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Heterogeneity and lateral compartmentalization of plant plasma
membranes
Nana Friderike Zappel and Ralph Panstruga
Membrane specialization through lateral compartmentalization

is pivotal to the development of organisms and their response

to environmental signals. The membrane raft hypothesis is

lively discussed as a concept for domain formation. In recent

years plant scientists have begun to critically assess the

membrane raft hypothesis, and this provided the first insights

into the mechanisms underlying microdomain formation in

plant plasma membranes. Several groups have now shown that

phytosterols can induce phase separation, a prerequisite for

the formation of membrane rafts. Furthermore, the protein

repertoire of detergent-resistant membranes (DRMs) has been

extensively characterized and the degree of fatty acid

desaturation has been identified as an important factor in DRM

formation. Recent studies comprising sterol-deficient mutants

demonstrated the importance of correct sterol composition

and endocytosis for proper membrane compartmentalization.
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Introduction
Since Singer and Nicolson proposed their fluid mosaic

model on biological membranes [1] our picture of such

membranes has considerably evolved. Today, it is

accepted that membranes are highly organized structures

providing the necessary heterogeneity to compartmenta-

lize cellular processes [2]. It is plausible that compart-

mentalization and thereby specialization of cellular

processes at the level of biological membranes is essential

for the development of organisms and their response to

environmental signals. To achieve this membrane

specialization, a lateral organization of biological mem-

branes is required. However, so far there is no consensus

on the underlying molecular principles and mechanisms

driving lateral heterogeneity [3]. The membrane raft

hypothesis is a conceivable explanation for the spatial
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and temporal organization of membranes [4]. Membrane

rafts are thought to form distinct domains within the lipid

bilayer through the tight interaction of sphingolipids and

sterols. Proteins are assumed to be specifically included or

excluded from membrane rafts, thereby providing a

mechanism for confined protein clustering [3]. The mem-

brane raft hypothesis is based on the phase behavior of

model membranes, in which liquid ordered (lo) and liquid

disordered (ld) phases can coexist. Sterols have the ability

to drive the formation of lo phases; however, the precise

mechanism of phase separation is unclear [5]. The con-

troversy about the membrane raft hypothesis arises from

observations of macroscopically visible coexisting phases

in model membranes but not in resting (non-stimulated)

living cells. Yet strong evidence has accumulated regard-

ing the existence of very small and highly dynamic lo
domains in biological membranes [2]. This led to the

revised definition of membrane rafts as ‘‘small (10–
200 nm), heterogeneous, highly dynamic, sterol-enriched

and sphingolipid-enriched domains that compartmenta-

lize cellular processes. Small rafts can sometimes be

stabilized to form larger platforms through protein–
protein and protein–lipid interactions’’ [6]. To finally

help resolve the open questions concerning size, compo-

sition, stability, mechanism of formation, and physical

properties of membrane rafts, new technologies and

concepts will probably be needed [2,3,7]. At the same

time, researchers mainly agree that whether small mem-

brane rafts preexist or not, large-scale phase separation

can occur through either clustering of preexisting rafts or

the stabilization and coalescence of transient rafts ([7,8];

Figure 1). Examples for such induced large-scale cluster-

ing in eukaryotic cells are the vertebrate immunological

synapse [9,10], projection sites of mating yeast cells

[11,12], cell adhesion sites [13], and the tips of growing

hyphae in Candida albicans [14]. In addition to the mem-

brane raft hypothesis the meshwork hypothesis also

explains the compartmentalization of plasma membranes

(PMs). In this model it is assumed that the cortical actin

cytoskeleton (so called fences) and transmembrane

proteins anchored to it (so-called pickets) restrict the

lateral diffusion of transmembrane proteins [15].

Although the latter model does not account for the

compartmentalization of lipids, it is conceivable that

the lateral mobility of (trans-) membrane proteins is

modulated on the basis of both lipid-dependent and

actin-dependent organization forces [16].

In plant research, membrane domains and dynamics, cell

polarity and the role of lipids and sterols therein have

gained increasing attention in the past few years. Cell
www.sciencedirect.com
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Figure 1

Models for membrane raft dynamics. Models for diffusional mobility of membrane rafts (yellow), raft-associated proteins (red), and nonraft proteins

(blue). (1) Stable, immobile rafts. Hypothetical barriers to membrane raft diffusion are depicted by red lines. (2) Stable, mobile rafts. (3) Dynamic

partitioning of raft proteins. (4) No rafts. For simplicity, putative barriers to individual protein diffusion are not depicted. Copyright 2004 [8], published by

The Rockefeller University Press.
polarization and membrane domain formation are indis-

pensable for plants since they rely on cellular and sub-

cellular asymmetry during development. Polar growth of

the pollen tube and root hairs depend on cell polarization

as well as transporters that are focally localized in mem-

brane domains and that seem to be regulated thereby

[17,18,19�,20,21�]. Furthermore, plasticity and the ability

to polarize the whole cell including membrane proteins is

needed for the plant cells’ response to environmental

stimuli, such as pathogen attack [22–25]. Since the mech-

anisms underlying these membrane polarizations are still

largely unknown it will be interesting to investigate the

possible involvement of membrane rafts in plant mem-

brane heterogeneity. Membrane raft research in plants

may help to substantiate key findings obtained using

animal systems but could also open up new possibilities

of critically testing the membrane raft hypothesis by

employing forward and reverse genetic approaches in a

multicellular organism. Here, we review the recent find-

ings on membrane domains and cell polarity in plants

with a special focus on the possible role for membrane

rafts in various biological processes.

Model membranes
In contrast to animal membranes where cholesterol is the

predominant sterol, plant membranes comprise a more

complex sterol mixture. The main sterols in Arabidopsis
cells are sitosterol, stigmasterol, and campesterol, while

cholesterol contributes only a minor proportion. One of

the basic prerequisites for the existence of membrane

rafts in plant cells is the induction of phase separation by

phytosterols. The ability of sterols to pack tightly with
www.sciencedirect.com
saturated lipids is the key for their domain-forming

activity [26]. To date, several groups described the

domain-promoting activity of phytosterols in two-com-

ponent and three-component lipid mixtures. They have

shown that the order of enriched domains and their

stability depends on the structure of the partitioning

sterol [27–31]. However, probably owing to differences

in experimental systems and their methods, no clear

ranking of the sterols concerning their domain-forming

ability, domain-stabilizing activity, or the order of the

induced domains has been established. Beck et al. demon-

strated that the dynamics of three-component mixtures

resembling plant membranes are less sensitive to

temperature changes than mixtures mimicking animal

or fungal membranes [30]. The domain stability over a

wider temperature range suggests that plants evolved a

superior mechanism to cope with changing temperatures,

ensuring proper functioning of membrane-associated pro-

cesses. This feature is possibly one of the many adap-

tations of plants to their sessile lifestyle.

Detergent-resistant membranes
Brown and Rose introduced the concept of membrane

rafts being resistant to detergent treatment based on the

tight interaction of lipids, proteins, and cholesterol [32].

During treatment the detergent molecules insert prefer-

entially into the ld phase. Above a certain detergent

concentration the ld phase solubilizes leaving the lo phase

intact. Owing to these characteristics and its practicabil-

ity, detergent-resistant membrane (DRM) isolation is

probably the method not only most widely used to study

membrane rafts, but also most crucially discussed [33].
Current Opinion in Plant Biology 2008, 11:632–640
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Despite all concerns, the differential solubilization of

membrane proteins probably depends on their different

lipid environment in the membrane. Thus, the enrich-

ment of a protein in DRMs indicates its affinity for

presumptive membrane rafts. The most meaningful

application of DRM extraction is achieved if there is

differential DRM association of a protein before and after

a stimulus, thereby linking it to a biological phenomenon

[34].

As suggested by the ability of phytosterols to induce

phase separation, DRMs could also be isolated from plant

material (reviewed in [35]). In the past two years several

groups have enlarged the inventory of DRM-associated

plant proteins. Morel et al. identified 145 proteins in

DRMs of tobacco Bright Yellow-2 (BY-2) cells and ana-

lyzed their physicochemical characteristics [36]. They

showed that proteins involved in signaling, response to

biotic and abiotic stress, cellular trafficking, and cell wall

metabolism are overrepresented in the DRM fraction.

This resembles the protein composition of DRMs in

animal cells [36]. Similarly, DRMs have been isolated

from roots of Medicago truncatula and their proteomic and

lipid compositions have been extensively analyzed [37].

Interestingly, several proteins belonging to the PM redox

system have been found to associate with DRMs (see also

below). Recently, Laloi et al. showed how DRM extrac-

tion can be combined with genetic approaches [38�]. The

group isolated DRMs from Arabidopsis cell lines fad2 and

Fad3+ hyperaccumulating 18:1 and 18:3 fatty acids,

respectively. The amount of DRMs recovered from the

mutant material was 20% of wild-type levels. This under-

lines the expected importance of the unsaturation degree

of lipid acyl chains in the formation of membrane rafts.

Membrane rafts and mechanisms of
subcellular protein localization
Innate immunity relies on the recognition of pathogen-

associated molecular patterns by pattern recognition

receptors. Arabidopsis FLAGELLIN SENSITIVE 2

(FLS2) is a receptor-like kinase (RLK) and functions

as a pattern recognition receptor that senses bacterial

flagellin and activates defense signaling. FLS2 exhibits

ligand-induced endocytosis that is abolished in a mutant

form of FLS2 that cannot be phosphorylated at a C-

terminal threonine residue [39]. Plants expressing this

mutant form also have disturbed defense signaling, indi-

cating that receptor endocytosis and defense signaling are

interconnected. The presumed membrane compartmen-

talization leading to receptor endocytosis seems to be

required for FLS2 function. Recently, a ligand-induced

reduction in the membrane mobility of FLS2 was

reported [40]. This finding indicates a change of the

environment of the FLS2 receptor upon ligand binding.

The cause for the mobility shift could be due to inter-

action with other proteins, the confinement to less mobile

membrane domains, or a combination of both. Indeed,
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ligand-induced interaction of FLS2 with BRASSINOS-

TEROID-ASSOCIATED KINASE 1 (BAK1), another

RLK, was recently reported [41,42]. It is tempting to

speculate that the spatial regulation of FLS2, allowing

ligand-induced interactions with BAK1 and endocytosis

of the receptor, is partly due to its differential association

with membrane rafts. In fact, RLKs are overrepresented

in DRMs of plants, indicating their potential in vivo
association with membrane rafts [36,43].

The Chlorella kessleri hexose-proton symporter HEXOSE

UPTAKE 1 (HUP1) shows a spotty distribution in the

PM of Chlorella as well as upon heterologous expression in

Saccharomyces cerevisiae. However, in yeast strains lacking

ergosterol (erg6) or sphingolipids (lcb1-100), HUP1 is

evenly distributed ([19�]; Figure 2). The catalytic activity

of HUP1 is decreased in erg6 cells, indicating that local-

ization of HUP1 to membrane clusters is important for its

function. It has been reported that in yeast ergosterol or

sphingolipid biosynthesis mutants, proteins that normally

localized to membrane rafts fail to associate with them

[12]. Furthermore, these mutants are disrupted in mem-

brane polarization at the mating projection [12]. Like-

wise, the Arabidopsis mutant ortholog of erg6, smtorc shows

defects in cell polarity [44]. In this mutant, the auxin

efflux carrier proteins PIN-FORMED 1 (PIN1) and PIN3

that are normally polarly localized within cells are mis-

localized, leading to reduced polar auxin transport [44].

The inwardly rectified K+ channel KAT1 is distributed in

positionally stable membrane domains in the PM of

Nicotiana benthamiana and in a distinct radial pattern in

turgid guard cells in Vicia faba [20,21�]. The radial pattern

of KAT1 in guard cells could be attributed to KAT1–cell-

wall interactions; however, the refinement of KAT1 to

membrane domains seems to depend on other factors.

Sutter et al. [21�] demonstrated that the membrane pat-

tern and the lateral mobility of KAT1 are severely altered

upon overexpression of a dominant-negative fragment

(Sp2) of the soluble N-ethylmaleimide-sensitive factor

attachment receptor (SNARE) protein, SYP121

(Figure 3). While KAT1 is usually present in non-mobile

domains in the PM, it is evenly distributed and becomes

mobile when coexpressed with Sp2. These data implicate

a role for SNAREs in the distribution and behavior of

KAT1 at the PM. Furthermore, Sutter et al. showed that

the phytohormone abscisic acid selectively triggers KAT1

endocytosis. The exclusion of other proteins from endo-

cytosis requires membrane specialization and the focused

recruitment of KAT1 [45]. Whether the regulation of

KAT1 is partly achieved through its association with

presumptive membrane rafts remains unclear, yet the

partial localization of KAT1 in DRMs provides a hint

to it [21�]. In yeast, the establishment of polar distribution

of slowly diffusing PM proteins has been proposed to be

achieved through endocytosis [46]. Interestingly, the slow

diffusion of proteins is affected in the yeast erg6 mutant,
www.sciencedirect.com
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Figure 2

Saccharomyces cerevisiae expressing GFP-tagged Chlorella glucose-H+ symporter HUP1. (a and b) HUP1-GFP expressed in Saccharomyces

cerevisiae wild type, (c and d) an ergosterol biosynthesis mutant (erg6), and (e and f) a sphingolipid biosynthesis mutant (lcb1-100). (a, c, and e)

Confocal cross sections and (b, d, and f) surface views are shown. Size bars, 5 mm. Newly compiled and modified from [19�]. Copyright 2006 by the

American Society for Microbiology.
in which also the clustering of membrane rafts seems

abolished [11,46], Figure 2.

The first publication clearly showing the importance of

sterols in the establishment of plant cell polarity revealed

a mislocalization of auxin efflux carriers PIN1 and PIN3
www.sciencedirect.com
in a sterol-deficient mutant accompanied by a reduction

in polar auxin transport [44]. Another auxin efflux carrier,

PIN2, was already known to colocalize with sterols at the

PM and endocytic compartments [47]. Recently, Men

et al. reported that the polar localization of PIN2 also

depends on correct sterol composition ([48��]; Figure 4).
Current Opinion in Plant Biology 2008, 11:632–640
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Figure 3

The cytosolic (dominant-negative) Sp2 fragment of tobacco SYP121

selectively suppresses KAT1 K+ channel traffic and affects its

distribution at the plasma membrane. (a and b) Three-dimensional

reconstructions from confocal fluorescence images of tobacco

epidermal cells expressing haKAT1-GFP. GFP fluorescence is shown in

green, chloroplast fluorescence in red. (a) Expression of haKAT1-GFP

only and (b) together with the Sp2 fragment of NtSYP121. Size bars,

20 mm. Modified from [21�]. Adapted by permission from the American

Society of Plant Biologists, copyright 2006.

Figure 4

PIN2 polarity requires CPI1 function. (a and b) Immunofluorescent PIN2

localization (green) and 40,6-diamidino-2-phenylindole (DAPI) labeling of

nuclei (blue) in whole-mount Arabidopsis roots. (a) PIN2 localization at

apical epidermal (arrow) and basal cortical (arrowhead) PMs. (b) Apical

(arrow) and basal (arrowhead) epidermal as well as basal and lateral

(asterisk) cortical PM localization of PIN2 in cpi1-1. Size bars, 5 mm.

Adapted by permission from Macmillan Publishers Ltd: Nature Cell

Biology [48��], copyright 2008.
The sterol biosynthesis mutant cpi1-1 displays aberrant

PIN2 localization and a defect in root gravitropsim. The

authors elegantly demonstrated that compromised endo-

cytosis, rather than altered lateral mobility or inappropri-

ate PM targeting, is responsible for defects in PIN2

polarity. Still, the generally slow lateral mobility of

PIN2 might be important for its polar localization in a

scenario where endocytosis regulates the polar distri-

bution of slowly diffusing proteins [46].

It is striking that PIN2 and HUP1, both present in

membrane domains, are mislocalized in sterol-deficient

mutants that also display compromised endocytosis.

Furthermore, KAT1 localization depends on SNARE-

mediated trafficking of endomembrane compartments.

The correct sterol composition, as well as endocytosis

and membrane recycling, thus seem to be reoccurring

themes in the establishment of plant cell polarity. It

would certainly be interesting to investigate whether

the elicitor-triggered internalization of FLS2 and the

proper localization of KAT1 also depend on a correct

sterol composition.

Membrane rafts in biotic interactions
As mentioned above, it is essential for an organism to

react in a spatially and temporally regulated manner to

both beneficial and hostile microbes in close proximity. A

prominent example for lateral protein heterogeneity is

the focal accumulation of a subset of plant PM proteins

underneath attempted fungal entry sites. Upon powdery
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mildew attack, otherwise evenly distributed fluorophore-

tagged Arabidopsis and barley polypeptides such as the

PM-resident SNAREs SYP121 and ROR2, the heptahe-

lical defense modulator MLO and the cell-death regu-

lator BAX Inhibitor-1 concentrate in stable circular PM

domains of 3–10 mm diameter [22,23,49]. Formation of

this pathogen-triggered multi-polypeptide cluster

coincides with a marked staining by the sterol-binding

dye filipin, which indicates an accumulation of sterols in

these membrane areas [23]. Cellular polarization, com-

prising focal rearrangement of the cytoskeleton and

altered PM organization, is required for the targeted

secretion of cargo during the immune responses in plant

and animal systems (reviewed in [50]). In this context,

membrane rafts have been reported to be involved in

receptor-mediated activation of many vertebrate immune

cell types, including mast cells, B cells and T cells [51].

Reminiscent of plant SNAREs SYP121 and ROR2 that

cluster at powdery mildew attack sites, exocytic SNAREs

also accumulate in T cells at the contact site with their

respective target cells [52]. Individual human SNARE

proteins were found to be enriched in DRMs [53] and in

cholesterol-dependent clusters that are distinct from
www.sciencedirect.com
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typical DRMs [54], suggesting that SNAREs associate

with different types of membrane rafts, possibly in an

isoform-specific and cell-type-specific manner. Ternary

SNARE complexes, the oligomeric SNARE protein

assemblies that ultimately mediate vesicle fusion with

target membranes, are enriched in DRMs after mast cell

stimulation, indicating that membrane rafts might be the

preferred sites for secretion [51,54]. This hypothesis is

further supported by the finding that cholesterol may

promote membrane curvature during endocytic vesicle

formation by association with oligomeric cholesterol bind-

ing proteins [55].

Though the molecular principles driving large-scale

protein assemblies in the PM remain enigmatic, it has

recently been suggested that submicrometer-sized

SNARE clusters (50–60 nm in diameter) originate from

self-organization of multiple SNARE molecules, based on

weak homophilic protein–protein interactions [56��].
Individual SNARE molecules dynamically exchange be-

tween clusters and the freely diffusing state. SNARE

clusters, which are probably functionally important, are

probably stabilized by cholesterol [56��,57]. It is also

conceivable that large-scale PM domains may self-assem-

ble upon a localized stimulus-dependent nucleation

event.

Besides polypeptides that are linked to vesicle trafficking/

exocytosis, additional proteins implicated in reactions of

plants to biotic stimuli have been reported to reside in

DRMs. For example, cytochrome b561, which also focally

accumulates at fungal attack sites [23], appears to be an

integral part of a PM redox system in the DRMs of

Medicago truncatula roots [37]. This complex supposedly

establishes the redox balance between cytoplasm and

apoplast and might be important for the generation

and/or detoxification of reactive oxygen intermediates

in plant–microbe interactions [37]. Consistent with this

hypothesis, the PM-localized tobacco NADPH oxidase

NtRbohD, which is a major source of hydrogen peroxide

production in pathogen-challenged cells, was found to be

recruited to DRMs of BY-2 cells upon stimulation with

the fungal elicitor cryptogein [58]. An epitope-tagged

variant of the small Rho GTPase NtRac5, a negative

regulator of the NADPH oxidase, likewise accumulates in

the DRMs of tobacco BY-2 cells [58].

There is also first evidence for a contribution of mem-

brane rafts to a symbiosis-like plant–microbe interaction.

Shahollari et al. reported on two genes (At1g13230 and

At5g16590) encoding leucine-rich repeat proteins, both

transcriptionally upregulated during the interaction of

Arabidopsis with the growth-promoting fungus Piriformos-
pora indica [59]. Mutant plants defective in At1g13230

(also designated PIRIFORMOSPORA INSENSITIVE-2,

Pii-2) show no growth response to the fungus and no

induced transcript accumulation of At5g16590. Interest-
www.sciencedirect.com
ingly, PII-2 and the gene product of At5g16590 are both

associated with DRMs, whereas the At5g16590-encoded

polypeptide is absent from DRMs of pii-2 plants.

Additionally, the authors showed that a mutant in a

putative sphingosine kinase also exhibits impaired

response to P. indica. Taken together, these data nicely

demonstrate how the DRM association of a protein can be

linked to a biological phenomenon, strengthening the

assumption that membrane rafts are important for the

function of the protein encoded by At5g16590.

Membrane rafts and tip growth
Rho GTPases are signaling proteins with an important

role in polarization of eukaryotic cells, including direc-

tional expansion, asymmetric division and differentiation

[17]. They shuttle between an inactive GDP-bound and

an active GTP-bound state and regulate the above pro-

cesses through their specific localization and activation.

RAC/ROP (Rho of plant) GTPases, members of the plant

Rho GTPase subfamily, are polarly localized at the apical

PM of growing root hairs and pollen tubes. Their sig-

naling properties are required for proper tip growth and

are regulated by the interaction with regulatory proteins,

membrane lipids and Ca2+ [17]. RAC/ROP proteins were

shown to be equally distributed between DRMs and

Triton X-100 soluble membranes; however, upon acti-

vation RAC/ROPs partitioned into DRMs [60��]. The

authors of this report further investigated the mechanism

driving the activation-dependent localization of RAC/

ROPs by studying ROP6, a type-I RAC/ROP. In the

GDP-bound state ROP6 is prenylated and localized to

soluble membranes, whereas it is reversibly acylated

upon activation and then localized to DRMs. A consti-

tutive active mutant form of ROP6 accumulated exclu-

sively in DRMs, while in a double mutant, in which the

acylated cysteine is also mutated, the protein again loca-

lized to soluble membranes. Similarly, Bloch et al. showed

that a constitutive active form of RAC10 accumulated in

DRMs and induced malformation of root hairs and leaf

epidermal cells, probably through deregulation of endo-

cytosis [61]. The partitioning of activated RAC/ROPs into

DRMs strongly suggests a role for membrane rafts in the

activation-dependent regulation of RAC/ROPs and estab-

lishment of cell polarity. The membrane raft association of

proteins of the Ras superfamiliy of small GTPases has been

extensively studied in animal cells and similar mechanisms

have been suggested for their regulation [62].

Phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) is a

signaling lipid that coaccumulates with RAC/ROPs at the

apex of growing pollen tubes and root hairs [63].

PtdIns(4,5)P2 has been proposed to function as a RAC/

ROP effector, thereby influencing membrane fusion

events. Indeed, PtdIns(4,5)P2 has been appointed a role

in the regulation of synaptic vesicle endocytosis and ex-

ocytosis in animal cells [64]. Furthermore, PtdIns(4,5)P2

seems to promote the activation of RAC/ROPs [17]. In
Current Opinion in Plant Biology 2008, 11:632–640
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animal cells, PtdIns(4,5)P2 accumulates at sites of cell

surface motility together with a Rho-type GTPase, where

it is thought to localize to membrane rafts. PtdIns(4,5)P2

may thereby coordinate membrane dynamics and actin

organization as well as integrate signaling [65]. It is there-

fore tempting to speculate that also in plants the localiz-

ation of PtdIns(4,5)P2 and RAC/ROPs to membrane rafts

provides a mechanism for temporal and spatial organization

of signaling and cell polarization. With the help of newly

available imaging tools to monitor the PtdIns(4,5)P2 local-

ization at the subcellular level in vivo it will be possible to

assess the PtdIns(4,5)P2 dynamics in response to various

stimuli [66].

Similar to the role of RAC/ROPs in cell polarization

through the regulation of actin dynamics and membrane

trafficking, barley RACB has been implicated in the

modulation of actin reorganization and cell polarity in

the interaction of barley with the powdery mildew

pathogen [25]. Additionally, in resemblance of PM-resi-

dent SNAREs, MLO and BAX Inhibitor-1 (see above),

barley ROP-interactive CRIB (Cdc42/Rac-interactive

binding) motif-containing protein (RIC) 171 has been

found to accumulate underneath attempted fungal entry

sites [67]. RICs are plant-specific proteins regulating

RAC/ROPs by GTP-dependent interactions. Accord-

ingly, GTP-bound RACB supposedly attracts RIC171

to the PM, suggesting that RACB is present in the

GTP-bound state at attempted fungal entry sites.

The focal accumulation of RAC/ROP proteins during

polarized growth and cell polarization toward fungal

attack sites suggests similar mechanisms involving

RAC/ROPs for both processes. Possibly the regulation

of NADPH oxidase activity, resulting in the localized

generation of reactive oxygen species and the subsequent

establishment of a local Ca2+ gradient [68], provides a

mechanistic link between both phenomena. Indeed, in

both cases also the secretory pathway is polarized toward a

distinct cellular region [17,24]. It would be interesting to

determine whether the signaling lipid PtdIns(4,5)P2 also

accumulates underneath fungal attack sites.

Conclusions
The lateral organization of biological membranes is

essential for a large number of biological processes.

Remarkably, no consensus on the mechanism underlying

membrane domain formation has been reached. The

membrane raft hypothesis, which offers a plausible expla-

nation for membrane domain formation, continues to be

controversial. However, despite the debate regarding the

existence of membrane rafts, researchers mainly agree

that large-scale phase separation can occur whether small

membrane rafts preexist or not.

In plants, several examples of PM heterogeneity have

been described and we have begun to understand the
Current Opinion in Plant Biology 2008, 11:632–640
molecular principles for its formation. The degree of fatty

acid desaturation, as well as the correct sterol composition

in conjunction with endocytosis and membrane recycling

appear to be crucial determinants in the lateral organiz-

ation of plant PMs. Furthermore, accumulating data now

point toward conserved molecular mechanisms, including

RAC/ROP proteins, in polarized growth and cells polar-

izing toward plant–microbe interaction sites. To further

unravel the basis for lateral membrane organization in

plants, future research should take advantage of con-

ditionally rescued mutants that may exhibit stronger

phenotypes [69��]. Novel probes, for example, Laurdan,

a dye that monitors the order of membranes [10], could

also extend the plant toolbox. Combining the analysis of

otherwise inaccessible mutants with such new imaging

approaches promises to reveal exciting new insights.
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