrag-
moplast is not static but allows dynamic repositioning of the organelle as the
cell plate expands (Nebenführ et al. 2000). It is not clear how long individual
stacks remain in close proximity to the cytokinetic machinery. Golgi stacks are
also often seen close to the maturing cell plate in late stages of cytokinesis and
following completion of the cell wall (Kawazu et al. 1995; Nebenführ et al. 2000).

Golgi products have been tracked with anti-xyloglucan antibodies to fluo-
rescently label the presence of hemicelluloses within BY-2 cells (Sonobe et al.
2000). Although direct evidence from EM labeling is not available, it is as-
sumed that the signals generated in this way represent post-Golgi secretory
vesicles. The random distribution of small spots found in interphase cells
is first broken in metaphase when a diffuse staining of the metaphase spin-
dle is detected. During anaphase, the signal appears as a broad band in the
interzone between the chromosomes that gradually narrows until it finally,
in telophase, is confined to a narrow line that corresponds to the cell plate
(Sonobe et al. 2000). This distribution is consistent with the expected move-
ment of Golgi vesicles along phragmoplast MTs to the division plane. Notably,
the presence of hemicelluloses in the metaphase spindle supports the idea that
Golgi stacks already produce cell plate precursors prior to cytokinesis and de-
liver these precursors to the spindle region where they are available for cell
plate assembly as soon as the phragmoplast forms (Nebenführ et al. 2000).

2.3
Endosomes and Prevacuolar Compartments

As mentioned above, there is recent evidence that endocytic membrane traffic
may contribute to cell plate formation. This is mostly based on the endocytic
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tracer FM4-64, a lipophilic dye that partitions into the plasma membrane and
is thought to be endocytosed and eventually delivered to the vacuole (Aniento
and Robinson 2005; Bolte et al. 2004). Interestingly, FM4-64 prominently la-
bels the region of the forming cell plate in cytokinetic cells (Bolte et al. 2004;
Dettmer et al. 2006; Dhonukshe et al. 2006) suggesting that endocytic traffic
in these cells is redirected to the forming cell plate. This conclusion appears
to be supported by immuno-labeling of PM proteins and cell wall polysac-
charides in the cell plate as well as small punctate structures that seem to
colocalize with FM4-64 spots (Dhonukshe et al. 2006).

Curiously, FM4-64 label is found not only in small spots that likely rep-
resent endosomes but also throughout the metaphase spindle (Dhonukshe
et al. 2006). It is not clear which membrane compartment is labeled in this
case, although the ER shows a similar distribution. Some of the FM4-64 spots
were also labeled with GFP-RabF2b (= Ara7) near the cell plate (Dhonukshe
et al. 2006), a Rab protein that has been implicated in Golgi-to-vacuole traffic
and localizes to prevacuolar compartments (PVCs) (Kotzer et al. 2004). It is
unclear whether this partial colocalization of FM4-64 with a PVC marker rep-
resents a bifurcation of the endocytic pathway between a vacuolar and a cell
plate branch. This finding, however, would suggest that PM-to-vacuole traf-
fic is not completely blocked in dividing cells. Interestingly, PVCs or more
specifically GFP-RabF2b-positive structures were also labeled with a YFP-
2xFYVE construct that binds to phosphatidylinositol-3-phosphate (PI3P) in
membranes (Vermeer et al. 2006). In dividing BY-2 cells this marker was
found in areas that correspond to the phragmoplast (Vermeer et al. 2006).

Multi-vesicular bodies (MVBs) have been identified previously as PVCs
(Tse et al. 2004), although it is not clear whether all MVBs are PVCs, or
whether all PVCs are MVBs. However, their unique morphology makes it pos-
sible to identify MVBs unambiguously in the EM and this was exploited in
a 3D reconstruction from serial sections of Arabidopsis meristem cells (Seguí-
Simarro and Staehelin 2006). It was found that during interphase MVBs often
are located in small clusters near Golgi stacks and during cytokinesis are also
associated with the cell plate. The size of MVBs increases during cell divi-
sion such that their volume quadruples. This volume increase coincides with
the appearance of clathrin coated buds and vesicles on the cell plate, sug-
gesting that these cell-plate associated MVBs are involved in targeting excess
membrane to the lytic vacuole (Seguí-Simarro and Staehelin 2006).

It should be cautioned that the identity of fluorescently labeled compart-
ments is not always known but only inferred from colocalization data at the
LM level. Similarly, the composition and function of membrane compart-
ments identified in the EM is often unclear and only predicted based on
morphological similarity to known structures. An additional difficulty in this
part of the endomembrane system is that all compartments are only tempo-
rary containers and can change their composition and hence identity as they
mature. A better understanding of the endocytic/post-Golgi/pre-vacuolar
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trafficking pathways is needed before we can assign definitive functions to
any of these labeled structures and come to final conclusions about their role
in cell plate formation.

2.4
Vacuole

The vacuole is, by volume, the largest organelle in mature plant cells and at
the same time displays an enormous variability in shapes and structures (Hi-
gaki et al. 2006). In most dividing cells, the vacuole is much smaller and even
decreases in volume during division (Seguí-Simarro and Staehelin 2006), but
nevertheless is a prominent component of the cell. In effect, the absence of the
vacuole from the center of the cell defines the “phragmosome”, the contin-
uous cytoplasmic domain within which mitosis and cytokinesis occurs. Two
recent studies have pursued complementary approaches to follow vacuole
dynamics in two very different dividing cells. In the first study, fluorescent
labeling of the tonoplast, the vacuolar membrane, was used to visualize vac-
uoles in 3D confocal reconstructions (Kutsuna et al. 2003). The second study
used EM serial sections to visualize vacuole structure in Arabidopsis shoot
meristem cells (Seguí-Simarro and Staehelin 2006).

Interestingly, both cell types displayed the formation of tubular exten-
sions of the vacuole that surrounded the mitotic apparatus and connected
the two parts of the vacuole across the phragmosome (Kutsuna et al. 2003;
Seguí-Simarro and Staehelin 2006; Fig. 1). In meristematic cells the vacuole
breaks down into smaller units around metaphase (Seguí-Simarro and Stae-
helin 2006), a feature that was not evident in BY-2 cells presumably due to
the higher degree of vacuolation in the latter. However, during telophase the
vacuoles of both cell types projected tubular extensions into the region sur-
rounding the cell plate. These parts of the vacuole may be participating in the
degradation of material that was removed from the maturing cell plate (see
above).

2.5
Other Organelles: Peroxisomes, Mitochondria, and Plastids

Organelles outside the endomembrane system have received relatively little
attention with respect to their dynamics during cell division. The most thor-
ough study was conducted on immuno-labeled peroxisomes in dividing cells
of the onion root tip and leek leaf epidermis (Collings et al. 2003). In this
case it was found that peroxisomes, which are randomly distributed during
interphase and up to metaphase, start to accumulate in the division plane
in anaphase (Fig. 1). Interestingly, this accumulation preceded formation of
a clear phragmoplast but coincided with an accumulation of actin filaments
(Collings et al. 2003). This cluster of peroxisomes is then split into two layers
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by the forming cell plate. As the ring-phragmoplast expands outward, the
peroxisome clusters seem to trail behind and continue to remain closely
associated with the maturing cell plate (Collings et al. 2003). The authors
speculate that this localization of peroxisomes indicates the production of
hydrogen peroxide radicals in the cell plate or a role of these organelles in
membrane lipid recycling (Collings et al. 2003). However, it has to be cau-
tioned that not all species accumulate peroxisomes near the cell plate to the
same extent as onions and leek. In particular, the peroxisome accumulation is
not as prominent in BY-2 cells and not detectable at all in Arabidopsis root tip
cells (Collings et al. 2003). This suggests that organelle accumulations during
cell division may reflect species-specific adaptations.

The distribution of mitochondria and plastids in dividing cells has not
been studied in detail. Staining of these organelles with a fluorescent dye in
tobacco BY-2 cells revealed that they accumulate in the phragmosome but
largely are relegated to the periphery and don’t approach the spindle appa-
ratus closely (Nebenführ et al. 2000). This is particularly true for the larger
plastids which are found mostly close to the vacuolar membrane. This pat-
tern persists also during cytokinesis when some mitochondria can be found
in close proximity of the phragmoplast but plastids are mostly confined to the
area behind the re-forming daughter nuclei (Nebenführ et al. 2000). This pat-
tern is also seen in EM images of the dividing cell (e.g., Seguí-Simarro and
Staehelin 2006). The proximity of mitochondria to the cytokinetic appara-
tus may reflect the energy requirements of this machinery, while the plastids
(at least in the non-photoautotrophic BY-2 cells) do not contribute to the cell
division process.

3
Mechanisms of Organelle Positioning

While considerable attention has been paid to the role of the cytoskeleton in
moving cell plate precursors through the phragmoplast to the division plane
(Vanstraelen et al. 2006), relatively little information has been garnered on
the mechanisms that lead to the specific positioning of organelles surround-
ing the mitotic and cytokinetic machinery. It is reasonable to assume that
the cytoskeleton plays a major role in getting the organelles to their cor-
rect positions. In interphase cells, all organelles discussed so far can move
along the actin cytoskeleton with the help of myosin motor proteins (Collings
et al. 2002; Higaki et al. 2006; Kwok and Hanson 2003; Nebenführ et al. 1999;
Runions et al. 2006; Ruthardt et al. 2005; van Gestel et al. 2002). However,
all these rapid, saltatory motions come to a standstill during mitosis and all
movements in dividing cells are much slower (Mineyuki et al. 1984). In add-
ition, MTs have been found to bind organelles in interphase (Sonobe et al.
2000; van Gestel et al. 2002) and MT-based motors are known to be associated
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with various organelles (e.g., Lu et al. 2005; Romagnoli et al. 2003). Thus, it
is not possible to a priori predict which cytoskeletal system is being used to
mediate the observed distribution of the different organelles.

The presence of tubular ER elements in the metaphase spindle and the
phragmoplast is suggestive of an interaction of this organelle with MTs. Close
apposition of ER membranes with spindle MTs (Hepler 1980) seems to sup-
port this notion. Disruption of MTs with oryzalin, unlike cytochalasin D
treatment, does indeed lead to a redistribution of the ER in mitotic cells
(Zachariades et al. 2003) but in addition leads to a dramatic rearrangement
of cellular elements that make interpretation difficult.

The specific accumulation of Golgi stacks in certain regions of metaphase
cells could not be disrupted by actin depolymerizing drugs (Nebenführ et al.
2000) suggesting that the actin cytoskeleton is not involved in anchoring
them in specific areas. However, it should be pointed out that this kind of ex-
periment does not rule out a role for actin tracks during delivery of Golgi
stacks to these positions. Disruption of MTs with propyzamide also did not
result in a loss of Golgi accumulation, although the segregation of mito-
chondria and plastids from Golgi stacks could be disrupted by additional
mechanical force, i.e. by shaking of the treated cells (Nebenführ et al. 2000).
This might indicate that MTs provide anchoring points for Golgi stacks. As for
the ER, these results are difficult to interpret since removal of the metaphase
spindle leads to a complete loss of normal cell architecture and structural
integrity of the phragmosome.

A clear involvement of the actin cytoskeleton has been found for the po-
sitioning of two organelles, the vacuole and peroxisomes. In these cases,
treatment with various actin-disrupting drugs (bistheonellide A, latrunculin
B, or cytochalasin D) broke up the tubular extensions of the vacuoles seen
during mitosis (Kutsuna et al. 2003) and prevented accumulation of peroxi-
somes in the division plane (Collings et al. 2003), respectively. In the latter
case, the same result was obtained with the myosin inhibitor 2,3-butanedione
monoxime (BDM) indicating that the accumulation of peroxisomes at the cell
plate depends on myosin-driven movements (Collings et al. 2003).

The actin cytoskeleton also seems to play a role on a global scale in en-
suring even distribution of organelles into the two daughter cells. Inheritance
of mitochondria, chloroplasts, and ER is normally very even in cells derived
from tobacco mesophyll protoplasts (Sheahan et al. 2004). However, disrup-
tion of actin filaments with latrunculin B resulted in many cells receiving only
a small fraction of some organelles while disruption of MTs with oryzalin did
not yield this effect (Sheahan et al. 2004). Thus, the actin cytoskeleton seems
to be needed to position roughly equal numbers of organelles on both sides of
the division plane. A complementary interpretation could be that actin is re-
quired for proper positioning of the division plane so that the cells are divided
evenly. This interpretation is supported by the observation that alignment of
the forming cell plate with the cortical division site in Tradescatia stamen
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hair cells depends on the acto-myosin system (Molchan et al. 2002). Current
data seem to suggest that both effects occur at the same time (Sheahan et al.
2004). However, a detailed spatio-temporal analysis of organelle distributions
in actively dividing cells in the presence and absence of latrunculin B will be
required to determine their relative contributions.

4
Outlook

Progress in recent years has demonstrated that many organelles assume non-
random positions during cell division in a wide variety of plant cells. These
specific accumulations indicate that these organelles are performing specific
functions at these positions, which in some cases has led to new insights
in the process of cell division. For example, the proximity of peroxisomes,
multivesicular bodies, and vacuolar elements near the forming cell plate has
resulted in new hypotheses that can now be tested experimentally. More re-
search will also be necessary to elucidate the mechanisms that mediate this
organelle positioning. In particular, precise surgical interventions will be re-
quired since the wholesale disruption of all MTs or all actin filaments have
often proven too crude to identify specific localization mechanisms. Know-
ledge of these mechanisms then should allow us to disrupt positioning of
specific organelles which in turn will directly address the function of these
organelles during cell division.
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Abstract The nuclear envelope separating the cell nucleus from the cytoplasm is a com-
mon feature of all eukaryotic cells, but its origin is still an enigma. Its early evolution
appears closely linked with the evolution of the mitotic spindle apparatus. Many regula-
tory proteins are playing critical dual roles in spindle assembly as well as nuclear envelope
and nuclear pore complex formation. During the evolution of higher eukaryotes, open
mitosis evolved independently in the plant and animal lineages, leading to a marked di-
versification of nuclear envelope compositions and roles in mitosis. Unique features of
the plant nuclear envelope include its function as mitotic spindle organizing center and
the lack of nuclear lamins and associated proteins. Nuclear envelope dynamics observed
during mitosis appear to be similar between plants and animals. The nuclear envelope is
absorbed into the endoplasmic reticulum after breakdown and reformed from the endo-
plasmic reticulum membrane pool after mitosis. In addition, nuclear envelope material
contributes to the newly forming cell plate in plant cells. Plant and animal cells might use
the same underlying molecular signals for nuclear envelope reassembly, but modified as
variations of a common theme.

1
Introduction

In all eukaryotic cells, the nucleus containing the genetic material is separated
from the cytoplasm by a double-membrane structure termed the nuclear en-
velope. The outer nuclear membrane is continuous with the endoplasmic
reticulum and presents a surface for the organization of cytoskeletal com-
ponents. The inner nuclear membrane serves similarly as anchoring surface
for chromatin. Both membranes are connected by nuclear pore complexes
forming channels to allow for the exchange of macromolecules between the
nucleoplasm and the cytoplasm.

The compartmentalization of the genetic material within a membrane-
bound nucleus poses a challenge to the cell during mitosis: The cell has to
segregate the nuclear material before cytokinesis to ensure the equal distri-
bution of the genetic material onto the daughter cells. How do eukaryotic cells
solve this problem?

The answer is two-pronged:

1. To achieve segregation of the genetic material, the eukaryotic cell utilizes
a dynamic microtubule array, the mitotic spindle, attached to specialized
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chromosome regions, the centromers, to separate the condensed chromo-
somes

2. To achieve the separation of one membrane-bound nucleus into two iden-
tical daughter nuclei, a variety of mechanisms has evolved ranging from
karyokinesis in closed mitosis to complete breakdown and reassembly of
the nuclear envelope in open mitosis

The evolution of both processes appears to be tightly interlocked, with the
nuclear envelope playing crucial roles in mitotic checkpoint control and spin-
dle assembly. This chapter takes a closer look at the evolution of open mitosis
in the “green” lineage and the dynamics and functional roles of the nuclear
envelope in plant cells compared to the other branches of the eukaryotic do-
main.

2
Evolution of the Nuclear Envelope

The exact events leading to the development of the nucleus as an organelle are
subject to controversial discussion. Two basic models for the formation of the
nuclear envelope have been proposed:

1. Karyogenic hypothesis: formation of the nuclear envelope through invagi-
nation of the plasma membrane in a proto-eukaryote

2. Endokaryotic hypothesis: formation of the nucleus (and centrosomes) by
endosymbiosis, with the nuclear envelope a remnant of a phagocytic event

The possibility of analyzing fully sequenced genomes to determine likely
prokaryotic origins of eukaryotic signature proteins has renewed the debate.
While sequence data seems to support the theory of endosymbiosis of an ar-
chaebacterium by a eubacterial host (Horiike et al. 2002) or endosymbiosis
of a number of archaea and bacteria by a postulated “chronocyte” (Hart-
man and Fedorov 2002), the endokaryotic hypothesis remains controversial
(Martin 2005). Another hypothesis argues that not endosymbiosis, but the
formation of a chimera between an archaebacterium and motile eubacteria
led to the development of the karymastigont, a nuclear structure coupled with
a microtubular flagellum that is found in amitochondriate protists (Margulis
et al. 2000, 2006).

A common premise of these hypotheses is the coupling of the emergence
of a nuclear envelope to the presence of an endoskeleton and its co-evolution
with mitosis (Cavalier-Smith 2002; Dolan et al. 2002). In the compartmental-
ization model, the appearance of the nucleus would have been predated by
the evolution of an endoskeleton allowing for motility and vesicle transport
and laying the basis for the development of the mitotic apparatus (Martin
1999). Membrane enclosure of the nucleus might have been triggered by
the need to protect the genetic material from digestive enzymes used dur-
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ing phagocytosis (Mitchison 1995; Roos 1984). Phagocytosis also would have
been a requirement for endosymbiosis, favoring the “chrononcyte” hypothe-
sis (Hartman and Fedorov 2002). In the karyomastigont hypothesis, the DNA
of the chimera recombined and remained attached to the membrane as well
as the kinetosome of its motile component, resulting in the formation of
a membrane-bound nucleus linked to cytoskeletal structures giving rise to
the kinetosome/centrosome microtubule organizing center (MTOC) facilitat-
ing mitosis (Dolan et al. 2002; Margulis et al. 2000, 2006).

2.1
Origin of Nuclear Envelope Membranes and Proteins

The nuclear membranes are thought to have evolved from or together with
the endoplasmic reticulum (ER) in the evolution of eukaryotic cells (Cavalier-
Smith 2002; Lopez-Garcia and Moreira 2006; Mans et al. 2004). This is sup-
ported by the fact that the outer nuclear envelope membrane is continuous
with the ER. It has been suggested that the radiation of the Ras-family of sig-
naling GTPases, leading to the development of the Ran cycle, played a pivotal
role in the development of a functional nuclear envelope. This hypothesis is
supported by several observations:

• The Ran cycle components are highly conserved throughout the eukary-
otic domain and are in fact the most strikingly conserved nuclear pore
components in a comparative genomics analysis, suggesting that they pre-
existed in the eukaryotic ancestor (Mans et al. 2004)

• While ER vesicles show a propensity for association with chromatin to
form a rudimentary nucleus, the fusion of such vesicles docked to chro-
matin to form a continuous nuclear envelope requires the Ran cycle (Het-
zer et al. 2000, Newport and Dunphy 1992)

• The nuclear pore assembly likewise requires the action of the Ran cycle
(Ryan et al. 2003, Walther et al. 2003)

• The Ran cycle plays an essential role in nucleocytoplasmic transport
across the nuclear envelope (Steggerda and Paschal 2002)

Nug-type GTPases involved in ribosomal subunit export are similarly highly
conserved, suggesting that a primitive nuclear pore complex depending on
Ran and Nug GTPase-driven essential transport functions was part of the
ancestral nuclear envelope in early eukaryotic cells. Based on comparative
genomics, it has been estimated that these early nuclear pores were already
highly complex structures composed of about 20 proteins. The primordial nu-
clear import machinery likely included the karyopherins importin α and β,
which have additional functions in spindle formation and in nuclear envelope
and pore complex assembly, respectively (Askajer et al. 2002; Harel et al. 2003;
Mans et al. 2004; Zhang et al. 2002).
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The nuclear envelope and nuclear pore complexes subsequently gained
complexity and functionality through diversification of existing protein fam-
ilies, such as the karyopherins, and the incorporation of novel proteins in
the different eukaryotic lineages. Some of the domains in these proteins can
be traced back to bacterial origins (endosymbiotic horizontal gene trans-
fer), while others are paralogs of eukaryotic proteins that have gained new
functions. The nuclear lamina, a prominent feature of the metazoan nu-
clear envelope, evolved only in that lineage, possibly as an adaptation to the
greater mechanical stress, in the form of contractile forces, in animal cells as
compared to fungi and plants (Mans et al. 2004). As a result of this diver-
gent evolution, the nuclear envelopes found in the three kingdoms of higher
eukaryotes show distinctive differences in composition as well as function,
despite their common origin.

The evolutionarily late acquisition of novel functions in nuclear envelope
proteins is also supported by the finding of distinct targeting mechanisms for
Ran GTPase-activating protein (RanGAP). RanGAP is targeted to the nuclear
pore in animal as well as plant cells, but not in yeast. This subcellular lo-
calization is achieved through additional nuclear envelope targeting domains
present in the plant and animal versions of the protein. However, these do-
mains differ from each other, are attached to opposite termini of the catalytic
core of the protein, and are not functionally interchangeable (Jeong et al.
2005; Rose and Meier 2001). This suggests that they evolved after the diver-
gence of the major eukaryotic kingdoms and utilize kingdom-specific nuclear
envelope components as anchors. The extension of animal and plant RanGAP
with a specific targeting domain changing its subcellular localization is an
example for the common principle of “tinkering together” existing protein
domains to gain functionality during the evolution of the nuclear envelope
and nuclear pore complex (Mans et al. 2004). It has been postulated that the
targeting of RanGAP to the nuclear envelope constitutes an adaptation to
the development of open mitosis in which the nuclear envelope disassembles
(Rose and Meier 2001).

2.2
From Closed Mitosis to Open Mitosis

In most unicellular eukaryotes, the nuclear envelope stays intact during mito-
sis. In this closed mitosis, an intranuclear spindle separates the chromosomes
before karyokinesis occurs. In fenestral mitosis, the spindle forms outside the
nucleus and penetrates the nuclear envelope; however, the nuclear envelope
does not disassemble completely. During the evolution of multicellular organ-
isms, open mitosis evolved where the nuclear envelope disintegrates before or
during spindle formation and reforms around the two daughter nuclei after
the separation of the chromosomes. Open mitosis occurs in the plant and an-
imal kingdoms and possibly some fungi of the phylum basidiomycota. As it is
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not found in more basal lineages, open mitosis likely evolved independently
in the different kingdoms and is a result of convergent evolution of mitotic
mechanisms rather than divergence from a common ancestor (see Fig. 1).

When did open mitosis arise in the plant lineage? The evolutionary an-
cestors of the higher plants are the green algae. Modes of mitosis found in
green algae include the proposed archetype of eukaryotic mitosis via kary-

Fig. 1 Occurrence of closed and open mitosis in eukaryotes after mitochondrial endosym-
biosis (phylogeny based on Hedges 2002). Asterisks mark independent appearances of
open mitosis during evolution. The boxed phyla represent organisms with plastids origi-
nating from photosynthetic endosymbiosis (Moreira et al. 2000)

Fig. 2 Variations in mitotic features present in the groups of green algae implicated in
the ancestry of land plants. Presence or absence of features listed on top are marked by
plus and minus, respectively. The box indicates Charophyta (Based on van den Hoek et al.
1995; McCourt et al. 2004)
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omastigont duplication, for example in the model organism Chlamydomonas
(Brugerolle and Mignot 2003; Coss 1974), and a large variety of diverse mech-
anisms (summarized in Fig. 2). In addition to the occurrence of open and
closed mitosis as well as cytokinesis via cleavage furrow or cell plate, two fun-
damentally different modes of microtubule organization can be observed at
the end of mitosis. Members of the Chlorophyceae and some Prasinophyceae

Fig. 3 Schematic representation of mitotic stages during the development of open mito-
sis in the plant lineage. A Chlamydomonas-type mitosis: Chlamydomonas loses its flagella
before undergoing karyomastigont-type karyokinesis followed by cytokinesis via cleav-
age furrow. B Pyramimonas (Prasinophyceae)-type mitosis: Pyramimonas contains four
basal bodies with flagella, but only two are shown for simplification. Mitosis is open
and followed by cytokinesis via cleavage furrow. C Coleochaete-type mitosis: Mitosis is
open and utilizes cytoplasmic centrioles as microtubule organizing centers. Cytokine-
sis is achieved by a phragmoplast and centrifugal cell plate formation. D Higher plant
mitosis: Microtubules form a preprophase band at the cell periphery and are organized
around the nuclear envelope before it breaks down. Cytokinesis is achieved by a phrag-
moplast and centrifugal cell plate formation. I Preprophase, II prophase, III metaphase,
IV telophase, V interphase. Nuclei are shown in light blue and nuclear envelope disas-
sembly and reassembly is represented by broken lines. Microtubules are represented by
red lines. BB membrane-bound basal bodies, CC condensed chromosomes, CEN cytoplas-
mic centrioles, PP phragmoplast with new forming cell plate, PPB preprophase band of
microtubules
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contain a phycoplast where the spindle apparatus collapses and microtubules
align parallel to the plane of cell division in telophase. In contrast, the Zygne-
matales, Coleochaetales, and Charales contain a phragmoplast where the spin-
dle persists into telophase and microtubules align perpendicular to the plane
of cell division (McCourt et al. 2004). These characteristics coincide with the
division of the green algae into Charophyta and other Chlorophyta. Outside
the Charophyta, only a few species of algae in the Ulvophycean clade utilize
phragmoplasts as well (Lopez-Bautista et al. 2003).

The Charophyta, and within this group the Charales (stoneworts), are con-
sidered the closest relatives to the land plants based on their mitotic behavior
as well as phylogeny (Battacharya and Medlin 1998; Karol et al. 2001; Lewis
and McCourt 2004). Morphological and sequence-based data suggest that the
ancestor of the charophytes belonged to the green algae group Prasinophyceae
(Battacharya and Medlin 1998). Cell division within the Prasinophyceae is
diverse and includes open and closed mitosis with a persistent spindle and
cleavage furrow (Pyramimonas and Nephroselmis, respectively) and closed
mitosis with a non-persistent spindle and cell plate formation via phycoplast
(Tetraselmis).

Putting phylogeny and differences and similarities in mitosis together,
the following order of events might have led to the development of the
phragmoplast-type open mitosis of higher plants:

• Spindle persists into telophase (some Prasinophyceae, all Charophyta)
• Nuclear envelope breaks down during mitosis (some Prasinophyceae, all

Charophyta)
• Telophase spindle becomes more prominent (all Charophyta)
• Phragmoplast with cell plate forms (some Charophyta)
• Centrioles are lost in higher plants

Schematic examples of proposed stages along the development of higher plant
type open mitosis are shown in Fig. 3.

3
Role of Nuclear Envelope Components in Mitosis and Meiosis

The nuclear envelope plays a role in several processes during cell division,
such as:

• Chromosome condensation
• Telomere attachment and homologous chromosome synapsis in meiois
• Spindle assembly and orientation
• Kinetochore assembly and function
• Mitotic checkpoint control
• Cell plate formation in higher plants
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3.1
Spindle and Kinetochore Assembly

Most prominently, components of the nuclear envelope are tightly linked
with mitotic spindle assembly. In yeast and some protists, the spindle pole
bodies are embedded into the nuclear envelope. Additional nuclear envelope
proteins are involved in the regulation of spindle pole body formation. For
example, the yeast nuclear pore protein MLP2 has been found to promote
spindle pole body assembly (Niepel et al. 2005). Proteins of the nuclear pore
complexes and the nucleocytoplasmic transport machinery also play crucial
roles during mitotic spindle assembly in animals. In C. elegans, several nucle-
oporins are required for proper spindle orientation (Schetter et al. 2006).

In mammalian cells, the nuclear pore proteins RanBP2/Nup358 and Ran-
GAP redistribute to the kinetochores during mitosis where they are essential
for kinetochore assembly and function (Joseph et al. 2004; Salina et al. 2003).
The depletion of RanBP2/Nup358 from mammalian cells causes mitotic ar-
rest, suggesting a function in mitotic checkpoint control (Salina et al. 2003).
Another protein shuttling between the nuclear envelope and mitotic kine-
tochores, MEL-28/ELYS, is required for structural and functional integrity
of the nuclear envelope as well as chromosome condensation and kineto-
chore and spindle assembly in C. elegans egg cells (Fernandez and Piano
2006; Galy et al. 2006). MEL-28/ELYS has been implicated in postmitotic nu-
clear pore complex assembly, mirroring the mitotic roles of RanBP2/Nup358
(Franz et al. 2007; Rasala et al. 2006).

3.2
Mitotic Functions of the Ran Cycle

In animal cells, the Ran cycle and karyopherins, facilitators of nucleocyto-
plasmic transport during interphase, play important roles in spindle assembly
as well as vesicle fusion and nuclear envelope reassembly (Askajer et al. 2002;
Di Fiore et al. 2004). Disturbances of the proper ratios and localization of
proteins within the Ran cycle interfere with mitotic check point control (Ar-
naoutov and Dasso 2003; Li et al. 2003; Quimby et al. 2000). In plant cells, the
nuclear envelope protein and Ran cycle component RanGAP is redistributed
to the mitotic spindle and subsequently to the growing cell plate of the phrag-
moplast, linking nuclear envelope components to cytokinesis (Jeong et al.
2005; Pay et al. 2002). The functional significance of this localization is un-
clear, but it is likely that the plant Ran cycle plays roles in mitotic microtubule
assembly and vesicle fusion in analogy to its functions found in animal cells.
In the fungus Aspergillus nidulans, the nuclear pore complexes disassemble
partially and the nuclear envelope becomes “leaky”, allowing cytoplasmic
RanGAP access to the nucleus during a short time window preceding nuclear
division (De Souza et al. 2004). Yeast RanGAPs contain nuclear export sig-
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nals, suggesting that they are capable of shuttling between the nucleus and the
cytoplasm. In Schizosaccharomyces pombe, RanGAP appears to be involved
in heterochromatin assembly, centromeric silencing and mitotic chromosome
segregation (Kusano et al. 2004; Nishijima et al. 2006). Together, these data
emphasize the dual role of components of the nucleocytoplasmic transport
machinery during mitotic events.

3.3
The Plant Nuclear Envelope as Microtubule Organizing Center

One key difference between higher plants and other organisms is the absence
of centrosomes or spindle pole bodies as microtubule organizing centers.
With the development from single cell, motile algae to multicellular, sessile
plants, plant cells have lost their centrioles and therefore depend on alterna-
tive means for microtubule nucleation during spindle formation. This func-
tion is taken over by the nuclear envelope serving as a site for microtubule
nucleation at the onset of mitosis (Bakhuizen et al. 1985; Stoppin et al. 1994;
reviewed by Canaday et al. 2000). Microtubule-associated proteins (MAPs)
modulate the microtubule nucleating activity of the plant nuclear envelope
(Stoppin et al. 1996).

The minimal core of the microtubule nucleation machinery consists of the
proteins Spc98/Spc97 and γ-tubulin. Together, these form the γ-tubulin ring
complex (γ-TuRC) to initiate microtubule nucleation (reviewed by Job et al.
2003). Homologs of all three components of the γ-TuRC can be identified in
plant genomes. Consistent with its function and the position of microtubule
nucleation sites in plant cells, the plant homolog of Spc98 has been found to
co-localize with γ-tubulin at the plant nuclear envelope (Erhardt et al. 2002).
It is unclear how the attachment of the γ-TuRC to the nuclear envelope is
achieved in plant cells. In yeast, the spindle pole body components Spc72 and
Spc110 serve as anchoring sites on the cytoplasmic and nucleoplasmic sur-
faces of the spindle pole body, respectively (Knob and Schiebel 1997, 1998).
No homologs of these proteins exist in plants. However, they share the com-
mon feature of long coiled-coil domains, a common protein interaction motif.
Long coiled-coil proteins have also been identified at the plant nuclear en-
velope, for example the carrot nuclear matrix constituent protein NMCP1
(Masuda et al. 1997). It is possible that these proteins might be involved in an-
choring the microtubule nucleation machinery to the plant nuclear envelope.

3.4
Meiotic Telomere Tethering at the Nuclear Envelope

Another function of the nuclear envelope becomes evident in meiosis. Ho-
mologous chromosome synapsis during meiotic prophase is accompanied by
the clustering of telomeres at the nuclear envelope in a so-called bouquet
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arrangement (reviewed by Scherthan 2001). In animal and yeast cells, this
clustering occurs adjacent to the microtubule organizing center, the centro-
some or spindle pole body, respectively. Despite the lack of these organelles
in plant cells, telomere bouquets at the nuclear envelope can also be observed
in some plant species (Bass et al. 1997; Cowan et al. 2001; Martinez-Perez
et al. 1999). However, not all plant species follow this pattern. In Arabidop-
sis, telomeres cluster inside the nucleus and associate with the nucleolus
(Armstrong et al. 2001). How telomeres are attached to the nuclear or nucle-
olar periphery is unknown. In the maize pam1 mutant, bouquet formation
is delayed or abolished, suggesting that PAM1 protein is required for meiotic
bouquet formation (Golubovskaya et al. 2002). In Arabidopsis, the Skp1-like
protein ASK1 is essential for the release of chromatin from the nuclear and
nucleolar periphery (Yang et al. 2006). Since ASK1 is thought to be involved in
ubiquitin-mediated proteolysis, this suggests that nuclear chromatin release
in plants might require the degradation of proteins linking chromatin to the
nuclear envelope.

4
Nuclear and Nuclear Envelope Dynamics in Plants

Plant nuclei are highly mobile organelles. Their movement appears to be me-
diated by actin rather than tubulin in Arabidopsis (Chytilova et al. 2000; Kete-
laar et al. 2002). The nuclear envelope itself exhibits a high degree of plasticity
and can contain extensive grooves and invaginations. In onion and tobacco
cells, these structures were observed having cytoplasmic cores with actin
bundles supporting cytoplasmic streaming and vesicle movement (Collings
et al. 2000). Taken together, these findings suggest a role for actin in nuclear
mobility and nuclear envelope architecture at least during interphase in plant
cells, in contrast to microtubule-dynein based nuclear position and migration
mechanisms in other eukaryotes. Mitotic roles of actin and its motor myosin
appear to concentrate on cell plate formation during later stages of the cell
cycle (Hepler et al. 2002; Sano et al. 2005; Yoneda et al. 2004).

4.1
Markers for the Plant Nuclear Envelope

Marker proteins for the nuclear envelope are valuable tools for studying the
dynamics of the nuclear envelope during mitosis in more detail. In animal
cells, lamins and lamina-associated inner nuclear membrane proteins are fre-
quently used as markers for the nuclear envelope. Since plant cells do not
possess homologs of these proteins, it is surprising that antibodies directed
against lamins are capable of detecting antigens in plant cells (Li and Roux
1992; McNulty and Saunders 1992; Minguez and Morena Diaz de la Espina
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1993). Attempts to identify plant lamin-like antigens implicate coiled-coil
proteins as likely candidates, suggesting that this structural feature shared by
lamins is responsible for the cross-reaction with anti-lamin antibodies (Blu-
menthal et al. 2004). The precise targets of these antisera in plant cells are
unknown.

Several other antisera directed against mammalian proteins have been
used successfully in labeling the plant nuclear envelope. One example is
a monoclonal antibody against calf thymus centrosomes, which might cross-
react with microtubule organizing components at the plant nuclear envelope
(Schmit et al. 1994). Another example is a peptide antibody raised against
LCA1, a SERCA-type ATPase of mammalian ER. This antibody localizes to nu-
clear envelopes in tomato cells with high specificity both at light microscopic
as well as electron microscopic levels and was found to relocalize to spindle
poles during mitosis (Downie et al. 1998). An antiserum against chicken spec-
trin also decorated the plant nuclear envelope in pea (de Ruijter et al. 2000).
Spectrins are nuclear envelope proteins specific to animals with no homologs
in plants and are involved in the attachment of actin filaments at the nuclear
membrane.

While immunological studies provide snapshots of nuclear envelope be-
havior in fixed cells, tagged proteins can provide dynamic data of mitotic
processes in living cells. A heterologous nuclear envelope protein suitable for
use as such a marker in plant cells is the mammalian lamin B receptor (LBR).
This protein is typically only found in animal cells, but not in plants. LBR
is an integral membrane protein of the inner nuclear membrane and binds
to chromatin via its N-terminus (Pyrasopoulou et al. 1996; Ye and Worman
1994). An adjacent region and the first transmembrane domain are respon-
sible and sufficient for the nuclear envelope targeting of the protein (Smith
and Blobel 1993; Soullam and Worman 1993, 1995). While mammalian LBR
is tethered inside the nucleus via interaction with lamin B, it appears that
its chromatin-binding capabilities are sufficient to ensure similar tethering at
the inner nuclear membrane in plant cells that do not possess lamins. This
phenomenon has been utilized to visualize the plant nuclear envelope during
mitosis in live cells by using the N-terminal 238 amino acids of LBR fused to
green fluorescent protein (Irons et al. 2003).

Several plant nuclear envelope proteins have been identified and utilized
for plant nuclear envelope dynamics studies (see Table 1). These include
NMCP1 from carrot (Masuda et al. 1999), the tomato protein MAF1 (Dixit and
Cyr 2002), and the Ran cycle component RanGAP (Jeong et al. 2005).

NMCP1 was the first nuclear envelope protein cloned from plant cells. It
is a 134-kDa protein found exclusively at the nuclear periphery during inter-
phase in immunostaining and relocates to the spindle poles during mitosis
(Masuda et al. 1997, 1999). NMCP1 staining of the nuclear envelope disperses
during late prophase, metaphase, and anaphase with a concentration in the
spindle region. In late anaphase, staining becomes visible around the polar re-



218 A. Rose

Table 1 Protein markers for the study of nuclear envelope dynamics in plant mitosis

Protein Description Reference

NMCP1 Carrot coiled-coil protein Masuda et al. 1997, 1999;
MAF1, WPPs Tomato WPP domain protein and Dixit and Cyr 2002; Gindullis

Arabidopsis homologs et al. 1999; Patel et al. 2004
RanGAP1 Arabidopsis Ran GTPase activating Jeong et al. 2005; Pay et al.

protein 2002; Rose and Meier 2001

LBR N-terminal targeting domain of Irons et al. 2003
mammalian lamin B receptor

gion of the daughter nuclei and circles the nuclei completely during telophase
(Masuda et al. 1999). Similar to animal lamins, NMCP1 is predicted to have
a primarily coiled-coil structure, making it the best candidate for a lamin-like
protein in plants.

MAF1 and RanGAP share a homologous targeting domain, the WPP do-
main (Rose and Meier 2001). This domain is responsible for targeting green
fluorescent protein fusions to the nuclear envelope during interphase (see
Fig. 4) and to the cell plate of the phragmoplast in cytokinesis (Jeong et al.
2005; Patel et al. 2004). Three homologs of MAF1 exist in Arabidopsis. In-
terestingly, they are differentially targeted to the nuclear envelope. Only two
members of the family, WPP1 and WPP2, concentrate at the nuclear enve-
lope in meristematic root cells while the third one, WPP3, does not. Their
targeting is abolished once the cells reach the zone of differentiation, but is
reestablished after inducing root tissue to form callus. The reduction of these
proteins in roots via RNAi is associated with reduced mitotic activity, func-
tionally linking WPP proteins to mitosis (Patel et al. 2004).

In addition to nuclear envelope proteins, the Golgi protein N-acetyl-
glucosaminyl transferase (Nag) has been found to label the plant nuclear

Fig. 4 Arabidopsis RanGAP1 marks the nuclear envelope in tobacco BY-2 cells. a Fluor-
escence of RanGAP1-GFP fusion protein transiently expressed in a BY-2 cell as imaged
with a laser scanning confocal microscope. b Corresponding transmitted light image.
NE nuclear envelope, Nu nucleus, No nucleolus, Cyt cytoplasm, Vac vacuole
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envelope (Dixit and Cyr 2002). This suggests a connection between these two
membrane systems in plants cells, which is further strengthened by the find-
ing that MAF1 also exhibits a dual targeting to the nuclear envelope as well as
the Golgi (Patel et al. 2005). Likewise, ER-targeted green fluorescent protein
fusions have been used to visualize the nuclear envelope during cell division
(Gupton et al. 2006).

4.2
Nuclear Envelope Dynamics During Mitosis

Microscopy studies suggest that the plant nuclear envelope joins the ER after
it breaks down during open mitosis and reforms from the ER membrane pool
during telophase. In higher plant mitosis, the nuclear envelope becomes in-
distinguishable from tubular and cisternal ER surrounding and invaginating
the spindle apparatus. Based on observations of green fluorescent protein-
labeled ER through cell division, the nuclear envelope appears to accumulate
ER material shortly after chromosome condensation, but before nuclear enve-
lope breakdown, and subsequently elongates with an increased accumulation
of ER at the spindle poles. It dissipates into a network of tubules aligning in
the orientation of the spindle microtubules (Gupton et al. 2006). These tubu-
lar ER/nuclear envelope strands appear to form channels for the separation of
the daughter chromatids (Hawes et al. 1981; Hepler 1980). During later stages
of mitosis, the tubular ER/nuclear envelope material provides the vesicles for
cell plate formation in the phragmoplast (Gupton et al. 2006).

Nuclear envelope labeled with the more specific marker LBR fused to green
fluorescent protein disperses during metaphase into an ER-like meshwork.
Later, it accumulates in tubular structures at the division plate between the
two daughter nuclei, indicating the prevalence of nuclear envelope material
at the newly forming cell plate. The nuclear envelopes around the daughter
nuclei become visible during phragmoplast assembly, and ER fluorescence
decreases, indicating a migration of material from the ER back to the nuclear
envelope (Irons et al. 2003).

4.2.1
Disassembly of the Nuclear Envelope

At the onset of open mitosis in higher eukaryotes, the nuclear envelope breaks
down, but where does it go? Two theories have been proposed:

1. Nuclear envelope vesiculation
2. Absorption into the endoplasmic reticulum

Evidence for the first theory stems from in vitro experiments on Xenopus
cell-free extracts. When disrupted, nuclear membranes formed vesicles and
reformed around chromatin (Vigers and Lohka 1991). However, the alterna-
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tive model of absorption into the ER is favored by strong evidence from in
vivo experiments. While the outer nuclear envelope membrane is continu-
ous with the ER even in interphase, the inner nuclear envelope membrane,
visualized through immunostaining or with fluorescent markers, also shows
continuity with mitotic ER membranes (Ellenberg et al. 1997; Irons et al. 2003;
Yang et al. 1997). No vesiculation could be observed, suggesting that the nu-
clear envelope integrates with the endoplasmic reticulum in both animal and
plant mitosis.

What triggers the disassembly of the nuclear envelope? Since the process of
open mitosis has evolved independently in plants, animals, and certain fungi,
it would be reasonable to assume that the mechanisms of nuclear envelope
breakdown and reassembly differ. However, a common theme is emerging
in the form of mechanical forces exerted onto the nuclear membrane by the
cytoskeleton. Alternatively, nuclear pore complex disassembly has been im-
plicated in creating a “leaky” envelope and might constitute the first step in
nuclear envelope disassembly.

In animal cells, phosphorylation of the proteins of the nuclear lamina has
been suggested as the starting point for nuclear envelope breakdown (Foisner
and Gerace 1993). More recently, a model has emerged that suggests a crucial
role for the physical tearing of the nuclear envelope by microtubules as the
first step in nuclear envelope breakdown (Beaudouin et al. 2002; Lenart and
Ellenberg 2003). Early spindle microtubules cause folds and invaginations in
the nuclear envelope as early as an hour prior to the onset of mitosis. The nu-
clear envelope finally ruptures under increasing tension, allowing kinases to
enter the nuclear interior and in turn release the nuclear membrane from the
lamina and chromatin by phosphorylating inner nuclear membrane proteins
and their ligands (Gerace and Foisner 1994; Goldberg et al. 1999; Takano et al.
2002).

This process of physical tearing is facilitated by dynein and dynactin con-
centrated at the nuclear envelope in animal cells (Salina et al. 2002). A similar
mechanism apparently exists in fungi. In the basidiomycete Ustilago maydis,
the nuclear envelope is stripped off the chromosomes via dynein-mediated
nuclear migration (Straube et al. 2005).

Is this mechanical disruption of the nuclear envelope applicable to plant
cells as well? Plants lack both dyneins and nuclear lamins, therefore other
components must be involved in nuclear envelope disassembly in plants.
While the breakdown process appears similar in plant and animal open mito-
sis on a microscopic level, some features are unique to plants. As mentioned
earlier, the plant nuclear envelope serves as a microtubule organizing center
for spindle formation at the end of the G2 phase of the cell cycle. The result-
ing microtubule array around the plant nuclear envelope has been suggested
to play a role in moving and anchoring the nucleus in the division plane
(Bakhuizen et al. 1985). The microtubules align outside the nuclear mem-
brane, forming a bipolar spindle before the nuclear envelope breaks down.
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Electron microscopy studies revealed that in the charophyte alga Spirogyra,
nuclear envelope disruption starts around the spindle equator in metaphase,
suggesting a connection between spindle formation and nuclear membrane
disassembly early in the plant lineage (Ueda et al. 1986).

The orientation of the spindle and position of the division plane in a plant
cell is determined by the preprophase band (PPB), a ring of microtubules con-
centrated below the plasma membrane. Disintegration of the PPB is closely
linked with mitotic breakdown of the nuclear envelope, suggestive of a co-
regulation of these two events. Evidence for this mechanism stems from dual
labeling experiments with tubulin and the Golgi/nuclear envelope-marker
Nag. When fused to green and red fluorescent proteins, respectively, these
markers showed that nuclear envelope breakdown in tobacco cells preceded
the disappearance of the PPB microtubules by roughly 2 min. Both processes
appeared to stimulate each other as nuclear envelope breakdown was accom-
panied by a ruffling of the nuclear envelope in an area adjacent to the PPB,
whereas the PPB was disassembled most rapidly in a region closest to the
disrupted nuclear envelope (Dixit and Cyr 2002).

Since higher plants lack dyneins, an intriguing candidate for a plant-
specific microtubule motor functioning during mitosis is the kinesin-like
calmodulin-binding protein (KCBP). KCBP has been found only in the green
algae and plants (Abdel-Ghany et al. 2005) and has been implicated in mi-
totic functions in Chlamydomonas and higher plant cells (Dymek et al. 2006;
Preuss et al. 2003). Constitutive activation of KCBP via antibodies directed
against the calmodulin-binding region during late prophase has been shown
to induce nuclear envelope breakdown within minutes of injection (Vos et al.
2000). This suggests a role for Ca2+/calmodulin-mediated activation of KCBP
in the control of nuclear envelope breakdown in plants. Interestingly, the
plant nuclear envelope markers mentioned above included LCA1, a Ca2+

pump in tomato (Downie et al. 1998). It is tempting to speculate that Ca2+ is
stored in the nuclear envelope lumen and could be readily available as a signal
in KCBP-mediated nuclear envelope breakdown in plants. Alternatively, the
ER–PPB, a membrane structure underlying the microtubular PPB, has been
proposed as a possible storage site for Ca2+ as a signal at the onset of mitosis
(Zachariadis et al. 2001).

An alternative to the mechanical force model for nuclear envelope break-
down has been proposed, based on observations of nuclear pores in starfish
oocytes (Terasaki et al. 2001). Nuclear envelope breakdown in animal cells
consists of two distinct phases of permeabilization. Using dextran entry as
a marker for “leaky” nuclear envelopes, it has been shown that permeabiliza-
tion occurs prior to visible disruption of the nuclear membranes. This first
permeabilization step coincides with the partial disassembly of nuclear pore
complexes and is followed by a second wave of rapidly spreading fenestra-
tion of the nuclear envelope (Lenart et al. 2003; Teresaki et al. 2001). Partially
disassembled nuclear pores have also been observed in Drosophila (Kiseleva
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et al. 2001) and in Aspergillus nidulans, a fungus exhibiting an intermediate
between closed and open mitosis (De Souza et al. 2004).

4.2.2
Reassembly of the Nuclear Envelope

Reformation of the nuclear envelope occurs during late anaphase and
telophase and involves association of membranes containing nuclear envelope
proteins with the separated chromosomes. Microscopic studies in the charo-
phyte alga Spirogyra show that vesicles remain associated with the spindle
and chromosomes until they fuse to form the envelopes of the daughter nu-
clei during early anaphase (Ueda et al. 1986). In higher plant cells, the tubular
ER/nuclear envelope network interweaving the spindle apparatus gives rise
to the newly forming nuclear envelopes as well as the cell plate during for-
mation of the phragmoplast. Intense staining of the phragmoplast region has
been observed using an ER marker (Gupton et al. 2006). During the reassem-
bly of the daughter nuclei, the condensed chromosomes are surrounded by
ER/nuclear envelope material. Chromosomes lagging in the transition from
metaphase to anaphase can cause the trapping of such material within the nu-
cleus, leading to the formation of nuclear grooves and invaginations observed
in plant cells (Gupton et al. 2006).

What drives nuclear envelope reassembly? In vitro reconstitution experi-
ments suggest that the principles of plant and animal nuclear envelope as-
sembly are roughly the same. Xenopus sperm chromatin, when presented
with carrot or tobacco cell extracts, is capable of recruiting plant components
for nuclear envelope formation, suggesting that the underlying mechanisms
are ubiquitous to animals and plants (Lu and Zhai 2001; Zhao et al. 2000).
Conversely, plant sperm chromatin triggered the nuclear reconstitution from
animal cell extracts, including the nuclear lamina (Lu et al. 2001).

Since animal and plant systems seem compatible in terms of nuclear en-
velope assembly, it is feasible to postulate a common regulatory mechanism
for the initiation of nuclear envelope assembly around chromatin. How is this
process regulated on a molecular level?

Increasing evidence has been accumulated to suggest a crucial role for the
Ran cycle and karyopherins in nuclear envelope reassembly. Beads coated
with Ran have been shown to induce the formation of nuclear envelopes com-
plete with nuclear pore complexes capable of transport (Zhang and Clarke
2000, 2001). Depletion of Ran by RNAi results in failure of nuclear envelope
assembly in C. elegans (Askajer et al. 2002; Bamba et al. 2002). This pro-
cess requires both the exchange of RanGDP to RanGTP by the nucleotide
exchange factor RCC1 as well as hydrolysis of RanGTP to RanGDP (Hetzer
et al. 2000; Zhang and Clarke 2000). The correct balance of RCC1 and Ran
binding protein 1 is critical for nuclear envelope formation (Nicolas et al.
1997; Pu and Dasso 1997). The Ran GTPase cycle is also involved in nuclear
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pore complex assembly in yeasts and animals (Ryan et al. 2003; Walther et al.
2003). Both nuclear envelope and nuclear pore assembly mediated by the
Ran cycle are inhibited by importin β in a RanGTP-reversible manner (Harel
et al. 2003).

While none of these mechanisms have been confirmed in plants yet, the
major components of the Ran cycle have been identified (Ach and Gruissem
1994; Merkle et al. 1994), and the localization of plant RanGAP to the mitotic
spindle and the growing cell plate are suggestive of similar roles for the plant
Ran cycle to its mammalian and yeast counterparts in regulating spindle as-
sembly and vesicle fusion events (Jeong et al. 2005; Pay et al. 2002).

Mammalian nuclear envelope components are recruited sequentially to
the newly forming daughter nuclei with the nucleoporin Nup153, RanBP2/
Nup358, LBR, and emerin being among the first proteins to associate with
chromatin (Bodoor et al. 1999; Chaudhary and Courvalin 1993; Haraguchi
et al. 2000; Schwartz 2005). In Drosophila, membrane vesicles containing nu-
clear envelope proteins associate with chromatin depending on the presence
of lamins (Ulitzur et al. 1997). The association of A-type lamins to chromatin
does not require the presence of membranes (Burke 1990; Glass and Gerace
1990). The exact order of recruiting events leading to the reassembly of the
nuclear envelope and pores in plant cells is not known, partly due to a lack of
knowledge about the corresponding plant cell components. None of the above
mentioned animal proteins has a homolog in plants.

5
Outlook

While the plant nuclear envelope shares similar functions and mitotic be-
havior with the animal nuclear envelope, distinct differences exist in protein
compositions and specialized functions, such as microtubule nucleation in
plants. Comparatively few nuclear envelope proteins have been identified so
far in plants, and many are still functionally uncharacterized. While a role
during mitosis can be inferred for conserved components of the Ran cycle
and it is tempting to speculate that plant and animal cells might use the same
underlying molecular signals for nuclear envelope assembly, experimental
evidence from plant systems corroborating this hypothesis is still lacking.
Further studies need to be done to determine the exact events of nuclear en-
velope disassembly and reassembly and their regulation in plant cells. With
increasing knowledge about plant nuclear envelope proteins and the avail-
ability of specific plant nuclear envelope markers, it is becoming possible to
address these questions in more detail. Future studies may be directed to-
wards the identification of integral membrane proteins of the plant nuclear
envelope and towards protein and membrane trafficking during the plant
cell cycle.
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Abstract NPK1 (nucleus- and phragmoplast-localized protein kinase 1) from tobacco was
the first isolated mitogen-activated protein kinase kinase kinase (MAPKKK) from plants.
In tobacco, the NPK1 gene is transcribed in meristematic tissues or immature organs,
and, at a cellular level, the protein is expressed from S to M phase and decreases there-
after. We have recently revealed the involvement of a mitogen-activated protein kinase
(MAPK) cascade including NPK1 in mitosis. This is related, at least in part, to its control
of microtubule turnover. In this review, we summarize the results of recent investigations
on the mechanism of plant cytokinesis, focusing on the role of the MAPK cascade.

1
MAPK Cascades in Plants

The MAPK family is highly conserved in eukaryotes, including yeast, animals,
and plants, and it is one of the major kinase families involved in trans-
ducing extracellular and intracellular signals to cellular responses (Robinson
and Cobb 1997; English et al. 1999; Chen et al. 2001). The classic MAPK
cascade consists of three sequential protein kinase activation steps and is
initiated when the first member, MAPKKK, is activated. Activation of MAP-
KKK results in continuous phosphorylation and activation of MAPK kinase
(MAPKK). This is followed by activation of the specific MAPK, which is
often mediated by a series of protein-protein interactions. The Arabidop-
sis genome sequencing project has revealed the existence of approximately
60 MAPKKKs, 10 MAPKKs, and 20 MAPKs, and it has served as the ba-
sis for standard annotation of these gene families in all plants (Ichimura
et al. 2002).

There is considerable divergence in the primary structures of the kinase
domains for the plant MAPKKKs. Although biochemical and genetic char-
acterization is necessary to determine their position in the various signaling
cascades, these kinases can be classified into two large subgroups, MEKK-
type and the Raf-like kinases (Ichimura et al. 2002; Nakagami et al. 2005).
NPK1 and its Arabidopsis homologs (ANP1, ANP2, and ANP3) are MEKK-
type MAPKKKs. The plant MAPKKKs are serine/threonine kinases that acti-
vate MAPKKs by phosphorylating the consensus sequence S/T-X5-S/T in the
putative kinase active site, whereas the consensus sequence for mammalian
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MAPKKs is S/T-X4-S/T. Activated MAPKKs also activate MAPKs by phospho-
rylating the conserved amino acid motif TDY or TEY, which is structurally
similar to the typical motif in animals and yeast. The large number of MAP-
KKKs may be due to their role in processing a wide variety of various external
and internal stimuli.

Plant MAPK cascades are activated by a wide variety of stimuli, includ-
ing wounding, cold stress, and osmotic stress and participate in defensive
responses to pathogens, cellular responses to hormones, and regulation of the
cell cycle (Chang 2003; Chinnusamy et al. 2004; Guo and Ecker 2004; Šamaj
et al. 2004; Takahashi et al. 2004; Pedley and Martin 2005; Boudsocq and Lau-
riere 2005; Nakagami et al. 2005). Some MAPK cascades also appear to be
involved in the growth and differentiation of plant organs. For example, SIMK
MAPK is required for the formation of root hairs in alfalfa (Šamaj et al. 2002),
and YODA MAPKKK regulates the first cell fate decision and stomatal de-
velopment and patterning in Arabidopsis (Lukowitz et al. 2004; Bergmann
et al. 2004). Further studies, however, are needed to identify all of the com-
ponents of the MAPK cascades and the mechanisms regulating these protein
kinases.

Here, we review our recent studies on a MAPK cascade that is involved
in the regulation of cytokinesis in plant cells. This MAPK cascade includes
NPK1 MAPKKK, NQK1 MAPKK, and NRK1 MAPK, and it is activated by
the NACK kinesin-like proteins (KLPs) in tobacco. All of the components
of this cascade are both structurally and functionally conserved in tobacco
and Arabidopsis (Fig. 1; Hulskamp et al. 1997; Spielman et al. 1997; Strompen
et al. 2002; Nishihama et al. 1997, 2001, 2002; Soyano et al. 2003; Yang et al.
2003; Tanaka et al. 2004). In addition, we recently identified a microtubule-
associated protein (MAP), NtMAP65, as a downstream target of this cascade
in tobacco.

Fig. 1 The NACK-PQR pathway that controls plant cytokinesis. The components of the
NACK-PQR pathways in tobacco and Arabidopsis are shown
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2
The MAPK Cascade Regulating Plant Cytokinesis

2.1
NPK1 MAPKKK Is Required for Cell Plate Expansion

In yeast and animal cells, MAPK cascades are involved in various aspects of
the cell cycle, including entry into the cell cycle, transition from G2 to M
phase, and the spindle assembly checkpoint (Pages et al. 1993; Minshull et al.
1994; Takenaka et al. 1998; Wright et al. 1999). Some MAPKs have been re-
ported to localize to the midzone of the spindle and midbody (Shapiro et al.
1998; Zecevic et al. 1998; Willard and Crouch 2001) or to the phragmoplast
midzone (Calderini et al. 1998; Bögre et al. 1999). These findings suggest that
a MAPK cascade regulates cytokinesis.

The NPK1 gene from tobacco encodes a member of the MAPKKK fam-
ily, and the kinase domain of NPK1 can replace the functions of several
yeast MAPKKKs (Banno et al. 1993, Machida et al. 1998). The NPK1 gene
is transcribed in meristematic tissues and immature organs but not in ma-
ture organs (Nakashima et al. 1998). Arabidopsis homologs (ANP1, ANP2,
and ANP3) of NPK1 are also preferentially transcribed in organs that contain
proliferating cells (Nishihama et al. 1997). These results suggest that NPK1
MAPKKKs play a role in the signaling pathway regulating plant cell division,
and further biochemical and immunological analysis in tobacco (see below)
have suggested that they are involved in formation of the cell plate (Nishi-
hama et al. 2001).

Structure of NPK1. Figure 2A shows a schematic representation of the do-
main and motif organization of NPK1. NPK1 consists of a carboxy-terminal
regulatory domain and an amino-terminal kinase domain related to that of
MAPKKKs. Deletion of the carboxy-terminal domain increases its kinase ac-
tivity, indicating that this domain is a negative regulator of NPK1 (Banno
et al. 1993; Machida et al. 1998). This domain also has a nuclear localization
signal, a coiled-coil structure, and consensus sequences for phosphorylation
by cyclin-dependent protein kinases (CDKs) (Nishihama et al. 1997). The
carboxy-terminal region was later identified as the binding site for the NACK1
KLP, which regulates the activity and localization of NPK1 (Nishihama et al.
2002; Ishikawa et al. 2002). Thus, it appears that phosphorylation of the reg-
ulatory domain by CDKs or its interaction with other factors mediates the
activation of NPK1.

Characterization of the kinase activity and the localization of NPK1 in
tobacco cells. In BY-2 tobacco cells, the kinase activity of NPK1 specifically
increases late in the M phase of the cell cycle (Fig. 3), following transcription
of the NPK1 gene and accumulation of NPK1 protein at the initiation of the
M phase (Nishihama et al. 2001). NPK1 is localized in the nucleus at inter-
phase and prophase prior to breakdown of the nuclear envelope, whereas it
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Fig. 2 The direct interaction of NPK1 and NACK1 at the equator of the phragmoplast
in telophase. A Domain organization in the NPK1 and NACK1 proteins. The coiled-coil
structures (green) were predicted by the COILS program (Lupas et al. 1991), and the
nuclear localization signal (red) and NACK1/NPK1-binding sites (bars) were determined
in our previous studies (Ishikawa et al. 2002). B Colocalization of NPK1 and NACK1 at
the equator of the phragmoplast. BY-2 cells expressing GFP-NPK1 (green) were double-
stained with rabbit antibodies against NACK1 (red) and 4′-6-diamidino-2-phenylindole
(DAPI) for nuclei (blue). C The model for the activating mechanism of the NACK1/NPK1
complex followed by the activation of the MAPK cascade during plant cytokinesis. KD,
kinase domain; RD, regulatory domain; MD, motor domain; ST, stalk domain. See text
for details

is localized in the cytoplasm at metaphase (Nishihama et al. 2001). During
cytokinesis, when the kinase activity of NPK1 increases, NPK1 shifts to the
leading edge of the equatorial zone of the phragmoplast (Fig. 2B; Nishihama
et al. 2001). Because of this pattern of localization, this kinase was designated
nucleus- and phragmoplast-localized protein kinase 1 (NPK1).

Function of NPK1. In BY-2 cell lines overexpressing a kinase-defective
mutant of NPK1 (NPK1:KW), a significant fraction of cells are binucleate
or multinucleate and unusually large (Nishihama et al. 2001). Staining with
calcofluor, which binds β-glucans in cell walls, or aniline blue, which binds
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Fig. 3 Specific activation of NPK1, NQK1, and NRK1 at late M phase. A The graph shows
a plot of the mitotic indices of BY-2 cells synchronized at M phase. The cell cycle was ar-
rested at prometaphase by propyzamide after release from an aphidicolin block. B The
protein kinase activities of NPK1, NQK1, and NRK1 were determined by immunocom-
plex kinase assays using recombinant kinase-negative NQK1, kinase-negative NRK1, and
myelin basic proteins as substrates, respectively

callose, a polysaccharide synthesized at the initial stage of vesicle fusion, re-
veals the formation of incomplete cell plates in these multinucleated cells
(Nishihama et al. 2001). Such multinucleated cells could also be observed
in transgenic tobacco plants harboring NPK1:KW. The cotyledons of these
NPK1:KW plants develop with a rough surface, and the stomata of the cotyle-
dons consistently contained many binucleated guard cells and cells without
a nucleus (Nishihama et al. 2001). Thus, expression of NPK1:KW inhibits the
lateral expansion of the cell plate in both tobacco cells and plants.

Arabidopsis homologs of NPK1 (ANP1, ANP2, and ANP3) also appear to
be involved in cytokinesis. Loss of function of two of the three homologs of
NPK1 (ANP2 and ANP3) causes defects in cytokinesis, specifically, the for-
mation of multinucleated cells with incomplete cell walls (Krysan et al. 2002).
These results suggest that the MAPK cascade including the NPK1 MAPKKK
family is necessary for the progression of cytokinesis in plants.

2.2
Activator of NPK1 MAPKKK: NACK1, a KLP

As described above, deletion of the regulatory domain in the carboxy-
terminal half of NPK1 increases kinase activity, indicating that this domain
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negatively regulates NPK1 (Banno et al. 1993). Therefore we speculated that
there are activators of NPK1. Animals and yeast have several proteins that
can regulate the MAPKKKs via protein-protein interaction. For example, the
small G protein Ras (Farrar et al. 1996; Luo et al. 1996) and the 14-3-3 pro-
tein regulate Raf MAPKKK (Irie et al. 1994); TAB1 regulates TAK1 MAPKKK
(Shibuya et al. 1996); and SSK1 regulates SSK2 MAPKKK (Posas and Saito
1998).

To isolate the activators of NPK1 MAPKKK, we took advantage of a cloning
strategy using a functional yeast genetic system based on the mating
pheromone-responsive MAPK cascade, which consists of STE11 MAPKKK,
STE7 MAPKK, and FUS3 MAPK (Irie et al. 1994). This system is based on sup-
pression of a mutation in the STE11 gene for MAPKKK by a MAPKKK and
its potential activator introduced into the yeast cells from a heterologous or-
ganism. We transformed yeast ste11 mutant cells with tobacco NPK1 cDNA
and then introduced a tobacco cDNA library into the transformed cells. Using
this system, we isolated the tobacco cDNAs for two proteins that stimulate
the activity of NPK1 MAPKKK (Machida et al., 1998, Nishihama et al. 2002).
These cDNAs encoded two KLPs, which we designated NACK1 and NACK2
for NPK1-activating kinesin-like proteins 1 and 2.

Structure and biochemical characterization of NACK proteins. Coexpres-
sion experiments in yeast cells revealed that NACK1 associates with NPK1
and increases the activity of NPK1 (Nishihama et al. 2002). In tobacco BY-2
cells, the NACK1 and NACK2 mRNAs and NACK1 protein accumulate only at
the M phase of the cell cycle, which is consistent with the increase of NPK1
kinase activity (Nishihama et al. 2002).

The amino-terminal halves of NACK1 and NACK2 contain sequences that
are similar to that of the MT-based motor domain, which are also conserved
among various KLPs, whereas the carboxy-terminal halves have typical stalk
domains with coiled-coil structures (Fig. 2A; Nishihama et al. 2002). Yeast
two-hybrid and in vitro immunoprecipitation assays using recombinant pro-
teins have shown that the stalk domain of NACK1 binds directly to the reg-
ulatory domain of NPK1 via these predicted coiled-coil structures (Ishikawa
et al. 2002). This direct interaction with NACK1 seems to regulate the sub-
cellular localization as well as the activity of NPK1 (Fig. 2C). During late
anaphase and telophase, NACK1 is consistently localized to the equatorial
zone of the phragmoplast, similar to NPK1 (Fig. 2B), whereas the deletion
of the regulatory domain of NPK1, which contains the NACK1-binding site,
eliminates its localization to the equator of the phragmoplast (Nishihama
et al. 2002). This suggests that NACK1 is responsible for the proper localiza-
tion and activation of NPK1 (Fig. 2C).

The motor and stalk domains of NACK1 also have several consensus se-
quences for phosphorylation by CDKs (Fig. 2A). Recently, Weingartner et al.
(2004) reported that overexpression of the constitutively active form cyclin
B1 disrupts the proper localization of NACK1 on phragmoplast MTs dur-
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ing cytokinesis. Whether NACK proteins directly bind to MTs remains to be
determined, but it will be interesting to investigate whether the binding of
NACK1 to NPK1 and MTs is controlled by cyclin/CDK complexes (Fig. 2C).

Function of NACK proteins. We postulated that overexpression of a trun-
cated form of NACK1 (NACK:ST) that contained the stalk (ST) region might
have a phenotypic effect similar to overexpression of a kinase-defective NPK1
on cytokinesis if the direct binding of NACK1 is required for the localiza-
tion and activation of NPK1. As expected, both BY-2 cells and tobacco plants
overexpressing NACK:ST have many multinucleated cells with incomplete cell
plates (Fig. 4A; Nishihama et al. 2002). In these BY-2 cells, time-lapse ob-
servations of cytokinesis reveals that expansion of cell plates is markedly
suppressed (Nishihama et al. 2002). We therefore concluded that NACK1 reg-
ulates plant cytokinesis by activating NPK1 MAPKKK.

The homologs of the NACK1 and NACK2 genes in Arabidopsis are desig-
nated AtNACK1 and AtNACK2 and are identical to HINKEL (HIK) and STUD

Fig. 4 The involvement of the NACK-PQR pathway in plant cytokinesis. A Generation of
bi- or multi-nucleate stomata and pavement cells upon expression of a motor domain-less
NACK1 (+DEX) in tobacco plants (bottom panels). Bar, 10 µm. Seeds of a plant trans-
formed with the dexamethasone (DEX)-inducible NACK:ST construct were allowed to
germinate on solid medium with DEX (+ DEX) or without DEX (-DEX). Top panels show
the surface of cotyledons of 10-day-old seedlings. Bar, 10 mm. B Effects of the knock-
out of the ANQ1 gene on the development and cell division of Arabidopsis. a 11-day-old
plants of wild-type (WT; Wassiliewskija; left), anq1 (center) and atnack1-1 (right). Bar,
1 cm. b Sections of roots of 12-day-old plants of WT (left) and anq1 (right) stained
with toluidine blue. Arrows indicate incomplete cell walls. Arrowheads indicate nuclei in
multinucleate cells. Bar, 50 µm
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(STD)/TETRASPORE (TES), respectively (Nishihama et al. 2002; Strompen
et al. 2002; Yang et al. 2003). Loss-of-function mutations in AtNACK1/HIK
and STD/TES/AtNACK2 result in the occasional failure of somatic and male-
meiotic cytokinesis, respectively (Hülskamp et al. 1997; Spielman et al. 1997;
Strompen et al. 2002; Nishihama et al. 2002; Yang et al. 2003). Recently, it has
been shown that these genes have redundant functions and are essential for
cytokinesis during both male and female gametogenesis (Tanaka et al. 2004).

2.3
Identification of Other Components of the MAPK Cascade
Activated by the NACK/NPK1 Complex

To isolate downstream factors of NPK1, we used a yeast genetic system that
is based on the yeast osmosensing MAPK cascade, which includes Ssk2/22p
and Ste11p MAPKKK, Pbs2p MAPKK, and Hog1p MAPK (Brewster et al.
1993; Maeda et al. 1994, 1995). Expression of NQK1 (Nicotiana kinase next
to NPK1) cDNA replaced the function of the yeast MAPKK in the presence
of both NPK1 and NACK1 (Soyano et al. 2003). NRK1 (Nicotiana kinase next
to NQK1) MAPK was isolated as a binding partner of NQK1 using a yeast
two-hybrid system (Soyano et al. 2003).

Characterization and function of NQK1 MAPKK. The cDNA cloned by the
yeast genetic system encoded a putative polypeptide that had high homology
to members of the MAPKK family, and the amino acid sequence of NQK1 was
identical to that of NtMEK1 (Calderini et al. 2001). Of the 10 MAPKKs in Ara-
bidopsis, AtMKK6 (Ichimura et al. 2001) has the highest amino acid sequence
homology with NQK1/NtMEK1.

To examine the biochemical and biological function of NQK1/NtMEK1,
we prepared a DNA construct for expression of a kinase-defective mutant
of NQK1 in which the deduced ATP-binding site was mutated (NQK1:KW).
This kinase-defective NQK1 construct could not complement the osmosens-
ing MAPK of yeast cells that have the pbs2 mutation, which was used for
the screening of NQK1 cDNA (Soyano et al. 2003), suggesting that NQK1
acts as a MAPKK. Recombinant NQK1 protein is phosphorylated by the ac-
tive form of NPK1 and is activated (Soyano et al. 2003). Although NPK1 and
NACK1 proteins rapidly disappear after M phase, NQK1 proteins accumu-
late throughout the cell cycle. The activity of NQK1 in tobacco cells, however,
increases at the late M phase of the cell cycle and decreases thereafter. The
pattern of NQK1 activity is similar to that of NPK1 as well as to the pattern
of NACK1 accumulation (Fig. 3; Nishihama et al. 2001, 2002; Soyano et al.
2003). Green fluorescent protein (GFP) fusions of NQK1 and AtMKK6 also
localize to the phragmoplast equator, similar to NPK1 and NACK1 (our un-
published results). These results suggest that activation of NPK1 MAPKKK by
NACK1 binding causes the activation of NQK1 MAPKK at the equator of the
phragmoplast during late M-phase.
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The requirement of NQK1 for the expansion of the phragmoplast and for
the formation of cell plates was demonstrated by overexpressing a kinase-
defective mutant of NQK1 (NQK1:KW) in BY-2 cells and tobacco plants. The
cells overexpressing NQK1:KW are multinucleated and form incomplete cell
plates (Soyano et al. 2003). Also, the seedlings of the NQK1:KW transgenic
plants are poorly developed, and its surfaces have bi- or un-nucleated guard
and pavement cells, similar to those of plants overexpressing NACK:ST. We
observed consistent abnormalities in the cells in which the kinase-defective
NQK1 was overexpressed; therefore, NQK1 MAPKK seems to promote pro-
gression of cytokinesis downstream of NPK1 MAPKKK.

This idea is further supported by observation of the mutant of ANQ1/
AtMKK6, which is the Arabidopsis homolog of NQK1. Like the atnack1 mutant
of Arabidopsis, the anq1 homozygous mutant of Arabidopsis exhibits a severe
dwarf phenotype (Fig. 4B; Soyano et al. 2003). The anq1 mutants have typi-
cal defects in cytokinesis, large cells with incomplete cell walls, and multiple
nuclei in leaves and roots. In addition to the growth defect, anq1 mutants
produce abnormal pollen grains that exhibit a tetrad structure (Soyano et al.
2003). This phenotype of pollen grains is similar to those from tetraspore,
stud, and atnack2 mutants, which have allelic mutations (Hülskamp et al.
1997; Spielman et al. 1997; Tanaka et al. 2004) and cause defects in male mei-
otic cytokinesis. Thus, ANQ1/AtMKK6 may also be involved in mitotic and
meiotic cytokinesis under the regulation of NACK.

Identification of NRK1 MAPK that acts downstream of NQK1 MAPKK.
NRK1 MAPK, which may act downstream of NQK1, was identified by yeast
two-hybrid screening using NQK1:KW as the bait (Soyano et al. 2003). The
predicted amino acid sequence of NRK1 is almost identical to that of NTF6
(Calderini et al. 2001). We found that recombinant NRK1 and NQK1 pro-
teins bind each other in vitro (Soyano et al. 2003), which is consistent with
a report by Calderini et al. (2001). Active recombinant NQK1 MAPKK phos-
phorylates and activates NRK1 MAPK (Soyano et al. 2003). Calderini et al.
(1998) reported that NTF6 localizes to the midzone of phragmoplasts in
anaphase tobacco cells. Using NRK1-specific antibodies, we also recently
found that NRK1 localizes to the equator of phragmoplasts at telophase
(our unpublished observation). Although NRK1 protein is present through-
out cell cycle, the activity of NRK1 is activated in parallel with NQK1 at
late M phase (Fig. 3; Soyano et al. 2003), suggesting that NQK1 phosphory-
lates NRK1 in vivo. We designated the kinase cascade that includes NPK1,
NQK1, NRK1, NACK1, and NACK2, the NACK-PQR pathway (Fig. 1; Soyano
et al. 2003).

Although the activation of NRK1 is tightly coupled to the activation of
NPK1 and NQK1, involvement of NRK1 in cytokinesis has not yet been ex-
perimentally demonstrated. The preliminary observations in our laboratory
indicate that the loss-of-function mutants of some MAPKs in Group B in Ara-
bidopsis are defective in cytokinesis (our unpublished observations). These
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results indicate the NACK-PQR pathway is conserved and promotes cytokine-
sis in tobacco and Arabidopsis. In Arabidopsis, the pathway includes AtNACK1
and AtNACK2; ANP1, ANP2, and ANP3; and ANQ1/AtMKK6 (Fig. 1).

3
Factors Downstream of the NACK-PQR Pathway

In eukaryotes, the last stage of cell division is cytokinesis, which leads to
the appropriate distribution and separation of the sets of chromosomes and
cell components. Plant cytokinesis occurs at the late anaphase step of cell
division in the phragmoplast, which is a cytokinetic apparatus composed
mainly of MTs and actin filaments. Cytokinesis consists of four main pro-
cesses: (1) formation of the phragmoplast; (2) transport, accumulation, and
fusion of Golgi-derived vesicles (see the works by Sanderfoot, Nebenführ,
in this volume); (3) synthesis and maturation of cell walls (see the work by
Verma and Hong, in this volume); and (4) expansion of the phragmoplast (see
the work by Seguí-Simarro, Otegui, Austin and Staehelin, in this volume). The
NACK1/NPK1 complex and the subsequent MAPK cascade (the NACK-PQR
pathway) appears to control cytokinesis of plant cells by regulating phragmo-
plast expansion, which, as described above, is the final step; however, what
kind of molecules and how they are regulated downstream of the NACK-PQR
pathway has not been established. Recently, a MAP was identified as a sub-
strate of NRK1/NTF6 MAPK (Sasabe et al. 2006). This supports the hypothesis
that the NACK-PQR pathway might regulate an event related to the dynamics
of phragmoplast MTs. We propose a novel regulatory mechanism for the pro-
gression of cytokinesis, namely, via phragmoplast expansion directed by the
NACK-PQR pathway.

3.1
The Molecular Roles of the NACK-PQR Pathway during Cytokinesis

Cytokinesis is executed by the cytokinesis-specific apparatus, the central
spindle, or midbody in animals and the phragmoplast in plants (Nishihama
and Machida 2001; Otegui et al. 2005). These structures develop from late
anaphase to telophase between the two daughter nuclei and consist of two
bundles of antiparallel MTs. As cytokinesis proceeds, the central spindle
becomes compacted in animal cells, and in plant cells, the phragmoplast
expands centrifugally. In addition, new membranes and/or cell walls are
generated inside or outside the midzone of the central spindle or the phrag-
moplast. These dynamic processes appear to be mediated by the turnover of
MTs, which involves the depolymerization of MTs and the polymerization of
tubulins at the plus-ends (Shelden and Wadsworth 1990; Asada et al. 1991;
Hush et al. 1994; Straight and Field 2000). Thus, despite the opposite direc-
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tions of cytokinesis in plant and animal cells, the cytoskeletal structures and
the mode of MT dynamics appear to be largely conserved. Notably, however,
plant cytokinesis includes the synthesis of the cell wall in addition to the fu-
sion of cell membranes.

The phenotypes generated by overexpression of the dominant-negative
mutants of NACK1, NPK1, and NQK1 are similar to those of cells treated
with taxol, a compound that blocks the depolymerization of MTs (Yasuhara
et al. 1993). This suggests that MT disassembly is required for phragmoplast
expansion. In cells from atnack1/hik mutant plants of Arabidopsis, phrag-
moplast MTs persist in the center of the division plane, suggesting that the
disassembly of phragmoplast MTs is inhibited in these cells (Strompen et al.
2002). Phragmoplast MTs usually disappear from the division plane after
formation of the cell plate. Thus, the activation of the NACK-PQR pathway ap-
pears to be required for the reorganization of phragmoplast MTs in expansion
of the phragmoplast during cell plate formation. Factors acting downstream
of the NACK-PQR pathway may therefore control MT dynamics.

3.2
MAP65 Protein is a Downstream Factor of NRK1/NTF6

Identification of NtMAP65-1 as a substrate for NRK1/NTF6 MAPK. In an-
imals, several components belonging to the KLP or microtubule-associated
protein (MAP) families have been shown to regulate the formation or dy-
namics of the central spindle (Glotzer 2005). In plants, however, few factors
involved in phragmoplast dynamics have been identified.

We found that several MAPs purified from tobacco BY-2 cells can be phos-
phorylated by active NRK1 in vitro. One of these candidate substrates is
NtMAP65-1a, a protein belonging to the MAP65/Ase1/PRC1 family (Sasabe
et al. 2006). This family of proteins is conserved among a variety of or-
ganisms and includes Ase1p (anaphase spindle elongation factor) in yeast
(Pellman et al. 2002), PRC1 (protein regulator of cytokinesis 1) in mam-
mals (Jiang et al. 1998), SPD1 (spindle defective1) in C. elegans (Ver-
brugghe and White 2004), and Feo (Fascetto) in Drosophila (Vernì et al.
2004). Although members of the MAP65/Ase1/PRC1 protein family have
low amino acid sequence similarities, the secondary structures in their pre-
dicted coiled-coil regions are highly conserved (Schuyler et al. 2003). These
MAPs localize to the cytokinetic apparatuses, and most of them are involved
in cytokinesis.

Tobacco has at least three members of the MAP65 subfamily (NtMAP65-
1a, -1b and -1c). The amino acid sequences of these proteins are more than
85% identical (Hussey et al. 2002), and when produced as recombinant pro-
teins in Escherichia coli, they are effectively phosphorylated by active NRK1
(our unpublished observation). In vitro, NRK1 phosphorylates NtMAP65-1a
at a single site, Thr-579, in the carboxy-terminal region. Specific antibodies
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against Thr-579-phosphorylated NtMAP65-1 have revealed that NtMAP65-1
is phosphorylated at this site in vivo. Because PRC1 (a mammalian MAP65
homolog) is phosphorylated by Cdc2 (Jiang et al. 1998), we also examined
whether NtMAP65-1a can be also phosphorylated by CDKs from BY-2 cells
in vitro. We found that the sites phosphorylated by CDKs were different from
that phosphorylated by NRK1 (Fig. 5A; Sasabe et al. 2006).

Characterization of NtMAP65-1 phosphorylated by MAPK. In synchro-
nized BY-2 cells, NtMAP65-1 phosphorylated at Thr-579 accumulates at
late M phase, although the total amount of NtMAP65-1 does not change.
Such a pattern of phosphorylation is consistent with the pattern of NACK1
accumulation and NPK1, NQK1/NtMEK1, and NRK1/NTF6 activation. We
have found that a GFP-NtMAP65-1a fusion protein localizes on all kinds
of MT structures, including cortical MTs, the preprophase band, spindles,
and the phragmoplast (our unpublished observation). Immunostaining with
NtMAP65-1 antibodies also revealed NtMAP65-1 on various MT structures
throughout the cell cycle. Interestingly, NtMAP65-1 phosphorylated on Thr-
579 is concentrated at the equator of the phragmoplast along with other
components of the NACK-PQR pathway, although NtMAP65-1 can be found
throughout the entire phragmoplast (Fig. 5B; Sasabe et al. 2006). These find-
ings suggest that Thr-579 of NtMAP65-1 is phosphorylated by NRK1/NTF6 at
the phragmoplast midzone during cytokinesis.

Fig. 5 NtMAP65-1 acts downstream of the NACK-PQR pathway. A A schematic repre-
sentation of NtMAP65-1a. The coiled-coil motif (CC) and the motif that is conserved in
the MAP65 family (CM) are described. Sites of phosphorylation (P) by NRK1 and CDKs
are also indicated. B Subcellular localization of NtMAP65-1 (top) and NtMAP65-1 phos-
phorylated on Thr-579 (bottom) at telophase in BY-2 cells. BY-2 cells were triple-stained
with mouse antibodies against a-tubulin (green), rabbit antibodies against NtMAP65-1 or
NtMAP65-1 phosphorylated on Thr-579 (red), and DAPI (blue). C Dark-field micrographs
of MTs bundled in vitro by NtMAP65-1 (left) and NRK1-phosphorylated NtMAP65-1
(right). The MT-bundling activity of NtMAP65-1 was decreased by phosphorylation with
NRK1
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Function of phosphorylated NtMAP65-1 during M phase. In BY-2 cells,
overexpression of mutant NtMAP65-1a proteins that cannot be phosphory-
lated by NRK1 delays M phase progression and phragmoplast expansion,
whereas mutants that cannot be phosphorylated by CDKs do not affect either
process (Sasabe et al. 2006). Similar delays in expansion are often observed
in cells overexpressing dominant-negative mutants of NACK1, NPK1, and
NQK1 (Nishihama et al. 2001, 2002; Soyano et al. 2003). Further analysis
has revealed that the cortical MTs and phragmoplast MTs in cells overex-
pressing an NRK1-non-phosphorylatable mutant are resistant to the MT-
depolymerizing drug propyzamide, suggesting that the MTs are stabilized by
the non-phosphorylatable mutant of NtMAP65-1a.

It is well known that the MAP65/Ase1p/PRC1 protein family can bind and
bundle MTs. Recombinant NtMAP65-1a also has MT binding and bundling
activity in vitro. On the other hand, phosphorylation of NtMAP65-1a by
NRK1 reduces its bundling activity (Fig. 5C). This is not due to the phos-
phorylation of CDKs, which suggests that the stability of MT-containing
structures depends on the MT-bundling activity of MAP65. Recently, three
groups have reported that the MTs bundled by MAP65 proteins have in-
creased resistance to some chemicals or environmental stresses in vivo and
in vitro (Wicker-Planquart et al. 2004; Van Damme et al. 2004b; Mao et al.
2005). The phenotypes of various organisms with loss-of-function mutations
of MAP65/Ase1/PRC1 imply that these proteins maintain the distribution of
the spindle or phragmoplast MTs (Jiang et al. 1998; Smertenko et al. 2000;
2004; Mollinari et al. 2002; Schuyler et al. 2003; Verbrugghe and White 2004;
Vernì et al. 2004; Müller et al. 2004). The activity of MT-bundling seems
to be concerned with the stability of MTs. Thus, the simplest model to ex-
plain the molecular effect of phosphorylation of NtMAP65 by NRK1/NTF6 is
that, during cytokinesis, it suppresses the stability of the phragmoplast at the
midzone, resulting in increased MT turnover and, therefore, phragmoplast
expansion. Whether the phosphorylation of MAP65 by CDKs is important
during the progression of M phase in plants remains to be determined. In
animals, the phosphorylation of PRC1 by CDK before metaphase appears to
be important for progression from metaphase to anaphase and may suppress
MT bundling in the mitotic spindle (Mollinari et al. 2002). In addition, mam-
malian PRC1 interacts separately with many other proteins that are involved
in the formation of the midzone of the central spindle, and its interaction
appears to be involved in the phosphorylation of CDK (Ban et al. 2004;
Kurasawa et al. 2004; Zhu and Jiang 2005). These reports suggest that regu-
lation of the dynamics of MT-containing structures must be very complex.
Further investigations of MAP65-interacting proteins and the NACK-PQR
pathway-related factors are required if we are to fully understand the regula-
tion of mitosis.
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4
Conclusions and Perspectives

Plant cytokinesis involves the formation of a cell plate. This event includes
many plant-specific steps and is accomplished with the help of the phrag-
moplast. The phragmoplast acts as a conduit for vesicle transport and must
expand to maintain phragmoplast MTs at the leading edge of the cell plate
as it grows. Recent research has identified potential regulators of microtubule
dynamics such as MAP65 and MOR1/GEM1 as well as a MAPK cascade in the
control of phragmoplast expansion (Smertenko et al. 2000; Whittington et al.
2001; Nishihama et al. 2001, 2002; Twell et al. 2002; Soyano et al. 2003; Müller
et al. 2004; Van Damme et al. 2004a; Chang et al. 2005). Finally, this MAPK
cascade controls phragmoplast expansion in tobacco cells via regulation of
MAP65-1 function (Sasabe et al. 2006).

Many components of the cytokinetic machinery including MAPs have been
identified (Jürgens 2005), and, intriguingly, despite different modes of cytoki-
nesis in the various kingdoms, most of these proteins are conserved (Otegui
et al. 2005). This indicates that the system for regulating the cytoskeletal
structures involved in cytokinesis may be conserved between animals and
plants. The involvement of MAPKs in cytokinesis has not been reported in
non-plant organisms. Plant cytokinesis includes (1) the dynamics of MTs,
(2) the synthesis of cell membranes, and (3) the synthesis of cell walls. These
subcellular processes might be coordinately controlled. How MAPKs do this
is an interesting question that warrants further investigation.
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Abstract Cytokinesis is the final step of the cell division sequence. During cytokinesis, the
plant cell completes its partition into two equal daughter cells by the transient formation
of the cytokinetic apparatus, a complex structural scaffold that assists in the formation of
a new cell wall. In the last few years, technical advances in sample processing and three-
dimensional reconstruction and modeling have permitted the analysis of the dramatic
structural changes undergone by the plant cell during cytokinesis at an unprecedented
level of spatial resolution. The main purpose of this chapter is to summarize the contri-
bution of dual-axis electron tomography of cells cryopreserved by high-pressure freezing
and freeze-substitution (HPF-FS) to the understanding of the mechanisms underlying cy-
tokinesis in angiosperms. We focus on the new structural and functional insights into
the complex process of assembly of both somatic- and syncytial-type cell plates, the
architecture of the different cell plate membrane intermediates, the structural and func-
tional properties of the recently characterized Cell Plate Assembly Matrix (CPAM), and
the relationship between the CPAM and phragmoplast microtubule dynamics.

1
Introduction

Plant cytokinesis is the final event in the plant cell division cycle that yields
two daughter nuclei separated by a new cell wall. During this process, the
plant cell divides its whole cell mass, including its genetic material and its or-
ganelles, into two daughter cells. Typically, cytokinesis (the separation of the
daughter cytoplasms) is initiated once the partition and segregation of the
nuclear components (caryokinesis) is completed and the daughter nuclei are
being rebuilt. When caryokinesis and cytokinesis are temporally and mecha-
nistically coupled, the process is known as somatic-type cytokinesis, whereas
the term syncytial-type cytokinesis is used to denote systems where caryo-
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kinesis and cytokinesis are both temporarily and structurally separate events
(Otegui and Staehelin 2000a).

Our current concept of the plant cytokinetic machinery includes three
distinct structures, each of which is an essential component of the cytoki-
netic apparatus: the phragmoplast, the cell plate assembly matrix (CPAM),
and the cell plate. The phragmoplast is a cytoskeletal array of anti-parallel
microtubules (MTs) and actin filaments. The principal function of the MTs
is to deliver both the Golgi-derived vesicles and the CPAM molecules to
the cell plate assembly region. A major function of the actin filaments is to
guide the cell plate to the proper site of fusion of the cell plate with the cell
wall (Gunning 1982; Whalen et al. 2001; Molchan et al. 2002). The CPAM is
a transient, membrane-less cytoplasmic domain that can be recognized in
electron micrographs of cryofixed and freeze-substituted cells as a ribosome-
excluding zone that encompasses the fusing vesicles of growing cell plates
(Samuels et al. 1995; Otegui et al. 2001; Otegui and Staehelin 2004; Seguí-
Simarro et al. 2004). It is brought to the cell plate assembly region together
with the Golgi-derived, cell plate-forming vesicles, and it appears to con-
sist of scaffolding proteins and enzymatic, structural and regulatory proteins
that are required for cell plate assembly. The cell plate itself is a transient
membranous organelle that arises within the CPAM from the fusion of Golgi-
derived vesicles during late anaphase and telophase, and progresses through
a defined sequence of maturational steps to give rise to the new cell wall
(Samuels et al. 1995; Otegui et al. 2001; Otegui and Staehelin 2004; Seguí-
Simarro et al. 2004).

The focus of this review is on the structural events associated with the as-
sembly of both somatic- and syncytial-type cell plates as seen in electron to-
mograms of cells preserved by high pressure freezing and freeze-substitution
(HPF-FS) techniques. In particular, we review the structure of the membrane
assembly intermediates associated with the different maturational stages of
cell plate assembly, as well as discuss the concomitant changes in the organi-
zation and function of the CPAM and how the CPAM influences MT (+)-end
dynamics.

2
Techniques: High Pressure Freezing and Electron Tomography
Have Ushered in a New Era in Plant Cytokinesis Research

The cytokinetic apparatus and growing cell plates are highly dynamic mo-
lecular assemblies that undergo changes in organization in the time range
of seconds and even fractions of seconds. Preserving the assembly inter-
mediates of the cell plate for structural analysis has been a central goal of
electron microscopists for half a century (reviewed in Seguí-Simarro and
Staehelin 2006b). Classical chemical fixatives, such as glutaraldehyde and os-
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mium tetroxide, are multifunctional reagents that preserve cell ultrastructure
by crosslinking subsets of cellular molecules, thereby preserving their spatial
organization. However, because chemical fixation takes seconds to minutes
to immobilize cellular processes, and because different cellular components
are fixed at different rates, chemical fixatives are not ideal tools for preserv-
ing cell ultrastucture (reviewed in Gilkey and Staehelin (1986)). For structural
studies of cytokinesis, the most limiting aspect of chemical fixatives is their
inability to preserve short-lived structural intermediates of cell plate assem-
bly and phragmoplast MT dynamics in a reliable manner. Furthermore, due
to the selective crosslinking activity of chemical fixatives, which leaves many
types of molecules in an unfixed state, many cellular structures can continue
to undergo structural changes long after the sample has been “fixed”.

Most of these limitations of chemical fixatives can be overcome by em-
ploying ultra-rapid freezing methods such as high pressure freezing (HPF)
to stabilize the cells, due to their ability to immobilize all cellular molecules
within milliseconds (Gilkey and Staehelin 1986). Samples preserved in this
manner can then be freeze-substituted (FS) at –80 to 90 ◦C, which increases
the probability of viewing even the most labile cellular structures.

The second limitation of classical electron microscopy, even when cry-
ofixed and freeze-substituted samples are examined, is that conclusions have
to be drawn from essentially 2-dimensional (2-D) samples (most frequently,
thin sections). Since the thin sections are typically 60–80 nm thick, this
means that whereas the resolution in the x and y axes of the sections is
∼4 nm, the resolution in the z-axis is only 100–150 nm, which greatly limits
the ability of researchers to determine the complete 3-D architecture of most
cellular organelles and cytoskeletal systems at high resolution. The solution
to this latter problem is the use of dual-axis electron tomography (McIntosh
et al. 2005).

Electron tomography is analogous to the various tomographic techniques
used in modern medicine, which rely on X-rays, magnetic resonance or ul-
trasound. By taking multiple images of a specimen (typically a 150–300 nm
thick plastic section) as it is systematically tilted from +60◦ to –60◦ along
two orthogonal axes, it is possible to record information from the z-axis of
a sample, and by computing the back-projection of these images, it is then
possible to produce a tomogram, which is a 3-D block of data that is repre-
sented as an array of volume elements (voxels). This 3-D data block, in turn,
can be used to display 2-D slice images of different z-axis levels of the sam-
ple. These images resemble thin section images (compare Fig. 1A and B), but
because they are only ∼2 nm thick, versus 60–80 nm for thin sections, many
more details of cellular architecture can be resolved. Furthermore, by tracing
the observed structures in serial slices in a process called hand-segmentation
or modeling, it is possible to produce reconstructions with a 3-D resolution of
5 to 8 nm (Fig. 1C). The overall size of the reconstructions can be further in-
creased by producing tomograms and models of serial sections (Fig. 1D), and
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Fig. 1� Different steps in the tomographic reconstruction and modeling process, com-
pared with conventional transmission electron micrographs. A Electron micrograph of
a 100 nm-thick section of an Arabidopsis meristem cell at the solid phragmoplast stage of
cytokinesis. Large organelles such as mitochondria (m), or structures with simple geome-
tries such as microtubules (mt) are clearly resolved, but irregular membranous structures
such as the cell plate (cp) often appear as dark, blurred spots. Due to the section thick-
ness, the cell plate assembly matrix (cpam) can only be distinguished at certain regions
around the cell plate. r: ribosome. B Two-nm-thick virtual slice of a tomogram from
the same cell. The overall image is sharper, and the cell plate (cp) membranes, Golgi-
derived vesicles (v) and endoplasmic reticulum (er) membranes are better resolved. The
ribosome-excluding CPAM is now more clearly seen around the cell plate. C Modeling of
the same tomographic slice. Each object within the tomographic volume is given a color,
and the contours are manually traced around them across the whole set of tomographic
slices. Each contour is then connected by a mesh to reconstruct the virtual surface of
each object in the model. D Tomographic model. After object modeling and render-
ing, the whole set of objects can be visualized, giving a 3-D picture of their actual size,
distribution and associations between them. The scale bars represents 500 nm

by then extending the reconstructions from one section to the next (Otegui
and Austin 2006). Most of the tomography-based models presented in this
review are based on serial section reconstructions.

3
Structure and Function of the Phragmoplast Cytoskeleton

3.1
Phragmoplast Microtubules Undergo Changes in Organization
During Cell Plate Formation

Microtubules are the most visible component of the cytoskeletal elements in-
volved in cytokinesis, such as the premitotic pre-prophase band (Fig. 2A) and
the phragmoplast. They have been the subject of hundreds of studies of divid-
ing plant cells, both at the light and the electron microscope level of analysis.
Here we only review contributions made by electron microscopy to the study
of the phragmoplast and cell plate of cryofixed cells.

Figures 2 and 3 illustrate the organization of the MT arrays associated
with phragmoplast formation and maturation in Arabidopsis meristem cells
(somatic-type cytokinesis). The two opposing sets of MTs in Fig. 3 are shown
in different colors so that their spatial organization can be more readily
discerned. The comparison between the late anaphase organization of the
mitotic spindle MTs and the organization of the MTs at the time of phrag-
moplast initial assembly during very late anaphase (Fig. 3A and B) highlights
how the phragmoplast initials arise from clusters of opposing sets of spindle
MTs. The distinction between the two types of arrays is based on the pres-
ence of multiple CPAMs in the equatorial plane of the phragmoplast initials
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Fig. 2 The different stages of somatic-type plant cytokinesis (see text for further de-
tails). A G2-M stage (premitotic). B Late mitotic anaphase – phragmoplast initials stage
of cytokinesis. C Early telophase stage of caryokinesis – solid phragmoplast stage of
cytokinesis. D Mid telophase stage of caryokinesis – transitional phragmoplast stage of
cytokinesis. E Late telophase stage of caryokinesis – ring phragmoplast stage of cyto-
kinesis. F G1 stage in the newly formed daughter cells. chr: chromosome; cpam: cell
plate assembly matrix; cw: cell wall; db: dumbbell-shaped intermediate; gs: golgi stack;
mt: microtubule; mvb: multivesicular body; n: nucleus; ne: nuclear envelope; nu: nucleo-
lus; pd: plasmodesmata; pfs: planar fenestrated sheet cell plate; pgz: peripheral cell plate
growth zone; pm: plasma membrane; ppb: pre-prophase band; tn: tubular network cell
plate; tvn: tubulo-vesicular network cell plate; v: golgi-derived vesicle

(Fig. 2B; Seguí-Simarro et al. 2004). Formation of the initials starts when the
chromosomes reach the pole regions and the nuclear envelope begins to re-
assemble. The largest MT arrays are associated with the solid phragmoplast
stage of cell plate formation (Figs. 2C, 3C). Based on tomographic data, the
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Fig. 3 Large volume tomographic reconstructions of different stages of mitosis and cy-
tokinesis in Arabidopsis meristem cells. Based on Austin et al. (2005). A Late-anaphase
(volume = 5.9 × 5.9× 0.8 mm3), which shows two opposing sets of spindle microtubules
(mt), red and green, above and between the migrating sister chomatids (ch), and vesi-
cles (v). B Phragmoplast initials stage (vol = 5.9 × 5.9× 0.8 mm3), in which MT arrays
arrange parallel to the spindle axis, between the decondensing chromatin masses. Indi-
vidual phragmoplast initials arise in the cell equator surrounded by clouds of cell plate
forming vesicles. C Solid phragmoplast stage (vol = 4.3 × 4.3× 1.2 mm3), which displays
two dense sets of opposing MTs (mt) between the re-forming daughter nuclei (n). The
growing cell plate (cp) is surrounded by numerous vesicles and is sandwiched between
the two sets of MTs. D Transitional phragmoplast stage (vol = 2.8×2.8×0.8 mm3), which
lacks a CPAM and displays many short MTs on both sides of the maturing cell plate.
E Ring phragmoplast stage (vol = 5.9× 2.8× 0.9 mm3). Two dense sets of opposing MTs
flank the growing edge of the cell plate. The more mature central cell plate region has
fewer interacting MTs. The scale bars represents 1 µm

solid phragmoplasts in Arabidopsis meristem cells are comprised of 800 to
1,000 MTs (Austin and Seguí-Simarro, unpublished results).

A controversy has arisen recently over the question as to whether the
phragmoplast MTs overlap in the equatorial plane or not. The unambiguous
answer to this question, based on the analysis of cells preserved by HPS-FS
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methods, is that there is no systematic overlap between the MT (+)-ends in
somatic-type cytokinesis phragmoplast arrays, but there is overlap between
the MTs in the mini-phragmoplasts of endosperm cells (Otegui and Stae-
helin 2000b; Austin et al. 2005). The reason for this difference is unknown,
but it could be related to the fact that the mini-phragmoplasts formed dur-
ing syncytial-type cytokinesis contain only ∼2×10 MTs versus ∼2×400 to
500 in the solid phragmoplasts formed during somatic-type cytokinesis. In-
terdigitation of the MT ends might be required for the stabilization of the
mini-phragmoplast MT assemblies, which have to remain operative during
the simultaneous assembly of all of the syncytial cell walls, a process that
would be expected to take more time than the assembly of a single cell plate
and cell wall during somatic-type cytokinesis (Otegui and Staehelin 2000b).

Upon completion of the tubulo-vesicular stage of cell plate formation
(see below), the solid phragmoplast MT array breaks down in conjunction
with the disassembly of the CPAM. This stage is called the transitional stage
(Figs. 2D, 3D), because it signals the transition from a solid phragmoplast to
a ring phragmoplast type of MT organization. Formation of the ring phrag-
moplast MT arrays follows the reformation of the CPAM around the edges
of the centrifugally expanding cell plate (Figs. 2E, 3E). The few MTs and sec-
ondary CPAMs that are seen to interact with the central cell plate region at
this stage of development are focused on the remaining pores in the fenes-
trated sheet-type cell plate region (Seguí-Simarro et al. 2004), which have to
be closed to produce a new cell wall (Fig. 2F).

3.2
Transport of Cell Plate-Forming Vesicles to the Future Site
of Cell Plate Assembly Starts during Metaphase

In addition to illustrating the organization of the MTs in Arabidopsis meris-
tem cells during the anaphase stage of mitosis and at different stages of
somatic-type cytokinesis, Fig. 3 shows the positions of all of the Golgi-
derived, cell plate-forming vesicles in the same samples. One of the unex-
pected discoveries to result from the analysis of these tomograms was that
the transport of the vesicles towards the equatorial plane starts already during
mitosis, i.e., much earlier than the onset of cytokinesis. Indeed, Golgi stacks
accumulate at the equatorial plane in a belt-shaped manner as soon as in
prometaphase (Seguí-Simarro and Staehelin 2006a). Initiation of this vesicle
trafficking starts at metaphase and is largely completed by the end of the solid
phragmoplast stage of cell plate formation. This explains how it is possible for
a meristematic cell to produce a cell plate from ∼20 000 vesicles within less
than 5 minutes of the onset of phragmoplast assembly.

In this context, the following simple calculations provide interesting in-
sights into the rate of vesicle production and cisternal turnover by individual
Golgi stacks during cytokinesis. With a diameter of ∼9 µm, a new cross
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wall in an Arabidopsis meristem cell requires the deposition of ∼130 µm2 of
plasma membrane. Taking into account the dimensions of the Golgi-derived,
cell plate-forming vesicles (∼50 nm; Seguí-Simarro et al. 2004) and the mean
number of Golgi stacks per cell (∼35 during interphase and ∼68 during G2
and mitosis; Seguí-Simarro and Staehelin 2006a), the assembly of a new cross
wall would require that each (mitotic stage) Golgi stack produce ∼240 vesicles
for the new cell plate. However, because ∼30% of the cell plate membrane is
recycled via clathrin-coated vesicles during maturation (Seguí-Simarro et al.
2004), the actual number of Golgi vesicles required is ∼310. Since each TGN
cisterna fragments into ∼35 secretory-type (cell plate forming) vesicles (un-
published results), the 310 vesicles correspond to ∼8.8 cisterna equivalents.
According to the live cell measurements of Ueda et al. (2003), it takes Ara-
bidopsis cells 6 to 8 minutes to progress from metaphase through the solid
phragmoplast stage of cytokinesis. This means that each Golgi has to deliver
∼300 vesicles in <8 m inu tes to the cell plate forming region, which amounts
to ∼37 vesicles or 1 TGN cisterna equivalent per minute. In conclusion, this
rough calculation suggests that during cytokinesis, each Golgi stack produces
approximately one new cisterna per minute.

4
Structure and Function of the Cell Plate Assembly Matrix (CPAM)

4.1
The CPAM Defines the Site of Cell Plate Assembly

The discovery of the CPAM is an example of a cellular structure whose
discovery can be traced to the use of HPF-FS techniques to preserve cells
undergoing cytokinesis for electron microscope analysis. Although early elec-
tron microscope studies of chemically fixed dividing cells provided hints of
a cell plate-associated matrix (reviewed in Gunning 1982), the first defini-
tive evidence for the presence of a ribosome-excluding zone around growing
regions of cell plates and associated MT ends was provided in an investi-
gation of tobacco BY-2 cells preserved by HPF-FS (Samuels et al. 1995). In
that study, a prominent CPAM was seen to encompass the tubulo-vesicular
network-type cell plates, and this ribosome-excluding material was reported
to abruptly disappear when the tubulo-vesicular cell plate matured into
a tubular network-type of cell plate. A similar ribosome-excluding matrix
was subsequently recognized in endosperm cells of Arabidopsis undergoing
syncytial-type cell plate formation (Otegui and Staehelin 2000b). In particu-
lar, it was shown that the formation of the first membrane tubules from cell
plate forming vesicles always occurred within a ribosome-free matrix, and
that this matrix persisted until the wide tubular stage cell plate network was
converted into a fenestrated sheet-type of cell plate.
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However, the full extent of the CPAM system and its importance for cell
plate formation only became evident when the cryofixed dividing cells were
analyzed by means of electron tomography (Otegui et al. 2001; Otegui and
Staehelin 2004; Seguí-Simarro et al. 2004; Austin et al. 2005). Thus, as men-
tioned above, the definition of the phragmoplast initials during somatic type
cytokinesis includes the formation of multiple CPAMs in the equatorial plane
within which vesicles accumulate and the first vesicle fusion intermediates
can be observed (Figs. 2B, 4A). The lateral enlargement of the phragmoplast
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Fig. 4� Diagrams illustrating the structural changes in cell plate membrane and CPAM
organization during somatic-type cytokinesis based on tomographic models. The cell
plate membranes are depicted in yellow, the CPAM is outlined with red dots, and the cell
plate is shown in a face-on view. The microtubules have been omitted to facilitate view-
ing of the cell plate and CPAM. A Phragmoplast initials stage. Different vesicle clouds
concentrate within individual CPAMs at the central region of the cell equator. Within
them, the first dumbbell-shaped cell plate intermediates are detected. Arrows indicate
the direction of expansion of the phragmoplast initials. B Solid phragmoplast stage. The
isolated early intermediates have now merged into a coherent tubulo-vesicular network
cell plate (cp) surrounded by a single, cocoon-like CPAM (cpam). C Transitional phrag-
moplast stage. The cell plate transforms into a CPAM-free tubular network at its central
domain, whereas the peripheral region actively expands outwards (arrows) surrounded
by a ring-shaped CPAM. D Ring phragmoplast stage. The central cell plate region ma-
tures into a planar fenestrated sheet whereas the peripheral growth zone merges with
the parental plasma membrane within the ring-shaped CPAM. Small, secondary CPAMs
are created de novo around the larger perforations (fenestrae) of the planar sheet central
cell plate. The green boxes outline the region of the cell plate shown in insets in cross-
sectional views. cp: cell plate; cpam: cell plate assembly matrix; cw: cell wall; pm: plasma
membrane

initials that yields the solid phragmoplast is paralleled by an expansion and
merging of the individual CPAMs of the initials into a coherent CPAM across
the entire width of the solid phragmoplast MT array (Seguí-Simarro et al.
2004), encompassing the nascent tubulo-vesicular cell plate (Figs. 2C, 4B).
The breakdown and subsequent reassembly of the CPAM during the transi-
tional and the ring phragmoplast stages of cell plate formation (Figs. 2D,E,
4C,D) highlights further the close structural and functional relationship be-
tween the CPAM, the distribution of MTs, and the growing, but not the
maturing, cell plate domains.

Structurally, the CPAM can be defined as a fine filamentous matrix that
excludes ribosomes to a distance of ∼160 nm from the cell plate in somatic
cells, and ∼100 nm in syncytial cells. The first insights into the composition
and the functional properties of the CPAM have come from a combination
of electron tomography and immunolocalization studies. A list of putative
components of the CPAM is presented in Table 1, and the functional impor-
tance of these molecules for cell plate formation is discussed in the following
sections.

4.2
The CPAM Stabilizes MT (+)-Ends

Phragmoplast MTs originate from MT organizing centers (MTOCs) located in
the vicinity of the nuclei (Vantard et al. 1990; Baskin 2000). This leads to the
(+)-ends of the MTs being oriented towards the cell plate (Euteneuer et al.
1982). Prior to the discovery of the CPAM, it was reported that the region
surrounding the cell plate, where the MT (+)-ends terminate, is critical for
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Table 1 Putative components of the cell plate assembly matrix (CPAM)

Family/Type Structures Candidate Localization Function References
observed molecule(s)

Plant exocyst Y/L-shaped AtSec5, AtSec6, AtSec15, Golgi-derived Vesicle tethering (Cvrckova et al., 2001).
tethers AtExo70, AtExo84 vesicles

Plant exocyst Y-shaped tethers AtSec3 CPAM Vesicle tethering (Segúı-Simarro et al., 2004).
Rab GTPases — ??? CPAM matrix Vesicle tethering (Bednarek and Falbel, 2002;

and cell plate Falbel et al., 2003).
Rops (plant — AtRop4, Rop1 CPAM matrix Vesicle tethering, formation of (Hong et al., 2001a;
Rho-GTPases) and cell plate short actin filaments, regulation Molendijk et al., 2001;

of callose synthase complexes Bednarek and Falbel, 2002).
Syntaxins — KNOLLE, SNAP33, Fusing Vesicle fusion (Lauber et al., 1997;

NSPN11, KEULE vesicles Assaad et al., 2001;
Zheng et al., 2002).

DRP1 Rings & springs DRP1A, Cell plate Membrane squeezing, (Gu and Verma, 1996, 1997;
phragmoplastin intermediates stretching and stabilization Otegui et al., 2001;

Kang et al., 2003;
Segúı-Simarro et al., 2004).

DRP2 Rings & springs DRP2A Clathrin- Formation of recycling (Verma, 2001;
coated buds clathrin-coated vesicles Konopka et al., 2006).

EB1 MT–cell AtEB1, AtMAP65-3 CPAM- Anchoring of MTs (Mathur et al., 2003;
plate linkers embedded to the cell plate Muller et al., 2004;

MT (+) ends van Damme et al., 2004).
actin Fine, 6 nm F-actin CPAM matrix Multiple roles (see text) (Endle et al., 1998;

filaments and cell plate Otegui et al., 2001;
Bednarek and Falbel, 2002;
Otegui and Staehelin, 2004).

Long coiled- — ??? CPAM matrix CPAM scaffold Kang and Staehelin,
coil proteins submitted
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MT stability (Inoué 1964). In particular, it was shown that irradiation of this
proximal phragmoplast region with UV light not only led to MT depolymer-
ization but also prevented reformation of a stable phragmoplast. In contrast,
UV irradiation of the distal zone of the phragmoplast, which also caused
MT breakdown, did not prevent the eventual reformation of the phragmo-
plast MT array (Inoué 1964). Further evidence for MT-cell plate interactions
came from studies with isolated phragmoplasts in which the MTs were shown
to remain connected to cell plate membranes throughout the cell disruption
and the phragmoplast isolation and purification processes (Kakimoto and
Shibaoka 1992).

Most cytoplasmic MTs are highly dynamic structures that can form de
novo, grow and then rapidly break down (Baskin 2000). Based on fluores-
cence redistribution after photobleaching experiments, phragmoplast MTs
have a turnover rate of t1/2 = 60 s (Hush et al. 1994). In vitro studies of grow-
ing and shrinking MTs in cryogenically fixed samples that were examined in
the frozen state in a cryoelectron microscope have led to the correlation of
MT (+)-end morphology with the dynamic state of the MT (Mandelkow et al.
1991; Chretien et al. 1995; Carvalho et al. 2003). In particular, extended MT
ends are typical of growing MTs, ramshorn-like ends are seen on disassem-
bling MTs, and blunt ends are characteristic of MTs in a metastable state.

The demonstration that the same types of MT-end morphologies can be vi-
sualized in intact plant cells preserved by HPF-FS has opened up the possibil-
ity of analyzing phragmoplast MT dynamics in such cells by quantifying the
number of MTs exhibiting a specific type of MT (+)-end geometry. This ap-
proach has been employed to analyze the effects of CPAM association on MT
(+)-end dynamics during cytokinesis of meristem cells of Arabidopsis (Austin
et al. 2005). The highlights of that study were that most of the (+)-ends of
the solid phragmoplast MTs terminate within the CPAM, and that of those
MTs 50–70% exhibit a blunt geometry, which corresponds to a metastable
state. In contrast, only 20% of the (+)-ends of MTs that were located outside

Fig. 5 Microtubule – cell plate linkers. ∼30 nm long linker-like structures (arrow-
heads) physically connecting the microtubule (mt) blunt (+)-ends with cell plate mem-
branes (cp), as revealed in properly oriented tomographic reconstructions. The scale bar
represent 0.1 µm
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of the CPAM were blunt ended. During the transitional phragmoplast stage,
where the CPAM is absent from the central region of the cell plate, 80% of
the (+)-ends exhibited a horned morphology, which is typical of disassem-
bling MTs. These results suggest that the CPAM contains factors that stabilize
MT (+)-ends and thereby prolong the life of the CPAM-associated MTs com-
pared to those that terminate outside the CPAM. This stabilization, in turn,
increases the efficiency of vesicle transport along the MTs to the growing cell
plate regions.

To further characterize the spatial relationship between MT (+)-ends and
the cell plate, we used our tomographic database to determine the distance
between the ends of blunt MTs and the closest cell plate membrane (Austin
et al. 2005). This quantitative analysis demonstrated that blunt-ended MTs of-
ten terminate 30 nm from the surface of a cell plate membrane, whereas no
such relationship was detected for the ends of horned and extended MTs. This
finding suggested that the (+)-ends of the metastable MTs could be physi-
cally connected through specific linkers to the cell plate membranes, and that
these linkers could contribute to the stabilization of the blunt-ended MTs. As
shown in Fig. 5A and B, the postulated 30 nm linkers can even be recognized
in suitably oriented tomographic slice views. Yet to be determined is the mo-
lecular identity of the observed linkers, but two candidate proteins have been
identified. In Arabidopsis, the AtEB1 protein is a (+)-end MT-associated pro-
tein (van Damme et al. 2004), which has been localized to the phragmoplast
midline (Mathur et al. 2003). Since evidence from other systems indicates
that EB1 can stabilize MT (+)-ends (Tirnauer et al. 2002), a similar role for
AtEB1 in stabilizing cell plate-associated MTs seems possible. A second can-
didate is AtMAP65-3, an EB1-like protein (van Damme et al. 2004), which,
when mutated, causes a widening of the MT-depleted midline region of the
phragmoplast (Muller et al. 2004).

4.3
The CPAM Scaffold is Probably Composed of Long Coiled-Coil Proteins

As shown in Fig. 4, the CPAM completely encompasses the growing cell plate
regions and is absent from the maturing cell plate domains (Seguí-Simarro
et al. 2004). In meristem cells, the ribosome-excluding CPAM zone that en-
compasses the tubulo-vesicular cell plate membranes of the solid phragmo-
plast (Fig. 4B) is ∼160 nm wide (Seguí-Simarro et al. 2004), whereas the
CPAM surrounding the wide tubular network of syncytial-type cell plates
is ∼100 nm (Otegui et al. 2001). The identity of the scaffolding proteins of
the CPAM is unknown, but in analogy to the composition of the ribosome-
excluding COPII vesicle scaffold and the Golgi matrix (Kang and Staehelin,
submitted), the most likely candidates are long coiled-coil-type proteins simi-
lar to Uso1, p115, and golgins (Gillingham and Munro 2003; Latijnhouwers
et al. 2005). The Arabidopsis genome contains a total of 252 long coiled-coil
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proteins (Rose et al. 2004), and three of these proteins – AtUso1 (Kang and
Staehelin, submitted), AtGRIP (Gilson et al. 2004), AtCASP (Renna et al. 2005)
– have been shown to localize to budding COPI vesicles and/or to Golgi stacks
(Golgi matrix). Yet to be determined is which type of long-coiled coil of pro-
tein produces the scaffolding structure of the CPAM.

In other systems, long coiled-coil proteins are recruited to specific mem-
brane systems through activated GTP-binding proteins and lipid species, and
this recruitment has been postulated to help each membrane compartment
create and express its own identity (Munro 2004). Once assembled, the scaf-
fold can recruit additional cytosolic proteins that facilitate the binding of
specific vesicles to this structure, and catalyze the vesicle budding and vesi-
cle fusion reactions that accompany the membrane transformation processes
characteristic of each type of membrane compartment.

4.4
The CPAM is an Affinity Matrix that Assembles and Organizes
the Molecules Required for Vesicle Tethering and Vesicle Fusion

The hypothesis that the CPAM recruits Golgi-derived vesicles, enzymes and
regulatory molecules to the cell plate assembly site is based on the finding
that specific types of molecular assemblies involved in cell plate formation
localize exclusively to this structure. For example, it has been reported that
many cell plate-forming vesicles both inside and outside the CPAM carry
∼35 nm long, L-shaped appendages, whereas paired vesicles held together by
Y-shaped linkers of the same length can only be detected within the CPAM
region (Fig. 6; Seguí-Simarro et al. 2004). Based on their structural and func-
tional similarities with the exocyst complexes of mammalian and yeast cells
(Terbush et al. 1996, 2001; Hsu et al. 1998), both of which are involved in po-
larized secretion, it has been postulated that that the Y-shaped complexes are
completed vesicle tethering complexes, and the L-shaped precursors that lack
the final protein(s) needed for the tethering function (Seguí-Simarro et al.
2004). Since the completed tethers are seen only inside the CPAM, it is likely
that the protein(s) needed to complete the tethers are also found only inside
this matrix. Furthermore, because Sec3 is an exocyst complex protein that
in other systems is recruited to target membranes (Finger et al. 1998), the
plant homologue of Sec3 could be the subunit that actually gives rise to the
Y-shaped tethering complexes within the CPAM. Once tethered by an exocyst
complex, the vesicles are induced to fuse through interactions between pro-
teins associated with v- and t-SNARE complexes (Waizenegger et al. 2000; see
also Chap. 13). Several SNARE proteins have also been localized to the cell
plate forming regions of phragmoplasts (Jürgens 2005a).

Putative homologues of all of the exocyst protein subunits, including Sec3,
have been identified in the Arabidopsis genome (Cvrckova et al. 2001; Jurgens
and Geldner 2002; Elias et al. 2003; Seguí-Simarro et al. 2004; Cole et al. 2005).
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Fig. 6 Diagrammatic model of the putative mechanisms of CPAM-mediated vesicle teth-
ering and squeezing during cell plate growth. Based on Seguí-Simarro et al. (2004).
Tethering of the Golgi-derived vesicles to each other within the CPAM is mediated by
the assembly of Y-shaped, putative exocyst complexes. Once tethered and fused, dynamin
(DRP) spirals assemble around the waist of the unstable hourglass intermediates, thereby
stabilizing the hourglass configuration. Hydrolysis of the GTP bound to the DRP subunits
causes the spirals to expand and squeeze the constricted domain of the hourglass-shaped
vesicles, thereby converting them into dumbbell-shaped intermediates. The concomitant
loss of vesicle volume is most likely achieved through water expulsion from the dumbbell
lumen. After several rounds of assembly-expansion disassembly of the DRP springs, the
volume of the dumbbells is reduced by up to 50%, and the concomitant loss of water ap-
pears to cause the contents of the vesicles (pectic polysaccharides and xyloglucans) to gel.
This gelling, in turn, appears to mechanically stabilize the elongated shape of the dumb-
bells. When new vesicles fuse with the ends of the stabilized dumbbells, the latter do not
swell, i.e., they retain their shape, thereby giving rise to increasingly complex vesicular-
tubular-type cell plate intermediates. In contrast, when the same types of vesicles fuse
outside of the CPAM, no DRP springs assemble around the necks of the hourglass inter-
mediates and the hourglass structures are rapidly transformed into larger, round vesicles.
These larger vesicles may also enter the CPAM at a later stage and fuse with the growing
cell plate

Very recently, two studies have demonstrated not only the existence of an
exocyst-like complex in plants, but also a functional role in polar exocytosis
in two distantly related plant species, Arabidopsis (Cole et al. 2005) and maize
(Wen et al. 2005). The maize rth1/sec3 mutant exhibits defects in root hair
elongation as well as delayed plant growth and flowering (Wen et al. 2005). In
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Arabidopsis, pollen from AtSec8 mutants display reduced pollen tube growth
rates, while retaining the ability to complete both post-meiotic and pollen cy-
tokinesis (Cole et al. 2005). These phenotypes are consistent with a role for
Sec3 and Sec8 in polarized exocytosis not only during root hair and pollen
tube expansion, but also during cell plate assembly and growth, since the ex-
pected phenotype for a mutated exocyst complex would be a loss of specificity
in vesicle tethering and a concomitant slowdown in vesicle fusion, but not an
inhibition of the fusion process itself.

In yeast and mammalian cells, regulation of the exocyst tethering com-
plexes is dependent on Rho and Rab GTPases, and on short actin filaments
(Hsu et al. 1999; Guo et al. 2001; Lipschutz and Mostov 2002; Wang et al.
2003). In plants, Rops (Rho-related GTPases of plants) have been localized
to cell plates by means of GFP-tagged AtRop4 (Molendijk et al. 2001). Short
actin filaments, in turn, have been shown to be present at the growing edges
of cell plates (Endle et al. 1998), which is also where the CPAM is seen. Al-
though there is currently no direct evidence localizing Rab-GTPases to cell
plates, their importance for cell plate formation has been inferred from other
studies (Bednarek and Falbel 2002; Falbel et al. 2003). Based on these results,
we propose that the CPAM is the site where plant exocyst complex subunits,
SNARE proteins, and molecules involved in the regulation of vesicle fusion
are stored.

4.5
The CPAM is Enriched in Dynamin-Related Proteins that Assist in the Shaping
of Cell Plate Assembly Intermediates, and the Budding of Clathrin-coated Vesicles

The first microscopic evidence of membrane fusion within the CPAM is
the appearance of vesicles with a bilobed or hourglass-type of morphology
(Fig. 6; Otegui and Staehelin 2000b; Seguí-Simarro et al. 2004). However,
whereas these early, hourglass-shaped vesicle fusion intermediates are rarely
encountered (3 out of >1000 vesicles examined; Seguí-Simarro et al. 2004),
indicating that this is a short-lived intermediate membrane configuration,
other more dumbbell-shaped vesicles with longer connecting necks are more
frequently observed (Fig. 6; Samuels et al. 1995; Rensing et al. 2002; Seguí-
Simarro et al. 2004). A distinguishing feature of these dumbbell-shaped vesi-
cles is that the neck region is often surrounded by a more densely stained
layer, which in the best tomographic samples can be resolved into 40 to 45 nm
wide rings and spirals (Fig. 7A,A′; Otegui et al. 2001; Seguí-Simarro et al.
2004). Similar rings and spirals have been found to pinch the tubules of the
wide tubular network of syncytial-type cell plates (Otegui et al. 2001), and
to be present around the narrow tubular domains of the tubulo-vesicular
network in somatic-type cell plates (Fig. 7B; Seguí-Simarro et al. 2004). Fur-
thermore, the spirals exhibit two configurations, they can be tightly wound
or they can be expanded (Fig. 6). These rings and spirals label with antibod-
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Fig. 7 DRP rings and spirals. Tomographic slice A and model A′ of a spiral in an
extended conformation, around the thin tubule that connects two vesicular cell plate
domains. B Tomographic model of a tubulo-vesicular cell plate (solid phragmoplast
stage) of Arabidopsis somatic cells showing several compacted rings around thin tubules.
C Immunogold labeling with anti-DRP1A antibodies decorating a tubulo-vesicular so-
matic cell plate. Note that particles are mainly present at the narrow regions (likely
tubules) of the cell plate. The scale bars represents 100 nm

ies against AtDRP1a (ADL1a), a dynamin-related protein that is present in
Arabidopsis endosperm (Otegui et al. 2001) and meristem cells (Fig. 7C). Two
GTP-binding, dynamin-related proteins (DRPs), phragmoplastin and DRP1a,
have been identified in cell plates, and especially in the growing regions of the
cell plates of both soybean and Arabidopsis (Gu and Verma 1996; Kang et al.
2001, 2003; Verma 2001). None of the adl1 mutants produced to date have
shown any impairment in cytokinesis, most likely due to gene redundancy
(Bednarek and Falbel 2002; Konopka et al. 2006).
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In in vitro studies, dynamin has been shown to form spiral polymers
around lipid bilayer tubules, with GTP-dynamin producing tight spirals and
GDP-dynamin expanded ones (Stowell et al. 1999; Zhang et al. 2000). Based
on these observations, it has been proposed that GTP hydrolysis causes the
dynamin spirals to expand like a spring, going from a tight to an expanded
spiral configuration (Fig. 6). The energy released during this conformational
change appears to be used by cells to shape or fission membranes (Stowell
et al. 1999; Hong et al. 2001b). For example, the dynamin spirals that are
assembled around the necks of budding clathrin-coated vesicles have been
postulated to break the neck of the vesicle buds and thereby create free vesi-
cles (Stowell et al. 1999). In the cellularizing endosperm, the dynamin spirals
within the CPAM wrap around and pinch but do not sever the wide cell plate
tubules, a process that appears to be used to prevent the tubules from prema-
turely expanding into sheet-like structures (Otegui et al. 2001). In contrast,
during somatic type cytokinesis, dynamin spirals are employed to convert
the hourglass-shaped fused vesicles into dehydrated and mechanically sta-
ble, dumbbell-shaped vesicles (Fig. 6), which serve as the building blocks of
somatic-type cell plates (Seguí-Simarro et al. 2004). The rationale for this
type of vesicle transformation is discussed below. When the cell plate-forming
vesicles fuse outside the CPAM, they appear to give rise to larger round vesi-
cles and not to dumbbell-shaped vesicle intermediates (Seguí-Simarro et al.
2004). Only when vesicle fusion occurs inside the CPAM are dumbbell-shaped
vesicles produced. This suggests that the CPAM serves as a scaffold for con-
centrating the dumbbell vesicle-forming DRPs in the vicinity of the cell plate,
much like the accumulation of the proteins that complete the formation of the
vesicle-tethering exocyst complexes.

The maturation of both syncytial and somatic-type cell plates also in-
volves the budding of large numbers of clathrin-coated vesicles (Otegui et al.
2001; Otegui and Staehelin 2004; Seguí-Simarro et al. 2004; Seguí-Simarro
and Staehelin 2006a), and this budding process too seems to be mediated by
DRP rings and spirals. In fact, similar rings have been observed constricting
the clathrin-coated vesicle buds that remove membrane from the maturing
cell plates (Seguí-Simarro et al. 2004; Seguí-Simarro and Staehelin 2006a).
The molecular nature of these latter rings is unknown, but DRP2A, another
dynamin-related protein that has also been localized to cell plates is a likely
candidate (Konopka et al. 2006). The presence of a pleckstrin homology do-
main and of a proline-rich motif (Hong et al. 2003) relates DRP2A to animal
dynamins involved in membrane trafficking processes mediated by clathrin-
coated vesicles.
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5
Membrane Events Associated with Cell Plate Formation

5.1
The Generation of a Cell Plate From Vesicles and its Transformation
into a Cell Wall Requires Many Coordinated Cellular Activities

Cell plates are the precursors of cell walls, and understanding how new cell
walls are produced from Golgi-derived vesicles is central to the understand-
ing of plant cell cytokinesis. Somatic-type cytokinesis starts with the appear-
ance of the cell plate initials during late anaphase (Figs. 2B, 4A). During the
subsequent growth and transformation of these initials, the cell plate accumu-
lates not only new membrane, which is destined to give rise to new plasma
membrane, but also large quantities of polysaccharides and proteoglycans,
structural and enzymatic proteins, and diverse types of lipidic compounds to
create a new cell wall (Whaley and Mollenhauer 1963; Verma 2001). Whereas
some of the polysaccharides, such as pectins and hemicelluloses, are pro-
duced by enzymes in the Golgi apparatus and delivered in vesicles to the cell
plate (Staehelin and Moore 1995; Sorensen et al. 2000), others like callose and
cellulose are produced by enzymes located in the cell plate membrane and
deposited directly into the cell plate lumen to give rise to the new cell wall
(Samuels et al. 1995; Verma 2001). Upon fusion of a cell plate with the mother
cell wall, mobile cellulose synthase rosette complexes translocate laterally
within the plasma membrane from the old to the new plasma membrane re-
gions while spinning out new cellulose microfibrils, which, together with the
matrix polysaccharides, firmly anchor the new cross wall into the cell wall
system as a whole (Brown et al. 1996).

During this carefully orchestrated cell plate assembly and maturation pro-
cess, many logistic, mechanistic and biochemical problems have to be solved,
including the timely delivery of the precursor molecules to the site of cell
plate formation (Ueda et al. 2003), the control of the vesicle fusion processes
to ensure that a planar cell plate and not a vacuole-like balloon is created
(Seguí-Simarro et al. 2004), and the regulation of the timing of the onset of
polysaccharide (e.g., callose) synthesis (Samuels et al. 1995) and of membrane
recycling (Seguí-Simarro and Staehelin 2006a). All of these changes coincide
with the appearance of characteristic cell plate intermediates, which are dis-
cussed in greater detail in the following sections.

5.2
Cell Plate Formation Requires Vesicular Building Blocks that do not Balloon
when Fused Together

The fusion of spherical cytoplasmic vesicles typically leads to the forma-
tion of larger spherical vesicles. However, if a dividing cell wants to form
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a new cell wall, the cell plate-forming vesicles have to be coaxed into form-
ing a planar membrane structure. The mechanism by which this is achieved
involves exploiting the mechanical force of GTP-driven dynamin springs to
deform and dehydrate freshly -fused, hourglass-shaped vesicles as well as the
tubulo-vesicular membranes of growing cell plates (Figs. 6, 7; Seguí-Simarro
et al. 2004). As mentioned above, the dynamin-like proteins appear to be
confined to the CPAM, where all cell plate growth is seen to occur. The ev-
idence supporting this hypothesis is as follows. Dumbbell-shaped vesicles
with dynamin springs around their necks typically have a surface area that is
equivalent to the surface area of two small cell plate-forming vesicles. Thus,
the change in vesicle shape does not involve a change in membrane surface
area. However, as the neck region of a dumbbell-shaped vesicle is extended,
the diameter and the surface area of the bulbous ends is reduced. The simul-
taneous reduction in volume can amount to 50%, and this change in volume
is most likely achieved by the “squeezing out” of water from the bulbous
ends as the membrane is transiently stretched (Fig. 6). The concomitant de-
hydration of the vesicle contents cell wall forming pectic polysaccharides,
hemicelluloses and arabinogalactan proteins (Staehelin and Moore 1995) –
most likely causes gelling of the polysaccharides, especially of the esterified
pectins (Zhang and Staehelin 1992; Thakur et al. 1997). Such a gelling reac-
tion would be expected to mechanically stabilize the elongated vesicles, the
new cell plate building blocks. Supporting the idea of mechanically stabi-
lized building blocks is the observation that even as new vesicles fuse with
the ends of the dumbbell vesicles, the fused structures do not balloon. The
continued formation of dynamin springs around the tubular regions of the
tubulo-vesicular cell plate membrane networks, and the resulting contin-
ual compression of the cell plate contents, appears to ensure that the cell
plate retains a planar configuration during the rapid vesicle fusion stage
of cell plate assembly.

5.3
Assembly of the Tubulo-Vesicular Cell Plate Membrane Network
Occurs Exclusively Within the CPAM

Expansion and merging of the CPAM islands of the phragmoplast initials
leads to the formation of a large and continuous CPAM that spans the width
of the solid phragmoplast (Figs. 2C, 4B). This large CPAM defines where the
phragmoplast MT ends are stabilized, where vesicle delivery occurs, where
dumbbell-shaped vesicles are produced, and where cell plate growth oc-
curs. The initial cell plate has a tubulo-vesicular-type membrane architecture
(Figs. 2C, 4B, 7B). It is generated by the joining of the expanding tubulo-
vesicular membrane structures that arise from the fusion of spherical vesicles
with the dumbbell-shaped vesicles of the phragmoplast initials. Growth of
the tubulo-vesicular network involves both fusion of individual vesicles with
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the network and the generation of new dumbbell-shaped vesicles that serve
as new nucleators for cell plate assembly. The resulting structure is a plate-
like, labyrinthic membranous network consisting of vesicular and cisternal
domains interconnected by thin, short tubules (Figs. 4B, 7B).

One of the valuable aspects of electron tomography is the ability to quan-
tify the structures that have been reconstructed. In the Seguí-Simarro et al.
(2004) study, the tomographic data were used to calculate both the unit cell
plate surface area and the unit cell plate volume changes during the differ-
ent stages of cell plate assembly. Since publication of that study, we have been
informed that there was an error in the algorithm used to calculate the vol-
ume of the objects with irregular morphologies (D. Mastronarde, personal
communication). We have now recalculated all of the volumetric data of our
tomographic database using the corrected algorithm (Fig. 8A). Compared to
the original data (Fig. 11 of Seguí-Simarro et al. 2004), all of the recalcu-
lated cell plate volumes per µm3 of tomogram volume are threefold higher. In
terms of understanding cell plate assembly, the only significant change relates
to the events associated with the assembly of the tubulo-vesicular network.
In particular, the final tubulo-vesicular cell plate has a volume similar to the
volume of all of the vesicles that contributed to its assembly as determined
by the cell plate surface area calculations. This lack of cell plate volume re-
duction compared to the volume reduction of the dumbbells may be due to
having only a fraction of the vesicles that contribute to cell plate growth con-
verted into shrunken dumbbell-type intermediates prior to their fusion with
the cell plate. Furthermore, because the synthesis of callose by cell plate lo-
cated enzymes commences before the breakdown of the CPAM (Samuels et al.
1995), any cell plate volume reduction caused by the dynamin motor pro-
teins may be masked by the accumulation of this polysaccharide in the cell
plate lumen.

At the end of the tubulo-vesicular cell plate growth phase (Fig. 8B), the
cell plate contains more than enough membrane to produce the new cell wall
(Seguí-Simarro et al. 2004). This state of the cell plate appears to produce
a maturation signal that results in the cessation of new vesicle delivery to the
cell plate region by causing a breakdown of the CPAM (Figs. 2D, 4C) and the
disassembly the solid phragmoplast MTs that guide the vesicles to that region
(Figs. 2D, 3D; Samuels et al. 1995; Ueda et al. 2003; Seguí-Simarro et al. 2004;
Austin et al. 2005; Szechynska-Hebda et al. 2006). As this breakdown occurs
(transitional stage of cell plate assembly) the CPAM components are moved to
the periphery of the tubulo-vesicular cell plate (Figs. 2D, 4C), and a new set of
MTs become stabilized in a ring around the cell plate margins (Figs. 2E, 3E).
In this manner, the new vesicles are directed to the now centrifugally grow-
ing cell plate regions. Mechanistically, centrifugal cell plate growth resembles
growth of the initial cell plate in the solid phragmoplast, and this growth
ceases when the cell plate tubules start fusing with the plasma membrane
(Fig. 4D; Samuels et al. 1995; Seguí-Simarro et al. 2004).
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Fig. 8 Changes in cell plate volume and surface area during the different stages of
somatic-type cytokinesis. The numbers in the bars indicate the mean cell plate volume
(A) and surface area (B) per 1 µm3± SD, and the numbers next to the black arrows reflect
the net growth unit cell plate volume or surface area in terms of Golgi-derived vesicle
equivalents. The gray dotted arrow indicates net loss changes in cell plate surface area in
terms of clathrin-coated vesicle equivalents. As a reference, the estimated final cell wall
volume and surface area values also are displayed

5.4
Maturation of a Tubulo-Vesicular-Type Cell Plate into a Tubular Network
and a Sheet-like Cell Plate Requires Callose Synthesis and Membrane Recycling,
but not a CPAM

Breakdown of the solid phragmoplast CPAM and of the associated MTs sig-
nals the end of tubulo-vesicular cell plate growth and the onset of cell plate
maturation. The transformation of the growing tubulo-vesicular cell plate
into a maturing tubular network cell plate manifests itself by the deposition
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Fig. 9� Immunogold labeling of callose in the cell plate lumen at different stages of
somatic-type cytokinesis. A tubulo-vesicular network cell plate. The few gold particles
(arrowheads) are located mostly over discrete, lighter cell plate (cp) regions. B Tubular
network. Immunolabeling is much more abundant over the callose deposits (cd) ho-
mogeneously distributed throughout the cell plate lumen. C Tubular network. Newly
synthesized callose is deposited as a layer (cl) at the luminal side of the cell plate, sur-
rounding the previous cell plate material (darker contents). D Mature cell wall. Massive
deposition of cellulose fibrils replaces callose as the main constituent of mature cell walls
(cw). Callose deposits (cd) are limited to the spaces around the plasmodesmata (pd).
gs: Golgi stack; mt: microtubule; v: vesicle. The scale bars represents 100 nm

of copious amounts of callose in the cell plate lumen (compare Fig. 9A and B),
the disappearance of the vesicular (spherical) cell plate domains (Fig. 4C),
and the formation of increasing numbers of wide tubules that develop into
fenestrated sheet-type cell plate domains (Fig. 4D).

The widening of the cell plate tubules into fenestrated sheets appears to
be driven by the deposition of newly synthesized callose, a linear b-1,3-linked
glucose polymer, into the cell plate lumen (Fig. 9B; Samuels et al. 1995). Cal-
lose synthases are large, membrane-spanning protein complexes that excrete
their product directly into the cell plate lumen (Verma and Hong 2001), and
as this happens, the callose is seen to spread over the membrane surface
in a ∼15 nm thick layer that has been postulated to provide the force that
drives tubule widening and fenestrated sheet formation (Fig. 9C; Samuels
et al. 1995). At the end of this spreading phase, the cell plate resembles a pla-
nar sheet with numerous openings (fenestrae). Small, secondary CPAMs and
associated clusters of MTs assemble de novo over and around these openings,
guiding new vesicles to these regions to bring about closure of the gaps. How-
ever, where tubular strands of endoplasmic reticulum (ER) become trapped
within closing fenestrae, those fenestrae never completely close (Fig. 2F). In-
stead, they are transformed into the first symplastic connections between the
daughter cells, the primary plasmodesmata (Fengshan and Peterson 2001).

While callose synthesis is transforming the general architecture of the
cell plate, the concomitant removal of cell plate membrane by clathrin-
coated vesicles produces parallel changes in cell plate membrane composition
(Samuels et al. 1995; Rensing et al. 2002; Seguí-Simarro et al. 2004; Seguí-
Simarro and Staehelin 2006a). For example, upon completion of the rapid,
vesicle-mediated growth phase, the need for vesicle tethering and vesicle fu-
sion membrane components is greatly reduced, and thus these membrane
proteins have to be removed to allow for maturation of the cell plate mem-
brane to occur. Considering that the recycling of plasma membrane proteins
is typically carried out by clathrin-coated pits and vesicles (Alberts et al.
2002), and that the cell plate membrane is a precursor form of the plasma
membrane, the clathrin-coated vesicles seen budding from maturing cell
plates are assumed to be involved in membrane recycling. The parallel in-
crease of clathrin-coated vesicles and multivesicular bodies during cell plate
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maturation has been interpreted to suggest that these vesicles are recycled via
multivesicular bodies (Seguí-Simarro and Staehelin 2006a).

The final transformation of the planar fenestrated sheet-type cell plate into
a new primary cell wall (Fig. 9D) involves the progressive replacement of the
callose deposits by cellulose fibrils (Kakimoto and Shibaoka 1992; Samuels
et al. 1995; Otegui and Staehelin 2000b). Because the first cellulose molecules
can be detected via cellobiohydrolase I binding during the tubular network
phase of cell plate development (Samuels et al. 1995), and the large cellulose
synthase complexes would not be able to translocate through such a network
while spinning out cellulose microfibrils (Brown et al. 1996), it is possible
that the first cell plate cellulose molecules are produced by a different iso-
form of the cellulose synthase enzyme. Upon deposition in the cell plate
lumen/cell wall, the cellulose molecules and microfibrils are assumed to trig-
ger the assembly of the primary cell wall by the incorporation of the already
secreted hemicellulose molecules into a cellulose-hemicellulose network ad-
jacent to each daughter plasma membrane. In turn, the formation of this
cellulose-hemicellulose network could be the driving force behind the gen-
eral reorganization of the pectic polysaccharides and the formation of the
pectin-rich middle lamella (Carpita and McCann 2000).

5.5
Increasing Amounts of Endoplasmic Reticulum Progressively Associate
with the Cell Plate During the Maturation Stages of Cytokinesis

Cell plate-associated ER membranes were already described and discussed
in some of the earliest electron microscope studies of cytokinesis in plant
cells (Porter and Caulfield 1958; Hepler and Newcomb 1967; Bajer 1968).
However, the functional importance of these ER membranes in cytokinesis
remains an enigma. After the large lytic vacuole, the ER is one of the principal
stores of Ca2+ in plant cells (Sanders et al. 2002). Calcium, in turn, is known
to regulate a number of cellular activities involved in cell plate formation,
including vesicle fusion (Hepler et al. 1990; Hepler 1994), the dynamics of cy-
toskeletal elements (Hepler et al. 1990), callose synthase activity (Kakimoto
and Shibaoka 1992; Verma and Hong 2001), and dynamin dynamics (Verma
2001), Thus, the cell plate-associated ER cisternae are generally assumed to
function in the local regulation of free Ca2+ within the phragmoplast and to
thereby control cell plate assembly activities.

By defining in more precise terms the organization of the ER membranes
during cytokinesis, electron tomography studies of cryofixed cells have pro-
vided a means for narrowing the potential functions of the ER during differ-
ent stages of cell plate formation. For example, it was suggested that the ER
membranes regulate cell plate formation via control of the positioning and
fusion of the cell plate forming vesicles (Hepler 1982). A prediction of this hy-
pothesis is that ER plate-associated ER membranes should be very prominent
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during early stages of cell plate assembly when most vesicles are delivered to
the forming cell plate. This is not the case. Instead, during the early stages of
cytokinesis, ER membranes in the cell plate forming region are very sparse
and the thin tubules are oriented at nearly right angles to the plane of the
cell plate (Seguí-Simarro et al. 2004). Thus, it is unlikely that the ER is either
involved in the positioning or the control of vesicle fusion during the initial
stages of cell plate assembly.

Increasing numbers of ER cisternae begin to appear at about the same time
that the deposition of callose in the cell plate lumen is observed, suggesting
that ER cisternae could be involved in the control of the Ca2+-activated cal-
lose synthases in the cell plate membranes (Samuels et al. 1995; Verma and
Hong 2001). In addition, the later appearing ER cisternae most likely serve
as templates for the formation of primary plasmodesmata (Lopez-Saez et al.
1966; Robards and Lucas 1990; Fengshan and Peterson 2001). Finally, the ap-
pearance of ER cisternal domains that are attached through linkers to late
stage cell plate membranes is consistent with observations in other systems
where membrane lipids are recycled by means of a lipid hopping mechan-
ism (reviewed in Staehelin 1997; Seguí-Simarro et al. 2004). This hypothesis,
however, has yet to be tested.

A recent study of living tobacco NT-1 cells stably expressing ER targeted
GFP has provided experimental support for the tomography results showing
that the cell plate associated ER increases during cytokinesis (Gupton et al.
2006). In particular, during late anaphase, when the chromosomes approach
the spindle poles and the phragmoplast initials are being formed (Fig. 2B),
the amount of ER membranes in the equatorial plane is very low, and only
during mid telophase (transitional phragmoplast stage, Fig. 2D) is a dramatic
increase in the cell plate-associated ER signal seen.

5.6
Syncytial- and Somatic-Type Cell Plate Assembly
Involves Different Structural Intermediates but Similar Molecular Mechanisms

Cells such as nuclear endosperms (Fig. 10) and meiocytes (Fig. 11) that exhibit
syncytial-type cytokinesis, do not couple nuclear and cytoplasmic division
as somatic cells do. Prior to cytokinesis, these cells undergo several cycles of
nuclear division, repositioning of the nuclei, and then the simultaneous devel-
opment of multiple cell walls between sister and non-sister nuclei (Figs. 10A,
11A; Otegui and Staehelin 2000b; Brown and Lemmon 2001). In addition, no
preprophase bands are formed in syncytial cells. Thus, although the syncytial-
and somatic-type cytokinesis mechanisms utilize many of the same enzymatic
and regulatory molecules and the process of cell plate assembly exhibits many
commonalities (Jürgens 2005b), there are also important differences and adap-
tations of the cell plate assembly process that can only be understood in the
spatial and temporal context in which the cell plates are assembled.



278 J.M. Seguí-Simarro et al.



Plant Cytokinesis – Insights Gained from Electron Tomography Studies 279

Fig. 10� Developmental stages of syncytial-type cytokinesis in the Arabidopsis endosperm.
A Organization of the syncytial endosperm into nuclear cytoplasmic domains (ncd) de-
fined by radial systems of microtubules (mt) prior to cytokinesis. B Mini-phragmoplast
assembly at the boundaries of adjacent nuclear cytoplasmic domains and vesicle fusion
at the division plane. C Formation of wide tubular networks (wtn) in multiple cell plate
assembly sites. D Formation of a coherent cell plate by fusion of multiple assembly sites
and maturation of the central cell plate domains into convoluted sheets (cs). E Fusion of
the cell plate with the parental plasma membrane and conversion of convoluted sheets
into planar fenestrated sheets (pfs). cpam: cell plate assembly matrix; cw: cell wall;
db: dumbbell-shaped intermediate; ge: cell plate growing edge; gs: golgi stack; mvb: mul-
tivesicula r body; n: nucleus; ne: nuclear envelope; nu: nucleolus; pm: plasma membrane;
v: golgi-derived vesicle

Before syncytial-type cytokinesis occurs, microtubules assemble on MT-
organizing centers associated with the outer membrane of the nuclear enve-
lope (Canaday et al. 2000) and radiate outwards, intersecting the MTs extend-
ing from adjacent nuclei (Figs. 10A, 11A). The cytoplasmic region defined by
a radial array of microtubules is called nuclear-cytoplasmic domain (Brown
et al. 1994; Pickett-Heaps et al. 1999; Brown and Lemmon 2001). In male
meiocytes (microsporocytes), four nuclear cytoplasmic domains correspond-
ing to the four haploid nuclei are established, whereas up to several hundreds
cytoplasmic domains are established in nuclear endosperms. Syncytial-type
cell plates originate in CPAMs associated with mini-phragmoplasts (Figs. 10B,
11B; Otegui and Staehelin 2000b, 2004; Otegui et al. 2001). In structural
terms, mini-phragmoplasts resemble phragmoplast initials. However, unlike
the phragmoplast initials that arise from clusters of anaphase spindle MTs,
mini-phragmoplast, MT clusters form at the boundaries of adjacent nuclear
cytoplasmic domains (Brown and Lemmon, 1992; Pickett-Heaps et al. 1999).
Each mini-phragmoplast contains on average 2 × 10 MTs, and the (+)-ends
of these MTs overlap in the region where the CPAM develops (Otegui and
Staehelin 2000b). In contrast, the number of MTs associated with the phrag-
moplast initials tends to be much higher and more variable, and MT overlap
is only seen during the earliest stages of the spindle to phragmoplast transi-
tion period (Fig. 3A).

Another difference pertains to the architecture of the cell plate assembly
intermediates and their mechanism of maturation. Thus, whereas somatic-
type cytokinesis first involves the assembly of a single, coherent, tubulo-
vesicular cell plate, which is rapidly followed by the centrifugal expansion
along the cell plate periphery (Figs. 2, 4), syncytial type cell plate formation
occurs simultaneously in all of the many mini-phragmoplasts that are aligned
along the edges of each nuclear-cytoplasmic domain (Figs. 10B, 11B), and
only at a later stage do the multiple cell plate assemblies merge into a coherent
and continuous cell plate membrane system (Figs. 10D, 11D).

In the endosperm, just before cellularization begins (Fig. 10A), the nuclei
are positioned in a peripheral cytoplasmic layer lining the plasma membrane
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and the central vacuole (or the developing embryo in the endosperm mi-
cropylar domain). Cellularization starts at the micropylar domain, where the
embryo is located, with the formation of the mini-phragmoplasts (Fig. 10B).
The multiple cell plate assemblies that arise between endosperm nuclei pos-
sess a wide tubular network type of membrane architecture (Fig. 10C) that
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Fig. 11� Developmental stages of syncytial-type cytokinesis in Arabidopsis microsporo-
cytes. A Organization of four nuclear cytoplasmic domains (ncd) after meiosis. Six
division planes between the four nuclei are established. B Formation of multiple mini-
phragmoplasts and associated cell plate assembly sites across the entire division plane.
C Assembly of multiple wide tubular netwoks (wtn). D Early fusion of the most peripheral
cell plate assembly sites with the parental plasma membrane. These peripheral domains
mature into convoluted sheets (cs) and stub-like projections by the accumulation of cal-
lose. E Upon completion of cytokinesis, six callose-rich cell walls with no plasmodesmata
are formed. cpam: cell plate assembly matrix; cw: cell wall; db: dumbbell-shaped interme-
diate; gs: golgi stack; mt: microtubule; mvb: multivesicular body; n: nucleus; ne: nuclear
envelope; nu: nucleolus; pm: plasma membrane

persists until all of the assemblies have merged into a coherent network sys-
tem (Fig. 10D). The maintenance of the wide tubular network tubules in the
endosperm of Arabidopsis, is presumably achieved by the transient associa-
tion of dynamin-like rings and spirals with the tubules (Otegui et al. 2001).
Only after all of the wide tubular networks have merged are the tubules
converted into sheet-like cell plates and cell walls (Fig. 10E). The advantage
for syncytial cells of having cell plate assembly intermediates with a wide
tubular membrane network geometry instead of a tubulo-vesicular net-
work/fenestrated sheet geometry as in meristematic cells, might be that the
tubular network configuration provides more mechanical flexibility. Tubular
membrane networks can readily stretch, twist and be compressed without
undergoing major structural changes. As in the somatic-type cytokinesis sys-
tem, the transformation of the syncytial-type wide tubular networks into
convoluted and fenestrated sheets also seems to involve exploitation of the
spreading forces associated with callose deposition along the cell plate mem-
branes (Otegui and Staehelin 2000b). Cell plates forming in the thin layer of
cytoplasm located between the plasma membrane and the tonoplast of the
central vacuole fuse first with the parental plasma membrane and with the ad-
jacent cell plates, whereas the cell plate edges facing the central vacuole keep
on growing. This particular pattern of cellularization leads to the formation
of open alveoli containing one nucleus each. Once this first set of anticlinal
cell walls has formed, any additional cycles of nuclear division are coupled to
cytokinesis and thus follow the somatic-type cytokinesis paradigm (Sorensen
et al. 2002; Olsen 2004).

In cellularizing microsporocytes (Fig. 11A), the cell plate assembly sites
form across the entire division plane (Fig. 11B). However, those wide tubular
networks located in the cell periphery begin to fuse with the parental plasma
membrane before the more central cell plate assembly sites become organized
into a coherent cell plate (Fig. 11C). Fusion of the peripheral cell plate do-
mains with the parental plasma membrane triggers a rapid accumulation of
callose at these fusion sites, and the concomitant transformation of the wide
tubular networks into stub-like projections that grow towards the center of
the syncytium (Fig. 11D). As this occurs, the stub-like projections expand
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by fusing with the remaining cell plate assembly sites in the division plane
until the four new callosic cell walls are completed (Fig. 11E). Interestingly,
no dynamin rings have been identified in the wide tubular networks of the
cellularizing microsporocytes.

Transformation of the syncytial-type wide tubular networks into fenes-
trated sheets also seems to involve exploitation of the spreading forces as-
sociated with callose deposition along the cell plate membranes as in the
somatic-type cytokinesis systems (Otegui and Staehelin 2000b). However,
unlike in somatic-type cytokinesis, the callose deposits produced in the syn-
cytial walls persist after completion of the cell walls. There are several reasons
why endosperm callose-rich walls might be advantageous for these cell types.
For example, in contrast to cellulose, callose can be readily broken down into
its glucose building blocks by specific cell wall enzymes (Verma and Hong
2001). This property makes the callose-rich endosperm cell walls suitable for
use as carbohydrate reserves for developing embryos, as is the case in Ara-
bidopsis, where most of the endosperm tissue is consumed by the embryo
during seed development. In addition, callose has gel-like properties that can
confer high plasticity to the endosperm cell walls, allowing for the spatial
remodeling of the endosperm around the expanding embryo. In the case of
the post-meiotic tetrad, the callose walls that break the symplastic connec-
tions and isolate the microspores from each other seems to be essential for
the expression of the gametophytic genome without interference either from
the parental sporophyte or from neighboring microspores (Shivanna et al.
1997). In addition, callose walls can be locally degraded to make room for the
primexine layer, the blueprint of the exine, which is deposited on the outer
surface of the microspores (Shivanna et al. 1997). Massive callose degradation
by callose-specific hydrolytic enzymes (callases) secreted from the surround-
ing tapetal cells is the mechanism that permits the release of the microspores
from the tetrad during maturation.
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Abstract Cytokinesis, the mechanical process by which one cell becomes two, is essential
to all life, be it single-celled bacteria or complex multicellular organisms like land plants
or animals. It is now clear that new membrane must be added to the mother cell to ac-
complish the complete enclosure of the two daughters. In land plants, this is especially
apparent because they accomplish cytokinesis with the cell plate, a structure newly as-
sembled by addition of new membrane vesicles. This review will focus on what we know
about the source of the vesicles that make up the cell plate membrane, the molecular ma-
chinery involved in assembling those vesicles, and just what those vesicles are carrying to
the cell plate.

1
Making Two Cells from One

Cytokinesis is essential to the propagation of all life, be it single-celled bac-
teria or complex multicellular organisms like land plants or animals. Funda-
mentally, the binary fission of bacteria is analogous to the morphologically
complex cell-plate mediated division of the land plants, since each accom-
plishes the division of the cytosol by addition of new membrane between the
two daughters. The only difference being that the membrane is derived from
the “outside-in” movement of the plasma membrane (PM) during binary fis-
sion (e.g. the “cleavage furrow”), while the cell plate is considered to function
in an “insideout” movement of the expanding nascent cell plate towards the
membrane (though see Cutler and Ehrhardt 2003). As more is learned about
these processes in each kind of organism, the “analogy” becomes more re-
placed by “homology”, at least in terms of the role of the vesicle trafficking
machinery in the eukaryotic processes of cytokinesis.

It is in the land plants that one can most easily observe the role of vesi-
cle trafficking in cell division, since the cell plate is obviously constructed by
fusion of vesicles derived from the secretory pathway (Jürgens 2005). How-
ever, based on both mathematics and biochemistry, new membrane must be
added in all forms of cytokinesis. For example, volume (i.e. the cell contents)
scales with the cube of the radius, while surface area (i.e. the membrane) scales
with the square. Basically, assuming that the mother cell gives each daughter
half the cell volume, half of the surface area of the mother cell is not suffi-
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cient to cover the half of the volume given to each daughter cell. The apparent
“stretching” that accompanies cells which use a cleavage furrow may appear
to temporarily compensate, yet a “stretched” membrane is a leaky membrane.
Since a cell cannot be allowed to leak, cells must also add new membrane at
the point of cytokinesis (Xu et al. 2002). Recent investigations into the vesi-
cle trafficking machinery has shed light upon the mechanisms of cytokinesis,
and this review will attempt to incorporate this research into a better under-
standing of the components and functions of the secretory organelles and their
associated proteins in the assembly of the cell plate in land plants. First, I will
look into the source of the vesicles that make up the cell plate. Second I will
try to identify what is known about the molecular machinery that turns these
vesicles into the cell plate membrane. Finally, we will discuss what is known
about the contents of the vesicles, and how the vesicle contents work with the
new membrane to produce the organelle that separates the daughter cells.

2
The Secretory Organelles and the Source of the Cell Plate Membrane

The cell plate is essentially a new secretory organelle that is formed dur-
ing telophase from membrane derived from other organelles of the secretory
pathway. The major source of this membrane has always been thought to be
vesicles that bud from the Golgi, though certainly other organelles contribute
membrane as well (see below). It is generally thought that the cell plate was
invented in the algal ancestor to the land plants, and organelles with simi-
lar morphologies are observed to be involved in the cytokinetic process of
several green algae, including those considered to be the sisters to the land
plant lineage (see López-Bautista et al. 2003). On the other hand, many other
green algae have a cytokinetic process superficially similar to the cleavage
furrow-mediated mechanisms of animal cells (e.g. Chlamydomonas and re-
lated chlorophytes). In turn, a structure similar to the cell plate is found in
some brown algae from eukaryotic lineages that are unrelated to the green
plant lineage (e.g. Bisgrove and Kropf 2004), suggesting that there may be
other morphological constraints that encourage cytokinetic mechanisms out-
side of an actin-myosin cleavage furrow. Finally, some have even suggested
that some aspect of a cell plate-like structure is involved in completion of the
midbody cleavage in animal cells (Otegui et al. 2005), suggesting that all these
differences may simply be variations on a singular theme. Overall, that theme
seems to involve addition of membrane, specifically in the form of vesicles
derived from the organelles of the secretory system.

Traditionally, it has been believed that vesicles derived from the Golgi
are the source of the membrane that forms the cell plate. Many cell bio-
logical studies have shown that the Golgi apparati form specialized arrays
surrounding the nascent cell plate in a cell cycle-specific manner (Nebenführ
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et al. 2000; and see Nebenführ, this volume), or form morphologically dis-
tinct stacks that seem to specialize in cell plate formation in some cell types
(Otegui et al. 2001; and see Segui-Simarro et al., this volume). Genetic and
molecular biological studies have implicated specialized components of the
traditional secretory pathway (see Sect. 3 below, Segui-Simarro et al., this vol-
ume, and Hong and Verma, this volume), leading to the suggestion that cell
plate formation is simply a modified form of secretion (Bednarek and Falbel
2002). Considering the essential role of the Golgi in the secretory pathway,
this also implicates the Golgi as the source of the cell plate membrane. More-
over, the Golgi would also be the natural source of the new cell wall material,
and newly synthesized proteins that are delivered to the cell plate. Thus, the
models tend to indicate a specialized form of vesicle carrying cargo bear-
ing “cell plate” signals is formed from the trans-Golgi network (TGN). These
vesicles are then borne to the nascent cell plate on cytoskeletal elements
using one of the many motor proteins implicated in cell plate formation (see
Hasezawa, this volume, and Lee and Liu, this volume). Upon arrival at the cell
plate, these vesicles fuse with each other (homotypic fusion) or with already-
assembled fragments of the nascent cell plate (Fig. 1). Eventually, the cell plate

Fig. 1 Likely sources of membrane for the cell plate. During both interphase and mito-
sis/meiosis, regular anterograde traffic delivers membrane and cargo from the Golgi to
the PM (1) or from the Golgi to the late endosome (2). Similarly, retrograde traffic carries
material from the PM to early and late endosomes (3). During the late stages of mito-
sis, a new kind of Golgi vesicle is observed that presumably carried membrane and cargo
for the nascent cell plate (4). These cell-plate targeted vesicles are thought to undergo
homotypic fusion to assemble larger membrane enclosed organelles which are subse-
quently reformed into sheets through the action of dynamins until they form a sheet like
membrane that expands across the point of division (5). Endocytosis and clathrin coated
vesicles have long been observed budding from the cell plate, and recent evidence has
suggested that exocytosis of material back from the endosomes may be a major source
of membrane for the cell plate (6). See text for more information and references
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fuses with the PM, either at the completion of the centrifugal expansion from
the center or closing like a curtain across the cytosol from one side to the
other (Cutler and Ehrhardt 2003).

Recently, the role of other organelles in the supply of membrane to the cell
plate has begun to be examined. For many years, EM-observations have in-
dicated that the cell plate is a major site of coated vesicle formation, likely
as part of an endocytic process (see Seguí-Simarro et al. 2004). This makes
sense considering that some aspect of the vesicle trafficking machinery must
be recycled during the cell plate forming processes, but also suggests the pos-
sibility that exocytosis from endosomes may also be an active participant in
supplying membrane to the cell plate. In fact, Dhonukshe et al. (2006) have
suggested that, rather than the Golgi, the endosomes are the major player in
cell plate initiation and expansion. Their results, based on dye tracers and
pharmacology, suggest that the major source of membrane and material for
the initiating cell plate is derived by flow through the endosomes from the
PM (Dhonukshe et al. 2006). Still, decades of results have supported a role
for delivery of Golgi-derived vesicles, and associated trafficking machinery
to the cell plate. Indeed, such alternate routes for cell plate membrane may
support the ability of cell plates (or at least fragments) to form in many
cytokinetic mutants, which might otherwise be expected to fail at the first
zygotic division. Such results are intriguing, and may allow a better funda-
mental understanding of the sources of vesicles that create the cell plate. Now
that the cell biological tools such as electron tomography, tracer dyes and
other well-known endocytic markers can be aimed at the problem, know-
ledge of the organellar players in cell plate formation can progress along with
the known molecular components of the vesicle trafficking machinery.

3
Cytokinetic Mutants Lead to the Vesicle Trafficking Machinery

Several years of forward and reverse genetic examination has provided
a glimpse of the molecular machinery involved in assembling the cell plate
compartment. Not surprisingly, the parallels between cell plate assembly
and regular secretion have become apparent; just as the parallels between
all aspects of vesicle trafficking among the endomembrane organelles have
indicated a deep conservation of the core machinery involved in moving
membrane from one part of the cell to another. Much of the mechanics
of operating the endomembrane system are conserved throughout eukary-
otic evolution (SNAREs, Rab-GTPases, SM-proteins, coatomers, etc.), though
many duplications and specializations have occurred to coordinate different
aspects of trafficking (Sanderfoot and Raikhel 2003). Certainly, one expects
that some novel components will be necessary, and that future work will iden-
tify these factors. Yet, to this day, much of the known components of the
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cell-plate-fusion machinery represent homologues of proteins used for vesicle
trafficking elsewhere.

3.1
KNOLLE, the First Piece of the Puzzle

The first component of the cell-plate-specific vesicle trafficking machinery to
be identified was the Qa-SNARE (syntaxin) KNOLLE (Lukowitz et al. 1996).
First identified in a screen for embryo/seedling lethal mutants, knolle mutants
die as young seedlings, with many cell wall stubs, and incomplete cytokine-
sis (Lukowitz et al. 1996). KNOLLE is only expressed in dividing cells, and the
KNOLLE protein accumulates quickly on the cell plate, as well as the Golgi
and endosome-like structures (Lauber et al. 1997). Control is not only medi-
ated at the message level, since the KNOLLE protein quickly disappears at the
end of cytokinesis (Lauber et al. 1997), indicating that the protein must also
contain signals (unknown at this point) for cell-cycle-specific destruction. As
a Qa-SNARE, KNOLLE was well suited for a role in recognizing and driving
fusion of incoming vesicles to the cell plate (Lauber et al. 1997), just as related
syntaxins drive fusion of vesicles at the neuronal synapse (for example, Li and
Chin 2003). Thus, discovery of KNOLLE drove research towards discovering
other aspects of the SNARE-machinery that may be involved.

SNAREs are a well-conserved family of proteins that contain a diagnos-
tic coiled-coil motif (a SNARE-helix) that is the mechanism used to assemble
specific heteromeric SNARE complexes. On the basis of the sequences of the
SNARE helices from many eukaryotes, Bock et al. (2000) classified SNARE he-
lices into four groups: Qa, Qb, Qc, and R. Appropriately, all known SNARE
complexes are made up from four helices, with one from each of the four
classes. For example, the well-known synaptic SNARE complex is made from
Syntaxin 1 (Qa), SNAP25 (a peptide containing two SNARE helices, an N-
terminal Qb, and a C-terminal Qc), and synaptobrevin (R). As shown in
Fig. 2A, the presynaptic membrane (a specialized PM) serves as the loca-
tion where syntaxin and SNAP25 coil together creating a Qa + Qb + Qc
heterotrimer of SNARE helices (called a “target-(t)-SNARE complex”). This
complex contains a surface groove into which the R-helix of synaptobrevin
can specifically fit. Synaptobrevin is found on the synaptic vesicles, such that
when the vesicle docks, its R-helix begins to coil into the groove. The coil-
ing motion of the SNARE helices acts like a “molecular twist tie”, bringing
the vesicle membrane and the target membrane into close proximity (Hong
et al. 2005). The coiling also releases large amounts of free energy (Fasshauer
et al. 2002), enough to drive vesicle fusion in vitro (for example, McNew et al.
2000). Similar heterotetrameric complexes, each having their own unique set
of Qa + Qb + Qc + R-SNAREs, have been identified in vesicle trafficking
among endomembrane compartments, suggesting that this model may be the
basis for all vesicle trafficking in the cell (e.g. Mc New et al. 2000; Parlati et al.
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2002). Whether in vivo SNAREs are the specificity determinant, the fusion
machinery, or both is a topic of great debate, though their importance in some
aspect of the process is not really questioned. Regardless, many different lev-
els of regulation of the SNARE recognition and assembly process have been
identified which would seem to assist in controlling the action of the SNARE
proteins. For example, members of the SM (Sec1p/Munc18)-family of proteins
seem to regulate the assembly state of the Qa-SNAREs (Toonen and Verhage
2003), members of the Rab-GTPase family seem to regulate vesicle migration
and choice of target membrane (Stenmark and Olkkonen 2001), and a long
list of “docking factors” seem to assist in the specificity of vesicle trafficking
(Whyte and Munro 2002).

3.2
Almost All the Other SNAREs Soon Follow

Qa-SNAREs need three other SNAREs to make a complex, so the search for
other partners for KNOLLE proceeded. Heese et al. (2001) showed that the
Qb+Qc SNARE SNAP33 was one SNARE partner with KNOLLE (Fig. 2B).
However, while SNAP33 is found on the cell plate in dividing cells, it does
not have a cell cycle-specific expression pattern, and is found on the PM in
similar abundance to the cell plate in dividing cells, indicating that it is not
cell plate specific (Heese et al. 2001). Moreover, in non-dividing cells, SNAP33
has been found to interact with other PM Qa-SNAREs as part of both regu-
lar (Kargul et al. 2001) and a form of defense-related polarized secretion
(Collins et al. 2003; Assaad et al. 2004). In addition, snp33 mutants do not
have a seedling lethal phenotype; instead, they die at the plant equivalent
of “teenagers” from the spread of necrotic lesions across the surface of the
plant (Heese et al. 2001). These lesions do contain cell wall stubs, and signs
of cytokinetic defects (Heese et al. 2001), but it does not directly phenocopy
knolle mutants. Again, redundancy may be the cause, since SNAP33 is one of
a three-member family of SNAREs, each of which also interacts with KNOLLE
to a similar extent as SNAP33 in yeast two-hybrid experiments (Heese et al.
2001). Nonetheless, a genetic interaction of snp33 with knolle and keule mu-
tants (Heese et al. 2001) showed that KNOLLE and SNAP33 likely represents
a Qa + Qb + Qc-SNARE complex involved in cell plate formation.

Interestingly, another SNARE was also shown to interact with KNOLLE
and be found on the cell plate. Zheng et al. (2003) identified a Qb-SNARE
called NPSN11 which, like SNAP33, was found localized to the cell plate in
dividing cells and interacted with KNOLLE by immunoprecipitation, yet was
not expressed in a cell specific manner, and was found on other organelles
in non-dividing cells (Zheng et al. 2003). Again, NPSN11 was one of three
NPSN-like Qb-SNAREs in Arabidopsis (Sanderfoot et al. 2000). In this case
the redundancy seems more significant since there was no observed pheno-
type in npsn11 mutants (Zheng et al. 2003); in fact, single mutants in each of
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the other NPSN1 families are all phenotypically normal (L. Kong and AAS,
unpublished data), suggesting a strong redundancy among the members of
this gene family. With a Qb-SNARE in hand, a Qc-SNARE was missing, and
my group has recently shown that a Qc-SNARE called SYP71 can also inter-
act with KNOLLE and is found on the cell plate in dividing cells (L. Conner
and AAS, unpublished data). Again, SYP71 is also expressed in non-dividing
cells, and is found on the PM and endosomes in these cells (L. Conner and

Fig. 2 The SNARE hypothesis and relevance to cell plate formation. A In the well-studied
fusion of synaptic vesicles, the Qa-SNARE syntaxin 1 is regulated by association with
the SM-family protein Sec1. Once free from Sec1, Syntaxin binds to the Qb + c-SNARE
SNAP25, forming the pre-synaptic membrane t-SNARE complex. The R-SNARE Synap-
tobrevin is found on the synaptic vesicle, and when triggered for fusion, coils into the
t-SNARE complex, pulling the vesicle membrane close to the synaptic membrane, and
likely driving fusion. Many other factors are involved (not shown), see text for details.
B The equivalent SNARE complexes for the cell plate include the Qa-SNARE KNOLLE,
the SM-protein KEULE, the Qb + c-SNARE SNAP33; there is also a second complex made
from Qa-KNOLLE, Qb-NPSN11 and the Qc-SYP71. The R-SNARE for either of these two
complexes is unknown, yet is expected to be one of the many members of the R-VAMP72
clade. See text for details and references
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AAS, unpublished data). Interestingly, in cells of the expanding root, SYP71
is found polarly localized to the acropetal PM (i.e. towards the root meris-
tem; L. Conner and AAS, unpublished data), suggesting a role for this protein
in non-dividing cells, outside of cell plate formation. Though SYP71 is one
of three SYP7-like Qc-SNAREs in Arabidopsis, there appears to be little re-
dundancy in this gene family, since syp71 mutants are embryo lethal (L. Con-
ner and AAS, unpublished data). Both the NPSN1- and the SYP7-group of
SNAREs are not found in animals or fungi (Sanderfoot et al. 2000), suggest-
ing that such a group may be uniquely placed for a novel function such as
cell plate formation. However, it should be noted that NPSN1- and SYP7-like
SNAREs are found in non-animal/fungal, i.e. ophistokont eukaryotes that do
not form cell plates during cytokinesis (Chlamydomonas, Dictyostelium, etc;
Sanderfoot, 2007), so this is not necessarily a direct relationship. Nonethe-
less, it is likely that KNOLLE+NPSN11+SYP71 represents a second Qa + Qb
+ Qc-SNARE complex in dividing cells (Fig. 2B).

Still missing from both of these complexes is an R-SNARE. It is widely
believed, though not yet shown experimentally, that the R-SNARE for PM-
complexes is a member of the VAMP72 group. The VAMP72 group of SNAREs
is represented by seven genes in Arabidopsis, and appears to be unique to
green plants (Sanderfoot et al. 2000). Uemura et al. (2004) showed that fluor-
escent protein fusions to VAMP72-family members were generally found on
the PM when transiently expressed in leaf protoplasts, supporting the pos-
sibility that these may represent the R-SNARE(s) for a cell-plate complex.
Since protoplasts do not divide, their methods cannot help us to understand
whether (and which of) the seven members may be involved. Further work
in plants is necessary to clearly indicate the proper R-SNAREs for the two
Qa+Qb+Qc-SNARE complexes on the cell plate.

3.3
KEULE and the First Signs of Regulation

Since the identification of KNOLLE as a SNARE involved in cytokinesis,
other SNARE and SNARE-interacting proteins have also been found to have
a role in cell plate formation. KEULE, a member of the SM-family of SNARE-
regulators, was found to interact with KNOLLE on the cell plate (Fig. 2B;
Assaad et al. 2001). Like knolle mutants, keule mutants are also seedling lethal
(Assaad et al. 1996). Indeed, it is somewhat surprising, considering what
should be an essential role, that embryos lacking either knolle or keule are
able to survive many rounds of division prior to their loss of viability at
the young seedling stage (Assaad et al. 1996; Lukowitz et al. 1996). Clearly,
there must be some level of redundancy to allow the embryos to survive long
enough to reach seedling stages. In the case of KEULE, two other PM-type
SM-proteins are found in the Arabidopsis genome (Sanderfoot et al. 2000),
which also might serve to regulate KNOLLE at some level sufficient to pro-
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vide some weak cytokinetic function (though SEC1a, one of the KEULE-like
SM proteins, did not interact with KNOLLE as KEULE did; Assaad et al. 2001).
Similarly, KNOLLE is one of nine PM-type Qa-SNAREs (Sanderfoot et al.
2000), though it appears to be the only one expressed in a cell-cycle specific
manner (Volker et al. 2001). Again, some minimal level of cytokinetic func-
tion may be supplied by the other PM Qa-SNAREs that allows survival to the
seedling stage. Still, the combination of these two proteins is unquestionably
important, since knolle keule double mutants are “synthetic lethal”—they ar-
rest as a multinucleate zygote that fails to complete even the first division
(Waizenegger et al. 2000).

3.4
Other Regulators of Vesicle Fusion

Beyond the SNAREs and SM-proteins, other regulators have been suggested
to be involved in vesicle tethering. Tomographic examination of cell plates has
suggested that vesicle-docking complexes, of a shape similar to the Sec6/8-
complex of mammalian cells, are involved in collecting the vesicles neces-
sary for forming the cell plate (Seguí-Simarro et al. 2004). Actual involvement
of these and other exocyst components in vesicle docking and fusion re-
lated to cell plate formation has not been shown, but one would expect that
something like the exocyst complex (perhaps made from cell-plate-specific
isoforms) would be involved. Vesicle docking and fusion also requires the ac-
tion of a Rab-GTPase, and the identity of this (or these) cell-plate-specific
Rab remains unknown. A very large group of Rab11-like GTPases (RABA in
Vernoud et al. 2003) is found in land plants, and is likely to be involved in
post-Golgi trafficking similar to the mammalian homologues. Could one of
these 26 proteins be involved in regulating cell plate formation? On the other
hand, there is also a group of Rab8-like GTPases (RABE in Vernoud et al.
2003) that may play an important role in polarized secretion based upon simi-
larity to their yeast and mammalian homologues. Unfortunately, each of these
(in fact all the Rabs in Arabidopsis) are present in very large gene families,
and the potential for redundancy prevents a simple investigation of the role
of these Rabs in cell plate formation (Vernoud et al. 2003). Considering the
large gene families typical in most land plants, this potential for redundancy
prevents simple characterization of many potential cell-plate-specific factors.
Undoubtedly, many other levels of regulation in vesicle docking and fusion
will be revealed by future research.

3.5
A Role for Dynamins in Turning Tubes into Sheets

Once the vesicles fuse, work remains before a macroscopic organelle like
the cell plate can be formed. The morphology of the small cell plate frag-
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ments at early stages suggested a role for a member of the Dynamin family
in shaping and preparing the small fragments for subsequent fusion into
larger membranes (Otegui et al. 2001; Seguí-Simarro et al. 2004). Green plants
have a unique gene family of dynamin-like proteins, the DRP1 family (for-
merly called ADL1 or Phragmoplastin; Hong et al. 2003), and their essential
role in cell plate development has been confirmed by both cell biological
and genetic analysis (Gu and Verma 1997; Kang et al. 2001; Kang et al. 2003;
Seguí-Simarro et al. 2004). The analogous roles played by dynamins in the
cytokinetic processes of animal and plant cells have recently been reviewed
(Konopka et al. 2006). That a known membrane deforming/remodeling fac-
tor is involved in deforming and remodeling the cell plate membranes should
not be a surprise. That green plants have dedicated a specialized family of
dynamin-related proteins to this task underlines the importance of this pro-
cess in cell plate formation. But, who regulates the dynamins? What other
factors could be involved in the lipid-aspects of the cell plate? Are specialized
kinds of lipases, flippases, scramblases, etc. required for the various mem-
brane gymnastics that occur during the assembly and development of the cell
plate? Such things have not been thoroughly investigated, and much is left to
be discovered.

4
Just What Do the Vesicles Bring to the Cell Plate?

While it has been clear for a long time that vesicles supply membrane for the
cell plate, what those vesicles carry as cargo (besides their constitutive lipids)
is still an open question. While many proteins have been shown to associate
with the cell plate (see Jürgens 2005), most are soluble/cytosolic proteins, and
could presumably just associate directly with the cell plate membrane from
the cytosol. Of most relevance would be membrane proteins that would be
transported from other endomembrane organelles to the cell plate, though
very few of these types of proteins are known: the cell plate SNARE proteins
and CalS1.

Components of the vesicle trafficking machinery are found on the cell
plate, probably concomitant with cell plate formation (e.g. KNOLLE, SNAP33,
NPSN11, SYP71, etc.; see above), there must be some signal that allows them
to be redirected away from other endomembrane destinations toward the cell
plate vesicles. As one might expect, this signal is protein specific, and appears
to be dependent on the cell cycle. For example, expressing KNOLLE consti-
tutively does not rescue its cytokinetic defect, and leads to localization of
the PM (Völker et al. 2001). This result suggests that the machinery that rec-
ognizes the signals in KNOLLE is only expressed (or functional) during the
later phases of the cell cycle. However, placing the late endosomal Qa-SNARE
SYP21 (i.e. AtPEP12) under the control of the KNOLLE promoter does not
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lead to localization of SYP21 to the cell plate (Müller et al. 2003), indicating
that the signal for cell plate localization is a part of the proteins themselves,
similar to signals that target proteins to other organelles (see Sanderfoot and
Raikhel, 2002). Nonetheless, this putative signal remains unknown.

Aside from the cell plate SNAREs, the only known membrane protein to
be targeted as cargo to the cell plate is callose synthase. Because the cell plate
lumen fills with the carbohydrate-polymer callose during the tubulovesicular
stage (Samuels et al. 1995), such a protein had been assumed to be involved
for a long time. Still, it was not until Hong et al. (2001) identified a large fam-
ily of callose synthase-like enzymes in Arabidopsis that the identity of this
enzyme was known. Through their work, they showed that the Arabidopsis
CalS1 isoform is found on the cell plate and interacts with DRP1a (i.e. phrag-
moplastin) and an associated UDP-Glucose transferase (Hong et al. 2001).
Being such a large protein, it would be difficult to assign significance to small
regions of homology between CalS1 and KNOLLE are (i.e. potential “cell plate
signals”), and no such signals have been tested. Until more known cargo pro-
teins are identified, such searches for “cell plate signals” are unlikely to be
fruitful.

Other membrane proteins perhaps do not require “cell plate” signals, and
can simply arrive at the cell plate by diffusion in the plane of the membrane
from the regular PM or through endo-/exocytosis (Dhonukshe et al. 2006)
from endosomal organelles. Even these proteins are few and poorly known.
Until some mechanism for isolating an enriched source of cell plates for pro-
teomic investigation, cell plate proteins will likely come one at a time through
genetic or candidate gene approaches.

5
Summary

The cell plate of the land plants is the most striking example of how vesicle
trafficking and the addition of new membrane is required for eukaryotic cy-
tokinesis. As discussed above, much recent work has begun to identify the
sources of the membrane that makes up the cell plate, though some questions
remain as to how much is derived from secretory or endocytic processes.
Considerable effort has also identified many of the molecular machines that
are involved in targeting and fusing these membranes at the cell plate, but
many components remain elusive, and many more are still completely un-
known. Finally, we still know little about what proteins are actually being
transported to the cell plate. It may turn out that the cell plate does not have
many unique cargo proteins, but more likely, we just have not looked hard
enough. Nonetheless, much progress has been made in our understanding of
cell plate assembly, and this progress may already be helping to illuminate the
study of cytokinesis in other organisms that have less obvious roles for vesi-
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cle trafficking. We just might find that studying this esoteric structure of land
plants will tell us many things about how our own cells divide.
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Abstract The cell plate is built using Golgi-derived vesicles carrying various proteins,
sugars and lipids, which are required for the de novo synthesis of the cell wall during
cytokinesis. The processes of vesicle fusion, cell plate expansion and maturation are ini-
tiated and controlled by a large number of proteins that serve as structural components,
transporters, enzymes, and regulatory elements. Since the identification of phragmoplas-
tin, the first protein marker of the cytokinetic organelle phragmoplast, a number of cell
plate-associated proteins have been identified and characterized. Some of these proteins
appear to be unique to the process of cell plate formation, while others have functions in
different subcellular locations and are recruited to the forming cell plate transiently dur-
ing cytokinesis. A temporal and spatial orchestration of basic exocytotic and endocytotic
processes culminate in to formation of this unique subcellular compartment. Completion
of this process in a defined time is essential for a proper cell division.

1
Phragmoplastin, the First Protein Marker of the Cell Plate

Phragmoplastin was first cloned from soybean in an attempt to identify pro-
teins required for vacuole biogenesis (Gu and Verma 1996). The cloning was
based on its homology with yeast VPS1, a dynamin-like GTPase required for
the formation of vacuoles (Rothman et al. 1990; Ekena and Stevens 1995).
This protein was found to be associated with the forming cell plate and
phragmoplast-microtubules using its polyclonal antibodies (Fig. 1) and the
GFP tag (Gu and Verma 1996, 1997; Hong et al. 2003b), and was accordingly
named as phragmoplastin. Although the phragmoplast structure was known
for a long time, no specific protein marker for this “organelle” was available at
the time when phragmoplastin was identified. Earlier studies on cell plate for-
mation were based primarily on anatomical observations and histochemical
staining such as aniline blue that stains callose deposited on the forming cell
plate (Gunning and Wick 1985; Mineyuki and Gunning 1990). The event of
callose deposition, however, occurs much later then the initiation of cell plate
by fusion of the Golgi-derived vesicles.

Phragmoplastin is a 68 kD GTPase related to the dynamin family of pro-
teins, but does not contain either the pleckstrin homology (PH) or proline-
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Fig. 1 Subcellular localization of phragmoplastin, the first protein marker of the cell
plate. A–D A cytokinetic tobacco BY-2 cell was stained with DAPI for nuclear DNA (A),
anti-tubulin monoclonal antibody for phragmoplast microtubules (B) or anti-soybean
phragmoplastin polyclonal antibodies (C). The fluorescence signals were recorded sepa-
rately in black-and-white photographs. Artificial colors are assigned to DAPI staining (in
blue), microtubules (in red) and cell plate (in green). The three photographs are superim-
posed to indicate the relative subcellular localization of phragmoplastin (D; Gu and Verma
1996). N, nuclear DNA. M, phragmoplast microtubules. CP, cell plate. E Green fluorescent
protein (GFP)-tagged phragmoplastin expressed in a tobacco BY-2 cell (Gu and Verma
1997)

rich (PR) domain, which both are characteristic of dynamins (Fig. 2; see
below). It is present largely in the membrane fractions (presumably the Golgi
vesicles) and can also be detected in the cytosol (Gu and Verma 1995). It
contains two separable self-assembly (SA1 and SA2) domains that are re-
sponsible for the formation of phragmoplastin polymers (Zhang et al. 2000).
Intermolecular interaction between SA1 and SA2 leads to the formation of
staggered helical polymer structures that wrap around vesicles. Polymeriza-
tion of phragmoplastin is dependent on GTP binding (Zhang et al. 2000)
and may be regulated by other protein components (Verma 2001; Verma
and Hong 2005). Phragmoplastin has five closely related homologs (DRP1A-
E) in Arabidopsis (see below; Hong et al. 2003a), which appear to act as
tubulase in creating dumbbell-shaped tubular structures at the cell plate
(Samuels et al. 1995; Verma 2001; Segui-Simarro et al. 2004; Verma and Hong
2005). Formation of such tubuler structures is essential to prevent balloon-
ing of the fused vesicles and to give rise to a plate, instead of large vacuole
(Verma 2001).
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Fig. 2 DRP1 and DRP2 act as tubulase and pinchase that control membrane tubulization
and vesiculation, respectively. A, C DRP1 (phragmoplastin) acts as a tubulase and forms
highly ordered spiral polymers on the surface of vesicles. Upon GTP hydrolysis, DRP1
provides mechanical force to convert vesicles in to tubular structures. B, D DRP2 (plant
dynamin) acts as a pinchase and forms a collar ring surrounding the junction region
between a budding endocytic vesicle and plasma membrane. E A long dumbbell-shaped
tubule observed at the nascent cell plate of tobacco BY-2 cells (Samuels et al. 1995). Note
that the tubule is coated with DRP1 tubulase. F The pinching off of endocytic vesicles
from the plasma membrane is blocked in fruit flies with a temperature-sensitive muta-
tion at the shibire locus that encodes dynamin (Koenig and Ikeda 1989). DYN1, dynamin
GTPase domain includes a GTP-binding motif (GXXXSGKS/T) and a dynamin signature.
DYN2, dynamin central region. PH, pleckstrin homology domain which binds to mem-
brane phospholipids such as PI-3-P and PI-4-P. GED, dynamin GTPase effector domain.
PRD, proline-rich domain which interacts with SH3-domain proteins

2
Tubulase and Pinchase at the Cell Plate

Since the characterization of soybean phragmoplastin (Gu and Verma
1995) and Arabidopsis ADL1 (Dombrowski and Raikhel 1995), many other
dynamin-related proteins (DRPs) have been studied in plants. They par-



306 Z. Hong · D.P.S. Verma

ticipate in a variety of membrane fusion and fission processes. Cell plate
formation involves at least two subfamilies of DRPs: tubulase (DRP1) and pin-
chase (DRP2). Each of these have isoforms which may differentially interact
with other proteins in a cell-type-specific manner.

2.1
DRPs, A Superfamily of Dynamin-Related Proteins

Arabidopsis contains 16 genes that may potentially encode proteins with
the dynamin-signature (L-P-[PK]-G-[STN]-[GN]-[LIVM]-V-T-R) (Prosite
PDOC00362). These proteins have been grouped into six functional sub-
families (DRP1-6) (Hong et al. 2003a). The DRP1 subfamily contains five
phragmoplastin-like members (DRP1A-E), and are localized at the forming
cell plate (Lauber et al. 1997; Kang et al. 2001, 2003a,b; Hong et al. 2003b).
They may also play specific roles in the plasma membrane (Kang et al.
2003a,b) and cytoskeleton (Hong et al. 2003b). The DRP2 subfamily con-
tains the bona fide plant dynamins that have a characteristic PH domain in
the middle of the molecule and a PR motif (RXPXXP) near the C-terminus
(Fig. 2). DRP2 proteins may be involved in clathrin-coated vesicle trafficking
between Golgi, plasma membrane including cell plate, and in vacuole mem-
brane biogenesis (Hong et al. 2003b; Jin et al. 2001; Lam et al. 2002). The
DRP3 subfamily members do not contain PH or PR motifs, and have been
implicated in the division of mitochondria and peroxisomes (Arimura and
Tsutsumi 2002; Nishida et al. 2003; Mano et al. 2004; Kuravi et al. 2006). The
DRP4 subfamily is related to the animal Mx proteins that have antiviral ac-
tivity (Haller and Kochs 2002). Arabidopsis DRP5 subfamily and its ortholog
from Cyanidioschyzon merolae (CmDnm2) are localized to the chloroplast
division-ring and required for chloroplast division (Gao et al. 2003; Miyag-
ishima et al. 2003, 2006). The function of DRP6 remains to be determined.

2.2
DRP1 Tubulase is Required for the Formation of Tubular Structures at the Cell Plate

The growing edges of the cell plate are filled with the “hourglass”- or
“dumbbell-shaped” tubular structures (Samuels et al. 1995; Otegui et al. 2001;
Segui-Simarro et al. 2004; Otegui and Staehelin 2004). These tubular struc-
tures are membrane-based transient and fragile structures that are very sensi-
tive to chemical fixation treatments. They can be preserved in tissue samples
that are cryofixed (Segui-Simarro et al. 2004; Samuels et al. 1995; Otegui et al.
2001; Otegui and Staehelin 2004). These tubular structures serve as basic
building blocks for the formation of cell plate. The volume of one tubular
structure is approximately twice the size of a cell plate vesicle, suggesting
that the tubular structures are generated from fusion of two cell plate vesicles
(Otegui and Staehelin 2004). Dumbbell-shaped tubular structures have a layer
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of protein coat on the surface of the tubular structures (Samuels et al. 1995),
while the hourglass-shaped structures have two collars at the neck regions
(Segui-Simarro et al. 2004). These protein coats and collars have been shown
to be DRP1 proteins using antibodies against DRP1a (Otegui et al. 2001).
DRP1 proteins have been proposed to act as a tubulase that mediates vesicle
tubulation and thus prevent ballooning of the fused structures(Verma, 2001;
Verma and Hong 2005). Animal dynamins are pinchases (see below), but can
also act as a tubulase under certain circumstances such as in the presence
of GTP-γ -S (Takei et al. 1995), overexpression of a clathrin antisense RNA
(Iversen et al. 2003) or in vitro polymerization on tubular liposomes (Takei
et al. 1998; Sweitzer and Hinshaw 1998; Stowell 1999). Thus, plant DRP1 fam-
ily is a dedicated group of proteins that are responsible for the formation of
tubular structures from fused vesicles at the forming cell plate. This novel
mechanism serves as a space-filling model from the architectural view and is
ideal for building a cell plate structure de novo.

2.3
DRP2 Pinchase is Required for Membrane Recycling at the Cell Plate

Arabidopsis DRP2 proteins are the bona fide plant dynamins which appear
to function as pinchases (Fig. 2; Verma and Hong 2005). The dynamin pin-
chase hydrolyzes GTP and provides mechanical force to pinch the vesicles off
the plasma membrane, an essential step in endocytosis and membrane re-
cycling (Sweitzer and Hinshaw 1998; McNiven 1998; Verma et al. 2005). Cell
plate formation involves the de novo construction of two “flat” layers of the
plasma membrane using phospholipids and membrane proteins that are de-
livered via vesicles. Coalescing of the tubular structure described above leaves
behind extensive membrane which needs to be recycled. It has been esti-
mated that 10-14-fold more membranes are required to build one unit of the
plasma membrane, suggesting that most membrane constituents that have
been delivered to the cell plate through the exocytic pathway need to be re-
cycled back through endocytosis and membrane recycling pathways. DRP2A
has been shown to be associated with the cell plate and may be responsible
for pinching-off of the vesicles from the forming cell plate to recycle the extra
membrane compartment (Hong et al. 2003b).

3
Homotypic and Heterotypic Membrane Fusion at the Cell Plate

Cell plate formation involves intensive activities of membrane fusion events
that can be grouped into two categories: homotypic and heterotypic mem-
brane fusions. Whereas the heterotypic fusion at the cell plate may employ
redistributed fusion machinery from the plasma membrane, homotypic fu-
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sion may require the expression of a new set of proteins because this process
is highly amplified during cell plate formation. The entire exocytosis machin-
ery appears to be engaged in generating a population of homotypic vesicles
during the early cell plate formation while both homotypic and heterotypic
vesicles are produced as the cell plate matures.

3.1
Cell Plate Vesicles

Cell plate vesicles originating from the Golgi apparatus fuse in a unique
manner at the center of the phragmoplast, giving rise to the new plasma
membranes of the two daughter cells (Fig. 3). They carry cargo for the forma-
tion of the cell plate matrix (Gunning and Wick 1985; Hepler and Bonsignore
1990; Staehelin and Moore 1995). Disassembly of the Golgi apparatus by
treatment with brefeldin-A (BFA) blocks the completion of cytokinesis by
shutting off the supply of cell plate vesicles (Yasuhara et al. 1995; Staehelin
and Moore 1995; Satiat-Jeunemaitre et al. 1996). However, initiation of cell

Fig. 3 A proposed model for cell plate formation. The Golgi-derived vesicles carrying cal-
lose synthase, phragmoplastin (Phr) and other associated proteins are transported along
the microtubules. Once they reach the equatorial plane of the future cell plate, they are
squeezed by phragmoplastin into tubular structures, which fuse with each other in an
end-to-end fashion, creating a tubular fence (vesiculo-tubular network or VTN). The
conversion of the round-shaped vesicles into tubular structures is a fundamental and
essential step in de novo membrane formation, and avoids ballooning of the fused mem-
brane structures. The fusion brought about by KNOLLE syntaxin (Kn) is followed by
activation of callose synthase. The callose synthesized dilates these tubules and closes the
gaps, forming a flat sheet at the forming cell plate. Phragmoplastin may be removed once
the callose synthase is activated
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plate formation is not blocked, suggesting the presence of a pool of vesicles
that participate in the initial cell plate formation. The disruption of micro-
filaments causes oblique cell plates, but does not prevent the formation of
the cell plate per se (Schopfer and Hepler 1991). Thus, a coordinated deliv-
ery of the Golgi vesicles is essential for the formation of the cell plate. Little
is known about the vesicle fusion machinery at the forming cell plate except
the identification of the phragmoplastin GTPase (Gu and Verma 1996, 1997;
Zhang et al. 2000) and a pair of syntaxin/Sec1-like proteins (KNOLLE/KEULE;
Lauber et al. 1997; Assaad et al. 2001). Other proteins must be required for the
various events in vesicle fusion.

3.2
Homotypic Membrane Fusion

Homotypic fusion refers to the merging of two membranes of the same type.
Cell plate formation involves two types of homotypic membrane fusion, i.e.,
creation of tubular structures from vesicle-vesicle fusion, and formation of
honeycomb-like network via end-to-end fusion of tubular structures. Phrag-
moplastin and its associated proteins are known to play pivotal roles in
creating the dumbbell-shaped tubular structures, whilst Knolle syntaxin is re-
quired for the formation of honeycomb-like tubular network (Lauber et al.
1997; Jurgens 2004). In cell plate formation, the end-to-end fusion of tubular
structures is unique in the aspect that the fusion involves the alignment of
several tubular structures. Under electron microscope, the junction of these
tubular structures look like a “star” (Hepler 1982). Mutant cells defective at
Knolle cannot form tubular networks at the cell plate (Lauber et al. 1997).
Thus, homotypic fusion of vesicles is an essential step in building the cell plate.

Proteins required for homotypic fusion has been studied in other sys-
tems such as the yeast mitotic vacuole fusion. After mitosis in yeast, small
vacuoles fuse with each other, giving rise to the formation of bigger, round
vacuoles (Wickner 2002; Jun et al. 2006). In contrast, homotypic fusion at the
cell plate results in the formation of the “dumbbell-shaped” structures due
to the presence of phragmoplastin-like DRP1 proteins. These structures are
then expended and connected with each other in a unique end-to-end fusion
manner. The termini of several dumbbell-shaped structures align together to
form “star”-like junctions, which were observed by electron microscopy three
decades ago (Hepler 1982). Interconnection of tubular structures gives rise to
a tubulo-vesicular network (TVN) (Staehelin and Hepler 1996). Merging of
these tubular termini is also thought to occur via homotypic membrane fu-
sion (Verma 2001; Verma and Hong 2005). Thus homotypic fusion of vesicles
is an essential step in building the cell plate. Moreover, the homotypic fusion
machinery must be highly efficient because the completion of the cell plate
takes about an hour. During this time, not only plate must be flattened but
callose must be formed to fill the growing cell plate.
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Homotypic fusion is a complex and highly ordered process consisting of
three stages, priming, docking and membrane fusion. Fusion of mitotic vac-
uoles in yeast is a well studied case of homotypic fusion. Both types of v-
and t-SNARE proteins are present on the same vesicle and can form stable
cis-SNARE complexes. At the priming step, the cis-SNARE complex is dis-
assembled into activated t- and v-SNAREs. The activated t-SNARE on one
vesicle can interact with a v-SNARE on another vesicle, forming a trans-
SNARE complex. The formation of trans-SNARE renders irreversible docking
and fusion of two vesicles. Nearly two dozen proteins are required for the ho-
motypic vesicle fusion in a cell-free assays in yeast (Wickner and Haas 2000;
Wickner 2002). Understanding the precise role of each of these proteins in
plants is essential in order to know how different phases of cell plate building
are orchestrated and completed in a time-bound manner.

3.3
Heterotypic Membrane Fusion

Heterotypic membrane fusion, i.e., the incorporation of two different types
of membranes such as vesicles and the plasma membrane, is mediated by
a vesicle-associated SNARE (v-SNARE) and a target membrane-associated
SNARE (t-SNARE) (Hawes et al. 1999; McNiven et al. 2000). The growing
cell plate is actually a tubular network (Staehelin and Hepler 1996; Verma
2001), and a large quantity of vesicles carrying proteins and cell wall mate-
rials fuse directly with this network, eventually leading to the formation of
the mature and “flat” plasma membrane, a step referred to as the fenestra-
tion of tubular network (Staehelin and Hepler 1996). The protein complexes
required for docking of exocytic vesicles to the plasma membrane are be-
lieved to be employed for the fenestration of tubular network during cell plate
formation.

3.4
Membrane Fusion Machinery

A growing number of SNAREs and other proteins involved in vesicle dock-
ing/fusion events localize to the cell plate and are critical for normal cy-
tokinesis. SNAREs comprise a large diverse group of proteins including syn-
taxins, membrins, VAMPS and others (Sanderfoot et al. 2000). In plants,
the cytokinesis-specific syntaxin Knolle (Q-SNARE) interacts with AtSNAP33
(SNAP25 homolog), AtNPSN11 (plant-specific SNARE), AtCDC48, and Keule
protein (Sec1 homolog) (Lukowitz et al. 1996; Lauber et al. 1997; Waizeneg-
ger et al. 2000; Assaad et al. 2001; Heese et al. 2001; Rancour et al. 2002; Zheng
et al. 2002; Jurgens 2004).

Yeast Cdc48 has been implicated in the ER-to-ER homotypic membrane
fusion (Latterich et al. 1995), and its Arabidopsis homolog (AtCdc48) colocal-
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izes at the cell plate with Knolle and another plate-associated SNARE, SYP31,
and may play a similar role in cell plate formation (Feiler et al. 1995; Ran-
cour et al. 2002). CDC48 is one of the AAA proteins (ATPases associated with
various cellular activities) that regulate vesicle fusion events by disassem-
bling the SNARE complexes to allow for subsequent rounds of fusion (May
et al. 2001). Arabidopsis Patellin 1 (PATL1), a Sec-14 related protein impli-
cated in membrane trafficking in yeast, is recruited from the cytoplasm to
the expanding cell plate and may play a role in membrane-trafficking events
associated with cell-plate maturation (Peterman et al. 2004). RanGAP, a nu-
clear membrane-associated protein is also observed at the early stages of cell
plate (Jeong et al. 2005), but its precise role in the cell plate formation process
is not yet clear.

4
Other Cell Plate-Associated Proteins

Several hundred proteins may participate in the processes of cytokinesis in
plants. Some of them have been identified by genetic studies (Assaad 2001,
Sollner et al. 2002). In addition to the two major categories of proteins (i.e.,
dynamin-related proteins and proteins involved in membrane fusion) men-
tioned above, several other groups of proteins have been implicated in cell
plate formation. They include proteins associated with the callose synthase
complex, microtubule-associated proteins, small GTP-binding proteins, and
cytokinesis signaling proteins. Since the building of cell plate also involves
formation of plasmodesmata channels, many other proteins involved in the
formation of these structures remain to be identified.

4.1
Cell Plate-Specific Callose Synthase Complex

Unlike many other cell wall polysaccharides that are synthesized in the Golgi
and delivered to the cell wall, callose and cellulose are synthesized by plasma
membrane enzymes and deposited directly to the cell plate. Callose is the first
polysaccharide synthesized at the growing cell plate (Northcote et al. 1989;
Samuels et al. 1995; Bowser and Reddy 1997). Synthesis of callose begins as
the tubular structure is formed and continues until the plate has touched the
parental cell wall. Callose appears to apply a spreading force and helps sta-
bilize the structure of the membranous tubular network. In Arabidopsis, this
callose is synthesized by a cell plate-specific callose synthase (CalS1) that is
a member of the large callose synthase family (Hong et al. 2001a). A T-DNA
knockout mutant of cals1 did not display any observable cytokinesis phe-
notype and contains callose at the cell plate, suggesting that more than one
callose synthase is involved in cell plate formation. Callose is a multimeric en-
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zyme which may include homomeric or heteromeric subunits in a cell specific
manner. Of the 12 callose synthase genes in Arabidopsis, CalS5, CalS11 and
CalS12 are known to be involved in callose wall formation during pollen de-
velopment (Dong et al. 2005; Nishikawa et al. 2005; Enns et al. 2005). CalS12
is responsible for pathogenesis-related callose deposition (Østergaard et al.
2002; Jacobs et al. 2003; Nishimura et al. 2003).

When purified in a sucrose gradient, CalS1 exists in a complex with large
molecular mass (Hong et al. 2001b). The CalS complex may include a UDP-
glucose transferase (UGT1), a Rho-like small GTPase (Rop1), phragmoplas-
tin, sucrose synthase (SuSy), and annexin (Verma and Hong 2001). SuSy
generates UDP-glucose which can be transferred via UGT1 to the active site
of CalS forming a substrate channel (Fig. 4) (see also, Amor et al. 1995; Verma
2001). CalS has also been shown to interact with a membrane protein hav-

Fig. 4 Cell plate-specific callose synthase complex. A, B Tobacco BY-2 cells expressing GFP-
tagged Arabidopsis callose synthase 1 (CalS1) under the control of the 35S promoter.
In non-dividing cells (A), CalS1 is present in punctates in the cytoplasm. In cytokinetic
cells (B), CalS1 is targeted to the cell plate. C, D More callose is deposited in the cell plate
of the transgenic tobacco BY-2 cells overexpressing CalS1 (D) than in control cells (C).
These cells were stained with DAPI for nuclear DNA and aniline blue for callose, and
photographed in a fluorescent microscope with a UV filter set. E Proposed model of the
callose synthase complex at the cell plate. Arabidopsis CalS1 contains 16 predicted trans-
membrane domains and utilizes UDP-glucose transferase (UGT1) for substrate binding.
UGT1 interacts with phragmoplastin (Phr) and Rho-like GTPase (Rop). Sucrose synthase
(SuSy) and annexin (ANN) may also be part of the CalS complex (Andrawis et al. 1993;
Shin and Brown 1999)
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ing similarity with annexin and protein kinase C (Andrawis et al. 1993). This
annexin-like protein has GTPase activity which is inhibited by Ca2+ and stim-
ulated by Mg2+ (Shin and Brown 1999). Rop1 may act as a spatial regulator of
CalS as Rho has been shown to be a regulatory subunit of β-1,3-glucan syn-
thase in yeast (Qadota et al. 1996). Phragmoplastin may activate this enzyme
by squeezing the vesicles into tubules (Gu and Verma 1996, 1997; Zhang et al.
2000) at the forming cell plate (Verma 2001) or direct interaction via UGT1 as
has been demonstrated (Hong et al. 2001b).

4.2
Microtubule-Associated Proteins

The γ -tubulin has been localized towards the minus ends of the phragmo-
plast microtubules (Joshi and Palevitz 1996). AIR9, a 187 kDa microtubule-
associated protein, decorates the preprophase band (PPB) and appears in the
junction between the outwardly growing cell plate and the mother cell wall
(Buschmann et al. 2006). Kinesin-related proteins with either the plus-end,
or the minus-end directed microtubule motors have been found to be as-
sociated with the phragmoplast. TKRP125, a tobacco kinesin-related protein
and a plus-end directed motor, requires another protein of 120 kD to display
microtubule-translocating activity (Asada and Shibaoka 1994; Asada et al.
1997). KatA, an Arabidopsis kinesin-like protein and a minus-end-directed
motor, is localized in the midzone of an anaphase cell and is associated
with phragmoplast during cytokinesis (Liu et al. 1996). Another Arabidopsis
kinesin-like protein, KCBP, binds to calmodulin and is confined to the ma-
ture phragmoplast (Bowser and Reddy 1997). AtPAKRP2, which localizes to
Brefeldin A-sensitive puncta during early plate development, is a likely can-
didate for the motor that drives vesicle movement along the phragmoplast
microtubules (Lee et al. 2001; Smith 2002), and the kinesin-related protein,
product of the HINKEL/NACK1 genes, functions in microtubule dynamics
during plate expansion in collaboration with a mitogen-activated protein
kinase-signaling pathway (Nishihama et al. 2002; Strompen et al. 2002). The
dynamics of these various motor proteins may facilitate not only the mobi-
lization of tubulin cytoskeleton but also vesicle traffic.

4.3
Cytokinesis-Related Signaling Proteins

Vesicle trafficking and fusion events during cell plate formation may also be
regulated by MAP kinases through phosphorylation of rab and dynamin-like
GTPases as shown in animals (Earnest et al. 1996, Cormont et al. 1994). A to-
bacco MAP kinase p43Ntf6 is activated in late anaphase and early telophase
and is localized to the cell plate in anaphase cells (Calderini et al. 1998). The
enzymatic activity of MMK3, an alfalfa MAP kinase associated with cell plate
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during cytokinesis, was found to be transient in mitosis and correlated with
the timing of phragmoplast formation (Bogre et al. 1999). In contrast to the
distribution of phragmoplastin, MMK3 is not redistributed from the center to
the periphery as the cell plate expands (Bogre et al. 1999).

Centrin, a protein involved in nucleation of centromeres in animal cells
and binds Ca2+, has been detected at the forming cell plate (Stoppin-Mellet
et al. 1999). This protein appears to be a component of the Ca2+-sensitive con-
tractile nanofilaments in the neck region of plasmodesmata as shown by EM
immunolocalization (Blackman et al. 1999). Using antibodies, a vinculin-like
protein has also been localized at the cell plate but its plant homolog has not
yet been identified (Endlé et al. 1998).

4.4
Cytokinesis-Related Small GTP-Binding Proteins

Rho, Rab and Ran, three families of small GTP-binding proteins that function
in membrane trafficking and mRNA transport, have also been shown to par-
ticipate in cell-plate biogenesis. Rho-related GTPases localize to the cell plate
(Molendijk et al. 2001; Brembu et al. 2006). Arabidopsis SCD1 encodes a pro-
tein that may interact with Rab proteins and regulate intracellular protein
transport (Falbel et al. 2003). The scd1 (stomatal cytokinesis-defective 1) mu-
tant displays severe cytokinesis defects in leaf guard mother cells, and affects
polar cell expansion in trichomes and root hairs. Arabidopsis Ran proteins
and their GTPase-activating proteins (RanGAP) are localized to the forming
cell plate (our unpublished data; Jeong et al. 2005).

In addition, certain mRNAs species may become localized near the cell
plate as has been shown for the actin mRNA in Fucus (Bouget et al. 1996).
In this regard, a phragmoplastin-interacting protein (PhrIP1) has been iden-
tified which has properties in common with RNA-binding proteins and is
shown to bind Ran RNA (our unpublished data). A LIM domain protein
(WLIM1) characterized by the presence of one or several double zinc finger
motifs has been isolated from sunflower (Mundel et al. 2000). This protein
accumulates in the phragmoplast in early telophase and may be involved in
anchoring the actin cytoskeleton to site of cell plate and plasma membrane
adhesion. Antibodies against MTOC (microtubule organizing center) and
phosphoprotein MPM-2 have been shown to be associated with the phragmo-
plast (Smirnova et al. 1995).

5
Future Perspectives

The presence of DRPs in plants with diverse functions in membrane tubu-
lation and pinching, as well as fission of organelles, suggests that the basic
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property of this group of proteins, i.e., the ability to form helical structures
regulated by their GTPase activity, is central to their functions. Despite the
high similarity in the structure of various members of the DRP family, it is
apparent that they interact with distinct proteins to perform specific roles
in each of these events. A detailed dissection of various domains of these
proteins and their interaction with specific partners may reveal their pre-
cise function in various cellular processes that involve membrane tubulation,
pinching as well as organelle divisions. Development of in vitro membrane
vesiculation, tubulation and fusion systems will further aid in dissection of
the details of these mechanisms and the role of various DRPs.

The cell plate is one of a few organelles that have yet to be characterized
using modern proteomic technology. The reason for the lack of proteomic
characterization of the cell plate is mainly due to the technical challenge in
preparing a highly purified cell plate fraction from a plant species with com-
pleted genome sequences, such as Arabidopsis. This technical hurdle may
disappear soon as the tobacco genome sequencing project progresses. To-
bacco BY-2 cells are easy to synchronize and have been used successfully for
cell plate purification. Proteomic studies on tobacco BY-2 cells will promise
the discovery of many expected as well as many unknown proteins that are
targeted to this essential cytokinetic organelle. Besides the components of the
cell plate itself, other proteins that are involved in the orientation of cell plate,
preprophase band formation and the decision of the cell in which direction to
lay down the cell plate, remain to be determined.
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Abstract Asymmetric cell divisions are commonly used across diverse phyla to generate
different kinds of cells during development. Although asymmetric divisions play import-
ant roles during development in plants, algae, fungi, and animals, emerging data indicate
that there is some variability amongst the mechanisms that are at play in these differ-
ent organisms. Zygotes of fucoid algae have long served as models for understanding
early developmental processes including cell polarization and asymmetric cell division. In
addition, brown algae are phylogenetically distant from other organisms, including plant
models, a feature that makes them interesting from a comparative perspective (Andersen
2004; Peters et al. 2004). This monograph focuses on advances made toward under-
standing how asymmetric divisions are regulated in fucoid algae and, where appropriate,
comparisons are made to higher plant zygotes.

1
Introduction

How does a single cell, the zygote, give rise to a complex organism with many
different cell and tissue types? The answer to this question lies in the abil-
ity of cells in a growing embryo to acquire separate identities, a feat that is
often accomplished by asymmetric cell divisions. By definition, asymmetric
cell divisions produce nonidentical daughter cells and can thereby initiate the
process of cell differentiation. Asymmetric cell divisions are known to play
important roles in development across diverse plant and algal phyla. Exam-
ples include the first cell division in many zygotes (Brownlee 2004; Gallagher
and Smith 1997; Okamoto et al. 2005; Zernicka-Goetz 2004), as well as the
production of gonidial and somatic cells in Volvox carteri (Kirk 2004; Schmitt
2003), reproductive initial cells from caulonema filaments in moss (Cove et al.
2006; Schumaker and Dietrich 1998), rhizoids from prothalli cells in ferns
(Murata and Sugai 2000), stomata on the epidermal surfaces of leaves (Lucas
et al. 2006; Nadeau and Sack 2002, 2003), and microspores during pollen de-
velopment (Park et al. 2004; Twell et al. 1998). Because of the importance of
asymmetric divisions in development, the mechanisms that regulate the pro-
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cess are under investigation in several model organisms. In this monograph,
we focus on advances made toward understanding how asymmetric divisions
are regulated in zygotes of fucoid brown algae.

1.1
Asymmetric Divisions and Cell Fate Decisions

Generally, there are three ways by which the products of an asymmetric divi-
sion acquire separate identities (Fig. 1):

1. Developmental determinants can be differentially partitioned between
cells during division. In this case, each cell inherits a different set of
cytoplasmic instructions that lead it down a unique developmental path-
way. Because cell fate is controlled by determinants located within the
cytoplasm, this type of development is often referred to as intrinsic or
cell-autonomous (Fig. 1a). Both the first division of the Caenorhabditis el-
egans zygote and the divisions of neuroblasts in Drosophila melanogaster
embryos represent examples of asymmetric divisions in which intrinsic
factors control daughter cell fates (Betschinger and Knoblich 2004; Cowan
and Hyman 2004).

2. In some cases, the cytokinetic plane is positioned such that the daugh-
ter cells are placed in different locations within the developing organism.
Each cell then receives a unique set of positional cues from neighboring
cells or the environment that dictate its fate (Fig. 1b). Since cell identi-
ties are determined by signals received from external sources, this type
of development is known as extrinsic or non-cell-autonomous. In the
Arabidopsis thaliana root, for example, the decision to become either an
endodermal or a cortical cell depends on an asymmetric cell division
that places daughter cells in different cell files in the root. Signals from
neighboring cells then direct the daughters down different developmental
pathways (Heidstra et al. 2004; Scheres et al. 2002).

3. An asymmetric division can produce daughters of different sizes and/or
shapes, and these morphological differences determine the developmen-
tal pathway that each cell will follow (Fig. 1c). In V. carteri, asymmetric
divisions generate small and large daughter cell pairs, and the size of the
cell then activates either a somatic or a germline developmental program
(Cheng et al. 2005; Kirk et al. 1993; Schmitt 2003).

Asymmetric divisions are commonly regulated in a three-step process. In the
first step, cells polarize (Fig. 2). Sometimes there are obvious cytological or
morphological changes associated with cell polarization while in other cases
the polarity is more subtle, and may be manifested simply by the fact that the
ends of the cell lie in different positions in the developing organism. After
cell polarization, the mitotic apparatus (step 2) and the site of cytokinesis
(step 3) must be positioned appropriately with respect to the axis defined by
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Fig. 1 Mechanisms by which asymmetric cell divisions generate diverse cell types during
development. a In C. elegans zygotes, developmental determinants (gray shading) are seg-
regated to one end of the zygote. When cytokinesis occurs, the daughter cells each inherit
cytoplasm that is qualitatively different. b In A. thaliana roots, cortical and endodermal
cells are produced through cell divisions that ultimately place cells in different files within
the developing root. A cortical/endodermal initial cell divides to produce a daughter cell.
When the daughter divides, the cell plate is laid down parallel with the longitudinal axis
of the root, placing the two new cells in different cell files. Signals from neighboring cells
then direct the adoption of either a cortical or an endodermal fate (redrawn from Scheres
et al. 2002). c Asymmetric cell divisions in V. carteri embryos generate larger cells that will
become reproductive gonidia and smaller, somatic cell precursors (Green and Kirk 1981).
Dashed lines indicate sites of cytokinesis

the polarity of the cell. Alignment of the mitotic apparatus with the cellu-
lar axis ensures that each daughter will inherit both the appropriate cellular
domains and a full chromosomal complement after division. During cytoki-
nesis, the cell plate is positioned to bisect both the mitotic apparatus and the
cellular axis correctly. Although cells usually polarize first, the order in which
the latter two steps occur can vary. In zygotes of fucoid algae, for example, the
mitotic apparatus is positioned first and then the site of cytokinesis is spec-
ified by the position of the mitotic apparatus (Fig. 2a; Bisgrove et al. 2003).
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Fig. 2 Asymmetric cell divisions are commonly regulated in three steps. a Silvetia com-
pressa eggs are spherical in shape with no obvious asymmetries, and polarization (I) is
first manifested morphologically several hours after fertilization when increased secre-
tion on one hemisphere produces a bulge, the rhizoid. The opposite end of the zygote is
termed the thallus, and the axis defined by the two poles is the rhizoid/thallus axis. Next,
the mitotic apparatus aligns parallel with the rhizoid/thallus axis (II). Finally, cytokinesis
occurs and the cell plate is positioned perpendicular to the rhizoid/thallus axis (III). The
three zygotes shown in the panels corresponding to I and III were stained with fluores-
cein diacetate which labels the cell plate, perinuclear regions, and cytoplasm. The zygote
in II is in metaphase and was labeled with anti-alpha tubulin antibodies (image kindly
provided by Nick T. Peters). b Asymmetric divisions in A. thaliana zygotes are also regu-
lated in a three-step process, but the order in which the steps occur is different than it is
in fucoid algae. In plants, polarity is acquired by the egg cell during development of the
embryo sac (I). After fertilization, a preprophase band of microtubules marks the position
of the first zygotic division (II) and then the mitotic apparatus is positioned with respect
to both the cellular axis and the predetermined division site (Webb and Gunning 1991).
Drawn using Drews and Yadegari (2002), Mayer et al. (1993), and Webb and Gunning
(1991) as guides

In this case, proper placement of the spindle is required for correct speci-
fication of the cytokinetic site. Alternatively, the site of cytokinesis can be
specified prior to mitosis in accordance with cues located in the cortex of the
cell (Fig. 2b). Because the site of cytokinesis is determined before mitosis, this
mechanism does not require precise positioning of the spindle. Instead, the
mitotic apparatus needs only to align well enough to ensure that each daugh-
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ter cell inherits a nucleus after telophase. This method is commonly employed
by plant somatic cells, including zygotes. In these cells, a preprophase band of
microtubules transiently forms in the cell cortex and marks the upcoming di-
vision site (Brown and Lemmon 2001; Marcus et al. 2005; Webb and Gunning
1991).

2
Zygotes of Fucoid Algae as a Model System

Zygotes of fucoid algae have, for many years, been a fruitful system in which
to study the mechanisms by which cells acquire polarity and regulate asym-
metric cell divisions, mainly because they are easy to manipulate and analyze
in the laboratory (for recent reviews, see Brownlee 2004; Katsaros et al. 2006).
Fucoid algae are marine brown algae, belonging to the Phaeophyceae class
of stramenopiles (Andersen 2004). In nature they grow attached to rocks in
the intertidal zone where they reproduce by releasing large, spherical eggs
and biflagellated, motile sperm into the surrounding seawater. Gamete release
can be induced from reproductive fronds in the lab and thousands of syn-
chronously developing zygotes are easy to obtain for experimental analyses.
The zygotes are relatively large, up to 100 µm in diameter, a size that renders
them amenable to micromanipulation and analyses that require spatial meas-
urements of subcellular features. Soon after fertilization zygotes settle onto
the substratum, a rock in the intertidal zone, or a coverslip in the lab, and
a sticky adhesive is secreted that firmly anchors them in place. Eggs are spher-
ically shaped cells with no detectable asymmetries. However, within the first
few hours following fertilization there are extensive cytoplasmic and morpho-
logical changes that result in asymmetric cells with rhizoid and thallus poles
(Fig. 2a). To establish polarity, zygotes sense a wide array of environmental
cues, although light is probably the dominant signal in nature. Zygotes devel-
oping in unidirectional light form rhizoids on their shaded hemispheres. An
early sign of polarity is the preferential localization of secretion to the rhi-
zoid pole, and increased secretion at this pole eventually produces a bulge,
the tip-growing rhizoid (Fig. 2). When the first division occurs, about 24 h
after fertilization (AF), it is oriented transverse to the rhizoid/thallus axis and
bisects the zygote into two morphologically distinct cells with different de-
velopmental fates. The thallus cell gives rise to most of the photosynthetic
and reproductive organs of the mature alga, while the rhizoid cell eventually
becomes the holdfast that anchors the alga to its rock on the beach.

The first zygotic division in higher plants is also an asymmetric one that
produces two morphologically distinct daughter cells with different develop-
mental fates (Fig. 2b). The smaller apical cell is cytoplasmically dense and its
progeny give rise to most of the developing embryo, while the larger, vacuo-
late basal cell divides only a few more times to form a single file of cells. The
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uppermost cell in this file becomes part of the root meristem and the remain-
ing cells form the suspensor, a structure that attaches the embryo to the ovule
(Laux et al. 2004; Souter and Lindsey 2000; Torres-Ruiz 2004). Although the
developmental pattern that is set up by the first zygotic cell division is similar
in plants and fucoid algae, there are key mechanistic differences between the
two. In many plants, for example, polarity arises in the egg prior to fertiliza-
tion rather than in the zygote. Plant eggs and zygotes are also buried within
the ovule where their development can be influenced by surrounding mater-
nal tissues. Zygotes of fucoid algae, on the other hand, are free-living and
they develop in response to vectorial information in the environment such
as sunlight from above (Brownlee 2004). Because plant eggs and zygotes are
relatively inaccessible, approaches that involve manipulating individual cells
are difficult. Instead, molecular/genetic analyses of mutants are being used to
address questions of cell polarity and asymmetric divisions. This research is
yielding interesting data, but our understanding of how asymmetric divisions
are regulated in plant zygotes is still rudimentary. In contrast, the free-living
zygotes of fucoid algae are easy to access and are amenable to physical ma-
nipulations. Over the years research on fucoid algae has provided a wealth
of mechanistic data and, although many questions still remain, we are be-
ginning to understand how asymmetric cell divisions are regulated in these
zygotes.

3
Polarization and Germination in Zygotes

Fucoid zygotes have long served as a paradigm for investigating the mech-
anisms by which polarity is established following fertilization. In 1920, Hurd
reported that monochromatic blue light polarizes zygotes (Hurd 1920), and
since that time many other vectorial cues, including electrical, ionic, and
osmotic gradients, have been shown to induce a growth axis (for a re-
view, see Jaffe 1969). These diverse stimuli likely activate distinct signal
transduction pathways that converge at a common response, formation of
a growth axis (Kropf et al. 1999). The presumed goal is to maximize the
chance that the rhizoid will grow into a crevice on the rocky surface and
thereby permanently anchor the developing embryo in the turbulent inter-
tidal environment.

But when is polarity first set up? Is the fertilized egg apolar until it senses
its environment? Recent work has shown that in fact polarity is first set up at
fertilization (Hable and Kropf 2000). Sperm entry induces a rhizoid pole to
form at that site and a branching actin network rapidly assembles in the cell
cortex there (Fig. 3a). A zygote has a greater density than seawater and set-
tles rapidly onto the rocky substratum with its sperm-induced rhizoid pole
randomly oriented with respect to the surface. Over the next 2 h the sperm
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Fig. 3 Mechanism of asymmetric cell division in zygotes of fucoid algae. a Fertilization
induces formation of a cortical actin patch that marks the rhizoid pole of a default axis.
Photopolarization causes disassembly of the sperm-induced patch and assembly of a new
patch at the shaded pole. Endomembrane cycling then becomes focused to the rhizoid
pole as the nascent axis is amplified, and cytosolic ion gradients are generated. At ger-
mination, the actin array is remodeled into a cone nucleated by the Arp2/3 complex.
During early development the paternally inherited centrosomes migrate to opposite sides
of the nuclear envelope and acquire microtubule nucleation activity, but microtubules
play only an indirect role in polarization. See text for details. b Centrosomal alignment
begins with a premitotic rotation of the nucleus that partially aligns the centrosomal
axis (defined by a line drawn through the two centrosomes) with the rhizoid/thallus axis.
When the metaphase spindle forms it is partially aligned with the rhizoid/thallus axis.
Postmetaphase alignment brings the telophase nuclei into almost perfect register with
the rhizoid/thallus axis. Arrows indicate directions of nuclear movements. c Cytokinesis
is positioned between the two daughter nuclei. A plate of actin assembles in the midzone
between the nuclei, then membranous islands are deposited in the cytokinetic plane. The
islands consolidate and cell plate materials are deposited in the division plane. All of these
structures mature centrifugally, beginning in the middle of the zygote and progressing
outward to the cell cortex
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pronucleus migrates to the egg pronucleus utilizing microtubules (Swope and
Kropf 1993), and the zygote secretes a cell wall (Quatrano 1982) and an adhe-
sive that attaches it firmly to the rock (Hable and Kropf 1998). Once attached,
the young zygote monitors its environment for positional information. Per-
ceived environmental cues are integrated and used to specify a new growth
axis that is appropriate for the environmental context. Under normal growth
conditions the sperm-induced axis is usually overridden by environmental
cues, and it can therefore be considered a default axis to be used only if the
zygote fails to perceive positional information.

Unidirectional light is probably the most relevant vector in the intertidal
environment, and is easy to apply in a laboratory setting. Photopolariza-
tion induces a new rhizoid pole on the shaded hemisphere (Fig. 3a), toward
the rocky substratum. Although zygotes can perceive different light quali-
ties, blue light is most effective. The photoreceptor is thought to reside at or
near the plasma membrane (Jaffe 1958), and may be a rhodopsin-like protein
(Gualtieri and Robinson 2002; Robinson et al. 1998). How light perception
on one hemisphere of the zygote is transduced into a rhizoid pole on the
opposite hemisphere is not well understood, but may involve formation of
cGMP gradients resulting from differential photoreceptor activation (Robin-
son and Miller 1997) and/or activation of a plasma membrane redox chain on
the shaded hemisphere (Berger and Brownlee 1994). Pharmacological stud-
ies indicate that photopolarization also requires signaling through a tyrosine
kinase-like protein (Corellou et al. 2000a). At the downstream end, signal
transduction results in depolymerization of the cortical actin at the sperm-
entry site and polymerization of a new branching actin network nucleated by
the Arp2/3 complex at the new rhizoid pole (Alessa and Kropf 1999; Hable
et al. 2003; Hable and Kropf 2005). Thus, cortical actin localization is a faithful
marker of the existing developmental axis.

Beginning about 4 h AF, the existing axis becomes steadily reinforced, or
amplified. The essence of axis amplification is targeting of the endomembrane
system and generation of cytosolic ion gradients (Fig. 3a). Both endocytotic
and exocytotic limbs of membrane cycling are dispersed throughout the cy-
toplasm in young zygotes, but gradually become focused to the rhizoid pole
(Hadley et al. 2006). This results in preferential secretion of adhesive at the
rhizoid and may also establish a cortical domain with unique molecules in
the rhizoid membrane and/or cell wall (Belanger and Quatrano 2000b; Fowler
and Quatrano 1997). Simultaneously, cytosolic gradients of H+ and Ca2+ are
generated with highest activity at the rhizoid pole (Berger and Brownlee 1993;
Kropf et al. 1995; Pu and Robinson 2003). Cytosolic H+ and Ca2+ gradi-
ents and endomembrane cycling may comprise a positive feedback loop in
which local elevation of H+ and Ca2+ activity stimulate secretion and inser-
tion of ion transporters at the rhizoid pole, thereby strengthening the ion
gradients and promoting further secretion. However, it should be noted that
to date there is no direct evidence for transporter accumulation at the rhi-
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zoid pole. Surprisingly, the axis remains labile throughout the amplification
period; when the direction of the light vector is changed actin, endomem-
branes, and ion gradients reposition to the new rhizoid pole.

Just prior to germination, the developmental axis becomes fixed in space
and insensitive to subsequent environmental cues. Axis fixation is thought to
involve formation of axis-stabilizing complexes at the rhizoid pole comprised
of transmembrane bridges from the cortical actin to sulfated polysaccharides
in the cell wall (Fowler and Quatrano 1997). Total mRNA accumulates at
the thallus pole during axis fixation (Bouget et al. 1996), and some localized
mRNAs may serve as developmental determinants that are asymmetrically
partitioned when the zygote divides.

Rhizoid outgrowth denotes germination and is driven by an increase in
targeted secretion. The branching Arp2/actin network expands dramatically
at germination forming a continuum that extends from the rhizoid face of the
nuclear envelope to the cortical domain in the rhizoid tip (Fig. 3a; Hable and
Kropf 2005). The very apex is relatively devoid of cytoskeleton and is filled
with secretory vesicles, as has been observed in other tip growing cells in-
cluding pollen tubes (Lovy-Wheeler et al. 2005). Germinated zygotes exhibit
negative phototropism, which is preceded by a shift in the actin array and
the vesicle accumulation zone toward the shaded side of rhizoid where new
growth becomes focused (Hable and Kropf 2005). These and other findings
(Brawley and Quatrano 1979) suggest that the extensive actin array trans-
ports secretory vesicles from Golgi to the apical growth site. Microtubules
are not required for polarization or germination, but may help organize the
actin/endomembrane system. Microtubule depolymerization or stabilization
results in a more dispersed endomembrane system (Hadley et al. 2006) and
fat rhizoids (Kropf et al. 1990).

4
Microtubules and Asymmetric Cell Division

Although microtubules are not required for polarization or germination, they
are essential for cell division. They are the major structural component of the
mitotic spindle, and their organization within the cell determines both the
position of the mitotic apparatus and the placement of the cell plate during
division. How, then, are microtubules organized in developing zygotes? Like
animals, fucoid algae have discrete microtubule organizing centers called cen-
trosomes that regulate the distribution and organization of microtubules in
the cell (Fig. 3b; Bisgrove et al. 1997; Motomura and Nagasato 2004; Nagasato
et al. 1999). Hence, the location of the centrosomes during cell division deter-
mines both the position of the mitotic apparatus and the subsequent site of
cell plate deposition. Because of their importance, the centrosomes have been
monitored in zygotes during polarization and cell division.
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4.1
Microtubule Organization During Polarization

Unfertilized eggs do not have centrosomes and microtubules emanate from
the nucleus in an array that is evenly dispersed around the nuclear pe-
riphery (Bisgrove et al. 1997; Motomura 1994; Nagasato et al. 1999). The
centriolar components of the centrosomes are acquired from the flagellar
basal bodies of the sperm at fertilization (Fig. 3a). Since sperm are biflagel-
lated, the egg receives two centrioles; they migrate with the sperm pronucleus
through the cytoplasm and are deposited on the nuclear envelope at karyo-
gamy (Bisgrove et al. 1997; Motomura 1994; Motomura and Nagasato 2004;
Nagasato et al. 1999; Nagasato 2005; Swope and Kropf 1993). As develop-
ment proceeds, the centrosomes slowly separate from each other by migrating
around the nucleus until they reach positions on opposite sides of the nu-
clear envelope. At the same time, there is a gradual reorganization of the
microtubules into an array in which microtubules emanate mainly from the
two perinuclear centrosomes outward into the cortex of the cell. These steps
occur over several hours and are not completed until shortly before zy-
gotes enter mitosis, about 16 h AF. Although centrosomal separation does
occur concurrently with polarization of the zygote, the two processes appear
to proceed independently of each other since treatments that inhibit polar-
ization or tip growth do not affect centrosomal separation and vice versa
(Bisgrove and Kropf 1998).

Just prior to mitosis, the centrosomes come to rest on opposite sides of the
nucleus and microtubules extend from them out into the cortex of the cell.
The rhizoid appears to provide a favorable environment for microtubules,
since they are more abundant in this part of the zygote. In addition to the
microtubules that emanate from the centrosomes, recent studies in living zy-
gotes microinjected with fluorescently labeled tubulin have revealed a cortical
array that is not seen in fixed preparations (Corellou et al. 2005). In young zy-
gotes the cortical microtubules are randomly arranged and distributed evenly
around the cell. However, as zygotes develop, the cortical microtubules lo-
calize preferentially to the presumptive rhizoid where they become denser as
zygotes germinate and the rhizoid elongates. Although the function of these
cortical microtubules is unknown, it has been postulated that they might be
involved in shaping the rhizoid as it grows. The microtubules appear to orig-
inate in the cell cortex where they form an array that is not contiguous with
the centrosomes. It is, therefore, unlikely that the cortical microtubules are
involved in positioning the mitotic apparatus or the division site (Corellou
et al. 2005). Nonetheless, the abundance of both centrosomal and cortical mi-
crotubules suggests that the rhizoid provides an environment conducive to
microtubule assembly and/or stabilization.
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4.2
Positioning the Mitotic Apparatus

When zygotes enter mitosis the centrosomes form the poles of the metaphase
spindle, and their position determines the placement of the spindle. Initially,
the centrosomal axis, defined by a line drawn through the two centrosomes,
is not well aligned with the rhizoid/thallus growth axis (Fig. 3b). However,
before zygotes enter mitosis there is a nuclear rotation that partially aligns
the centrosomal axis with the growth axis and results in crudely aligned
metaphase spindles (Allen and Kropf 1992; Bisgrove and Kropf 1998, 2001;
Corellou et al. 2000b). Alignment of the centrosomes continues as zygotes
progress through mitosis, and by the end of telophase the centrosomal axis is
parallel with the growth axis (Bisgrove and Kropf 2001).

Treating zygotes with a battery of inhibitors at different times during cen-
trosomal alignment disrupts the premetaphase rotation of the nucleus but
does not affect alignment during telophase, suggesting that the pre- and post-
metaphase alignments are mechanistically different. The existing evidence
supports a model in which premetaphase nuclear rotation is effected by mi-
crotubules that extend from the centrosomes out toward the cortex of the
zygote (Allen and Kropf 1992; Bisgrove and Kropf 1998). These microtubules
are most likely dynamic, growing out from the centrosomes and disassem-
bling back toward them. Microtubules that reach the cell cortex appear to be
captured in the actin-containing bridges that link the plasma membrane to
the cell wall, since treatments that affect actin or the cell wall also disrupt nu-
clear rotation (Alessa and Kropf 1999; Bisgrove and Kropf 2001; Henry et al.
1996). Actin–cell wall bridges are concentrated in the rhizoid apex (Henry
et al. 1996) and so microtubules are preferentially captured there. Motors lo-
cated either at the centrosome or the cortex are postulated to exert a pulling
force on the captured microtubules. By chance, one centrosome usually re-
sides closer to the rhizoid apex; this centrosome will have more microtubules
in contact with the cortex and will be pulled toward the rhizoid apex. The
other centrosome will move toward the thallus pole, resulting in a rota-
tion that partially aligns the centrosomal axis. A similar microtubule-based
“search and capture” mechanism is thought to align the mitotic appara-
tus in budding yeast and animal cells (reviewed by McCarthy and Goldstein
2006). When the metaphase spindle forms, it is crudely aligned with the
rhizoid/thallus axis. Spindle formation requires the activities of Kinesin-5
motors to maintain spindle bipolarity. In addition, Kinesin-5 motors also ap-
pear to be involved in maintaining the integrity of spindle poles in fucoid
algae, an activity that has not yet been reported for these motors in other cell
types (Peters and Kropf 2006).

As zygotes exit metaphase, the centrosomal axis continues to align, albeit
by a mechanism that appears to be different from the nuclear rotation that
occurs before mitosis. Although this phase of alignment is not well under-
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stood, it is temporally associated with an elongation of the mitotic apparatus
that occurs during anaphase and telophase (Fig. 3b). One possibility is that
microtubule-based centering mechanisms acting on the centrosomes during
spindle elongation could contribute to this phase of alignment (Bisgrove and
Kropf 2001). Centrosomal centering involves interactions of microtubule ends
with stationary objects such as the periphery of the cell. Polymerizing mi-
crotubules that impact the cell boundary can exert a force that pushes the
centrosome toward the middle of the cell or, alternatively, cytoplasmic motors
acting on shortening microtubules can pull the centrosome toward the cortex
(Howard 2006). In theory, in a cell that is longer than it is wide, centrosomal
centering forces could align the anaphase/telophase mitotic apparatus if the
centrosomes move as a unit. Similar microtubule-based forces appear to be
involved in centering the nucleus in fission yeast cells (for example see Daga
et al. 2006).

4.3
Cytokinesis

By the end of telophase, the centrosomal axis is aligned parallel with the
rhizoid/thallus axis. Microtubules radiating from the centrosomes on the
daughter nuclei meet and interdigitate in the midzone of the remnant spin-
dle. The zone of microtubule overlap extends outward to the cell cortex and
predicts the position of the future division site (Bisgrove et al. 2003). Dur-
ing cytokinesis, a plate of actin first appears in the zone where microtubules
meet, and then membrane is deposited in islands throughout the cytokinetic
plane (Fig. 3c). The membranous islands fuse into a continuous compartment
into which cell wall materials are deposited. All of these structures mature in
a centrifugal fashion, from the center of the cell outward (Belanger and Qua-
trano 2000a; Bisgrove and Kropf 2004). Similar cytoskeletal arrays have been
observed in other brown algal cells during cytokinesis (Karyophyllis et al.
2000; Katsaros et al. 1983, 2006; Katsaros and Galatis 1992; Nagasato and Mo-
tomura 2002a,b; Varvarigos et al. 2005). Plant cells also divide centrifugally,
but they utilize a unique microtubule-based structure, the phragmoplast, dur-
ing cytokinesis (see Jurgens 2005 for a recent review).

How is the division site chosen? In general, there are two ways by which
cells determine a site for cytokinesis:

1. In metazoan, protist, and some plant cells the position of the mitotic ap-
paratus during metaphase/anaphase or telophase determines the site of
cytokinesis. In animal cells cytokinesis occurs by furrowing, and spindle
microtubules appear to deliver signals to the cell cortex that determine
the site of furrow formation (reviewed by Wadsworth 2005). Similarly,
during cellularization in endosperm and female gametophytes, radial mi-
crotubules define cellular spaces around nuclei and cell plate deposition
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occurs at the boundaries (Brown and Lemmon 2001; Otegui and Staehelin
2000; Pickett-Heaps et al. 1999).

2. Alternatively, in somatic plant cells, fission yeast, and budding yeast, cell
polarity specifies the site of cytokinesis in accordance with localized corti-
cal cues. In these cells the site of cytokinesis is determined before mitosis
rather than by the mitotic apparatus during or after the nuclear division
(Arkowitz 2001; Hoshino et al. 2003; Marcus et al. 2005; Wasteneys 2002;
Wu et al. 2003).

In fucoid algae, the position of the two daughter nuclei at the end of telophase
determines the division site. This conclusion is based on experiments in
which the colinearity between the telophase nuclei and the rhizoid/thallus
axis was uncoupled. Cytokinesis always occurred between telophase nuclei
rather than perpendicular to the rhizoid/thallus axis, indicating that it is
nuclear position and not cell polarity that defines the site of cytokinesis (Bis-
grove et al. 2003). At the time of cytokinesis, microtubules radiating from
the centrosomes define domains around the nuclei. Cytokinesis occurs in the
zone of microtubule overlap between telophase nuclei, in a manner similar to
the cellularization that occurs in endosperm and female gametophytes.

5
Zygotic Cell Division and Cell Fate Decisions

Is proper placement of the zygotic division developmentally important in
fucoid algae? If so, why? Generally, there are three ways by which asymmet-
ric cell divisions influence cell fate decisions: via the intrinsic, extrinsic, and
morphological pathways discussed above. In fucoid algae, there is evidence
indicating that all three pathways may be operational. Zygotic polarity devel-
ops in response to positional cues from the environment (extrinsic signals).
Sperm entry and environmental vectors, light or ion gradients for instance,
determine where the rhizoid will form. When the zygote divides, rhizoid and
thallus cells of different shapes are produced, and there is evidence to support
the idea that these morphological differences are developmentally import-
ant. Pulse-treating zygotes with pharmacological agents that perturb either
the cytoskeleton or secretion disrupts placement of the division and can af-
fect subsequent embryogenesis. In particular, severely misaligned divisions
in which the cell plate bisects the rhizoid tip disrupt the ability of embryos
to elongate their rhizoids normally. Rhizoid extension is either blocked or
two rhizoids are initiated, depending on the pharmacological agent used
(Bisgrove and Kropf 1998; Shaw and Quatrano 1996). Finally, there is also
evidence that suggests developmental determinants may be asymmetrically
partitioned between rhizoid and thallus cells when the zygote divides (in-
trinsic signals). Poly(A)+ RNA is preferentially segregated to the thallus in
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germinated zygotes and two-celled embryos, and this asymmetric distribu-
tion of mRNA could play a role in determining cell fates (Bouget et al. 1995).
Also, in an elegant set of laser microsurgery experiments, Berger et al. (1994)
found that thallus cells quickly redifferentiated into rhizoid cells once they
contacted residual cell wall from an ablated rhizoid, suggesting that devel-
opmental determinants might be localized in the rhizoid cell wall. Curiously,
Bisgrove and Kropf (1998) found that moderate misalignments of the zygotic
division had little effect on subsequent development. This observation sug-
gests that if the division does segregate determinants, they are either tightly
localized to the apical wall or daughter cell fates do not depend on precisely
partitioning them.

In plants, assessing how the first zygotic division influences development
is difficult because the relevant cells are buried deep within the maternal
tissues of the ovule. Nonetheless, there is reason to believe that intrinsic, ex-
trinsic, and morphological pathways may also have roles in plant zygotes and
young embryos. Plant cells commonly make cell fate decisions in response
to positional information (extrinsic cues), and genetic studies indicate that
gametophytic and sporophytic tissues surrounding the zygote contribute to
its development (reviewed by Laux et al. 2004). In addition, analyses of ex-
pression patterns have identified transcripts that are expressed in the zygote
and differentially localized to either the apical or the basal cell of the two-
celled embryo, suggesting that the first zygotic division differentially parti-
tions determinants (Haecker et al. 2004; Laux et al. 2004; Lukowitz et al. 2004;
Okamoto et al. 2005; Weterings et al. 2001). Finally, embryos of mutants with
mispositioned division planes, such as fass and gnom, have morphological
defects, suggesting that division plane alignment is important for morpho-
genesis (Busch et al. 1996; Geldner et al. 2003; Mayer et al. 1993; McClinton
and Sung 1997; Shevell et al. 1994; Torres-Ruiz and Jurgens 1994).

6
Conclusions and Future Directions

Analyses conducted over the last several years have provided us with a ba-
sic understanding of how asymmetric cell divisions are regulated in zygotes
of fucoid algae. The emerging evidence indicates that there are mechanistic
differences between asymmetric divisions in brown algal and plant zygotes,
a fact that is not surprising given the large phylogenetic distances that separate
the two groups. In plants, the availability of genomic resources and molecu-
lar/genetic techniques are facilitating the identification of molecules that may
play roles in asymmetric divisions and cell fate decisions. The lack of these
resources for any species in the phaeophyte lineage has been perhaps the
largest technical hurdle hindering molecular analyses in the brown algae. Re-
cently, a project to sequence the genome of the marine brown alga Ectocarpus



Asymmetric Cell Divisions: Zygotes of Fucoid Algae as a Model System 337

siliculosis was initiated by the French sequencing center GENOSCOPE (Peters
et al. 2004). This project will move brown algae forward into the molecu-
lar/genomics era and enhance the feasibility of comparative analyses between
phaeophytes and other eukaryotic lineages at the molecular level.
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Abstract Gas exchange between plants and the atmosphere takes place through stom-
ata (singular, stoma), which are microscopic valves on the plant epidermis composed of
paired guard cells. Stomatal differentiation involves a series of asymmetric divisions of
precursor cells followed by a single symmetric cell division that produces terminally dif-
ferentiated guard cell pairs. Stomatal development emerged as a model system to study
how environmental- and cell-cell signals translate into site/orientation of asymmetric
cell division and cell-type differentiation. This chapter focuses on cell-state transition
events leading to guard cell differentiation in the model plant Arabidopsis, and cell-cell
signaling mechanisms controlling stomatal patterning. Understanding how cell-cycle reg-
ulators influence stomatal patterning and differentiation will advance our knowledge of
cell division control in plant development.

1
Introduction

The evolution of land plants relied on the acquisition of mechanisms that
protected themselves from the dry atmosphere and harmful UV rays, while
allowing gas exchange for photosynthesis; and transpiration for stimulating
water movement from the soil to aboveground tissues. The innovation of
two distinct cell types on the plant epidermis was critical for solving this
challenge. Epidermal pavement cells are tightly-sealed interlocking cells with
thick cuticle layers. Stomata act as turgor-driven valves that allow gas ex-
change and transpiration. It is therefore not surprising that evolutionary
biologists believe that the emergence of stomata predates the evolution of
leaves, flowers, or even vasculature (Edwards et al. 1998). A stoma consists
of a microscopic pore surrounded by a pair of guard cells, which open and
close upon sensing environmental signals, such as drought, light, and CO2
concentrations. Given the importance of stomatal function for plant growth
and survival, significant research has been done on physiological and molecu-
lar bases of stomatal opening/closure as well as their eco-physiological and
environmental consequences (Assmann and Shimazaki 1999; Schroeder et al.
2001, 2001; Hetherington and Woodward 2003).

For developmental biology, stomata serve as a superb system to under-
stand cell-cell signaling, cell division, stem cell differentiation, cell polarity,
and cellular morphogenesis in plants. The steps leading to the differentiation
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of guard cells are uniquely coupled with specific types of cell divisions, the
reiterative asymmetric division of precursor stem cells and a single symmet-
ric division that generates a pair of guard cells. The simplicity and tractable
nature of the leaf epidermis makes the study of stomatal development tech-
nically amenable (Nadeau and Sack 2002; Bergmann et al. 2004). Recent
advances in model plant molecular genetics have begun to unravel how ge-
netic and environmental signals act in controlling stomatal patterning. In this
chapter, I will introduce the cellular processes of stomatal development with
emphasis on the model plant Arabidopsis, and provide the latest updates on
emerging cell-cell signaling mechanisms specifying the correct spacing and
differentiation of stomata. Potential interactions of cell-cell signaling with
intrinsic developmental regulators as well as environmental cues will be ex-
plored. Finally, future prospects on integrating cell cycle regulators in the
context of stomatal patterning will be presented.

2
Stomatal Development in Arabidopsis

Arabidopsis stomata are typically found in complexes with three subsidiary
cells, one being distinctly smaller than the others, surrounding a pair of
guard cells (Esau 1977; Zhao and Sack 1999; Serna and Fenoll 2000; Nadeau
and Sack 2002). These are characteristic “anisocytic” stomatal complexes
and are generated through stereotypical cell division patterns (Esau 1977).
Stomatal development initiates post-embryonically when populations of pro-
todermal cells, termed meristemoid mother cells (MMC), enter into asym-
metric division (Nadeau and Sack 2002). This initial asymmetric division
generates two daughter cells with distinct fates. The larger daughter cell
differentiates into an epidermal pavement cell. In contrast, the smaller daugh-
ter cell, termed a meristemoid, possesses stem-cell like characteristics, as
it continues to divide asymmetrically to renew itself over several rounds
of divisions (Nadeau and Sack 2002). Typically, meristemoids reiterate 3
rounds of asymmetric division. The repeated asymmetric division of meris-
temoids will be hereafter referred to as amplifying asymmetric division,
as each division increases the number of cells, which we termed stomatal-
lineage ground cells (SLGC), larger daughter cells that function as subsidiary
cells (Shpak et al. 2005). SLGCs are also referred to as “subsidiary cells”
or “pavement cells” in literature. The meristemoid then differentiates into
a round guard mother cell (GMC), which divides symmetrically once to
generate a pair of guard cells (Nadeau and Sack 2002). This results in an
anisocytic complex with three clonally-related subsidiary cells (Berger and
Altmann 2000; Serna et al. 2002). However, the number of asymmetric di-
visions as well as the clonal relationship among cells constituting the stom-
atal complex is plastic and variable. For example, a detailed clonal analysis
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of stomatal complexes in the adaxial epidermis of Arabidopsis Ler acces-
sion by Serna et al. (2002) revealed that, while the vast majority (87%)
of anisocytic stomatal complexes derived from single precursor cells, the
rest were of polyclonal origins. Geisler et al. (2000) reported that the num-
ber of asymmetric divisions in the Columbia accession varies from zero to
three. This plastic nature of stomatal ontogeny reflects a dynamic intrin-
sic developmental program that integrates external cues for adaptation and
survival. In fact, environmental factors, such as humidity and CO2 concentra-
tions, are known to affect stomatal density and patterning (Gray et al. 2000;
Lake et al. 2002).

Fig. 1 Stomatal development in Arabidopsis. A Cartoon showing the key steps of stomatal
differentiation. Undifferentiated cells in the protoderm can undergo either proliferative
division to form pavement cells or asymmetric division to initiate stomatal develop-
ment. Stage I: a subset of protodermal cells, a meristemoid mother cell (MMC) divides
asymmetrically and forms a self-renewing meristemoid that reiterate a few rounds of
asymmetric division. Stage II: the meristemoid then differentiates into a round, guard
mother cell (GMC). Stage III: the GMC undergoes a single symmetric division. Stage IV:
a pair of immature guard cells achieves final morphogenesis to form a functional stoma.
The amplifying asymmetric division of meristemoids generates surrounding stomatal-
lineage ground cells (SLGCs) that provide water and ions for stomatal opening and
closure. B A polarity of asymmetric division during satellite meristemoid formation. The
secondary asymmetric division occurs away from the existing stoma, thereby assuring
that two stomata are separated by at least one cell apart (1-cell spacing rule). Modified
from Torii (2006)
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The entire process of stomatal patterning and differentiation in Arabidop-
sis can be divided into the following four critical stages (Fig. 1A). Stage I
initiates the entry into the stomatal-lineage via emergence of MMCs (Stage
I-a) and commitment to reiterative asymmetric division (Stage I-b). Stage II
represents the differentiation of meristemoids into GMCs associated with the
loss of potential for asymmetric division. Stage III includes the acquisition
of symmetric division potential in GMCs, and finally Stage IV, or guard cell
morphogenesis, concludes the process of stomatal development (Fig. 1A).

Occasionally, SLGCs initiate asymmetric division and produce satellite
meristemoids (Fig. 1B). This secondary asymmetric division occurs in a non-
random fashon away from the existing stoma (Yang and Sack 1995; Geisler
et al. 2000, 2003; Nadeau and Sack 2002). As a consequence, stomata are sep-

Fig. 2 Stomatal patterning mutants. Shown are the DIC (differential interference contrast)
microscopy images of the abaxial rosette leaf epidermis of: A wild type; B tmm; C sdd1;
D yoda; E erecta erl1 erl2; F flp-1; G flp-7; and H fama. Images are taken under the same
magnification. A scale bar = 20 µm
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arated by at least one cell (known as the “one-cell spacing rule”) (Fig. 1B,
Fig. 2) (Nadeau and Sack 2002). Proper spacing is critical for physiological
functions of stomata, because guard cells must exchange water and ions (e.g.
K+ and Cl–) with surrounding subsidiary cells in order to open and close
(Assmann and Shimazaki 1999; Schroeder et al. 2001, 2001; Hetherington and
Woodward 2003). The observed, “one-cell spacing rule” indicates that the
newly forming meristemoid “knows” the location of pre-existing stoma and
avoids stomatal cluster formation by orienting the site of secondary asymmet-
ric division. This suggests the presence of cell–cell communication.

In the following sections, I will describe the cytological events during
stomatal differentiation and emerging roles of key regulatory genes of stom-
atal patterning.

3
Stage I-a: Entry Into Asymmetric Division

3.1
Regulation of Orientation and Frequency of Asymmetric Division

Thus far, no molecular markers have been reported for MMC identity. The
earliest cytological event that clearly distinguishes the MMC is the polariza-
tion of the cytoskeleton, which predicts the site of asymmetric division (Lucas
et al. 2005).

The orientation and frequency of the initial asymmetric divisions and
cell-cell interaction among the daughter cells determine the proper density
and spacing of stomata. Genes implicated in signal transduction play im-
portant roles in stomatal patterning. They include TOO MANY MOUTHS
(TMM), STOMATAL DENSITY AND DISTRIBUTION1 (SDD1), YODA (YDA),
and three ERECTA-family genes, ERECTA (ER), ERECTA-LIKE1 (ERL1), and
ERL2 (Table 1) (Berger and Altmann 2000; Nadeau and Sack 2002; Bergmann
et al. 2004; Shpak et al. 2005). Loss-of-function mutations in these genes
confer clustered stomata, thus violating the “1-cell spacing rule” (Fig. 2).
However, phenotypes of these mutants are not identical, suggesting that their
relationships are not simply linear.

TMM encodes a receptor-like protein with an extracellular leucine-rich re-
peat (LRR-RLP), which likely acts as a receptor for a positional cue that spec-
ifies the site of asymmetric division (Nadeau and Sack 2002). The phenotypes
of tmm mutant plants are organ-dependent and complex: the cotyledons and
leaves produce clustered stomata (Fig. 2B); the stems produce no stomata; and
pedicels exhibit a gradient of no stomata to stomatal clusters (Yang and Sack
1995; Geisler et al. 1998). This complex phenotype implies that TMM triggers
contrasting developmental events in a dosage-dependent manner and that
each organ requires a different dosage of TMM. Perhaps, TMM potentiates
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Table 1 Arabidopsis genes regulating stomatal development

Gene name AGI Gene Product (putative) Refs.
number

1: Genes regulating asymmetric division and stomatal patterning

ERECTA (ER) a,b At2g26330 LRR-receptor-like kinase (Shpak et al. 2005)
ERECTA-LIKE1 (ERL1) a,bAt5g62230 LRR-receptor-like kinase (Shpak et al. 2005)
ERECTA-LIKE2 (ERL2) a At5g07180 LRR-receptor-like kinase (Shpak et al. 2005)
STOMATAL DENSITY At1g04110 subtilicin-like (Berger & Altmann 2000;
AND DISTRIBUTION1 proteinase von Groll et al. 2002)
(SDD1) a

TOO MANY MOUTHS At1g80080 LRR-receptor protein (Yang and Sack 1995;
(TMM) a Nadeau and Sack 2002)
YODA (YDA) a At1g63700 MAPkinase kinase (Bergmann et al. 2004)

kinase

2: Genes regulating guard cell differentiation

FAMA a A3g24140 bHLH protein (Bergmann et al. 2004)
FOUR LIPS (FLP) a At1g14350 R2R3 Myb protein (Lei et al. 2005)
MYB88 b At2g02820 R2R3 Myb protein (Lei et al. 2005)

3: Genes regulating guard cell cytokinesis/morphogenesis

CYCLIN-DEPENDENT At3g54180 cyclin-dependent kinase (Boudolf et al. 2004)
KINASE B1;1 (CDKB1;1)
CYTOKINESIS NA NA (not cloned) (Yang et al. 1999)
DEFECTIVE1 (CYD1)
KEULE c At1g12360 Sec1 protein (Sollner et al. 2002)
STOMATAL At1g49040 DENN-WD40 protein (Fabel et al. 2003)
CYTOKINESIS
DEFECTIVE1 (SCD1) c

4: Genes mediating environmental control of stomatal density

HIGH CARBON At2g46720 Long-chain fatty acid (Gray et al. 2000)
DIOXIDE (HIC) biosynthesis

Notes: Genes are in alphabetical orders
a Photographic images provided in Fig. 2
b Phenotypes largely redundant. Combination of double (or triple) mutations

among closely related paralogs revealed synergistic interactions
c Weak- or temperature sensitive alleles show guard cell cytokinesis defects.

The defects in severe alleles are pleiotropic

the entry into the stomatal pathway at lower concentrations (e.g. in MMC),
but at high concentration (e.g. in meristemoids) TMM ensures guard cell dif-
ferentiation, while inhibiting its neighboring cells from further asymmetric
division.

SDD1 encodes a subtilicin-like putative extracytoplasmic protease (Berger
and Altmann 2000). In animals, this protease family is known to process pep-
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tidic ligands to a mature form (Cui et al. 1998). The sdd1 mutant exhibits
high stomatal density but with few stomatal clusters (Fig. 2C). This implies
that SDD1 may primarily regulate the frequency of initial asymmetric divi-
sion with lesser effects on specifying the orientation in relation to existing
stoma.

YDA encodes a putative mitogen activated protein kinase kinase kinase
(MAPKKK), a cytoplasmic protein kinase acting at the entry point of MAPK
cascades (Bergmann et al. 2004). In plants, animal, and fungi, MAPK cascades
integrate and amplify signals transmitted from the upstream cell-surface re-
ceptors and activate downstream gene expression in the nucleus to regulate
cellular processes. (Serger and Krebs 1995). Unlike tmm and sdd1, the yda
mutation is highly pleiotropic. yda was first reported as a mutation defective
in the initial asymmetric division of zygote with disrupted embryo pattern-
ing (Lukowitz et al. 2004). In addition, yda plants show severe dwarfism,
disrupted floral patterning, and male and female sterility (Lukowitz et al.
2004). The epidermis of yda leaves produces high-density stomatal clusters
(Bergmann et al. 2004). This phenotype is much more severe than in tmm
and sdd1 (Fig. 2D). YDA may act as an on-off switch to repress initial entry
into stomatal development when a cell receives a signal from its neighbors,
while TMM and SDD1 translate the signal gradient. Consistently, the overly-
active form of YDA (YDA∆NB) severely inhibits the onset of initial asymmet-
ric divisions, resulting in the epidermis consisting solely of pavement cells
(Bergmann et al. 2004).

Unexpectedly, the ERECTA-family genes were recently shown to play a role
in stomatal patterning. ERECTA is a well-known gene regulating plant archi-
tecture, in which loss-of-function mutation confers a characteristic compact
inflorescence with short pedicels and blunt fruits (Torii et al. 1996). ERECTA
encodes an LRR receptor-like kinase (LRR-RLK), a prevalent family of RLKs
that play important roles in developmental, steroid-hormone signal transduc-
tion, and defense against pathogens (Torii et al. 1996, 2004; Becraft 2002).
ERECTA and its two paralogous genes, ERL1 and ERL2, interact in a synergis-
tic manner in regulating stomatal patterning (Shpak et al. 2005). The erecta
erl1 erl2 triple loss-of-function mutations confer severe dwarfism, disrupted
floral patterning, male- and female sterility, and a high-density stomatal
clustering phenotype (Fig. 2E) (Shpak et al. 2004, 2005). Overall, these phe-
notypes highly resemble those of the yda single mutant, suggesting that the
YDA MAPK cascade may function downstream of ERECTA-family RLKs in
multiple developmental processes.

3.2
Genetic Interactions and Hierarchy of Signal Transduction

Studies of genetic interactions are now illuminating possible cell-cell signal
transduction mechanisms regulating stomatal patterning. The overexpres-
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sion of SDD1 inhibited the initial asymmetric division and reduced stomatal
density (von Groll et al. 2002). However, the effect was reversed by the tmm
mutation, thus placing TMM downstream of SDD1 (von Groll et al. 2002). The
simplest interpretation of these results is that the excessive production of ma-
ture ligands by overexpression of SDD1 overly inhibited entry into stomatal
development via the TMM receptor.

YDA most likely acts downstream of the SDD1-TMM pathway. A single
copy of YDA∆NB, which by itself does not completely inhibit the entry into
stomatal development, was able to suppress the stomatal cluster phenotype
of sdd1 and tmm (Bergmann et al. 2004). This indicates that a slight increase
in YDA activity was able to resume a normal level of signal transduction in
the absence of SDD1 or TMM. Perhaps, signals mediated via TMM are trans-
mitted to the YDA-MAPK cascades to suppress neighboring cells to enter the
stomatal-lineage.

TMM does not possess any cytoplasmic stretch (Nadeau and Sack 2002). In
fact, the TMM protein molecule ends with a 23 amino-acid-long membrane-
spanning region, suggesting that the C-terminal end of TMM does not extend
from the plasma membrane to the cytoplasm. In addition, the C-terminus of
TMM possesses a GPI (glycosylphosphatidylinositol)-anchor motif, suggest-
ing that TMM may be anchored to the membrane surface (Nadeau and Sack
2002). Such structural features make TMM unlikely to transmit signals by it-
self, and it is reasonable to speculate that TMM forms a receptor complex
with a partner molecule that possesses a cytoplasmic effector domain. Sci-
entists predicted that the partner of TMM would be an LRR-RLK, in light
of other systems such as CLAVATA (CLV) in shoot apical meristem develop-
ment, whereby CLV1 LRR-RLK is thought to form a receptor dimer with CLV2
LRR-RLP (Clark et al. 1997; Jeong et al. 1999).

The three ERECTA-family LRR-RLKs are attractive candidates of the TMM
partner. The genetic interaction of TMM and ERECTA-family by Shpak et al.
(2005) suggest that TMM may restrict the inhibitory action of ERECTA-
family RLKs on the initial entry into asymmetric division. This was evident
from their interactions in the stems. The tmm stems give rise to no stomata,
while the erecta erl1 erl2 stems form high-density stomatal clusters (Nadeau
and Sack 2002; Shpak et al. 2005). The epistatic relationship of TMM and
ERECTA-family genes in the stem epidermis exhibited stoiochiometric dy-
namics: While TMM is epistatic to each one of the ERECTA-family genes,
three ERECTA-family genes together are epistatic to TMM. Removing TMM
and two out of three ERECTA-family genes resumed nearly wild-type stom-
atal phenotype (Shpak et al. 2005). It is exciting to speculate that TMM
modulates the activity of ERECTA-family RLKs via direct association. How-
ever, in cotyledons and leaves, both tmm and erecta-family triple mutants
display stomatal clusters. Do they act cooperatively in these organs while
acting antagonistically in the stems? Establishing the molecular bases of re-
ceptor interactions and identifying their ligands is critical for elucidating the
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complex action of TMM and ERECTA-family receptors. By analogy to known
LRR-RLPs and LRR-RLKs, the ligands for TMM/ERECTA-family receptors are
most likely small peptides.

4
Stage I-b and II: Amplifying Asymmetric Division
and Differentiation of Meristemoids

The amplifying asymmetric division of a meristemoid occurs in an inward
spiral. Serna et al. (2002) documented that the division angle of meriste-
moids in the Ler adaxial leaf epidermis is exactly 60 degrees with little
deviation. Therefore, a newly formed, triangular-shaped meristemoid likely
re-establishes its polarity away from the polar end of the previous asymmet-
ric division. This implies the presence of a chemical gradient and a cellular
system to translate gradient to determine the site of cytokinesis. Lucas et al.
(2006) reported that it is common to have two adjacent meristemoids in
wild-type epidermis, given that the initial entry asymmetric division occurs
randomly. However, two adjacent meristemoids always divide away from each
other to avoid further contact. Such polarity is disrupted in the tmm mu-
tant, indicating that TMM functions in perceiving the positional cues during
amplifying asymmetric division.

Flexible numbers of amplifying asymmetric division allows developmen-
tal plasticity to adjust stomatal density in response to environmental changes.
Furthermore, it provides a way to “correct” erroneous division to avoid
clustered stomata. The number of amplifying asymmetric divisions may be
regulated by ERECTA-LIKE (ERL) genes. The pedicel epidermis of erl1 erl2
double mutants gave rise to stomatal complexes with reduced number of
SLGC (stomatal lineage ground cells), implying that the meristemoids com-
pleted reduced rounds of asymmetric division and precociously differentiated
into GMCs.

ERECTA-family regulates the binary decision of daughter cells of an asym-
metric division to adopt stomata vs. SLGC fates. Consistently, the epidermis
of erecta single mutant produced occasional patches of 2–3 cells that appear
to have undergone asymmetric division but failed to differentiate into guard
cells. Expression of stomatal-lineage markers, TMM::GUS and ERL1::GUS in
these groups of cells supports the hypothesis that both daughter cells be-
came SLGCs. The tmm mutation greatly enhanced this “patches of cells with
no stomata” phenotype. (Shpak et al. 2005). Indeed, the tmm erecta dou-
ble mutations completely eliminated stomata from cauline-leaf and carpel
epidermis, leaving numerous small cells that likely underwent asymmetric
division and then became SLGC without accompanying guard cells. (Shpak
et al. 2005). In both cases, termination of stomatal fate is likely due to mis-
regulation of ERL1, which becomes overly inhibitory in repressing GMC
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differentiation. Consistent with this hypothesis, the additional erl1 mutation
reversed the no-stomata phenotype of tmm erecta. Whether TMM regulates
ERL1 via direct association awaits further biochemical analysis.

A positive regulator of differentiation of a meristemoid has not yet been
identified. If such a gene exists, then the loss-of-function mutation may ex-
tend the lifespan of meristemoids’ stem cell-like activity, and consequently
mutant plants should exhibit excessive rounds of amplifying asymmetric di-
vision. If a default pathway of a meristemoid is to adopt pavement cell fate,
then the mutant plants lacking the positive regulator may form two pave-
ment cells after entry into asymmetric division, just like those observed in the
tmm erecta double mutant background (Shpak et al. 2005). Further isolation
of such mutants and molecular cloning of causal genes will help us elucidate
the molecular mechanisms of stem cell differentiation in the plant epidermis.

5
Stage VI: GMC Division – Intrinsic Regulation by Transcriptional Factors

Once the meristemoid commits to becoming a GMC, it loses its potential for
asymmetric division. GMC differentiation is evident from its changes in cel-
lular morphology. The triangular meristemoid cell expands and become oval
in shape with characteristic, end wall thickening (Lucas et al. 2006). The GMC
achieves, precisely, a single symmetric division. This reflects the fundamen-
tal importance of having a pair of guard cells for proper stomatal function.
Therefore, mechanisms must be present to ensure exactly one symmetric di-
vision occurs. Two genes, FOUR LIPS (FLP) and FAMA, prevent excessive
(more than one) symmetric division of the GMC (Bergmann et al. 2004; Lai
et al. 2005)

The flp-1 mutant was initially isolated from the phenotype of paired stom-
ata, which gives four aligned guard cells (Fig. 2F) (Lai et al. 2005). While ad-
jacent stomata are arranged randomly in stomatal patterning mutants (tmm,
sdd1, erecta-family, and yoda), paired stomata in flp are in parallel due to
their origin from a single GMC. In the severe allele flp-7, the GMC under-
goes reiterative symmetric divisions, which result in formation of a row of
“caterpillar-like” guard cell clusters (Fig. 2G). FLP encodes an atypical R2R3-
type Myb protein, which most likely functions as DNA-binding transcription
factor (Lai et al. 2005). Therefore, an attractive hypothesis is that FLP sup-
presses expression of positive regulators of cell cycle progression promoting
GMC division. Interestingly, both weak- (flp-1, flp-2) and severe alleles (flp-7)
are predicted to produce truncated proteins with incomplete Myb domains,
with weaker alleles producing shorter fragments than the severe one (Lai et al.
2005). This apparent discrepancy between the severity of phenotypes and im-
pacts on protein structure implies a dominant-negative activity of flp-7 gene
products, which may interfere with redundant components. Consistent with
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this idea, the T-DNA inserted knockout alleles of flp display weak phenotypes
(Lai et al. 2005).

The paralogous Myb gene, MYB88, is most likely the redundant fac-
tor. MYB88 shares high sequence identity (91% amino-acid identity in the
MYB domain, 71% overall) and exhibits similar expression pattern with FLP
(Lai et al. 2005). Interestingly, while complete loss-of-function mutations in
MYB88 failed to confer any visible phenotype, they dramatically enhanced the
size of “caterpillar-like” guard cell stacks in the flp mutant (Lai et al. 2005).
Moreover, introduction of an extra genomic copy of MYB88 with its own pro-
moter rescued the flp phenotype. The combined dosage of FLP/MYB88 may
be critical for guard cell differentiation.

FAMA was identified from transcriptional profiling as a gene upregu-
lated in yoda (in which the epidermis is predominantly stomata) com-
pared to YDA∆NB (in which the epidermis is predominantly pavement cells)
(Bergmann et al. 2004). The loss-of-function fama phenotype highly resem-
bles that of flp, suggesting that FAMA and FLP function in the same step
of GMC differentiation. However, unlike flp, the abnormal “caterpillar-like”
clusters in fama never form mature guard cells, suggesting that FAMA sup-
presses GMC division but in addition promotes the guard cell differentiation
program (Fig. 2H). FAMA encodes a bHLH (basic-Helix Loop Helix) protein
and most likely acts as a DNA- binding transcription factor.

The molecular identity of FLP and FAMA as Myb and bHLH transcription
factors highlights an intriguing link to underlying mechanisms of epider-
mal cell-type differentiation in leaves and roots. Differentiation of trichomes
and root hairs requires orchestrated actions of Myb transcriptional activa-
tors, which associate with bHLH proteins (Schiefelbein 2000, 2003). It would
be therefore of special interest to address whether FLP and FAMA physically
associate with each other and constitute a transcriptional regulatory complex.

6
Stage IV: Guard Cell Morphogenesis

The final stage of stomatal differentiation involves guard cell morphogenesis,
a step leading to the formation of paired guard cells. After a symmetric di-
vision of the GMC, the new cell wall forms along the side of division, which
develops a pore. The guard cells adopt a characteristic microtubule and mi-
crofibril organization (Hepler and Palevitz 1974). Defective cytokinesis leads
to abnormal guard cell morphology. The cytokinesis defective1 (cyd1) mu-
tant forms abnormal guard cells with various degrees of cytokinesis defects:
∼ 20% form a single, large round cell lacking any ventral wall or pore, ∼ 10%
have incomplete wall with pore, and ∼ 5% form a single round guard cell
with partial cell wall protrusions (Yang et al. 1999). These abnormal cells
are either single- or bi-nucleated, each correlating with the extent of cytoki-
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netic defects (Yang et al. 1999). The molecular identity of CYD1 is not known.
The temperature-sensitive stomatal cytokinesis-defective1-1 (scd1-1) mutant
exhibits abnormal guard cells similar to the cyd1 mutant (Falbel et al. 2003).
SCD1 encodes a protein with two domains (DENN domain and WD-40 re-
peats), and these structural features imply a possible role for SCD1 in vesicle
trafficking during cell-plate formation. Consistently, the null alleles of scd1
exhibit pleiotropic defects in cytokinesis and polar cell expansion. There-
fore, abnormal guard cell morphology may be a sensitive indicator of general
cytokinesis defects, which can be exploited to recover weak alleles of key reg-
ulatory genes for cytokinesis. Consistently, the weak alleles of KNOLLE and
KEULE, two genes initially isolated as regulators of embryogenesis, display
abnormal stomatal morphology (Sollner et al. 2002). KNOLLE and KEULE
encode syntaxin and Sec1, respectively, two physically-interacting proteins
required for vesicle fusions at the nascent cell plate (Lukowitz et al. 1996;
Waizenegger et al. 2000). In addition to cytokinesis, the cell cycle defects may
confer abnormal guard cells (see below).

7
Cell Cycle Regulation in Stomatal Patterning

Stomatal patterning and differentiation is tightly coupled with specific types
of cell division: the initial asymmetric division of MMCs, the amplifying
asymmetric division of meristemoids, and a single symmetric division of
GMCs. In addition, genome replication is strictly controlled during stom-
atal development, as guard cells remain at 2C (diploid) unlike the rest of
epidermal cells that undergo endoreduplication (Melaragno et al. 1993). The
obvious questions are whether specific cell cycle regulators control distinct
cell division types during stomatal development and, if so, whether forcing
cell cycle switches can invoke/suppress stomatal development. Studies suggest
that cell cycle regulators may influence stomatal patterning, but they do not
impinge on stomatal differentiation.

The promoter of the Arabidopsis CTD1 gene, which encodes a subunit of
the DNA-replication licensing complex together with AtCDC6, is highly ac-
tive in stomatal-lineage cells (Castellano Mdel et al. 2004). The AtCTD1::GUS
promoter activity resembles that of TMM and ERL1, with highest activity in
meristemoids and GMCs, and moderate activity in SLGCs (Castellano Mdel
et al. 2004). Overexpression of AtCDT1 and AtCDC6 slightly increased the
numbers of stomata, but it did not lead to formation of adjacent stomata.
These results suggest that the DNA-replication licensing complex may pro-
mote stomatal asymmetric division and that forcing G1-to-S phase transition
may slightly increase the MMC specification. However, this is not sufficient to
overcome negative regulation by cell–cell signaling components encoded by
SDD1, TMM, YODA, and ERECTA-family genes.
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Arabidopsis B-type cyclin-dependent kinase gene CDKB1,1 is also ex-
pressed in stomatal-lineage cells with high expression in meristemoids,
GMCs, and in guard cells (Boudolf et al. 2004). Overexpression of a dominant-
negative form of CDKB1,1 led to a significant reduction in SLGCs due to
reduced amplifying asymmetric division. Intriguingly, the mature stomata
in the dominant-negative transgenic plants exhibited aberrant morphology,
with unicellular round or kidney-shaped single guard cells without a pore
(Boudolf et al. 2004). These unicellular stomata have a nuclear content of 4C,
indicating that they are arrested in the G2 phase. Therefore, inhibition of
CDKB1,1 prevents division of both meristemoids and GMCs without interfer-
ing with the guard cell differentiation program.

How stomatal developmental regulatory genes influence cell cycle machin-
ery is an open question. At least four members of stomatal cell-cell signal
transduction, YDA and three ERECTA-family RLKs, are required for cell pro-
liferation during normal plant growth, as both yda and erecta erl1 erl2 triple
mutant plants are severely dwarfed with reduced cell numbers (Lukowitz et al.
2004; Shpak et al. 2004). Conversely, the overly-active YDA∆NB plants show
excessive stem elongation due to increased cell numbers (McAbee and Torii,
unpublished). How do YDA and three ERECTA-family RLKs promote cell pro-
liferation while suppressing entry into the stomatal lineage? RT-PCR analysis
of erecta erl1 erl2 triple mutant plants by Shpak et al. (2004) did not reveal
any increase in mRNA levels of G1-cyclins that are known to promote auxin-
mediated organ growth (Mizukami and Fischer 2000; Hu et al. 2003). It is
possible that cell proliferation is modulated by a mechanism other than G1-
cyclin expression. Better understanding of the exact cell cycle defects in these
mutants may link cell cycle regulation and stomatal patterning.

8
Environmental Control of Stomatal Patterning

Plants sense environmental changes and adjust stomatal density accordingly.
Numerous environmental factors, including light, humidity, drought, ozone,
and atmospheric CO2 concentrations affect stomatal density and/or stomatal
index (Holroyd et al. 2002). Among these factors, CO2 concentrations and
stomatal density show an inverse correlation in a wide variety of plant species
(Holroyd et al. 2002). How do plants integrate environmental signals to mod-
ulate intrinsic stomatal developmental programs? Identification of the HIGH
CARBON DIOXIDE (HIC) gene by Gray et al. (2000) brought new insight into
this important question. The Arabidopsis hic mutant has no apparent pheno-
type in ambient conditions. However, the hic mutant is greatly increased in
stomatal density (approx. 40% increase) under the elevated CO2 concentra-
tion (Gray et al. 2000). HIC encodes a putative 3-keto acyl Co-A synthase, an
enzyme regulating synthesis of very-long-chain fatty acids (VLCFA), which
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constitute epicuticular wax. HIC is expressed specifically in developing guard
cells (but not in the meristemoid or GMC).

Consistent with the role of HIC in epicuticular wax biosynthesis, mutations
in two additional epicuticular wax biosynthesis genes, CER1 and CER6, con-
fer significant increases in stomatal density even in the ambient CO2 levels
(Gray et al. 2000; Holroyd et al. 2002). Unlike HIC, CER1 and CER6 affect wax
composition in the entire epidermis, including pavement cells (Aarts et al.
1995; Fiebig et al. 2000). One scenario is that the altered composition in the
guard cell extracellular matrix changes the concentration gradient of a dif-
fusible inhibitor of stomatal development to neighboring cells. Under high
CO2 concentrations, altering wax composition only in the guard cells (but not
the entire epidermis) is sufficient to trigger excess stomatal formation. Ob-
viously, identifying the elusive diffusible signal is the key for understanding
environmental control of stomatal patterning.

9
Future Perspectives

Recent years have seen a dramatic advancement in our understanding of
molecular mechanisms of stomatal patterning and differentiation. The iden-
tification of SDD1, TMM, YODA, and ERECTA-family genes now allows us to
investigate the biochemical basis of stomatal cell-cell signaling. Establishing
molecular interactions among these signaling molecules is the obvious next
step. It would be particularly interesting to see whether TMM and ERECTA-
family RLKs form receptor heterodimers. However, several key regulatory
molecules are still missing. For example, we do not know the identity of lig-
ands or downstream MAPK components for stomatal patterning. Likewise,
nothing is known about the positive regulators, which specify meristemoid
identity as well as differentiation of meristemoids to GMCs. In animals, con-
trol of asymmetric division and cell-type differentiation is controlled by the
orchestrated actions of cell-cell signaling, cell division programs, and tran-
scription factors that drive the fate decision. Some key transcription factors
for stomatal differentiation may have yet to be discovered. An integrated ap-
proach, taking advantage of modern “omics” as well as classical forward- and
reverse genetics, may lead to a breakthrough in filling the gap in our know-
ledge of the molecular bases of stomatal development.

Updates: Since the original book chapter was submitted, four signifi-
cant publications have appeared. Wang et al. (2007) identified two MAPKs
(AtMPK3 and AtMPK6) and two upstream MAPKKs (AtMKK4/AtMKK5) as
redundant negative regulators of stomatal differentiation. Both biochemical
and genetic data indicate that these kinases act downstream of YODA. In-
terestingly, AtMPK3/6 and AtMKK4/5 are known to regulate environmental-
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and biotic (pathogen) stress. Findings by Wang et al. (2007) provide tantaliz-
ing evidence that both developmental and stress-induced signaling pathways
converge at the downstream MAPK cascades.

Second, a trio of genes directing three key steps of stomatal differentia-
tion was identified (MacAlister et al. 2007; Ohashi-Ito and Bergmann, 2006;
Pillitteri et al. 2007). Loss-of-function mutations in the gene SPEECHLESS
(SPCH) confer an epidermis solely made of pavement cells, thus lacking any
stomatal lineage cells. Loss-of-function mutations in MUTE lead to exces-
sive asymmetric division of the meristemoids that fail to differentiate into
GMC. Both SPCH and MUTE encode basic helix-loop-helix (bHLH) proteins
closely-related with each other as well as with FAMA. Therefore, stomatal dif-
ferentiation is directed by sequential actions of the three “key switch” bHLH
genes: SPCH at initiation (from MMCs to meristemoids), MUTE at precursor
differentiation (from meristemoids to GMCs), and FAMA at terminal differ-
entiation of guard cells (from GMCs to guard cells). The findings highlight an
intriguing parallel between stomatal cell-type differentiation and muscle- and
neuron cell-type differentiation in animals.
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Abstract Anther development requires the coordinated differentiation of several cell
types. Recent molecular genetic analyses have led to exciting advances in our understand-
ing of anther cell division and differentiation. The SPOROCYTELESS/NOZZLE (SPL/NZZ)
gene is a putative transcription factor critical for early anther cell division and/or dif-
ferentiation. Several genes that regulate tapetum formation and differentiation have
been isolated, including EXCESS MICROSPOROCYTES1/EXTRA SPOROGENOUS CELLS
(EMS1/EXS), SOMATIC EMBRYOGENESIS1(SERK1), SERK2, and TAPETUM DETERMI-
NANT1 (TPD1). Also, genes important for normal tapetum differentiation and function
have been uncovered, including two closely related MYB genes, MYB33 and MYB65,
which are post-transcriptionally regulated by microRNAs, and the rice Udt1 gene. Finally,
genes encoding putative transcription regulators, ABORTED MICROSPORES (AMS) and
MALE STERILITY1 (MS1), and a lipid metabolism enzyme, AtGPAT1 are important for
pollen development. These discoveries have ushered in a new era for understanding the
control of cell division and differentiation during plant male reproductive development.

1
Introduction

Flowering plants rely on microsporogenesis and microgametogenesis for
male reproduction and the propagation of the species (Li and Ma 2002; Ma
2005). Microsporogenesis is the formation of the microspores that precedes
the development of the male gametophytes (pollen). Microgametogenesis oc-
curs within the developing pollen grain and leads to the generation of sperm
cells. These complex processes require coordinated development of sporo-
phytic and gametophytic cell types within the anther. In Arabidopsis, the an-
ther cross section is butterfly-shaped, with two adaxial and two abaxial lobes.
At early stages, the development of the adaxial lobes lags behind slightly that
of the abaxial lobes. Anther development in Arabidopsis has been divided into
14 stages on the basis of the anther morphology (Sanders et al. 1999) and
additional features can be detected using transmission electron microscopy
(TEM) (Owen and Makaroff 1995) (Table 1).
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Table 1 Stages of Arabidopsis anther development

Anther Major events and morphological markers Tissues
stagea present

1 Stamen is round with three major cell layers L1, L2, L3
2 Stamen becomes oval shaped; archesporial cells are in the

four corners of the L2 layer
Ep, Ar, L3

3 Archesporial cells have divided parallel to the epidermis
to form the primary parietal and primary sporogenous
cells in the lobes

Ep, PP, PSp,
L3

4 Primary parietal cells have divided parallel to the epi-
dermis to form the inner secondary parietal and outer
secondary parietal cell layers; they begin to form concen-
tric rings around the sporgenous cells. The Vascular and
connective become distinguishable

Ep, ISP, OSP,
Sp, V

5 One of the secondary parietal layers has divided peri-
clinally at the outer surface, three L2-derived cell layers
surround the pollen mother cells. At late stage five, cal-
lose begins to form around PMCs

Ep, En, ML, T,
PMC, C, V

6 A thick callose layer is apparent surround the pollen
mother cells, which enter and go through meiosis. The
middle layer becomes compressed and appears as a thin
line. Tapetum becomes vacuolated

Ep, En, ML, T,
Mc, PMC, V

7 Meiosis has completed with cytokinesis. Tetrads of mi-
crospores appear in the locules.

Ep, En, ML, T,
Td, C, V

8 Microspores are free within in the locules after the callose
wall is degenerated. Middle layer is no longer visible.

Ep, En, T,
MSp, C, V

9 Microspores generate an exine wall and become vacuo-
lated. Septum is visible using TEM

Ep, En, T,
Msp,
C, V, Sm

10 Tapetum degeneration is initiated Ep, En, T,
Msp, C, V, Sm

11 Microspores undergo three rounds of mitotic divisions.
Tapetum continues to degenerate. Endothecium and epi-
dermis appear highly vacuolated. Septum cells begin to
degenerate

Ep, En, T,
Msp, C, V,
Sm, St

12 Tricellular pollen grains are visible. Septum degeneration
and breakage cause the anthers to become bilocular. Dif-
ferentiated stonium visible using TEM.

Ep, En, PG, C,
V, St

13 Breakage along stonium allows for pollen release-de-
hiscence

Ep, En, PG, C,
V, St

14 The stamen senesces as the cells shrink Ep, En, C, V

aAnther stages were taken from Sanders et al. (1999).
Ar, archesporial cells; Ep, epidermis; PP, primary parietal cells; PSp, primary sporoge-
nous cells; ISP, inner secondary parietal cells; OSP, outer secondary parietal cells; Sp,
sporogenous cells; V, vascular tissue; En, endothecium; ML, middle layer; T, tape-
tum; PMC, pollen mother cells; C, connective tissue; Mc, meiocyte; Td, tetrads; Msp,
microspores; Sm, septum; St, stonium; PG, pollen grain
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The establishment of anther cell layers, histogenesis, occurs within the first
five stages. Although the relative roles that position and cell lineage play in an-
ther cell differentiation have yet to be elucidated (Goldberg et al. 1993; Scott
et al. 2004), by early anther stage five, the cell layers are fully established with
the endothecium, middle layer and tapetum forming rings around the pollen
mother cells (PMCs). At this stage, the PMCs and tapetal cells are connected to
each other and to their own cell type by plasmodesmata (Owen and Makaroff
1995). Post-histogenesis growth also requires the coordinated development
and function of sporophytic and gametophytic cells, particularly the tape-
tum, which supports the growth of the developing pollen at later stages. In
addition, tapetum degeneration and its timing are very important for proper
microspore development (Wu and Cheun 2000). Following tapetum degener-
ation, the anther becomes bilocular as the septum separating the locules on
each side of the anther breaks. Subsequently, anther dehiscence occurs to al-
low the release of pollen. The morphological description of Arabidopsis anther
development provides a basis for the characterization of mutants defective in
anther development (Owen and Makaroff 1995; Sanders et al. 1999). This chap-
ter presents recent advances in our understanding of the control of anther cell
division and differentiation from genetic and molecular analyses.

2
Control of Early Anther Development by SPL/NZZ

An early acting anther gene is SPOROCYTELESS/NOZZLE (SPL/NZZ), which
is required for the formation of the PMCs and also has a role in ovule devel-
opment (Balasubramanian and Schneitz 2000; Schiefthaler et al. 1999; Yang
et al. 1999). In the stage 5 spl anthers, there are no normal somatic or sporoge-
nous cells; however, the nature of the earliest defect is not clear. Yang et al.
(1999) indicated that the archesporial cells of spl anthers underwent a normal
periclinal cell division to form the primary parietal cells (PPCs) and primary
sporogenous cells (PSCs) at stage 3. On the other hand, Schiefthaler et al.
(1999) reported that the nzz mutant anther failed to show differentiation of
the archesporial cells. It is possible that the difference in phenotypic descrip-
tions reflect allelic variations and/or environmental effects. However, the lack
of molecular markers for early anther cell types makes it difficult to iden-
tify them. Nevertheless, it is clear that SPL/NZZ is required for normal early
anther development.

SPL/NZZ encodes a putative transcription factor (Schiefthaler et al. 1999;
Yang et al. 1999). It was recently shown that the floral MADS-box protein
AGAMOUS (AG) can directly bind to the 3′ end of SPL/NZZ and induce its
transcription (Ito et al. 2004). Using a fusion of SPL to the rat glucocorticoid
receptor gene (35S::SPL-GR), it was shown that SPL/NZZ is sufficient to in-
duce microsporogenesis in a strong ag mutant background, indicating that



364 C.L.H. Hord · H. Ma

SPL/NZZ is a central mediator for the promotion of microsporogenesis by
AG (Ito et al. 2004). These 35S::SPL-GR flowers produced whorl 3 petals with
locules, instead of stamens; therefore, SPL/NZZ alone was not sufficient to
specify stamens and other whorl-specific factors are involved in this process
(Ito et al. 2004).

There is evidence that SPL/NZZ is expressed at anther stage 2, consistent
with the idea that SPL/NZZ is necessary for promoting cellular division and
differentiation of another cell type (Schiefthaler et al. 1999). It is possible that
SPL/NZZ promotes the formation or differentiation of the PPCs and PSCs. Al-
ternatively, SPL/NZZ might not be necessary for the differentiation of PPCs
and PSCs, but is required for promoting the differentiation of the sporoge-
nous cells beginning at late stage 3. Due to the lack of specific molecular
markers for these early anther cell types, it is difficult to know whether PPCs
and PSCs are correctly formed at stage 3 and these hypotheses cannot yet be
distinguished.

Although the parietal cell types are affected in the spl/nzz mutants, it is
not known how SPL/NZZ regulates the development of the parietal cell types.
A current theory in anther development is that the sporogenous cells pro-
mote the differentiation and development of the parietal cell layers possibly
through cell-cell communication (Albrecht et al. 2005; Scott et al. 2004; Yang
et al. 1999, 2003). This model would support an indirect role for SPL/NZZ in
sporophytic development, by regulating genes necessary for the formation of
sporogenous cells, which then promote the differentiation of adjacent cells
into the parietal cell types. Alternatively, it is possible that the spl/nzz mutants
are not able to properly specify the archesporial cell type. Thus, the observa-
tion that the anther was filled with vacuolated parenchyma cells (Yang et al.
1999) may be the result of a defect in this specification. In this case, SPL/NZZ
would play an earlier and more direct role in specifying the parietal cells.

3
Tapetum Specification Requires Cell-Cell Signaling

The tapetum cell layer supports pollen development by producing and releas-
ing essential proteins (Izhar and Frankel 1971; Stieglitz 1977). When the tape-
tum cells are selectively destroyed the plant fails to produce pollen (Koltunow
et al. 1990; Mariani et al. 1990, 1991). Recently several genes have been shown
to be critical for tapetum formation and may be components of the same
signaling pathway. Two groups independently isolated mutant alleles of the
same gene called EXCESS MICROSPOROCYTES1 (EMS1)/EXTRA SPOROGE-
NOUS CELLS (EXS) (Canales et al. 2002; Zhao et al. 2002). Both the ems1
and exs mutant alleles appear to lack the tapetal cell layer and produce an
increased number of PMCs (Fig. 1). This observation was further supported
by the results that the expression domain of the meiosis-specific marker SDS
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Fig. 1 Cross-sections of wild-type and ems1 anthers at late stage 5. A The wild anther lobe
has the five distinct cell layers. B The ems1 anther lobe has a higher than normal number
of PMCs in the center of the lobe, and the tapetum layer is missing. Ep, epidermis; En,
endothecium; ML, middle layer; T, tapetum; PMC, pollen mother cells; MLP, middle layer-
positioned cells

was expanded to the extra PMCs in the ems1 mutant, whereas no signal was
detected for the tapetum-specific probe ATA7 (Zhao et al. 2002).

In a normal stage 6 anther, PMCs are detached from each other and the
tapetum; in contrast, the ems1/exs mutant PMCs were abnormally enlarged
and adhered to adjacent cells (Zhao et al. 2002). This may be due to ab-
normal callose accumulation/deposition on the mutant meiocytes (Canales
et al. 2002), supporting the hypothesis that tapetum is necessary for nor-
mal callose deposition and the physical separation of the PMCs. Neverthe-
less, the ems1/exs mutants undergo meiotic nuclear events from prophase I
to telophase II (Canales et al. 2002; Zhao et al. 2002). However, the ems1
meiocytes fail to undergo cytokinesis and degenerate without forming mi-
crospores (Zhao et al. 2002).

The EMS1/EXS transcript was detected in archesporial cells at stage 2 and
subsequently in the L2-derived cells at stages 3 and 4 (Canales et al. 2002;
Zhao et al. 2002). At stage 5, the EMS1/EXS transcript was detected strongly in
the tapetum and less so in PMCs. The EMS1/EXS expression is greatly reduced
starting at stage 6. Canales et al. (2002) also detected EMS1/EXS expression
in the floral meristem and ovule primordia. The EMS1/EXS gene encodes
a leucine-rich repeat receptor-like kinase (LRR-RLKs) (Canales et al. 2002;
Zhao et al. 2002), a member of the largest family of RLKs in plants (Shiu and
Bleecker 2001). Transient expression in onion epidermal cells of an EMS1-
GFP fusion suggests that EMS1 is localized to the cell surface; furthermore,
an in vitro assay showed that EMS1/EXS has autophosphorylation activity
(Zhao et al. 2002). These results support the hypothesis that it functions as
a receptor-like protein kinase to mediate an important developmental signal.

In addition to EMS1/EXS, two other LRR-RLKs, SERK1 and SERK2, play
critical roles in tapetum formation (Albrecht et al. 2005; Colcombet et al.
2005). Although the serk1 and serk2 single mutants seem normal, the serk1
serk2 double mutant has the same male fertility and anther development
phenotypes as those of ems1/exs mutants. Therefore, SERK1 and SERK2 act
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redundantly in a way similar to EMS1/EXS. The expression patterns of SERK1
and SERK2 in the anthers largely coincide with the expression pattern of
EMS1/EXS. Fluorescence Resonance Energy Transfer (FRET) analysis showed
that SERK1 and SERK2 can form homo- or hetero-dimers in the plasma
membrane, suggesting that SERK1 and SERK2 act interchangeably in the
same complex (Albrecht et al. 2005). SERK1 and SERK2 transcripts were de-
tected in the L2-derived cells at stages 4 and early 5, including the PMCs,
strongly in the tapetum at late stage 5, and at reduced levels after stage 8 or 9.

The similarity of ems1 and serk1 serk2 anther phenotypes suggests that
these genes might mediate the same signaling pathway. EMS1/EXS is closely
related to the BRI1 brassinosteroid receptor, except that EMS1 lacks the hor-
mone binding domain (Zhao et al. 2002). In addition, the SERK1/SERK2 close
homolog BAK1 is known to interact with BRI1 (Albrecht et al. 2005; Colcom-
bet et al. 2005; Nam and Li 2002). Therefore, it is possible that EMS1/EXS
forms a receptor complex with SERK1 or SERK2 that binds to one or more
ligands (Albrecht et al. 2005; Colcombet et al. 2005). Currently, the most likely
candidate for the ligand is TAPETUM DETERMINANT1 (TPD1), a small 176
amino acid protein (Yang et al. 2003). The tpd1 mutant exhibits an identi-
cal phenotype (Yang et al. 2003) to those of the ems1/exs single mutant and
serk1 serk2 double mutant, with no tapetum and extra PMCs. A double mu-
tant between tpd1 and another ems1/exs allele has nearly identical anther
phenotypes to those of the ems1 and tpd1 single mutants (Yang et al. 2003),
suggesting that these genes act in the same signaling pathway.

It was shown that TPD1 expression in the anther appears to be in all of
the L2-derived cells at stages 2–4 (Yang et al. 2003). At late stage 4 and early
stage 5, TPD1 and EMS1/EXS are expressed in the PMCs and in tapetal precur-
sors, with TPD1 being strongest in the PMCs and EMS1/EXS being strongest
in tapetal precursors, suggesting that they might mediate a signaling event
between these two cell types. The expression of TPD1 was not reduced in the
ems1/exs1-2 mutant background, nor was EMS1/EXS expression reduced in
the tpd1 mutant background, indicating that they do not regulate one another
at the mRNA level (Yang et al. 2005). Expression of TPD1 under the 35S pro-
moter in transgenic lines caused a range of abnormal phenotypes, including
abnormal tapetal development and degeneration and wide carpels (Yang et al.
2005). In addition, the wide carpel phenotype was dependent on the presence
of a wild type copy of EMS1/EXS. Together these results indicate that TPD1 re-
quires EMS1/EXS in order to regulate reproductive development (Yang et al.
2005).

In rice, the MULTIPLE SPOROCYTE1 (MSP1) gene encodes an LRR-RLK
that shares 63.8% amino acid sequence identity with EMS1/EXS (Nonomura
et al. 2003). The msp1 mutant is phenotypically similar to ems1/exs, suggest-
ing that EMS/EXS and MSP1 are functional homologs (Nonomura et al. 2003).
In addition, the msp1 mutant ovules also produce multiple sporogenous cells.
Thus, perhaps analogous to EMS1/EXS in Arabidopsis, MSP1 is important
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for restricting sporogenous cell number and promoting normal anther wall
formation in rice (Nonomura et al. 2003). A similar mutant, multiple arch-
esporial cells1 (mac1), has been described in maize, where the cell lineage
in anther development is well defined (Sheridan et al. 1999) (Fig. 2). In the

Fig. 2 Cross-sections of maize wild-type and mac1 mutant anthers. A–C Wild-type; D–
F mac1. A A stage comparable to Arabidopsis late stage 4, the anther has the four cell
layers, and the inner secondary parietal layer is dividing to form the middle layer and
tapetum (small arrowheads). B An anther with five distinct cell layers. C A stage compa-
rable to Arabidopsis early stage 6, the PMCs are in prophase I of meiosis. D A stage similar
to that in A. Cell patterning is disrupted at this stage. The primary parietal layer has not
divided periclinally and the inner sporogenous cells appear to have proliferated abnor-
mally. E A stage similar to that in B, the mac1 mutant primary parietal layer continues
to persist, while the sporogenous cells have formed additional layers, the innermost of
which has the appearance of PMCs. F A stage comparable to that in C in the mac1 mu-
tant anther, the inner cell layers are disrupted; the primary parietal cells persist in the
endothecial position, no tapetum is formed, and while the inner-most PMC-like cells have
entered prophase I of meiosis, they are irregularly shaped and are surrounded by a largely
disorganized array of unknown cell types. Ep, epidermis; PP, primary parietal; OSP, outer
secondary parietal; ISP, inner secondary parietal; S, sporogenous; En, endothecium; ML,
middle layer; T, tapetum; PMC, pollen mother cells; Mc, meiocyte; U, unknown cell type.
This figure was modified from Figs. 1 and 2 of Sheridan et al. (1999) with permission
from the Genetics Society of America
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mac1 mutant, the primary parietal cells do not seem to undergo any peri-
clinal division, and the sporogenous cells proliferate abnormally (Sheridan
et al. 1999) (Fig. 2). The innermost sporogenous cells enter meiosis, but they
are abnormal in shape, organization, and callose-deposition, and fail to pro-
ceed to beyond prophase I. Like msp1 in rice, the mac1 mutation in maize
also results in the over-proliferation of archesporial cells in the ovule (Nono-
mura et al. 2003; Sheridan et al. 1999). This implies that these genes act to
negatively regulate sporogenous cell division and to positively regulate pari-
etal cell differentiation, similar to EMS1/EXS, SERK1, SERK2, and TPD1 in
Arabidopsis.

The results from Arabidopsis, rice, and maize suggest that there is a con-
served cell-cell signaling pathway that promotes the formation of the tapetum
layer and limits the number of PMCs. The mutant phenotypes also sup-
port the idea that the default developmental program favors the formation
of PMCs. Furthermore, molecular studies described here suggest that these
genes represent signaling pathway(s) that respond to signal(s) from the cen-
tral region of the PMCs and direct differentiation of the tapetum, which then
support meiosis and pollen development (Ma 2005).

4
Regulation of Normal Tapetum Development and Function

The coordinated differentiation and function of tapetal cells and the male
gametophyte is essential for normal pollen development. Several genes have
been identified that are important for tapetum differentiation and/or func-
tion, including the closely related MYB33 and MYB65 genes (Millar and
Gubler 2005). Disruption of either gene has no apparent effect on plant de-
velopment, whereas the myb33 myb65 double mutant plants are conditionally
male sterile and fail to produce pollen, indicating that they function re-
dundantly (Millar and Gubler 2005). Cross sections of the mutant anthers
revealed that the male sterile phenotype was due to hypertrophy (abnormal
enlargement) of the tapetal cells from stages 5 to 6 (Fig. 3A and B). In addition
to having an increased size, the tapetal cells do not separate from one another,
as they do in the wild type. Furthermore, the tapetum appears unable to per-
form its normal functions. For example, callose deposits remain in the locules
where the tapetum has expanded, indicating that the tapetum is not releasing
callase (Millar and Gubler 2005).

Interestingly, male sterility in the myb33 myb65 double mutant is affected
by environmental conditions. Occasionally normal locules were seen adjacent
to hypertrophied locules (Fig. 3C), suggesting that the MYB33/MYB65 func-
tion might not be absolutely essential, but is important under certain condi-
tions. Fertility of the double mutant is significantly increased under relatively
high light (∼ 300 µmol µm–2 s–1 vs. 95 µmol µm–2 s–1) and at low tempera-
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Fig. 3 Cross-sections of myb33 myb65 double mutant anthers. A Around anther stage 6,
pre-meiotic PMCs have a thick callose layer, but have become irregularly shaped under
an abnormally expanding tapetum layer. B A later stage anther showing tapetal cells that
are highly vacuolated and have expanded radially inward around degrading PMCs. C An
anther with adaxial lobes undergoing normal development and abaxial lobes with hyper-
trophied tapetal cells. T, tapetum; PMC, pollen mother cells. This figure was modified
from Figs. 3 and 4 from Millar and Gubler (2005) with permission from the American
Society of Plant Biologists

tures (16 ◦C vs. 22 ◦C), and were almost as fertile as the wild type (75% vs.
90–96% filled siliques). Both high light and low temperatures increase the
level of soluble carbohydrates in plants (Hurry et al. 1995). Carbohydrate
reserves are mobilized in the tapetum just before meiosis; this timing coin-
cides with the mutant defect (Clément et al. 1994; Millar and Gubler 2005).
Thus MYB33 and MYB65 may play a role in starch mobilization similar to the
function of a known MYB gene from barley (HvGAMYB) (Millar and Gubler
2005). Indeed, MYB33 and MYB65 were shown be capable of activating the
α-amylase promoter in the place of HvGAMYB (Gocal et al. 2001). Further-
more, the GAMYB mutants in rice and barley have similar anther defects,
exhibiting tapetum hypertrophy prior to meiosis (Kaneko et al. 2004; Mur-
ray et al. 2003). Therefore, it is possible that the role of MYB genes in anther
development may be conserved between monocots and eudicots (Millar and
Gubler 2005).

MYB33 is expressed at low levels in anthers at stages 5 and 6, and at much
higher levels at stage 7 in all four cell layers of the anther wall, as well as
in the tetrads. MYB33 expression in the tapetum just before meiosis is con-
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sistent with the tapetum hypertrophy in the myb33 myb65 double mutant at
this stage. The MYB33 and MYB65 genes are also post-transcriptionally regu-
lated by microRNAs (miRNAs) (Millar and Gubler 2005). miRNAs can guide
cleavage of the cognate mRNAs, and cleavage products of both MYB33 and
MYB65 have been isolated (Palatnik et al. 2003). In addition, it was shown that
overexpression of the miRNA miR159a causes cleavage of MYB33 and male
sterility (Achard et al. 2004).

A rice mutant named undeveloped tapetum1 (udt1) was recently isolated
from a T-DNA insertional screen (Jung et al. 2005). In the udt1 mutant, anther
development appears normal through the pre-meiotic stages (stage 5) (Jung
et al. 2005). However, at the time of meiosis the mutant tapetal cells become
highly vacuolated and continue to increase in size through stage 7; at the same
time, the middle layer cells do not flatten or degenerate. From meiosis onward
all of the cell layers of the anther wall cell layers appear irregularly shaped
and abnormally stained. The udt1 PMCs undergo normal nuclear division,
forming dyads at the end of meiosis I. However, at the stage where tetrads
are normally formed the meiocytes are degraded. Thus, Udt1 plays an im-
portant role in tapetum differentiation, beginning around meiosis, and may
be involved in the development of the other anther cell wall layers (Jung et al.
2005).

Semi-quantitative RT-PCR showed that Udt1 is strongly expressed within
the anther, from meiosis to pollen release. Using a GUS reporter gene, re-
searchers first observed Udt1 expression after the initiation of tapetum de-
velopment. Udt1 encodes a protein with a predicted basic helix-loop-helix
(bHLH) domain (Jung et al. 2005), which define a large family of putative
transcription factors, including the Arabisdopsis ABORTED MICROSPORES
(AMS, see below) and mammalian Myc proteins. Transient expression of
a 35S:Udt1-GFP fusion construct revealed that GFP signal was localized to
the nucleus, indicating that UDT1 is likely a nuclear protein (Jung et al.
2005). Therefore, Udt1 appears to be a key regulator of tapetum differentia-
tion and/or function at the time of meiosis and soon afterwards.

Because Udt1 encodes a putative transcription factor, the transcript level
of three rice tapetum-specific markers was tested: Osc4 and Osc6, which en-
code protease inhibitors, and Cys protease1 (Jung et al. 2005; Lee et al. 2004;
Tsuchiya et al. 1994). Each of these genes is expressed in the wild type from
meiosis (stage 6) through the vacuolated pollen stage (about stage 10). In the
udt1 mutant anthers, however, transcripts for these genes were undetectable
(Jung et al. 2005). This suggests that they may be downstream of Udt1 (Jung
et al. 2005). In addition, a potential rice homolog (Os02g02820) of AMS, also
important for tapetum development (see below), is strongly expressed in the
wild-type anther but reduced in the udt1 mutant (Jung et al. 2005). Further
investigation using microarray experiments revealed a large number of genes
that show reduced expression in the udt1 mutant, including genes coding for
bHLH, MYB, WRKY, and APETELA2 transcription factors (Jung et al. 2005).
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5
Genes Affecting Tapetal Function and Pollen Development

Following the completion of meiosis, the tapetum is critical for normal pollen
development. The ABORTED MICROSPORES (AMS) gene plays a critical role
in the post-meiotic tapetum that supports microspore development (Sorensen
et al. 2002). The ams mutant is male sterile and cannot produce pollen.
Although ams is normal in anther histogenesis, meiosis and microspore
formation, the microspores soon degenerate. In addition, the ams tapetum
appears to begin premature degeneration. Eventually both microspores and
tapetum cells completely disintegrate. AMS expression was strong in post-
meiotic floral buds, but not in open flowers, siliques, leaves or roots (Sorensen
et al. 2002). The highest levels of GUS activity from an AMS-GUS fusion were
seen in the tapetum and the nuclei of microspores, consistent with a role for
AMS in promoting tapetum function and pollen mitosis I. The regulation of
pollen mitosis I may be direct, via AMS function in the microspores, or indi-
rect, through regulation of tapetum function, or both. The AMS gene codes
for a Myc-like bHLH transcription factor (Sorensen et al. 2002) and is homol-
ogous to the rice gene Os02g02820, which is positively regulated by Udt1 (Jung
et al. 2005). It is possible that AMS is part of a regulatory network that controls
tapetum differentiation and function (Sorensen et al. 2002).

Part of tapetal function includes biosynthesis of macromolecules that sup-
port pollen wall formation, such as lipids and proteins. One of the major
pathways for Lipid synthesis in plants generally follows one of two major
pathways: incorporation into triacylglycerol (TAG) or into membrane glyc-
erolipids. Glycerolipids are essential components of the cell membrane and
are likely necessary for maintaining membrane integrity as well as mem-
brane biogenesis (Zheng et al. 2003). Glycerol-3-phosphate acyltransferases
(GPATs) are enzymes that mediate the initial step of glycerolipid biosynthe-
sis. Tapetum and microspores are both known to be quite active in lipid
metabolism (Ferreira et al. 1997; Piffanelli et al. 1998; Platt et al. 1998), and
the Arabidopsis mutant atgpat1 is defective in the development of both of
these cell types (Zheng et al. 2003). Although the atgpat1-1 mutant appears
normal up to the time of microspore formation, subsequently the tapetal
cells begin to enlarge abnormally (Zheng et al. 2003). This defect underscores
the importance of lipid biosynthesis in tapetum function. In vitro assays
showed that ATGPAT1 is an acyltransferases that can specifically acetylate
glycerol-3-phosphate.

Another gene important for tapetum function is the MALE STERILE1
(MS1) gene, which appears to function later than AtGPAT1 and in a differ-
ent pathway. The ms1 mutant appears to develop normally through stage 8,
but the microspores fail to form a complete exine wall (stage 9) and both
the tapetum and microspores become vacuolated and eventually degener-
ate (Fig. 4) (Ito and Shinozaki 2002; Wilson et al. 2001). Also, the cytoplasm
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Fig. 4 Cross-sections of wild-type No-0 and ms1 anther lobes. A Wild-type at anther
stage 9 has microspores with an exine layer. B The ms1 mutant microspores at stage 9
have no exine layer. C In ms1, subsequent to stage 9, the tapetum and microspores be-
come vacuolated and eventually degrade D leaving the locules empty. Ep, epidermis; En,
endothecium; T, tapetum; Msp, microspores (Courtesy of Takuya Ito)

of the microspores appears granular and vacuolated prior to degeneration
(Wilson et al. 2001). MS1 expression was only found in the inflorescence
(Ito and Shinozaki 2002; Wilson et al. 2001). In addition, in situ hybridiza-
tion showed that in anthers, MS1 transcript could only be detected in the
tapetal cells at the tetrad stage (stage 7) (Ito and Shinozaki 2002). Locules of
the same anther at a slightly different developmental stage did not show any
MS1 expression, indicating a very short period of expression. Taken together,
the mutant phenotype and expression pattern imply that MS1 expression at
stage 7 is required for the tapetum to produce materials essential for sub-
sequent exine development on microspores at stage 9 (Ito and Shinozaki
2002). Therefore, MS1 function is necessary for normal tapetum function
after stage 8.

MS1 codes for a protein with three predicted domains: a nuclear local-
ization signal, a PHD-finger motif and a leucine zipper-like sequence with
sequence similarity to an Arabidopsis mitochondrial ORF. PHD-finger motifs
are thought to be involved in protein-protein interactions and proteins con-
taining these motifs may participate in transcriptional regulation (Aasland
et al. 1995; Ito and Shinozaki 2002). Using a GFP fusion construct and particle
bombardment, it was shown that the N-terminal region of MS1 is sufficient to
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direct localization to the nucleus (Ito and Shinozaki 2002). Thus, MS1 appears
to be a nuclear protein involved in regulating transcription either through al-
tering chromatin structure or as a transcription factor (Aasland et al. 1995; Ito
and Shinozaki 2002; Wilson et al. 2001).

6
Summary and Perspectives

Many exciting discoveries have been made in the realm of anther devel-
opment within the last ten years. The early acting SPL/NZZ gene is a key
regulator of sporogenous cell differentiation and encodes a putative tran-
scription factor. Its function is likely coordinated with other factors important
for differentiation of the early anther cell types. Between stages 2 and 5, cells
within the anther lobes undergo highly oriented cell divisions and the fac-
tors governing this process are not yet known. Further studies in the near
future will likely uncover additional genes that control anther differentiation,
including genes that are regulated by SPL/NZZ.

EMS/EXS, SERK1, SERK2, and TPD1 appear to function in the same sig-
naling pathway to promote tapetum differentiation. It is possible that the
proteins coded for by these genes physically interact. EMS/EXS may form
a functional receptor complex with SERK1 and/or SERK2, and TPD1 may be
the ligand for this complex. In addition, other LRR-RLKs may also play a role
in other aspects of anther development. The currently ongoing 2010 project
on the functional analysis of 30 LRR-RLKs (http://www.mcb.arizona.edu/tax/
2010/index.htm) may yield further insight into the regulation of anther devel-
opment by members of this important gene family.

Finally, several genes have been described that are important for both
tapetum and pollen development. Interestingly, Udt1 appears to regulate the
expression of a potential rice homolog for AMS (Os02g02820). Thus, the Ara-
bidopsis homolog of Udt1 may regulate the expression of AMS. If this is the
case, it would indicate that this transcriptional pathway for tapetum devel-
opment and/or function is highly conserved between monocots and dicots.
Tapetum and pollen development are complex and important processes, fu-
ture studies using multiple approaches offer the promise of new discoveries
about the molecular control of plant development.
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Abstract Cell division is a highly regulated process in individual cells. Multicellularity has
introduced extra layers of regulatory complexity since maintenance of a strict cellular
homeostasis is crucial for proper development. In the case of plants, where organogenesis
is a post-embryonic and continuous process, the coordination between cell prolifera-
tion and cell differentiation is of primary importance. The last 10 years have witnessed
an unprecedented advance in our understanding of cell division and how it integrates
with differentiation and development. These studies have benefited enormously from the
availability of the full genome sequence of Arabidopsis thaliana and the genomic tools
generated. We now face the challenge to integrate the functional relationships of cell cycle
regulators into common pathways and to define the complex transcriptional networks
that coordinate cell proliferation and cell differentiation during plant development.

1
Introduction

Progression through the cell division cycle requires duplication of the genetic
material and the delivery of the newly duplicated genomes to the two daughter
cells during mitosis. However, an important consideration is that the cell cycle,
as we normally understand it, is indeed the functional integration of multiple
cycles (Fig. 1). Thus, cells develop a “growth cycle” during which they increase
in total mass, a process that largely occurs in an almost continuous man-
ner. They also develop a “DNA replication cycle”, which is a discrete process
whose duration defines the S-phase. In other words, in a population of asyn-
chronously proliferating cells, only a proportion of them is, at a given time,
engaged in duplicating their genome. During the “chromosome segregation
and cytokinesis cycle” the duplicated genome is transferred to the daughter
cells and it defines the mitotic phase, which includes cytokinesis. More recent
molecular and biochemical studies are serving to establish the occurrence of
other cycles, e.g., the “CDK cycle”, which is defined by a succession of periods
with high (from just before the S-phase until the end of metaphase) and low
(from anaphase to late G1) CDK activity. The temporal superimposition of
these functional cycles in a particular proliferating cell originates what we de-
fine as a cell cycle with the typical G1, S, G2 and M phases, although the rest of
functional activities should also be taken into account (Fig. 1).
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Fig. 1 Each proliferating cell develops different processes during its life. Some of them are
depicted in the figure. These cycles frequently communicate and their superimposition
gives rise to different functional stages that we define as the cell cycle

However, as expected in a system under a strict homeostasis, these dif-
ferent cycles do not run independently. Rather, they are coupled in vari-
ous ways, and complex crosstalks occur among them. In fact, the coordi-
nation between the cycles is crucial for proper cell cycle progression. For
example, cell growth signals accumulate to favor the accumulation of com-
ponents necessary to increase CDK activity late in G1. This allows the in-
activation of the RBR protein and the release of E2F activity that triggers
the G1/S transition (Fig. 1). Therefore, understanding the mechanisms that
regulate cell cycle progression requires the interplay between different pro-
cesses. In fact, the coordination among all of them is at the basis of the
large variety of genes that either directly or indirectly have an impact on cell
proliferation.

The coordinated activities that occur during cell cycle progression also
contribute to its unidirectionality. Thus, the regulated transition from one
functional stage to the next occurs in a manner where way back is not pos-
sible. The molecular basis for this is that the activity of specific cell cycle
drivers very frequently modifies their targets in such a way that once they ex-
ecute their function, they are irreversibly converted into an “inactive” form.
This may occur, for example, by changing their cellular localization, by target-
ing them for selective proteolysis, or by modifying the cellular transcriptional
program.

Plants, like animals, as multicellular organisms have evolved regulatory
mechanisms that allow the integration of processes at the cellular level with
those related to organogenesis. These coordination mechanisms regulate, in
the context of a developing or growing organism, the cell division potential,
both in proliferating cells and in stem cell populations, cell cycle arrest and
its withdrawal back to cell cycle, cell differentiation and cell death. Further-
more, plants and animals have evolved very different developmental strate-
gies. While organogenesis in animals occurs during embryogenesis, organ
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initiation and growth in plants is a post-embryonic and continuous process
that occurs over the entire lifespan of the organism.

In some cases, after completing one full genome replication cycle during
the S-phase, cells take the decision of exiting the normal cell cycle to enter the
endocycle, a different cycle in which repeated rounds of genome replication
occur in the absence of cytokinesis. Endoreplication, by which cells increase
exponentially their nuclear DNA content, occur in all eukaryotic cells (Edgar
and Orr-Weaver 2001), but in plants is a much more frequent event in many
cell types (Kondorosi et al. 2000; Larkins et al. 2001). Interestingly, a variety
of specific differentiation programs depend on the occurrence of endocycle
rounds.

Another important aspect in this context is the ability of plants to regener-
ate. By this process certain cells can dedifferentiate and revert to a totipotent
or pluripotent state, proliferate and take various cell fates to originate an or-
gan de novo. It is obvious that cell cycle control should have a crucial impact
in coordinated regeneration although the molecular details have not been
studied yet with sufficient detail.

Fig. 2 Different cellular pools can be distinguished in a developing plant. Cells that are
arrested or slow proliferating (some of these could be stem cells) respond to hormonal
or developmental signals to initiate an active proliferative phase. Later in development,
some cells exit the cell cycle and are recruited to enter the endocycle program before they
differentiate within particular organs. Some cell cycle regulatory components affect these
transitions. Cyclins (the acronym CYC has been omitted for simplicity) has been placed
separately, although they most likely exert their function together by activating specific
CDK which phosphorylate a variety of factors. The individual combinations of cyclins,
CDK and their targets in vivo are not known
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Therefore, in the plant organs, cellular pools including slow proliferating
and stem cells, proliferating cells and endoreplicating cells have to maintain
a strict balance for a proper homeostasis (Fig. 2). The control of cell prolif-
eration and differentiation during development depends, in most cases, on
the concerted action of plant hormones. Quite interestingly, hormones di-
rectly impinge on the availability of several cell cycle regulators either at the
level of transcriptional regulation or, later, on postranslational modifications,
typically, selective proteolysis (del Pozo et al. 2005).

2
Cell Cycle Control in a Developmental Context

Studies in single-cell model systems (yeast and mammalian cells in culture)
have provided during the last two decades most of our current knowledge
of molecular mechanisms regulating cell cycle transitions. Phylogenetic an-
alysis of cell cycle regulators, together with molecular, cellular and genetic
approaches, has revealed that the basic cell cycle machinery is also highly
conserved in all eukaryotes. The identification and further cloning of the first
plant cell cycle regulators (John et al. 1989, 1990; Feiler and Jacobs 1990;
Hata et al. 1990; Ferreira et al. 1991) showed a striking similarity with those
identified in yeast and human cells, just one or two years earlier (Lee and
Nurse 1987; Nurse, 1990). However, one possibility, based on the different
complexities and properties of animals and plants, was that cell cycle reg-
ulation could be relatively more similar to that occurring in yeast. Intense
efforts in the following years, highly helped by genomic information from
A. thaliana, revealed that this was not the case. In addition, plant-specific
genes and circuits have been identified and they are reviewed in other chap-
ters in this volume.

Detailed information of each group of cell cycle regulators has been pro-
vided in previous chapters. Studies in various model systems are revealing
unanticipated roles of cell cycle regulators in the context of a developing
or growing organism. It seems that cell cycle regulators are also the targets
to integrate cell proliferation with other cellular activities as well as with
organogenesis (Gutierrez 2005; de Jager et al. 2005). Here, I will present an
overview of cell proliferation control under a developmental perspective with
the aim of providing current evidence in support of the need to reassess the
role of cell cycle regulators in the context of a multicellular organism.

2.1
CDKs, Cyclins and CDK Inhibitors

Different types of CDKs have been identified in Arabidopsis. Type A is consti-
tuted by CDKs containing the typical amino acid motif PSTAIRE. A variation
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of this motif (PP/STA/TLRE) is present in type B CDKs. Others contain the
PITAIRE or the SPTAIRE motifs (Vandepoele et al. 2002).

Overexpression of Arabidopsis CDKA;1 does not have any detectable
macroscopic consequences (Hemerly et al. 1995). Likewise, overexpression of
CDKA in maize endosperm does not influence the endoreplication process
associated with endosperm development (Leiva-Neto et al. 2004). However,
overexpression of a dominant negative version of CDKA inhibits cell divi-
sion (Hemerly et al. 1995) and ploidy level (Leiva-Neto et al. 2004). Loss-of-
function of CDKA;1 produces a male gametophytic phenotype due to failure
of the generative cell during male gametogenesis (Iwakawa et al. 2006). Thus,
double fertilization does not take place and the embryo arrests early at the
globular stage. Auxin is sufficient to up regulate CDKA;1 gene expression but
cell cycle progression also requires cytokinin (Zhang et al. 1996), consistent
with the need of a concerted action, which probably impinges on the availabil-
ity of other components that modulate CDK activity. In fact, cytokinin seems
to mediate CDK activation by stimulating tyrosine dephosphorylation (Zhang
et al. 1996).

Altering the levels of the plant-specific CDKB also has developmental con-
sequences. Thus, CDKB1;1 regulates the balance between dividing and en-
doreplicating cells, by negatively regulating endocycle occurrence (Boudolf
et al. 2004a). A decrease in CDBK1;1 activity produces a short hypocotyl
phenotype which is partially rescued by increasing brassinosteroid level
(Yoshizumi et al. 1999; Hu et al. 2000). Reduction of CDKB1;1 levels also neg-
atively affects stomatal development through inhibition of cell division of the
stomatal lineage (Boudolf et al. 2004b). Interestingly, these cell cycle arrested
cells acquire a rather normal stomatal cell identity, providing one example
(among others discussed below) of uncoupling cell division and cell differen-
tiation.

Mutations in the PROPORZ1 (PRZ1) gene were identified and produce
a high tendency to form calli only in presence of either auxin or cytokinin
(Sieberer et al. 2003). PRZ1 is a transcriptional adapter protein that regulates
gene expression, including that of several cell cycle genes. Thus, CDKB1;1
(as well as of E2Fc) is up regulated in the prz1 mutant grown in hormone-
containing medium, leading to the formation of undifferentiated callus-like
structures (Sieberer et al. 2003). In hormone free medium, it is the expression
of B- and D-types cyclins that is reduced in the prz1 mutant.

Arabidopsis (Vandepoele et al. 2002; Wang et al. 2004) and rice (La et al.
2006) contain a large family of cyclins, suggesting that this may likely be the
case for other plant species. Expression of CYCA3 genes peaks in S-phase
(Menges et al. 2005), suggesting that they are major elements of the kinases
involved in S-phase-related events. Consistent with this idea, constitutive
overexpression of tobacco CYCA3;2 in Arabidopsis leads to a suppression of
the endoreplication program associated with normal leaf development con-
comitantly with an induction of hyperplasia (Yu et al. 2003). CYCA3;2 gene
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expression is up regulated at the G1/S transition and excess expression pre-
vents cell differentiation and regeneration from leaf disks (Yu et al. 2003).
CYCA2;3 acts also as a major repressor of endoreplication. However, as re-
vealed by the phenotype of null mutants, endocycle occurrence is promoted
and ploidy level is increased, but the number of cells undergoing endocycle
does not change (Imai et al. 2006).

Adequate levels of CYCB are also important for correct development.
CYCB1 degradation depends on CCS52, a Fizzy-related (Fzr) activator of the
anaphase-promoting complex (APC; Capron et al. 2003), originally identified
in alfalfa (Cebolla et al. 1999). The relevance of CYCB1 is further supported
by studies where ectopic expression of CYCB1;2 (but not of CYCB1;1) in
Arabidopsis trichomes results in the appearance of multicellular structures,
containing 2C nuclei, instead of the normal unicellular, polyploid branched
trichomes (Schnittger et al. 2002). Interestingly, mutations in other APC com-
ponents also lead to CYCB1 accumulation and to mitosis-related developmen-
tal defects (Blilou et al. 2002; Capron et al. 2003; Kwee and Sundaresan 2003).

Overexpression of Arabidopsis CYCD3;1 (Riou-Khamlichi et al. 1999; De-
witte et al. 2003), but not of CYCD2 (Cockcroft et al. 2000), allows cytokinin-
independent growth and induces ectopic divisions producing leaves with
more but smaller cells. Consistent with this, CYCD3;1 is up regulated in the
Arabidopsis siamese mutants, which has multicellular trichomes (Walker et al.
2000). Furthermore, overexpression of AINTEGUMENTA (ANT; Mizukami
and Fischer 2000) or the auxin-inducible ARGOS (Hu et al. 2003) genes induce
cell proliferation, leading to an increase in organ size, an effect also mediated
by upregulating CYCD3 expression. It should be pointed out that the tran-
scriptional activation of CYCD3 by cytokinins is the main evidence for the
involvement of cytokinin in G1/S regulation (Soni et al. 1995). A recent study
implicates the microRNA JAW-D as a direct regulator of TCP genes (Palatnik
et al. 2003), a repressor of CYCD3 (Gaudin et al. 2000).

Seed germination is another process where D-type cyclins play crucial
roles. Before root emergence, expression of six CYCD (and two CYCA) genes
is activated (Masubelele et al. 2005). Current transcriptomic data support
a model in which the cumulative action (rather than functional redun-
dancy), of several CYCD determine cell cycle activation. A role in germination
has been also shown for maize CYCD2, based on its cytokinin-dependent
transcriptional activation (Gutierrez et al. 2005). Furthermore, the impor-
tance of hormones (benzyladenine, abscisic acid) during maize germina-
tion, most likely controlling the activity of different CDK-cyclin complexes,
has been also demonstrated (Sanchez et al. 2005). CYCD4;1, a distinct type
of cyclin that lacks the RBR-binding motif, forms active kinase complexes
with CDKA;1 and its function is required to promote callus proliferation in
hypocotyl explants (Kono et al. 2006).

Arabidopsis KRP1 and KRP2 are expressed mainly in endoreplicating cells
(Wang et al. 2000; De Veylder et al. 2001). Overexpression of KRP1 or KRP2
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inhibits cell division in leaves, which contain less but larger cells (Wang et al.
2000; De Veylder et al. 2001). This effect is partially reversed by overexpres-
sion of CYCD3 (Zhou et al. 2003), an inducer of cell division. Similarly, the
altered leaf phenotype of plants expressing CYCD3 ectopically is reversed by
overexpression of tobacco CDK inhibitor (KIS1) (Jasinski et al. 2002). In-
terestingly, KRP1 overexpression does not have an appreciable effect on cell
fate specification that occurs independently of changes in endoreplication
level (Weinl et al. 2005). The function of KRP2 seems to be exerted through
CDKA;1 and, when overexpressed in mitotically dividing cells, it also has
an effect on endocycle progression (Verkest et al. 2005). Maize KRP1 and
KRP2 play a role in endocycle control through inhibition of the endosperm-
associated CDK activity, and consequently during maize endosperm forma-
tion (Coelho et al. 2005).

CDK activity, modulated by specific cyclins and CDK inhibitors, seems to
be one of the limiting components, most likely not the only one, that regulate
the arrested state of pericycle cells before triggering the lateral root initiation
program (Casimiro et al. 2003; Vanneste et al. 2005). Pericycle cells contain
high levels of CDKA and KRP2 transcripts, but lack CYCB1 (Himanen et al.
2002), likely contributing to maintenance of cell cycle arrest. Pericycle cells
can be synchronized by treatment with the auxin transport inhibitor NPA
and the released again upon auxin application (Himanen et al. 2002). With
this system, over 900 genes have been identified to change specifically dur-
ing lateral root initiation (Himanen et al. 2004). Thus, auxin addition triggers
the expression of CYCD3;1, E2Fa and histone H4 genes, which are quickly in-
duced, then CDKB was induced, although later than the S-phase genes. In
addition, the expression of CDK inhibitors KRP1 and KRP2 was rapidly and
strongly reduced (Himanen et al. 2002).

2.2
Retinoblastoma, E2F-DP Transcription Factors and their Targets

CDK activity drives cell cycle transitions by phosphorylating specific tar-
gets. Changes in their phosphorylation state allows the transition from G1 to
S, through S and from G2 to M. In G1/S, the retinoblastoma-related (RBR)
protein is the main target of G1 CDKs (Nakagami et al. 1999; Boniotti and
Gutierrez 2001; Nakagami et al. 2002). RBR is a negative regulator of cell pro-
liferation, as revealed by loss-of-function mutations in the RBR gene, which
results in an impairment to restricts mitosis in the haploid nuclei of the
female gametophyte (Ebel et al. 2004). Local inactivation of RBR in Arabidop-
sis roots stimulates stem cell renewal, as it occurs in plants overexpressing
CYCD3;1 or E2Fa-DPa (Wildwater et al. 2005).

One of the major roles of RBR is to repress the expression of genes regu-
lated by the E2F/DP family of transcription factors, as discussed below. Recent
evidence derived from RBR protein inactivation strategies is consistent with
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this role. Virus-induced transcriptional silencing of the tobacco RBR gene ex-
tends cell proliferation activity and induces extra endocycles in leaves (Park
et al. 2005). Similar phenotypes are observed after inactivation of Arabidop-
sis RBR by expressing the geminivirus RepA protein (Desvoyes et al. 2006).
The consequences of RBR inactivation depends on the developmental stage
and the cell type, e.g., hyperplasia in young leaves and extra endocycles in
older leaves (Desvoyes et al. 2006). These effects are mediated by an increase
in E2Fa and E2Fc activities, suggesting that they act in the same pathway
to regulate the transcriptional program during development. Stimulation of
cell division in the leaf epidermis is also the outcome of altering other, less
well-characterized pathways. Thus, overexpression of the STRUWWELPETER
(SWP) gene (Autran et al. 2002) or silencing of DEK gene (a calpain homo-
logue) expression in tobacco also leads to a hyperplastic phenotype (Ahn
et al. 2004). Although the mechanism behind these effects is not fully under-
stood, these mutant plants have an altered pattern of expression of several
cell cycle genes. The range of control pathways that operate in conjunction
with the RBR/E2F complexes seems to increase as new data are obtained.
Thus, pull-down experiments have shown that Arabidopsis RBR and FIE in-
teract, supporting a role of FIE-containing polycomb complexes in inhibiting
premature division of the central cell of the embryo sac (Mosquna et al. 2004).

Compelling evidence indicates that RBR, in a manner analogous to RB
in animal cells, modulate the activity of E2F-DP transcription factors (Ko-
renjak and Brehm 2005). E2F transcription factors were originally identified
by their ability to interact and activate the human adenovirus E2 promoter
(Helin et al. 1992). Its partner, DP, was identified soon afterwards (Helin
et al. 1993). E2F transcription factors regulate the expression of a variety
of genes required for cell cycle progression and their activity is modulated
by the retinoblastoma (RB) protein. About ten years ago, the identification
of proteins containing a LxCxE amino acid motif (Soni et al. 1995; Dahl
et al. 1995; Xie et al. 1995) strongly pointed to the, somewhat unexpected,
existence of a RB-related pathway in plants. This was fully confirmed with
the identification of the first plant RBR (Xie et al. 1996; Grafi et al. 1996),
E2F (Ramirez-Parra et al. 1999; Sekine et al. 1999) and DP (Ramirez-Parra
and Gutierrez 2000; Magyar et al. 2000). These studies were followed by
others that have led to the identification of a large family of E2F-DP fac-
tors in different plant species, including Arabidopsis, rice, maize, tobacco,
carrot, and the unicellular algae Chlamydomonas reinhardtii and Ostreococ-
cus tauri (Ramirez-Parra et al. 2007). Three Arabidopsis E2F, named E2Fa,
E2Fb and E2Fc, share a domain organization similar to that of human E2F1-5
(Shen 2002; Ramirez-Parra et al. 2007). The other three members, known as
E2Fd/DEL2, E2Fe/DEL1 and E2Ff/DEL3, are atypical since they contain a du-
plicated DNA binding domain and function independently of DP.

Constitutive overexpression of both E2Fa and DPa induces cell division
and endoreplication (De Veylder et al. 2002; Rossignol et al. 2002). The E2Fa-
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DPa-mediated hyperplasia is inhibited by co-expressing a dominant-negative
mutant of CDKB1 but not the endoreplication phenotype, which is actually
enhanced (Boudolf et al. 2004a). E2Fa overexpression up regulates a num-
ber of cell cycle genes, such as RBR, KRP3 and KRP5 in rosette leaves, and
this may contribute to the leaf phenotype observed including reduction in
cell number and increase in cell size (He et al. 2004). Genome-wide analy-
sis of plants expressing a dominant-negative version of DP (Ramirez-Parra
et al. 2003) or E2Fa- DPa (Vandepoele et al. 2005) have identified a few hun-
dred genes that are most likely direct E2F targets. These are, among others,
PCNA, RNR, CDC6, MCM3, CDC45, DNA polymerase and DNA primase genes
(DNA replication genes), and E2Fb, E2Fc, RBR1, E2Ff /DEL3, and CYCA3;2
(cell cycle genes), but also others whose relationship with cell proliferation, if
any, still needs to be established.

E2Fb, which prefers DPa for heterodimerization (Kosugi and Ohashi 2002;
Magyar et al. 2005), plays a role in controlling cell proliferation dependent
on auxin signaling. Coexpression of E2Fb, but not E2Fa, with DPa stimulates
cell proliferation in the absence of auxin (Magyar et al. 2005). High levels of
E2Fb leads to phenotypes in roots, leaves and cotyledons consistent with hy-
perplasia, that correlates with up-regulation of a variety of E2F target genes
required for G1/S and G2/M (Sozzani et al. 2006). Furthermore, E2Fb itself
seems to be an E2F target as shown in chromatin immunoprecipitation ex-
periments (Sozzani et al. 2006). E2Fc and DPb interact in vitro (Kosugi and
Ohashi 2002) and in vivo (del Pozo et al. 2006). Overexpression of E2Fc is
highly detrimental for development of leaf primordia (del Pozo et al. 2002),
while a strong reduction of E2Fc mRNA levels produces leaves with a reduced
ploidy level, suggesting that E2Fc-DPb regulate the switch from proliferation
to the endocycle program (del Pozo et al. submitted). E2Fe/DEL1 is expressed
in proliferating cells and it has been implicated in restricting endocycle pro-
gression (Vlieghe et al. 2005). Interestingly, the endoreplication phenotype of
the E2Fa-DPa overexpressing plants, but not the hyperplasia, is reduced by
E2Fe/DEL1 overexpression (Vlieghe et al. 2005). E2Ff/DEL3 is required for cell
expansion, a process clearly observed in hypocotyl cells, without apparently
affecting the endocycle program (Ramirez-Parra et al. 2004). Its role in dif-
ferentiated cells is mediated by negatively regulating the expression of genes
such EXP3, EXP7, EXP9, and UGT, involved in cell wall biosynthesis.

The pre-replication complex (pre-RC), required for initiation of chromo-
somal DNA replication, is constituted by the association of CDC6 and CDT1
with ORC, the six subunit origin recognition complex, and the MCM com-
plex. Ectopic expression of CDC6 (Castellano et al. 2001) or CDT1 (Castellano
et al. 2004) is sufficient to induce extra endocycles or cell division in a cell
type-specific manner (Castellano et al. 2004). It is worth mentioning that in-
creasing Cdt1 activity in animals, similar consequences are obtained (Del
Bene et al. 2004). Gametophytic development (see McCormick 2004; Yadegari
and Drews 2004) and the early embryonic stages seem to be highly sensitive
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to pre-RC dysfunction. Thus, (1) mutations in the ORC2 gene, an E2F target
(Diaz-Trivino et al. 2005), leads to failure in nuclear division control (Collinge
et al. 2004), (2) in the PROLIFERA (PRL) gene, that encodes MCM7, produces
abnormal patterns of division planes (Holding and Springer 2002) and (3) in
the CDC45 gene, which acts downstream pre-RC, to sterility (Stevens et al.
2004).

2.3
Other Genes

An increasing number of genes, some of them cited in the paragraphs above,
are reported to affect cell morphogenesis, organogenesis or the balance be-
tween proliferation and endoreplication. While the individual mechanism of
action is not known, it is worth discussing them in the context of this article.

Defects in the TONSOKU gene (Suzuki et al. 2004), expressed in S-phase
and involved in meristem maintenance (Suzuki et al. 2005a), delay cell cycle
progression, cause G2/M arrest and slightly increases the number of 4C cells
(Suzuki et al. 2005b). Whether they are actually endoreplicating cells is not
known, but interestingly, they also have increased levels of CYCB1;1 expres-
sion. Disruption of the RPN1a gene, encoding a component of the regulatory
particle of the 26S proteasome, causes embryo lethality by promoting arrest
at the globular stage (Brukhin et al. 2005). Whether and how the high levels of
CYCB1;1 maintained in the rpn1a mutant plants contribute to the phenotype
is unknown. CIA1 encodes an amidotransferase (ATase2) involved in the first
step of de novo purine biosynthesis. cia1 mutants have leaves slightly smaller
in size than the wt but contains about half the number of cells (Hung et al.
2004).

One of the phenotypes exhibited by the root hairless2 (rhl2) and hyp-
cotyl6 (hyp6) mutants is reduction in the ploidy level (Hartung et al. 2002;
Sugimoto–Shirazu et al. 2002). These genes encode the A and B subunits
of topoisomerase VI (TOPVI). ROOT HAIRLESS1 (RHL1), also known as
HYPOCOTYL7 (HYP7), is an essential component of the topoisomerase VI
complex, with similarities to the C-terminus of mammalian topoisomerase
IIα. (Sugimoto–Shirazu et al. 2005). The rhl1 mutant, as well as the rhl2 and
hyp6 mutants, has a maximum of 8C of DNA content in their cells, revealing
the importance of topoisomerase function in proper endocycle progression.

Auxin response factors ARF6 and ARF10, which are targets of miR160, con-
trol root cap formation. Decrease in ARF10 and ARF6 expression (either by
overexpressing miR160 or in the double mutant arf10 arf6), displays root tip
defects, uncontrolled cell division and a blockage of cell differentiation in the
distal parts. These phenotypes suggest that ARF10 and ARF6 restrict the stem
cell niche in the columella (Wang et al. 2005). A thermosensitive mutant, rpd1
(root primordium defective 1) has been identified on the basis of its impair-
ment in producing adventitious roots from the hypocotyl in response to auxin
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(Konishi and Sugiyama 2006). Cell proliferation in cultured calli is also af-
fected. RPD1 seems to be a plant-specific protein containing a winged-helix
fold similar to that present in the DNA binding domain of the E2F family
members, although the molecular basis for its function is not known.

3
Future Prospects

The last 5–10 years have witnessed an unprecedented advance in our under-
standing of cell proliferation control. The mechanism of action of individual
genes controlling different aspects of cell cycle is being elucidated. Their in-
tegration with developmental processes is also beginning to be understood.
These studies should definitely continue until comprehensive information of
each gene impinging on cell proliferation is available. However, we must face,
at least, two major challenges. One is to integrate the functional relationships
of different cell cycle regulators into common pathways. Another is the iden-
tification and understanding of the very complex transcriptional networks
that regulate cell proliferation and its coordination with development. The
availability of an increasing amount of plant lines with identified alterations
of individual genes affecting cell proliferation control in combination with
molecular, genetic and genomic tools should promote the next qualitative ad-
vance in the years to come.
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