
In spite of the enormous amount of data accumulated

during the past few decades indicating a high level of

cytoskeletal organization in eukaryotic cells, there is

still a tendency within mainstream cell biology to

describe these cells as though they were no more

than random macromolecular assemblages, where

diffusion is the principal means of creating

conditions that enable a cell to change its state.

However, it is becoming increasingly clear that

besides genomic information, there is another source

of information that resides in almost every cellular

structure. This epigenomic structural information is

required to drive development through various levels

of complexity1–4.

Our current knowledge of the genome (the sum of

all DNAmolecules organized in the form of

complementary nucleotide base pairs) and the genetic

basis (RNAs) of eukaryotic cell construction (both

components here comprise genomics) is the result of

revolutionary technological progress during the latter

part of the past century. By contrast, the actual level

of understanding of the structural organization of

eukaryotic cells seems ‘frozen’ somewhere at the

beginning of that century. This discrepancy is evident,

even taking into account the discovery of self-

organizing cytoskeletal elements: microtubules (MTs)

in the 1960s, and actin filaments (AFs) in the 1970s.

These cellular elements were only dimly perceived

before these dates, but we know now that they

represent major structural components of all

eukaryotic cells. In contrast with the well

characterized macromolecular structural elements of

the cytoplasm, analogous structures that

mechanically support and bring order to the interior

of the nucleus (nuclear matrix) are highly elusive.

After half a century of extensive research, it is

possible to say only that the nuclear matrix is built up

from complex heteropolymers, including

ribonucleoproteins4.

Structurally, the cytoskeleton is known to be

composed of relatively simple polarized,

proteinaceous homopolymers built of tubulin (the

MTs) and actin (the AFs). In this review, we consider

the cytoskeleton from phylogenetic and functional

viewpoints. Besides considering its well known roles

in both vectorial intracellular motility and the

support of the dynamic cytoarchitecture of eukaryotic

cells, we shall present the view that the properties of

all known cytoskeletal elements are integrated in the

form of a coherent superstructure, which pervades

the whole cytoplasm. Membranous elements, as well

as the extracellular matrix (or cellular exoskeleton),

are also important components in defining the limits

of this integrated superstructure. At present, the

absence of a satisfactory conceptual basis for cell

structure means that there is no way of making sense

of much of the current avalanche of bewildering

biochemical and genetic advances. Our aim is to put

forward general principles of the structural

organization of eukaryotic cells that should allow

present and future genetic and biochemical findings

to be incorporated within a coherent structural

concept of the eukaryotic cell.

A new structural view of the eukaryotic cell: cell body

and cell periphery complex

Aprimary endosymbiotic event between a Gram-

negative eubacteria (host) and a prokaryotic eocyte

(guest) is thought to have given rise to the eukaryotic

cell, whose interior was then subdivided into a host-

derived cytoplasm (plus cell periphery) and a guest-

derived nucleus5,6. The additional acquisitions of
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symbiotic plastids and mitochondria are well

accepted5 and their partial ingestion by the host

might account for the double membranes of these

organelles. The cytoskeleton co-evolved within

emerging eukaryotic cells, their actin-based

cytoskeleton becoming closely associated with a

plasma membrane7 and their tubulin-based

cytoskeleton intimately associating with the nucleus8.

In cells of all multicellular eukaryotes, MTs radiate

from sites close to the nuclear surface (Fig. 1). In

animal cells, these associations include the

perinuclear MT-organizing centres (MTOCs), also

known as centrosomes9,10, whereas in other

eukaryotic cells MTOCs are associated with the

nuclear envelope8,11,12. Soon after cytokinesis within a

higher plant cell, many of the perinuclear MTs

migrate to the cellular cortex13,14, where they adopt

the form of cortical MTs, or tubulin-based cell

periphery apparatus15,16. Cortical MTs represent the

secondary arrangement of the MTs of plant cells16 and

are responsible for the spatial ordering of nascent

cellulosic microfibrils. Although typical plant cells

contain most of their MTs at cellular peripheries, this

seems to be only a secondary feature (reviewed in

Ref. 16). Morphogenetically active plant cells

assemble abundant endoplasmic MTs around nuclei,

which allows nuclear centering (e.g. pre-mitosis,

mitosis, cytokinesis and tip growth).

The evolution of the eukaryotic nucleus has been

tightly coupled to that of the tubulin-based

cytoskeleton8. The current status of this co-evolution

is a close structural association between the nucleus

and MTs during interphase, which becomes even

more prominent during mitosis when all cellular MTs

are organized in the form of the mitotic spindle

(Fig. 1). This reproductive form of the cell body drives

the segregation of genomic information (organized in

the form of mitotic chromosomes) and, in addition,

efficiently partitions the population of tubulin

molecules. In fact, mitosis is one of the most

conserved cell body-based activities and is performed

by all eukaryotic cells in an identical manner17.

Centrosomes and chromosomes both perform

independent structural cycles during the cell

cycle18,19, and these cycles are interdependent with

respect to nuclear functional impacts8. This points to

an example of the close interaction between genome

and structure.

Inspired by work published by Daniel Mazia19,20,

we recently proposed that walled plant cells are

composed of two primary structural entities: cell

bodies (‘bugs’), represented by the nucleus and

radiating perinuclear MTs (Ref. 12), and cell periphery

complexes (‘cages’) composed of actin-based plasma

membrane domains16. The terms ‘bugs’and ‘cages’also

reflect the symbiotic origin of the eukaryotic cells

mentioned earlier. One of the most crucial nuclear

properties, central to the very concept of the cell body,

is that numerous molecules are stored within the

interphase nucleus which, when released into the

cytoplasm, control the organization of MTs (Ref. 8).

For example, GTP-bound Ran, a Ras-like nuclear

small GTPase, was recently identified as a nucleus-

based molecule crucial for MT polymerization in the

form of radiating mitotic arrays21. It is from this

molecule that the MT-based cytoskeleton acquires its

primary form during mitosis.
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Fig. 1. Cell bodies (red–blue ‘bugs’ with red nuclei and blue microtubules) enclosed by cell periphery
complexes (black envelope-like ‘cages’) of diverse eukaryotic cell types. (a) Dividing animal cells
(amoeba cells would also be similar). (b) Dividing cells of budding yeast. (c) Mating cells of budding
yeast. (d) Dividing cells of fission yeast. (e) Tip-growing plant cells. (f) Symmetrically dividing plant
cells (having their pre-mitotic nuclei settled at the geometrical cell centre, also Fig. 3). (g)
Asymmetrically dividing plant cells (having their pre-mitotic nuclei settled at the cytoskeletal cell
centre, see also Fig. 3). The actin cytoskeleton (not shown here), accumulates at cell periphery
domains, which attract (polarize) cell bodies in (b) (buds of budding yeasts), (c) (mating projections of
budding yeasts), (d) (in fission yeasts, two opposite actin domains hold their cell bodies within the
geometrical cell centre), (e) (tip-growing plant cells such as root hairs and pollen tubes) and (g)
(specialized higher plant cells, such as dividing pollen and developing stomata).



Motility is one fundamental feature of cell bodies

in all eukaryotic cells that can be expressed during

both interphase and mitosis. Numerous examples of

cell-body-related motilities have been shown in yeast

and animal cells9,22,23. Nevertheless, this

phenomenon is particularly intriguing in the case of

walled plant cells as they too have an MT-based cell

body, yet are generally regarded as immobile. There

are plenty of examples where cells of both

gametophyte and sporophyte plant generations are

motile. Two examples from each respective

generation are pollen tubes and root hairs. Other

motile plant cells are present in secondary vascular

tissues (fibres), primary root cortex (trichosclereids

and the cells of some aerenchyma). According to the

cell body concept, one can view plant cellular life from

another perspective: the stiff cellulosic ‘cage’ of the

cell exterior imprisons the active cell body (‘bug’) and

thus a sessile mode of life prevails, which in turn

permits plants to serve as ready food for mobile

animal cells.

Nucleus-associated self-centering microtubules are at

the ‘heart’ of cell body positioning

Besides their strong inherent association with

nuclei8, polymerizing MTs display a unique self-

centering activity in vitro24,25 (Fig. 2). To give a simple

example of this activity, radiating MTs (asters),

assembled de novo within artificial microchambers

from purified centrosomes, will perform self-

centering within their microchambers26. Obviously,

the process of MT polymerization provides

intracellular forces27 powerful enough to push the

whole aster into the geometrical centre of a

microchamber. This behaviour is sufficient to indicate

that some type of cytoarchitectural self-organization

of eukaryotic cells could be based on inherent

behaviour of tubulin proteins.

Geometrical versus cytoskeletal cell centre
In the case of cell body positioning, MT-derived forces

impinge upon whole MTOC-nucleus complexes and

move nuclei to an intracellular site of equilibrium22.

We call this equilibrium site the ‘cytoskeletal centre’:

it can, if the forces are isotropic, coincide with the

geometrical centre of the cell (Fig. 3a). Here,

homogeneous distribution of the cell periphery

F-actin plays a crucial role. The self-centering process

depends not only upon dynamic instabilities of the

MTs at their growing (plus) ends and their physical

relationship with the cell periphery complex, but also

requires that the resultant pushing action is

transmitted to the non-growing (minus) ends of the

MTs at the points where they embed into the

perinuclear MTOC. Numerous observations have

been published (reviewed in Ref. 27) that indicate MT

polymerization can generate forces enabling MTs to

push against moveable cellular objects.

There are many examples where cell bodies

actively shift away from the cell’s geometrical centre

(Fig. 3b). In all these situations, the cell bodies move

towards an actin-based cell periphery domain.

Intriguingly, the processes underpinning the

movement of active cell bodies appear to include the
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Fig. 2. Self-centering microtubules in cytoplasmic fragments (devoid of
nuclei and centrosomes) of fish melanophores. After their isolation,
pigment granules and microtubules were distributed homogeneously
throughout these cytoplasmic fragments. With time, several
microtubular asters formed that progressively transformed into one
large aster positioned exactly at the geometrical centre of the
cytoplasmic fragments. Adapted from Ref. 25.
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(a)

(b)

Fig. 3. Premitotic cell body positioning determines cellular fate. (a) Cell
body at the geometrical cell centre leads to symmetrical division
producing two daughter cells with similar fates (most cell divisions in
apical meristems of plant organs). (b) Cell body at the cytoskeletal cell
centre leads to two different daughter cells with contrasting cellular
fates. Such asymmetrical divisions are typical for morphogenetically
specialized plant cells, such as dividing pollen grains46,48, zygotes47 and
developing stomata45. Peripheral F-actin (green arrows) accumulates at
domains that attract cell bodies.



selective stabilization of their MTs (Ref. 28) at these

F-actin enriched peripheral domains. It is within

these domains that there is a force-generating

response to the presence of MTs, which leads to the

repositioning of the cell body. MT-based self-centering

towards the geometrical cell centre occurs when

cortical F-actin is homogeneously distributed around

the plasma membrane. Conversely, accumulation of

F-actin at distinct peripheral domains attracts active

cell bodies and then maintains them at the

cytoskeletal cell centre. New data from studies on

budding yeast suggest that the interplay between

MT-based cell bodies and the actin-enriched cell

periphery domains also involves pulling forces29.

Specifically, Kar9p associates in an actin-dependent

fashion30 with the plasma membrane and captures

cell body MTs that are shortened using motor protein

Kip3p (Ref. 31). Pulling forces exerted by the Kip3p

move the nucleus towards the Kar9p anchorage site

into the bud of mitotic budding yeast cells29,31,32.

Indeed, it is possible to explain all the motile

behaviours of plant cell bodies in terms of their

displacements, accomplished via a combination of

both pulling and pushing forces33, to new cytoskeletal

centres because of actin enrichment of local sites on

the cell periphery16. In plants, these nuclear (or cell

body) movements have been described as rotations

and migrations of nuclei12,16,34,35.

The motile behaviour of cell bodies might seem to

be at variance with the self-centering principle,

especially in the case of plant cells that grow at

morphologically distinct ‘tips’, such as root hairs and

pollen tubes. In such cases, the cell bodies leave their

original intracellular locations and follow the

emerging and growing tips at an approximately

constant distance12,16. These cell bodies move from the

cell’s geometrical centre (Fig. 3a) towards an actin-

enriched cell periphery domains (Fig. 3b). Thus, AFs

and MTs act as complementary structural assemblies

that maintain a balance between their respective

physical actions. In this dynamic system, the actin-

based cell peripheries play a leading role in providing

motility, whereas the tubulin-based cell bodies use

their self-centering activities (regaining the

cytoskeletal centre) as a guide for positioning the

nucleus appropriately within the cytoplasm.

Centering of mobile plant cell bodies

Plant cells differ from most other eukaryotic cells by

the absence of perinuclear centrosomes, these being

functionally replaced in plants by MTOCs located on

the nuclear envelope8,11. It is this characteristic of MT

organization that contributes to the efficient self-

centering of the plant cell body (Figs 1f,g). In contrast

with non-elongating and non-growing walled plant

cells, which have inactive cell bodies displaced from

the cell centres by turgid vacuoles12, meristematic

and tip-growing plant cells display active cell bodies.

These are positioned either at the cell’s geometrical

centre (Fig. 1f ) or, in the case of asymmetrically

dividing (Fig. 1g) and tip-growing (Fig. 1e) cells, at the

cytoskeletal centre in proximity to actin-enriched cell

periphery domains12,16. In either case, abundant MTs

are initiated upon, and radiate from, the nuclear

surface. Thus, the plant cell bodies are positioned at

either the geometrical or cytoskeletal centre

according to whether the distribution of actin-

enriched domains at the cell periphery is symmetrical

or asymmetrical.

Pre-mitosis
As they prepare for mitosis, most plant cells position

their pre-mitotic nuclei in the geometrical centre of

the cell (which corresponds to the cell’s cytoskeletal

centre, if actin is symmetrically distributed around

the cell periphery, Fig. 3a). Mitosis is accomplished

by means of a centrally positioned mitotic spindle.

Besides MT-based forces, actomyosin can also be

implicated in the positioning of pre-mitotic plant

nuclei. Clive Lloyd and Jan Traas36 described AFs

connecting spindle poles with the cell cortex domains

in carrot suspension cells, which are enriched with

both AFs and myosin VIII in maize root apices37. The

centering of the spindle is particularly prominent in

large vacuolate cells because their nuclei are actively

moved away from the cell periphery38. To achieve

this, two MT arrays, the phragmosome and the

preprophase band, are assembled. They structurally

support the repositioned pre-mitotic nuclei in

locations prepared for their subsequent

division34–36,38–41. Analogous pre-mitotic cell-body-

centering occurs in lower organisms33. In budding

yeast, pre-mitotic nuclei leave the geometrical cell

centre and move towards a new cytoskeletal cell

centre by means of search-and-capture interactions

between cell body MTs and actin-based cell periphery

domains associated with cortical sites42,43 (Fig. 1b).

By contrast, fission yeast have two opposite actin-

enriched domains and have symmetrical divisions,

with their pre-mitotic nuclei remaining at the cell’s

geometrical centre44 (Fig. 1d). A similar situation

occurs in mitotic root cells of maize where F-actin

redistributes from the mitotic spindle region and

accumulates at opposing cell periphery domains on

the cross-walls facing the spindle poles37 (Fig. 4).

Although the pre-prophase band of MTs is

generally considered to be localized at the cell

periphery, there are numerous other MTs that

radiate from the nuclear surface and associate with

the pre-prophase band14. Moreover, both assembly

and disassembly of pre-prophase bands require the

presence of adjacent nuclei40,41, suggesting that the

pre-mitotic nuclei directly regulate these processes,

perhaps by releasing molecules that affect MT

polymerization. The connection between the pre-

mitotic nucleus and the cortical part of the pre-

prophase band via MTs suggests that the

nucleus–pre-prophase band complex is the plant-

specific form of a morphogenetically active cell

body12.
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In most instances, pre-mitotic plant nuclei reside

at the geometrical cell centre and, in due course, an

equal division occurs. But if pre-mitotic nuclear

movement takes place enabling the nucleus to move

from the geometrical cell centre to reach the

cytoskeletal cell centre (Figs 1g and 3b) as a result of

asymmetrical F-actin deployment45,46 at the cell

periphery complex, then an unequal division would

occur (Figs 1g and 3b). Important morphogenetic

consequences flow from whether or not mitotic

division of a given cell is asymmetrical, because this

feature regulates the developmental fate of the

daughter cells45–48. This is possibly because of

distinct cytoplasmic domains in which daughter

nuclei enter under the influence of the cell periphery

domains. Genetically determined alterations to the

timing of pre-mitotic nuclear movement, of which

some of the most dramatic examples are seen in

mutants affecting pollen mitosis I (Ref. 48), might

reflect alterations in the timings of the

developmental changes that normally affect actin

distribution at the cell periphery. The morphogenetic

consequences seen in these mutants might stem from

alterations to cytoplasmic polarity, which go hand-in-

hand with alterations to the actin distribution at the

peripheral domains.

Mitosis
The mitotic spindle is one of the most conservative

forms of cell body organization12. It is designed for

the exact division of a parent cell body into two

daughter cell bodies. In spite of the fact that diverse

eukaryotic cell types assemble almost identical

mitotic spindles, the respective cells at interphase

can show marked differences in the distribution of

their cortical and radiating MTs. Another

characteristic and important feature of mitotic

spindles is that, similar to other cell body forms, they

are inherently motile. Mitotic spindles respond to

cues issuing from the cell periphery, whereupon they

display one of several motility responses. These

include simple rotations around the nuclear axis and

more complex migrations of whole mitotic spindles

within the confines of the parent cytoplasm

(resembling ‘a bug within the cage’). An excellent

example of mitotic plant cell body behaviour is found

within the zygote of the brown alga, Pelvetia

compressa, where the mitotic spindle rotates around

its axis during mitosis in response to environmental

signals49 (Fig. 5). Other examples of cell body

migrations and rotations during mitosis and

cytokineses in eukaryotes have also been

reviewed34,50.

Walled plant cells assemble only a few astral MTs

at the poles of their mitotic spindles, a feature that

might allow the spindles to shift during metaphase.

Of course, it could be that the spindles are too bulky

to maintain the orientations assigned to them during

pre-mitosis and that they are easily displaced by

cytoplasmic motions within the dividing cell. If so,

there could be mechanisms for correcting mitotic

spindle position by means of interactions between

the cell bodies and the actin-based cell-periphery-

complex domains (Fig. 4) throughout the ensuing

phases of chromosome separation and cell division.

Cytokinesis
Higher plant cytokinesis is a process based on the

function of phragmoplast MTs, and in this respect

differs from the modes of cytokinesis found in other

eukaryotic cell types. Cell bodies remain clearly visible

and active during cytokinesis12. Aunique feature of
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Fig. 4. Redistribution of F-actin during mitosis in maize root cells. The left-hand cell is in interphase
and shows F-actin networks homogeneously extending from the nuclear surface towards the cell
periphery. The right-hand cell is in mitosis and shows dramatic depletion of F-actin in the spindle
region and accumulation of F-actin at cell periphery domains facing the spindle poles (horizontal
arrows, indicating root axis too). Note that the cell periphery domains marked by the pre-prophase
band of microtubules during the preceding G2 phase are also depleted of F-actin (vertical arrows).

Fig. 5. Rotation of mitotic cell bodies during the first asymmetrical
division of Pelvetia compressa zygotes. (a–c) Consecutive stages of
mitotic spindle rotation visualized with labelling of microtubules with α-
tubulin antibody. (d) Actin-enriched cell periphery domain, labelled
with actin antibody, interacts with and attracts the leading spindle pole,
which becomes larger during interactions with the actin-based domain.
Photographs (a–c) were kindly provided by Sherryl Bisgrove, and
photograph (d) by Whitney Hable (both at University of Utah, USA).



plant cytokinesis is that specialized cell-to-cell

channels (plasmodesmata) remain open, allowing

direct interactions among adjacent cell bodies via ER

elements and MTs (Ref. 16). In contrast with wall-less

plant cells51, the current literature on cytokinesis of

walled plant cells seems to suggest that phragmoplast

MTs are not in physical contact with the surfaces of the

newly separated post-mitotic sister nuclei. However,

our analysis of mitosis in the cells of maize root apices

strongly suggests that these MTs belong to the category

of cell body-based, radiating MTs (Ref. 14).

Phragmoplast MTs are organized in the form of

two interdigitating sets of MTs that radiate from the

opposing surfaces of the two daughter telophase/early

interphase nuclei. At this stage, the phragmoplast

can be isolated from plant cells as a coherent

structural unit52. The plane of interdigitation of cell

body MTs precisely defines the border between the

newborn adjacent daughter cell bodies. This

phenomenon is also pertinent for cell body MTs

radiating from both sister and non-sister nuclei

within a common cytoplasm, as observed in coenocytic

plant cells51,53. Whether or not a tissue or organ is

multicellular or coenocytic makes little fundamental

difference to the concept of the cell body. If cell body

division is not accompanied by deposition of cell wall

precursors within the phragmoplast, then coenocytic

development occurs, but when phragmoplasts are

associated with cell wall precursor deposition, this

becomes the foundation for the multicellular state. 

Afurther characteristic of plant cytokinesis sensu

stricto is that a new cell periphery domain16 is formed

de novo among the interdigitating cell body MTs of the

phragmoplast.

The cell body administers, by means of its

perinuclear MTs, a cytoplasmic domain51 termed

‘cytoplast’54, which represents a basic unit of the

cytoplasm. Coenocytes contain hundreds of such

domains forming hexagonal arrays53. In fact, the

concepts of cell body and cytoplast can be traced back

to Strasburger’s idea of a ‘sphere of nuclear influence’

(Wirkungsphäre) and also to the much-studied

nucleus-to-cytoplasm ratio55.

Tip growth
Plant cell bodies are inherently motile and confer this

property upon the cytoplasts for which they are

responsible. This is evident in two examples that

involve tip growth, root hairs and pollen tubes. In

these situations, the cell bodies not only polarize

and/or rotate but they also migrate to a position

behind the advancing F-actin-enriched tip of the cell16

(Fig. 1e). Significantly, experimental disassembly of

F-actin shows that this cytoskeletal element is

absolutely essential for the advancement of the tip of

root hairs56 and pollen tubes. However, even though

tip growth continues for a short time when all MTs

are disassembled56, MTs are needed for sustained tip

growth. Root hair MTs are deployed in the form of

longitudinal arrays that anchor the nucleus to the

advancing tip57, and they could serve as guides for the

supply of ribosomes and mRNAs56 to the tip. This

feature seems to be relevant for continuous

renovation of the tip-growth machinery at the

extreme tip. In the case of the pollen tube, the

migration of cell bodies (both vegetative and

generative) is essential for sexual reproduction,

ensuring that sperm cells are delivered to the egg cell

buried deeply in female tissue.

With respect to the inherent mobility of cell bodies,

nuclear migrations behind the tips of growing plant

cells16,57 closely resemble processes in migrating

amoebae and the motile fibroblasts of mammalian

tissues, where the centrosome–nucleus complex of the

cell body follows the leading edge of the peripheral

domain by means of MT-mediated connections

between these two cytoskeletal units9. Moreover,

budding yeast exposed to pheromone gradients are

induced to form actin-based mating projections58 that

in turn bring about a polarization of the nuclei by

means of the radiating cell-body-based MTs (Fig. 1c).

These mating projections are similar to the bud sites

already mentioned in that the MTs of the cell body

participate in search–capture and pushing–pulling

interactions with the actin-rich sites of the cell

periphery58. In fact, the yeast mating projections

could be considered to be analogous to pollen tubes in

higher plants.

Conclusions

Eukaryotic cells emerged some billion years ago as a

result of a key endosymbiotic event that led to the

compartmentation of the emerging eukaryotic cell

into nucleus (guest) and cytoplasm (host). The

current evolutionary outcome of the structural

specialization within this endosymbiotic cell is a

motile cell body, represented by the nucleus plus its

radiating MTs, enclosed within a cell periphery

complex formed by the plasma membrane and its

underlying actin cytoskeleton. An intrinsic property

of the cell body MTs is self-centering. This process

results in the active positioning of cell bodies at the

geometrical cell centre. For cell body self-centering,

F-actin associated with the cell periphery serves as a

reference point. Cells whose peripheral F-actin is

assembled asymmetrically polarize their cell bodies

as these become attracted towards the F-actin-

enriched cell periphery domains. During this

process, cell bodies search for, and settle at, the

cytoskeletal cell centre, a point of force equilibrium

between the actin- and tubulin-based cytoskeletons.

Recent data suggest that cell bodies not only respond

to F-actin enriched cell periphery domains, but that

they can also actively instruct the F-actin assembly

at these domains59.

In spite of the limitation set upon the mobility of

plant cells because of the resistance of their walls to

deformation and the diffuse nature of their growth,

the cell bodies of dividing and tip-growing plant cells

are inherently motile and perform rotations and
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migrations. This is in line with the characteristics of

cell bodies of all other eukaryotic cells and allows us to

put forward a new structural concept valid for any

eukaryotic cell: they are composed of motile cell

bodies (‘bugs’) enclosed within flexible cell periphery

complexes (‘cages’).

Perspectives

Our short review summarizes various aspects of a

large body of evidence and reveals that the basic

internal structural organization of walled plant cells

corresponds well with that of other types of

eukaryotic cells. This similarity enables us to propose

a new unified concept for the organization of

eukaryotic cells (Fig. 1). After identification and

characterization of cell bodies and actin-enriched

domains of cell periphery complexes, it will 

become crucial to identify the key components 

(e.g. Refs 29,32) involved in the dynamic interactions

between these two structural units of cellular

organization and to test predictions of this unified

concept of the structural organization of the

eukaryotic cell. Genetic and mutational approaches

should play crucial roles in achieving these goals.

Centering of cell bodies can monitor cell sizes and

shapes because whenever nucleus-associated MTs hit

the cell periphery, their dynamic ends switch from

growth to shrinkage60. The cell body concept might

even turn out to be useful for interpreting diverse

physiological problems. For instance, the recent

discovery that a circadian clock is inherently localized

in the individual cells of a metazoan61 might be

explained by the unique properties of the MTs of the

cell body, which can obviously perceive light pulses

and transmit these directly into the nucleus62,

thereby influencing patterns of gene activity.
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In a recent article, Neelima Sinha1 discusses the

importance in plant biology of the responses of

epidermal cells to contact. Here we extend the

arguments of Sinha1, and put them in an evolutionary

context, following Robert Kuzoff and Charles Gasser2,

Todd Barkman et al.3 and William Crepet4.

Sinha1 points out that epidermal adhesion and

fusion are essentially confined to higher plants. As an

example of the importance of epidermal contact in

sexual reproduction, Sinha1 uses the fusion of floral

organs within a whorl, which occurs relatively late in

floral development. Such ontogenetic fusions give rise

to some examples of corolla (petal) or calyx (sepal)

tubes. These ontogenetic fusions also give rise to some

examples of syncarpy1, with fusion of the ovaries, and

usually also fused styles and stigmas. Syncarpy can

arise from appression of carpels late in development

(postgenital fusion), with occlusion of intervening

spaces by secretions or (‘true’ syncarpy) by epidermal

fusion1. ‘True’ syncarpy can also involve the absence of

epidermal identity in the fused regions at all stages of

development (congenital fusion), and might have

evolved from occlusion or fusion.

Without denying the ontogenetic significance of

epidermal fusion in many cases of ‘true’ syncarpy, it is

not certain that it was a necessary stage in the

evolution of true syncarpy with congenital fusion, or

other cases of congenital fusion5. Allometric changes

in development can be responsible. Here, greater

growth proximal to the point of organ separation and

decreased growth distal to that point might account

for the evolution of congenital fusion, with no

intermediate stage of postgenital epidermal fusion5–9.

Studies of certain mutants (LEUNIG and

AINTEGUMENTA) of Arabidopsis have implications

for congenital organ fusion; among the characteristics

of these two mutants is partial separation of the

carpels of the normally syncarpous, bicarpellary,

gynoecium10,11.

Implicit in Sinha’s1 analysis, and the discussion

above, is that the apocarpous (unfused) state is

ancestral in flowering plants. Apocarpy and syncarpy

are, of course, only applicable to flowers with more

than one carpel. Before molecular genetic analyses of

phylogeny became available, the possession of more

than one carpel per flower, and having these carpels

separate rather than fused, were considered to be

ancestral characters5–9. The ancestral nature of these

characters is generally supported by molecular

phylogenetic analyses4,8,9. Thus, of the three families

that form the sister group to all other flowering

Significance of

epidermal fusion and

intercalary growth for

angiosperm

evolution

John A. Raven and Jonathan D.B. Weyers

The ancestral angiosperm flower probably had many separate elements in each

floral whorl (sepals, petals, stamens and carpels). Derived character states

include ‘fusion’ of elements within a whorl (cohesion) and fusion between

whorls (adhesion), as well as epigyny and the emergence of the other floral

elements from the apex of the fused carpels. This article considers the roles of

epidermal fusion and intercalary growth in the phylogeny and ontogeny of

fused floral elements, and the importance of fusion for angiosperm evolution.
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