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Cell walls are at the basis of a struc tural, four-dimensional frame work of plant form
and growth time. Re cent rapid prog ress of cell wall re search has led to the situ a tion
where the old, long-lasting jux ta po si tion: “living” protoplast —“dead” cell wall, had to
be dropped. Various at tempts of re-interpretation cast, how ever, some doubts over
the very na ture of plant cell and the sta tus of the walls within such a cell. Fol low ing a
comparisonofexocellularmatricesof plantsandanimals, theirpositioninrelationto
cellsand or ganismsisanalysed. Amul ti tude of per spec tives of the biological or gant
sationoflivingbeingsis pre sented with par ticu lar atten tion paid to the cel lular and
organismal the ories. Basictenetsand resultingcorollariesofboththe oriesarecom
pared, and evolutionary and developmental implications are considered. Based on
these data, “The Plant Body” — an organismal con cept of plants and plant cells is de-

scribed.

When Rob ert Hooke first ob served the cork
under microscope anddescribed itsstructure
as com posed of small units — “the cells” as he
called them [1], he did not real ise that in fact
he was observing a network of cell walls in a
dead tissue. Nevertheless, the idea and the
term “cell” per sisted and later found its place

withinthecellulartheoryofbiological or gant
sa tion. Cell walls (CW) are con sid ered one of
themajorstructuralele mentsthatdistinguish
plant cells from other eukaryotic cells. Taking
advantage of the models elaborated for ani-
mal sys tems, and on the ba sis of re cent rapid
prog ress of CW re search, itis of ten sug gested
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that there are functional similarities of plant
walls to the animal exocellular matrix (ECM,;
e.g. [2, 3]). This, how ever, casts some doubts
over the very def i ni tion of “plant cell” and the
position of cell walls within such a cell.

Cell walls are indispensable elements of
plant cells de ter min ing their shape and af fect
ing their func tion. Within a plant they form a
structural and functional continuum — the
apoplast. On the other hand, CW could be con
sidered as a cellular “organelle” undergoing
dy namic changes in re sponse to a pleth ora of
stimuli [4]. In that respect, they could be de-
fined as part of yet another structural and
functional con tinuum, com posed of cell walls,
plasma membrane, and the cytoskeleton
[5—8]. Taken to gether, CW are at the ba sis of
a structural, three-dimensional or indeed
four-dimensional framework of plant form
and growth time [9].

EXOCELLULAR MATRICES OF
PLANTS AND ANIMALS — A
COMPARISON

Plants and animals adopted two different
strate gies of life and this found a re flec tion in
the properties and behaviour of their cells,
and also in the structure and functions of
theirexocellular matrices. Fromthechemical
point of view, animal ECM is composed
mainly of glycoproteins and proteoglycans,
while polysaccharides are the major building
elements of plant CW with (glyco)proteins
and phe no lic com pounds be ing mi nor com po
nents. In both cases, the cur rently used mod
els describe exocellular matrices as complex
net works of macromolecules. Forexam ple, in
plant CW at least three intertwining net-
works: cellulose/hemicellulose, pectin, pro-
tein, and lignin (in some types of walls), could
be distinguished [10]. Although chemically
dif fer ent, CW and some types of an i mal ECM
(especially in connectivetissue)arerelatively
similar when their mechanicalpropertiesare
considered. Both are composite materials

with rigid, stretch-resistant rods (cellulose
microfibrils or various types of collagen) em-
bedded in an amorphous, compression-resis-
tant, ge latinous matrix [11]. Thisamor phous
gel in plants is formed mainly by pectins and
stabilised by (glyco)proteins and phenolics
[12]. It should be noted, however, that the oc-
currenceanddistributionofexocellularmatrt
ces differ in or ganismsfrom both King doms,
andthisreflects their dif fer en tiated func tion
al ity with re spect to the main te nance of in ter-
nal chemicalcomposition of the cells and the
resulting osmotic gradient between cells and
their environment. In animal cells, operating
systemsofactiveiontransportprovide there
quired osmotic balance [13]. In effect, ECM
occurrenceisdifferentiated,dependingonthe
tissue, and within a tissue ECM might be
shared by many cells and cell types. In con-
trast, plant cells are immobilised within the
boundaries of their walls, which have to be
strong enough to constrain the hydrostatic
pressure evoked by osmotic gradients be-
tween cells and their mi lieu. Thus CW forms a
structural element which is both an integral
part of each cell and a continuum spanning
the en tire body of the plant [13, 14].

The formation of exocellular matrices is
roughly a two-step process, comprising 1)
biosynthesis of the build ing blocks, and 2) as
sem bly of these el e mentsintoafunc tional ma
trix, with these steps separated spatially and
temporally. Dueto the dif ferencesinchemical
composition between CW and ECM, these
processesareunderdifferentlevelsofgenetic
controls. ECM glycoproteins could be re-
garded as primary products of gene activity
and thus transcriptional controls are of pri-
mary importance, with some post-transla-
tional con trol. On the other hand, poly sac cha
rides (and phenolics) of plant CW are prod-
ucts of enzyme action. This shifts the weight
of biosynthetic controls to the post-transla-
tional level. The major difference, however,
regards the secretion and assembly of func-
tional matrices. In animal cells, ECM is
formed as a result of a co-operative effort of
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groups of cells. In plants, CW of individual
cells are formed only by their re spec tive proto
plasts. The pro cess of CW for mationisunder
very precise structural and physiological as
well as organismal con trols. CW of var i ous tis
sues, and of dif fer ent cells within a tis sue, and
even domains of the walls around individual
cells may be formed in different ways, at dif-
ferent speeds and with the use of different
components (for review see [9]).

BIOLOGICAL ORGANISATION — A
MULTITUDE OF PERSPECTIVES

The dis cus sion on “What is a plant cell?” car
ried out through out 1991 in The Plant Cell re-
vealed the existence of two opposite ways of
thinkingaboutacell ingeneraland aplant cell
inpar ticu lar. The first one at tempts to de fine
the cell as “a basic unit of life” com mon to all
living organisms. This is exemplified by the
definition of Alberts et al. [3] that cells are
“small membrane-bounded compartments
filled withacon cen trated aque ous so lu tion of
chemicals”. Hence, everything which is out-
side the plasma membrane should be consid-
ered as a product of the cell, but not a part of
the cell. This would mean that CW of plants,
fungi or bacteria as well as animal ECM
should not be included into the definition of
the cell. The opposite approachconsidersthe
differentiatedorganisationofcellsasadeter
minantof diver sity ob served inorganismsbe
long ing tovarious King doms. Inthis re spect,
plant or fungal cell walls constitute a charac-
teristic feature which, when combined with
other fea tures, en able us to dis tin guish a par
ticular type of cell or or ganism built fromsuch
cells as a plant or a fungus. This approach is
also more rooted in the traditional under-
standing of cells, particularly in plant re-
search where the entity enclosed within the
plasma mem brane is called “a protoplast”. As
the ability to divide is considered an indis-
pens able fea ture of a liv ing cell, it is worth to
indicate that plant protoplasts are unable to

divide before the formation of a functional
surrounding wall [15]. Consequently, within
thisap proach cellwallsare usu ally considered
to be a part of plant cell. Although in such a
definition the exact relationship between the
in ner protoplast and the outer CW is not pre
cisely identified, historical perspective indi-
cates that CW are the product, but not the
partner of the protoplast.

Thedis cus sion on the def i ni tion of the plant
cell is embedded in a much broader contro-
versy over the way of interpreting biological
organisation of living organisms. There is a
general agreement that the phenomenon of
Life orig i nated with the for mation of the first
cell and that it still is in ti mately re lated to the
cell (Virchow: “Omnis cellula e cellula”). The
difficulties appear when attempts to explain
the organisation of multicellular organisms
are undertaken. Two theories have been pro-
posed, cellular and organismal. The cell the-
ory was originally intended by Matthias
Schleiden for describing structural differ-
ences between the internal organisation of
plants and animals [13]. In 1839 this theory
was transformed by Theodor Schwann into a
unifying principle that all living things are
made up of cells — elementary units of struc-
ture, physiology, and organisation [16]. This
idea be came one of the foun dationsof modern
biology underlying many other concepts
aimedattheelucidationofbiological phenom
ena. Basic ten ets of this the ory state also that
each cellisini tially an in di vid ual of equal mor:
pho log i cal rank and that each multicellular or
ganism is an aggregate (a “republic”) of cells
[14, 17]. At about the same time the orga-
nismal the ory has been for mu lated, based on
the observations that the cell theory is not
well suited to describe plantde velop ment(de
Bary: “Die Pflanze bildet Zellen, nicht die Zelle
bildet Pflanzen”; cited af ter [14]). Ac cord ing to
thistheory, alivingthingisacontinuouspro
toplasmic entity of complex organisation
which may or may not be partitioned into
smaller units re cog nised as cells. In any case,
suchpartitioningisasecondaryeventandifit
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takes place, the resulting units (“cells”) are
subordinate parts of the whole [14, 16, 17].

It was rightly pointed out by Korn [16] that
both theories originated as, and still are,
structural con cepts. The de vel op mentof biol
ogy and other contemporary fields of natural
sciences allowed other points of view on Life
itselforonbiologicalorganisationtodevelop.
Well known examples are: the thermodyna-
mic con ceptde fining cell asan opensystemor
the cy ber netic one de scrib ing cell as a unit of
self-control and self-reproduction. It is worth
noting, how ever, thatall the o riesare based to
a considerable degree on a qualitative core,
while the multitude of life forms and func-
tionsisamanifestationofsubtlequantitative
changes and interactions between various
molecules building cells and organisms [18].
Accordingly, none of those per spec tives of fers
afullexplanationofsuchinterestingphenom
enaasthetransition of one-dimensional in for-
mation, carried by genes, into three-dimen-
sional architecture of a living being [9]. Al-
though there have been for mu lated first mod
ern con cepts of the celland bi o log i cal or gani
sation (e.g. [16, 19]), for the sake of clarity
these two struc tural the o ries will be used here
tode scribe the pos sible ex tremes of in ter pre
tation.

CELLULARITY — EVOLUTIONARY
AND DEVELOPMENTAL
IMPLICATIONS

Both the cel lularand organismal the o ries at
tempt to explain the relation between the or-
ganism and the cell, between the whole and
the part. Their basic ten ets aswell as cor ol lar-
ies de rived from them are for mu lated in an ex
clu sive man ner. This will be il lus trated by an
analysis of evolutionary and developmental
implications. Accordingtothecellulartheory,
multicellularity arises as a re sult of the ag gre
gationofindividualorganisms,thecells. This
places the em pha sis on the qual ity of build ing
units, and the properties of the organism

would then be viewed as the sum of the prop-
er ties of many cells [20]. Con se quently, de vel
opmental pro cesses (on tog eny) would be con
sidered as an effect of the co-operative effort
of many cells. On the other hand, the orga-
nismal the ory views each or ganismasapro to
plasmic unit which might be chambered sec-
ondarily into individual parts (subunits) re-
cognised as cells. Accordingly, the theory
placesthebasicdevelopmental controlsatthe
level of the organism and considers onto-
genesis as the resolution of the whole into
parts. More over, as the em phasis is put on the
organism as a whole, positional criteria be-
come a primary determinantwhenanalysing
relationships between the building subunits
[20]. Comparative studies of plants and ant
mals reveal that the cell theory provides the
bestdescriptionofanimaldevelopment. Here,
divisionofcellsinvolvescompleteseparation
of daugh ter cellsen abling their dis tinct mo bil
ityandindependenceofbehaviour. Thegener
ation of the final three-dimensional shape of,
e.g., a mammalian embryo is a result of cell
mi gration. In con trast, cell di vi sion in higher
plants involves the insertion of the newly
formed cell plate between daughter proto-
plasts. However, this cell division is incom-
plete and the cell plate does not fully sep a rate
the daughter cells, giving rise to cytoplasmic
and endoplasmic sys tem con nec tions through
plasmodesmata. And such dy namic struc tural
architecture is best described by the orga-
nismal theory (see [9, 13, 14, 17, 21]).

The acceptance of either theory influences
also our views on the evolution of multi-
cellularity. As the cel lu lar the ory is deeply im
plicated in the conceptsof modernbiol ogy, it
offers a familiar perspective known from
many textbooks. Thisthe ory views unicel lular
organisms as primitive (“elementary”) forms
of life and multicellular organisms as ad-
vanced ones. In this way, phylogeny appears
as a relatively straightforward process lead-
ing from uni cel lu lar or gan isms, through a co
lonial stage, to multicellular organisms char-
acterised by specialisationandindependence
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of their build ing cells. The organismal the ory
suggests another explanation. As each living
thingisaprotoplas micwhole, unicellularand
multicellular or gan isms are of the same rank,
and they shall be considered as nonseptate
and septate individuals, respectively. In the
course of evolution, even tual chambering (cel
lularization) of the proto plas micunitenabled
the division of labour among various sub-
units. Inparticular,theutilisationofmechani
cal benefits resulting from the inclusion of
CW into their bod ies per mit ted plants to suc
cess fully colo nise land (or more prop erly, air)
[14, 22, 23].

The present state of knowledge indicates
that multicellularity evolved in de pend ently in
a few evolutionary lineages. Both plants and
animals started with the same cellular toolkit
astheirlastcommonan cestor, mostprobably
a unicellular eukaryote containing a mito-
chondrial endosymbiont and functional ele-
ments of the cytoskeleton [24]. They di verged
however, about one billion years before they
became multicellular organisms [25]. As
multicel lularity presentsaclearevolutionary
advantage [22], it emerged in both lineages
but the mechanisms by which this was
achieved ap pear to be lin eage-specific. The dif
fer ent life styles of plantsand an i mals seemto
be the con se quence of the so lu tions uti lised in
both Kingdoms to solve the problem: how to
maintain the chemical composition of cells
and enable cell-to-cell communication and ex-
change of materials at the same time? Inant
mals, ac tive ion trans portsystem, control ling
chemical gradients across plasma mem-
branes, has been em ployed [13]. Di rect phys i
cal contact between neighbouring cells is
achieved in one of three nonexclusive ways:
tight junctions, desmosomes, and gap junc-
tions [22]. Only the latter two enable the ex-
change of solutes containing small metabo-
lites and ions. It should be noted, however,
that due to the com plete sep a ra tion of daugh
ter cells, all forms of intercellular con tacts be
tween animal cells are formed de novo, often
followingmigrationofcells. Thus,animalsare

truly multicellular in the sense given by the
cellular theory. In plants, osmotically driven
water influx creates intracellular hydrostatic
pressure (turgor) which is counteracted by
mechanically and structurally stable cell
walls. The acquisition of such a regulatory
mechanismhasimportantevolutionaryconse
quences re flected in plants’ life styles. As sum
marised by Peters et al. [13], these could be
listed as follows: 1) the hydrostatic pressure
across the plasma membrane exceeding 2
MPa could be used for mechanical stabilisa-
tion of plant bod ies, 2) func tional cell walls be
comeindispensable el e ments of plant cells, 3)
protoplasts surrounded by the walls are un-
able to move, and thus plants have to be ses-
sile, 4) the presence of a hermetic matrix
around protoplasts limits the possibilities of
energy and nutrient acquisition, and thus
fungi are saprophytic and plants are
autotrophic, and 5) the existence of the walls
fixes the po si tion of each cell in re la tion to its
neigh bours [13]. These con straints have been
to some extent overcome, however, by a new
mech a nism of cell di vi sion lead ing to the for
mation of the cell plate and the development
of a new type of intercellular communication
through plasmodesmata [26]. The ef fect was a
true symplasmic continuity between plant
cells, en abling them to ex change not only low
mo lec u lar mass sol utes, butalso proteinsand
informational macromolecules. As the num-
ber and location of plasmodesmatal connec-
tions could be ac tively reg u lated, this al lowed
for the exertion of a new, supracellular con-
trol of gene ex pres sion in symplastic do mains
during plant development [27].

“THE PLANT BODY” — AN
ORGANISMAL CONCEPT OF PLANTS
AND PLANT CELLS

The fundamentally different tenets and re-
sulting corollaries of both theories seem to
precludetheapplicationofmodelselaborated
inanimalsystemsfortheexplanationof,e.g.,
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plant development. The same is true for the
respective exocellular matrices. Although
some of themechanical and functional char ac
teristics of ECM and CW seem to be similar
(see above), in general they appear to be
noncomparable, and the mechanisms by
which plants and animals interact with the
outside world seem also to be quite different
[28]. The relations between plant cells and
their walls are much easiertocomprehendin
terms of the organismal theory which views
CW as a means for chambering plants into
smaller subunits recognised as cells [23].
Thus, CW could be de fined both in re la tion to
the proto plasts that pro duce them, and inre la
tion to the whole plant. Con se quently, CW are
indis pensable fea tures of plant cells, not only
products, but also partners of plant proto-
plasts. As they are both chambering devices
and determinants of the boundary of the or-
ganism, their biosynthesis and function are
also underorganismic control [9].

Cell walls seem to be one of the critical fac-
tors affecting cellular fate and development.
Plantproto plasts re quireasur round ing, func
tional CW (or other matrix) in or der to di vide
atall [15], and the com po si tion of such ma trix
determines the fate of the embedded proto-
plasts (e.g. [29]). The same is true for, e.g., a
newly formed naked Fucus zygote, where the
first cellular event is the formation of the
walls. These CW are then re quired for the fix
ation of the polarised cell axis and next func-
tion as a reservoir of morphogenic informa-
tion which can be actively delivered back to
the protoplast to direct its further develop-
ment [30]. In plant cells, through the contin-
uum of cell walls — plasma membrane —
cytoskeleton, CW provide an anchor stabilis-
ing the “tensegrally” organised cytoskeletal
network [31-33] thus providing the scaffold-
ing onto which the cel lu lar struc tures could be
attached [8, 34, 35]. In this way, the contin-
uum constitutes a major source of architec-
tural biological information and an environ-
ment for a part of the biochemical machinery
[32].

At the higher level of or gani sa tion, the struc
tural and func tional CW con tin uum forms an
architectural framework ensuring the devel-
opmental integrity of plants. It provides the
means and the route for inter- and intra-
cellular sig nal ling events. Changes in wall me
chanics and/or changes in turgor pressure
will physically af fectthe geome try of cells [36]
leading to changes in the fate of individual
cells. Ex per i ments with cal luses and cells cut
tured in vitro indicate that the physical envi
ron ment foundin planta is cru cial for nor mal
plant development [37, 38]. Moreover, they
demonstrate also that such mechanical stim-
uliare de ci sive for the proper or gani sa tion of
cellular metabolic networks [39], reflected in
CW composition as well [40]. On the other
hand, changes in biomechanical propertiesof
the walls are im por tant for cell growth and for
organgeneration [41]. Local ised expansin-de
pendent weakening of cell walls induces the
formation of root hairs [42], while localised
ap pli cation of expansins onto the stem api cal
meristem induces generation of leaf-like out-
growths and reversal of the direction of
phyllotaxis [43]. When com bined with the de
velop mental control of symplasmiccontinuity
through the regulation of the extent of
plasmodesmatal communication [26], these
mechanisms provide the basis of plant mor-
phogenesis.

This particular duality of cell wall function-
ing in re lation to the whole or gan ism and its
parts — the cells, seems to be a unique fea ture
of plants. It also pro vides the stron gestar gu
ment for the organismal na ture of plants [17].
Using this point of view, cell walls, although
externaltoprotoplasts, becomeintegral parts
of plant cells. These cells, how ever, lose their
individuality and are treated as subordinate
parts of the organism, the plant. Neverthe-
less, thewalls func tion as the de ter mi nants of
not only cellular, but also organismic bound-
aries. The particular mechanism of cell divi
sion, used for internal chambering, does not
disruptthe protoplasmiccontinuityofaplant
giving rise to two continua, recognised early
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by plant biologists: the symplast and the
apoplast. “The Plant Body” con cept [9] treats
thus a plant as a unit filled with sev eral in ter-
twin ing “networks” with cell walls providing a
living architectural scaffolding. These net-
works in clude: (1) the symplast un der stood as
a cytoplasmic continuity of plant body lined
with a continuous plasma mem brane, (2) the
endomembrane system, (3) the cytoskeletal
continuum, (4)communicationcontactpoints
provided by the cell wall — plasma membrane
—cytoskeleton continuum [9]. Severalmodels
of the or gani sation of plant cells, such as the
plasmalemmal control centre [44], the endo-
membrane sheath [45], and the cell body and
the cell pe riph ery com plex [8, 46], have been
proposedrecently. Theywereaccompanied by
two other models indicating the possible
supracellular na ture of plants due to the inter-
cellular communication through plasmo-
desmata [27] or the existence of a mobile
endoplasmic network spanning the whole
plant [47]. All these con cepts are rooted in the
cellulartheoryofbiologicalorganisation. The
latter two models could, however, be treated
asameansforovercomingseriousdifficulties
in interpreting some experimental data con-
cerningplantswhenusingthistheoretical ba
sis. Moreover, in all those concepts cell walls
are not pres ent. In that re spect, the pro posed
idea of “The Plant Body” provides a broader
perspective of biological organisation and in-
cludes the unique du al ity of cell wall func tion
ing in plants.

Asitwas mentioned be fore, both the cel lu lar
and the organismal the ory orig i nated as struc
tural ideas, and now they pro vide prob ably the
most extreme ways of interpreting data con-
cerning biological organisation of living be-
ings. At the present state of knowledge, each
of the theories appears to be most suitableto
describe organisms belonging to different
Kingdoms: the cellular theory for animals,
and the organismal theory for plants and
most prob a bly also fungi. Both the o ries, how
ever, have theirownlimitationsand Life it self
seems to be more complicated. For example,

plants are able to determine the size and
shape of their organs, and they regulate ac-
cord ingly the num ber and po si tions of cell di
visions. This phe nom e non could be eas ily ex
plained by the organismal theory. However,
such processes are also observed during ani-
mal de vel opmentwhichindicatesthatat least
some level of organismal con trol ex ists also in
these multicellular organisms [48]. Thus,
there is still a need for much more gen eral uni
fying concept(s) which would be able to em-
brace the tenets and the resulting corollaries
of both the ories. Based on the rapid prog ress
of modern biology, these concept(s) would
most probably originateascel lular[19] or in
for mational [16] ideas ex plain ing the won der
ful multitude of Life forms.
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