
520

Plant cell polarity is important for cellular function and
multicellular development. Classical physiological and cell
biological analyses identified cues that orient cell polarity and
suggested molecules that translate a cue into intracellular
asymmetry. A range of proteins that either mark or are involved
in the establishment of a (polar) axis are now available, as are
many relevant mutants. These tools are likely to facilitate a
dissection of the molecular mechanisms behind cell and organ
polarity in the near future.
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Abbreviations
ARF ADP-ribosylation factor 
AUX1 AUXIN1
BFA brefeldin A
[Ca2+] concentration of calcium ions
ER endoplasmic reticulum
GAP GTPase-activating protein
GDI guanine-nucleotide dissociation inhibitor
GEF guanine-nucleotide exchange factor
GFP green fluorescent protein
GPI glycosylphosphatidylinositol
LRX1 LEUCINE-RICH REPEAT/EXTENSIN1
PIN1 PIN-FORMED1
Rop Rho of plants
SAB short actin bundles
sim siamese
TRH1 TINY ROOT HAIR1

Introduction
Cells frequently exhibit an ordered distribution of
components along one or more axes. When one axis differs
from others a cell is said to be ‘axialized’. The distribution
of organelles, proteins or cytoskeletal components may be
asymmetric along a particular axis, making one end of the
cell different from the other. This stunning internal orga-
nization is referred to as ‘cell polarity’ [1] (Figure 1a).
Analyses of cell polarity in easily accessible plants, such as
mosses and algae, revealed that it could be influenced by
environmental factors, such as light and gravity, and sug-
gested important roles for ion fluxes, the plasma
membrane, and the cytoskeleton in the establishment and
maintenance of cell polarity [1,2]. Moreover, earlier studies
revealed that polarity at the single-cell level contributes to
multicellular plant development [2,3].

More recently, cell polarity has been studied using molecular
genetic tools. At the single-cell level, suitable systems for
the analysis of tip growth, such as growing pollen tubes or
root hairs, have been used to reveal components required

for polar growth. Genetic analysis of trichome development
provided information on how multiple axes of polarity are
established during cell morphogenesis [4]. The role of cell
polarity in multicellular development, especially during
embryo development, has also received increasing
attention [5–7]. Here, we highlight recent progress in the
plant cell polarity field, both at the single-cell level and in
the multicellular context.

Cell polarity during embryo development
Polarity cues can be conveniently studied in single-cell
systems such as egg cells and zygotes of fucoid brown algae
[5]. In Fucus egg cells, sperm entry triggers local calcium
influx at the penetration site, which has been implicated in
directing egg activation [8]. In the absence of light, polar
rhizoid initiation in Pelvetia occurs at the site of sperm
entry, suggesting that sperm entry may provide a default
pathway for zygote polarization in the absence of strong
environmental cues [9••] (Figure 1b). Soon after fertilization,
the entry site is marked by an actin patch and, later, by
polarized secretion. Similar responses occurring after
light-induced zygote polarization suggest the convergence
of signals from two distinct polarity cues [9••]. Whether
sperm-entry-induced polar site selection involves local 
calcium influx in Pelvetia, and which other factors regulate
early polar actin assembly and secretion, awaits further
studies. Intriguingly, brefeldin A (BFA), an inhibitor of
vesicle transport, interferes with the fixation of light-induced
polarity in Fucus zygotes [10]. This finding suggests that
known BFA targets, such as guanine-nucleotide exchange
factors (GEFs) on ADP-ribosylation factor (ARF)-type
small G-proteins [11], are required for polar axis fixation.
In the future, the functions of ion channels, the
cytoskeleton, and BFA targets will have to be connected
to improve our understanding of the mechanisms executing
zygote polarization.

In Arabidopsis, the zygote and the hypophysis (a derivative
required for root formation) divide asymmetrically
(Figure 1c). Asymmetric zygote division and hypophysis
formation are perturbed in gnom/emb30 mutants. The
embryos and seedlings of gnom/emb30 mutants lack roots
and display variable defects in apical–basal cell and tissue
polarity [12,13]. GNOM/EMB30 encodes a BFA-sensitive
ARF GEF [13], which in other systems is required to coat
coatomer vesicles during membrane trafficking [11]. By
analogy with the BFA-sensitive processes of polarity fix-
ation in Fucus zygotes, GNOM/EMB30-dependent vesicle
trafficking may stabilize zygotic and embryonic cell and
tissue polarity. Consistent with this view, gnom/emb30
interferes with the coordinated polar localization of an
auxin efflux carrier (PIN-FORMED1 [PIN1]) during early
embryogenesis, for example, in cells localized apical to the
hypophysis [13] (Figure 1c). Thus, the polarity defects
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observed in gnom/emb30 mutants could be caused, in part,
by perturbation of polar auxin transport that may con-
tribute to the formation or asymmetric division of the
hypophysis. Consistent with a scenario involving auxin
perception and response during the establishment of the
hypophyseal region, oriented asymmetric hypophysis
division is disturbed in the auxin binding protein 1 [14•] and
auxin-insensitive bodenlos mutants [15]. Moreover, the
hypophyseal cell appears to be lacking in auxin resistant 6
mutants [16•]. The question of whether the formation or
asymmetric division of the hypophysis involves a polariz-
ing auxin cue remains open. Similarly, it remains to be
determined whether the defects in PIN1 localization
observed in gnom/emb30 embryos reflect a direct cellular
consequence of the gnom/emb30 mutation or result from
earlier zygotic polarity defects. Post-embryonically,
gnom/emb30 mutants display altered lectin and pectin
secretion [17•], but it remains to be tested whether these
changes in the secretion of cell wall components are
early cellular responses caused by the gnom/emb30
mutation. The subcellular localization of GNOM-interacting
proteins [18•], coatomer components [19•], cell wall com-
ponents [17•], and auxin-binding proteins and transporters
[14•,20••], together with analyses of available auxin-
responsive reporters [20••,21] in the mutant backgrounds

mentioned above, may identify some of the primary
polarity cues in Arabidopsis zygote and early embryo
development. Such studies should provide clues to the
integration of auxin action, membrane trafficking, and cell
wall formation during the establishment of embryonic cell
and organ polarity.

Axial and polar events in post-embryonic 
root development
The post-embryonic Arabidopsis root harbors several
manifestations of cell and organ axiality and polarity
(Figure 1d). Meristem initials act as stem cells and, by
asymmetric division, give rise to daughters that undergo
cell expansion along specific axes. In the root epidermis,
cell elongation is followed by initiation of a polar out-
growth from hair cells (trichoblasts). At the multicellular
level, an auxin maximum accumulates at the distal end of
the root tip, providing a cue that regulates aspects of
differential cell division, expansion, and polarity [21]. The
Arabidopsis auxin influx carrier protein AUXIN1 (AUX1)
localizes to the apical ends of protophloem cells and, in
concert with basally localized PIN1, may deliver auxin to
the maximum by acropetal transport [20••]. Thus, polar
localization of carriers at the cellular level appears to con-
tribute to organ polarity. Consistent with this hypothesis,
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Examples of axialized and polarized cells in plants. (a) The concepts of
axiality and polarity. (b) Sperm entry and axis fixation in algae.
(c) Asymmetric division of Arabidopsis zygote and hypophyseal cell.
(d) Axialized and polarized cells in the multicellular context of the
Arabidopsis root. Note polarity at the organ level associated with distal

auxin accumulation. (e) Pollen tube growth. (f) Trichome branch
initiation. (g) Cytoskeletal components guiding the asymmetric
subsidiary mother cell division (smc) in maize. gmc, guard mother cell.
Black or shaded circles represent the localization of the proteins
indicated next to these symbols. 
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auxin concentrations and responses are reduced in the root
tips of agravitropic aux1 mutants [20••]. AUX1 localization
in additional cell types suggests that this carrier protein
may regulate gravitropism by facilitating basipetal auxin
transport. Indeed, auxin responses are altered in the lateral
root cap and epidermis cells of aux1 mutants. In contrast to
the auxin influx carrier substrate 2,4-D, the membrane
permeable auxin 1-NAA ([1-naphthaleneacetic acid];
which does not require functioning influx carriers) restores
these auxin responses in aux1 mutants and rescues aux1
gravitropism defects. Thus, AUX1-mediated auxin influx
contributes to auxin response activation and gravitropic
responses [20••]. Axial AUX1 localization to the
apical–basal membranes of epidermal cells may mediate
differential auxin-regulated cell elongation in response to a
gravitropic stimulus. 

In the root elongation zone, different cell types, including
epidermal cells, undergo a phase of concomitant longitudinal
and radial expansion, followed by a phase of rapid longi-
tudinal expansion. The Arabidopsis COBRA gene mediates
longitudinal expansion: cobra mutant cells undergo only
rapid radial expansion [22••]. Conditional defects in cell
wall components in cobra mutants, and localization of
COBRA protein to longitudinal cell walls, suggest that
COBRA acts on longitudinal cell axialization through an
interaction with the cell wall. COBRA has homology to
glycosylphosphatidylinositol (GPI)-linked proteins, and its
localization in plants is consistent with findings in animal
cells in which GPI-linkage can confer polar protein
localization to membrane rafts [22••]. COBRA is the first
potentially GPI-anchored protein with an associated
mutant phenotype in plants. Its identification provides an
excellent perspective from which to study the function of
GPI-anchored proteins in plant cell-wall–plasma-membrane
interactions during cell axialization.

After initial elongation, Arabidopsis trichoblasts initiate a
single hair outgrowth (i.e. a ‘bulge’) at the basal end of
their outer longitudinal wall. The recent localization of
Rop (Rho of plants) GTPases (see below) to the incipient
position of hair initiation in the elongation zone indicates
that apical–basal polarity is established much earlier than
the stage at which it can be distinguished morphologically
[23•]. Polar localization of RopGTPases is abolished by
BFA treatment, suggesting that BFA targets act on trichoblast
polarity before Rop localization [23•]. The functional role
of Rops at this developmental stage, whether BFA affects
the fixation of polarity, and the directional cues signaling
apical–basal polarity are not yet known, though it has
been noted that the phytohormones auxin and ethylene
promote polar hair initiation [24].

Although information about polar apical–basal site
selection remains scarce, hair-bulge formation (i.e.
swelling) has been characterized in more detail. At the
onset of swelling, expansins [25•], Rop-like proteins
[23•], F-actin, the actin-binding protein profilin [25•,26],

a myosin [25•], phosphatidylinositol-4,5-bisphosphate
(PIP2) [26], endoplasmic reticulum (ER) [25•], and calcium
[23•] all accumulate within the bulge. The accumulation
of profilin mRNA, profilin and ER is actin-dependent as it
is sensitive to treatment with actin-depolymerizing drugs
[25•]. None of the other components mentioned above has
been functionally characterized during bulge formation. 

A screen for new root hair morphogenesis mutants and
analysis of double mutant combinations revealed several
mutations that affect early bulge formation and tip growth
in Arabidopsis, expanding the genetic framework for hair
morphogenesis [27•]. To determine the levels at which
the different genes act, molecular analysis and characteri-
zation of the mutant alleles with cellular markers can now
be carried out.

A new player in swelling formation and tip growth is the
LEUCINE-RICH REPEAT/EXTENSIN1 (LRX1) gene, as
evidenced in lrx1 mutants by the bloating of hairs at their
base and defects in hair elongation [28••]. LRX1 protein
localizes to the cell walls of root hairs at all stages from the
onset of bulge formation onward. LRX1 harbors a putative
extracellular leucine-rich repeat and an intracellular
proline-rich extensin domain and is therefore the first
extensin-like protein with an associated mutant phenotype
[28••]. Thus, LRX1 is a good candidate for mediating
communication between the cell wall and the cytoplasm
during polarity establishment and maintenance.

Taken together, studies on cell axiality and polarity in the
Arabidopsis root present challenges similar to those on
embryo development. First, the pieces of genetic, molecu-
lar, and cell biological information from individual cell
types need to be connected to present a mechanistic
understanding of axiality and polarity. Second, manifestations
of polarity in the different cell types should be connected
and understood at the multicellular level.

Cell polarity in pollen tube and root hair 
tip growth
Pollen tubes (Figure 1e) and root hairs are tip-growing
cells whose polar growth has many parallels to hyphal
growth in fungi and neuronal-axon guidance in animals
[29•]. Like their animal counterparts, pollen and root hair
tips have been successfully used to study plant cell polarity.
Tip growth requires the specification of a cortical site in
the cell to which secretory vesicles are delivered and fused
[30]. Inhibitor studies have implicated the actin cytoskele-
ton in the establishment of this site [31]. Using a green
fluorescent protein (GFP)-tagged actin-binding domain of
mouse talin [32,33], a dynamic form of tip-localized F-actin
(i.e. short actin bundles [SABs]) has been discovered in
tobacco pollen tubes [34••]. Similarly, studies employing
modulators of ion fluxes, such as ion channel blockers and
ionophores, have established a link between elevation of
cytosolic calcium ion concentration [Ca2+] at the pollen
tube tip and its growth [35]. 
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In both yeast and animal cells, signaling pathways involving
members of the family of small Rho GTPases regulate
polarized organization of the actin cytoskeleton. Rho-type
proteins are recruited to cortical sites by polar cues, and
induce remodeling of the actin cytoskeleton to designate a
‘target patch’ for subsequent elaboration of asymmetry
[36,37]. Recently, roles for a plant-specific Rho GTPase
subfamily, the Rop GTPases [38–40], have been established
in both the control of the actin cytoskeleton and the reg-
ulation of tip-focused [Ca2+] gradients in pollen tubes
[34••,41,42,43••]. The identification of regulators and
downstream effectors of Rop GTPases from Arabidopsis by
yeast two-hybrid screening [44,45] and the subsequent
use of these proteins to modify Rop GTPase activity
in vivo [34••,43••] have helped to elucidate Rop function
in cell polarity. 

Rop regulators include Rho guanine-nucleotide dissociation
inhibitor (GDI)-like proteins [44] and Rho GTPase-
activating protein (GAP) homologs [45]. Rho GDIs inhibit
the release of GDP from Rop proteins and solubilize
membrane-associated Rho proteins. Rho GAPs stimulate
the transition of Rop from a GTP-bound active state to a
GDP-bound inactive state. A combination of overexpres-
sion experiments utilizing Rop proteins with modulated
activity and coexpression of Rho GAP-like and Rho GDI-
like proteins has successfully been applied [34••]. These
studies revealed that ectopic localization of a pollen-
specific Rop protein Rop1At to the apical region of the
plasma membrane transforms the tip SAB into a network
of fine filaments and induces a transverse actin band
behind the tip. These cytoskeletal changes are accompa-
nied by depolarized growth and can be suppressed by Rho
GDI overexpression [34••,44]. Conversely, overexpression
of RopGAP1 recovers normal actin organization and tip
growth in Rop1At-overexpressing tubes [34••]. Together,
these results indicate that the dynamics of tip actin are
regulated by Rop signaling and that SABs are critical for
polar growth in pollen tubes.

The tip-focused [Ca2+] gradient also appears to be regulated
by Rops [23•,41,42,43••]. Dominant negative Rop1At
mutants or antisense Rop1At RNA inhibit pollen tube
growth at low extracellular [Ca2+] but this inhibition can be
reversed by high extracellular [Ca2+] [42]. Microinjection
of anti-Rop antibodies disrupts the tip-focused intra-
cellular [Ca2+] gradient [41]. Moreover, expression of
constitutively activated Rop GTPases in Arabidopsis root
hairs abolishes polarized growth and delocalizes the tip-
focused [Ca2+] gradient [23•]. These data suggest that the
interaction of Rops with [Ca2+] gradients is important for
the regulation of cell polarity in diverse tip-growing plant
cells. Components connecting Rop GTPase function to
[Ca2+] gradient formation and other ion dynamics are
unknown at present. However, the TINY ROOT HAIR1
(TRH1) gene, which is required for the restriction of hair
initiation to a single site and for tip growth, has recently
been reported to encode a K+ transporter [46•]. It will be

interesting to see whether TRH1 may comprise an 
intermediary component linking Rop function to the
modulation of ion dynamics in tip growing cells.

Taken together, the results of recent studies on Rop
GTPases and their regulators provide mounting evidence
for a Rop-GTPase-dependent signaling network that
controls polar growth in pollen tube and root hair cells.
What remains to be established is how the Rop GTPases
connect to the actin cytoskeleton and to the regulation of
ion influx and gradient formation. Further characterization
and identification of downstream effectors of Rop
GTPases should help to define distinct steps in the
generation and maintenance of cell polarity in plants. 

Trichomes and subsidiary mother cells: more
handles on the cytoskeleton
As the cytoskeleton has multiple roles, it is of crucial
importance to differentiate its specific functions in cell
polarity from those in basic cellular processes. An accurate
description of the behavior of the cytoskeleton during
polarizing events in the cell has become available for
Arabidopsis trichomes that form branches with a new polar
axis. Using immunological staining methods or talin::GFP
fusions, two groups have described the distribution of
filamentous actin in trichomes [47,48]. Pharmacological
actin disruption does not interfere with the establishment
of new branches, that is new polar axes, but compromises
cell outgrowth. Interestingly, actin disruption phenocopies
the ‘distorted’ group of trichome mutants. Moreover, actin
distribution is perturbed in this class of mutants [47,48],
suggesting that they are affected in genes that directly or
indirectly contribute to actin organization. Inhibition of the
microtubular cytoskeleton, however, severely inhibits cell
polarization, implicating a role for microtubules in setting
up a new axis of polarity [49•]. GFP fusions to micro-
tubule-associated protein 4 (MAP4) allow the visualization
of dense knots of cortical microtubules at trichome branch-
points (Figure 1f). Moreover, microtubule-stabilizing
drugs can elicit new branch points in stichel trichome
mutants, which typically do not branch at all, and in
zwichel mutants, which carry fewer branches than do
wild-type plants [49•]. Consistent with these observations,
ZWI is homologous to genes encoding kinesin-like micro-
tubule motor proteins [50], and the ZWI or kinesin-like
calmodulin-binding protein (KCBP) colocalizes with
microtubules during cell division in other cell types [51]. 

How the establishment of different axes of polarity is
connected to the cell division machinery is an interesting
question arising from the analysis of the siamese (sim)
mutant. Wild-type Arabidopsis trichomes endoreduplicate [4],
whereas mutation in the SIM gene leads to the conversion
of endoreduplication cycles into cell divisions that give rise
to multicellular trichomes [52•]. Two of the challenging
questions emerging from work on the sim mutant are: do
division planes correlate with branching in sim trichomes,
and is the involvement of the tubulin cytoskeleton in
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unicellular trichome branching evolutionarily related to
control of the orientation of cell division in ancestral
multicellular trichomes [53]? In the near future, cloning
and analysis of the genes corresponding to the many avail-
able trichome mutants, in combination with cell biological
analyses of these mutants, should add substantially to the
understanding of polar axis formation in a single cell.

Mutations in the Arabidopsis SPIRAL genes also affect the
microtubular cytoskeleton [54•]. spiral mutants, which
exhibit helical growth patterns, are affected in axial
expansion of cortical and (to a lesser extent) epidermal
cells. Their phenotype can be reverted to wildtype by
microtubule-interacting drugs. Visualization of cortical
microtubules in the mutants reveals a defective organiza-
tion, which apparently has dramatic consequences for the
growth characteristics of entire organs. 

A thorough description of cytoskeletal elements is also
available for maize subsidiary mother cells, which become
polarized before undergoing an asymmetric cell division.
Recently, specific mutations have been described that
interfere with this asymmetric cell division at different levels
[55••]. The hypothesis emerging from this work is that an
F-actin patch at the guard cell contact site transiently
interacts with only the closest nucleus to specify fate by an
as yet unknown mechanism, thus translating cell polarity
into asymmetric cell fates. Whereas these data suggest that
the actin patch is instrumental in asymmetric cell division,
the guidance mechanism that directs the polarized 
cell division plane depends on cortical microtubules
(Figure 1g). Therefore, as in trichomes, both the actin and
tubulin cytoskeletons have distinct and unique roles in the
guidance of a cellular polarization event. The availability
of specific mutants provides a starting point for further
analysis of this asymmetric cell division, which coordinates
information within a multicellular context.

Conclusions
Evidence for the involvement of ion channels, the
cytoskeleton, localized secretion, and specialized plasma
membrane and cell wall regions in the establishment and
maintenance of plant cell polarity has been available for
some years. Recent genetic and molecular approaches
have provided specific mutants that are defective in the
axial and polar specialization of plant cells and have uncov-
ered the molecular nature of some of the affected genes.
Marker proteins that allow visualization of or directly
participate in axialization and polarization events are now
at hand for the molecular and cell biological dissection of
these processes. Despite these substantial advances, key
questions concerning mechanisms for the establishment of
cell axiality and polarity remain unaddressed. What are the
different cues that polarize the cells of higher plants and
how do they operate? What is the order of intracellular
molecular interactions in axialization/polarization in 
different cell types? And, at the multicellular level, by what
mechanisms does polarization at the cellular level influence

organ development? These and other unanswered questions
may act as polarizing cues for the attention of plant scientists
in the near future.
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