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INTRODUCTION

The deposition of the material in a cell wall of a plant represents a programmed sequence of synthetic events and a complex organizational system
for the transport and incorporation of the material in a definite manner in
the complex texture of the wall. After the formation of the cell plate it can
develop, for example, into the spiral or reticulate thickened secondary wall
of the xylem vessel, the pattern of specialized pores of the sieve plate of the
phloem or the highly mucilaginous wall of the outer root cap cells.
The growth of a plant tissue depends on the relative disposition of the cells
within the tissue and their individual growth into distinct shapes and types.
The arrangement of the cells is determined to a great extent by the plane of
division of the cells and any fine structural study of the differentiation mechanisms within the cells is concerned with the spatial organization of the
organelles of the cell during mitosis, cytokinesis and the subsequent growth.
Fine structural studies of plant cells have been made using ultra thin stained
sections and replicas of freeze-etched material.
Most of the work into the fine structure of fixed specimens which I shall
discuss here has been published previously with the pictorial evidence for the
conclusions that are made so that only references to the relevant papers will
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be given and the figures will not be duplicated. However, some freeze-etch
studies and previously unpublished pictures of thin sections which support
and extend the previous investigations will be presented.
I I . MITOSIS AND CYTOKINESIS

Usually in the plant cell no centrioles are found at the polar regions of the
mitotic spindle during the process of cell division. Nevertheless the poles
can be defined as the regions in the cytoplasm to which the microfibrils form
ing the birefringent bands of the spindle converge (Bajer and Mole-Bajer,
1963; Harris and Bajer, 1965). The cell plate is usually formed at the centre

F I G . 1 Longitudinal section of the root tip of Timothy grass. The upper cell is at
preprophase and the preprophase band of microtubules can be seen cut in transverse
section, χ 58,000. W = wall, Ρ = plasmalemma. (Photograph taken by J. Burgess).
of the spindle and thus the initial orientation of the spindle at its formation
influences the final plane of division. Furthermore, in a vacuolated cell the
position of the nucleus and the cytoplasm in the cell, relative to the vacuole,
prior to the division, will also serve to determine the subsequent position of
the cell plate.
If a cell is examined just before prophase, a transient band of microtubules
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F I G . 2 Diagrammatic representation of the formation of the stomatal complex in
young wheat leaves. Epidermal cells (a), which have become polarized by the
positioning of the nucleus and vacuole undergo asymmetric division (b). The cell
plate joins the mother cell wall at the position indicated by the preprophase band
shown in (a). After the first division a small, compact guard mother cell is formed
and a larger vacuolated cell (c). During the next preprophase stage the nucleus in
each epidermal cell adjacent to the guard mother cell takes up a position at the
common wall between it and the guard mother cell (d). These epidermal cells then
divide independently. This is the second asymmetric division d—^e; note the
position of the preprophase bands of microtubules and the subsequent position of
the cell plates. The guard mother cell, which now has two small subsidiary cells on
each side of it (f), divides symmetrically f—>g to give two equal guard cells (g).
The guard cells grow and the wall between them splits to form the pore (h).
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encircling the nucleus can be found (Pickett-Heaps and Northcote, 1966a, b ;
Burgess and Northcote, 1967). The band is usually adjacent to the wall of
the cell and it contains approximately 200 microtubules arranged in rows 5 or
6 deep. It extends about 0·25μ in from the plasmalemma and about 2Όμ along
the wall (Fig. 1). In cambial cells this band lies along the mother cell wall
at the position at which the cell plate will meet it at cytokinesis. In the develop
ment of the stomatal complex of the leaves of wheat, the relation of this band
to the plane of division is seen in an even more striking manner (PickettHeaps and Northcote, 1966b). During the formation of the stomata, the
epidermal cells which give rise to the guard mother cell and the subsidiary
cells are polarized so that the nuclei and surrounding cytoplasm of the cells
come to take up definite positions within the cells. The preprophase band is
located at the positions where the cell plates will divide the mother cells at
the asymmetric divisions (Fig. 2). The function of the preprophase band of
microtubules appears to be that of orienting and aligning the nucleus within
the cell prior to division so that the direction of the mitotic spindle is
determined.
If cells are examined at various times during the onset of prophase and the
development of the mitotic spindle, that is at times when numerous micro
tubules are being formed either along the preprophase band or within the
spindle, then smooth elements of the endoplasmic reticulum are found in close
association with the microtubules at both locations and the endoplasmic
reticulum could thus be important for the function or formation of these
structures (Pickett-Heaps and Northcote, 1966a; Burgess and Northcote,
1967).
In some plant cells where mitosis does not result in cell division and where
no cell plate is formed, centrioles are found. These appear at the nuclear
membrane at the beginning of prophase. Such a condition is seen in the
coenobium of Hydrodictyon africanum. In this plant, microtubules can be
seen which at first radiate from the two centrioles which are disposed at right
angles to one another. Some of the microtubules extend into the cytoplasm
around the nucleus and some appear very close to the nuclear membrane
(Figs 3, 4). At metaphase microtubules penetrate the nucleoplasm and form
the mitotic spindle (Figs 5, 6); in the spindle some are attached to the chroma
tids. In the area where the tubules are attached to the chromatids, a distinct
kinetochore plate is found which is not normally seen in the spindle of higher
plants (Fig. 5). Kinetochores and centrioles are also found in animal cells
and it is probably significant that these mitotic structures are found in cells
FIGS 3 and 4 (facing page) Nuclei (N) in the coenobium of Hydrodictyon africanum
at prophase. The centrioles ( C ) and microtubules radiating from them can be clearly
seen. The nuclear membrane at the position where the centrioles appear is con
siderably modified (Fig. 4). Figure 3 x 33,000, Fig. 4 χ 62,000.
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where no definite arrangement of the spindle is needed to fix the position of
the new cells relative to their neighbours by the formation of a rigid cell wall
at cytokinesis.
The formation of the cell plate at cytokinesis results from a fusion of
material carried in vesicles up to the site of its construction (Bajer, 1965).
The vesicles are probably derived from the Golgi bodies which enter the
region of the mitotic spindle at telophase (Whaley et al, 1960; Whaley and
Mollenhauer, 1963; Frey-Wyssling et al, 1964; Whaley et al., 1966). The
small vesicles pass, sometimes in rows, between the radiating microtubules
up to the cell plate area (Esau and Gill, 1965; Bajer and Allen, 1966; PickettHeaps and Northcote, 1966a, b). The plate extends outwards towards the
mother cell. At its edge there is a concentration of vesicles and microtubules;
the latter persist in this region and radiate back towards the vanished poles
of the spindle on each side of the plate.
III.

XYLEM VESSELS

The secondary thickening of the cell wall is accompanied by a changing
pattern in the distribution of the organelles (Wooding and Northcote, 1964;
Esau et al., 1966a; Pickett-Heaps and Northcote, 1966c), a change in the type
of polysaccharide laid down in the matrix material and a deposition of lignin
which begins at this time in the middle lamella and primary wall over the top
of the thickenings (Thornber and Northcote, 1961a, b ; 1962; Northcote,
1963a, b). Microtubules, which are normally scattered and randomly distri
buted along the wall of the young cells during primary growth (Ledbetter
and Porter, 1963; Srivastava, 1966), become grouped over the top of the
secondary thickenings (Wooding and Northcote, 1964; Esau et al., 1966b;
Pickett-Heaps and Northcote, 1966c). In the fast developing cells of the
vascular tissue of wheat coleoptiles the endoplasmic reticulum is arranged in
a definite way so that profiles of sheets of the reticulum can be seen at right
angles to the wall between each thickening when longitudinal sections are
examined (Pickett-Heaps and Northcote, 1966c). Lignin is deposited in the
wall at a very early stage and can be detected in the walls of cells about three
rows in from the active cambium (Wooding and Northcote, 1964). During
this development the Golgi bodies also produce material in vesicles which is
incorporated into the thickening wall by reverse pinocytosis. The microtubules
lying along the top of the thickening have the same orientation as the direction
of the microfibrils in the wall. This could mean that they are concerned with
FIGS 5 and 6 (facing page) Nuclei in the coenobium of Hydrodictyon africanum
at metaphase. The microtubules are present in the nucleoplasm and are attached
to the chromatids (CH). A kinetochore plate (K) can be seen in Fig. 5. The polar
regions of the spindle are established by the position of the centrioles (C) (Fig. 6).
Figure 5 χ 30,000, Fig. 6 x 65,000.
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the laying down of the α-cellulose microfibrils of the wall or that they direct
matrix material into the wall in a definite direction which imposes a definite
orientation on the developing microfibrils which are being formed within it.
I V . PHLOEM SIEVE TUBES AND COMPANION CELLS

The development of the walls of the phloem tissue are characterized by the
formation of the sieve plate pores and the pores between the companion
cells and sieve tubes. In angiosperms both types of pore are found to be
closely associated with the pattern of distribution of the endoplasmic reticulum
and with the deposition of the polysaccharide, callose (Esau et al, 1962;
Northcote and Wooding, 1966).
The sieve plate is marked out on the end walls of the sieve tube at a very
early stage by elements of the endoplasmic reticulum which run as profiles
parallel to the plasmalemma on each side of the end wall at the positions
where the pores will be formed. The endoplasmic reticulum lies close to the
plasmalemma and where the two membranes are adjacent the endoplasmic
reticulum membrane carries no ribosomes although these are found on the
corresponding opposite membrane of the profile (Northcote and Wooding,
1966; Pickett-Heaps and Northcote, 1966c). These profiles of the endo
plasmic reticulum lie one on each side of a plasmadesma of the wall and the
plasmadesma is lined by the plasmalemma and carries a thin strand of endo
plasmic reticulum in its lumen. As the wall develops the areas under the
endoplasmic reticulum grow by the deposition of callose while the other
regions of the wall thicken by the incorporation of the normal wall poly
saccharides. The pads of callose are formed as two cones joined at their
apexes, which meet at the centre of the wall, and their bases are located under
neath the endoplasmic reticulum profiles at the surfaces of the wall. The
bases initially bulge out from the general surface of the wall but the callose
is then eroded from the wall at the centre where the endoplasmic reticulum
in the middle of the plasmadesma proliferates and the pore consequently
widens at this point. Presumably the endoplasmic reticulum supplies enzymes
for the breakdown of the callose and/or assists with the transport of material
away from the centre of the wall to make the wide pore of the sieve plate.
By a continuation of this process the pore widens from the centre outwards

FIG. 7 (facing page) Freeze-etch preparation of the root tip of a pea, longitudinal
section. The sheets of endoplasmic reticulum ( E ) surrounding various cell organelles
can be seen, χ 17,500. Reversed print.
FIG. 8 (facing page) Vesicles (V) at the surface of a growing cell wall (W) in a cell
of the root tip of pea. Freeze-etch preparation, longitudinal section, χ 12,500.
Reversed print. VA, vacuole.
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towards both surfaces of the wall (Northcote and Wooding, 1966; Tamulevich
and Evert, 1966) and at all times it is lined with callose. Since callose is
deposited at sites in the plant where wounding occurs and since during the
preparation of the specimens for microscopical examination the tension in
the mature phloem sieve tubes is released when the stem or root is cut and put
in the fixative, it is possible that some of the callose seen at the sieve plate
pore could be formed as a result of the specimen preparation technique. This
is indicated by autoradiographic studies when tritiated glucose is fed to a cut
stem because radioactive material is then incorporated into the callose
around the sieve pores but is not found at any other position on the wall of
mature sieve tubes (Northcote and Wooding, 1966; Wooding, 1966).
The pores between the sieve tubes and companion cells are also developed
in a characteristic manner (Wooding and Northcote, 1965a; Wooding, 1966).
Once again a close association with the endoplasmic reticulum is found on
both sides of the pore and callose is deposited on the sieve tube side. At the
centre of the pore there is a proliferation of the lumen of the pore to the
companion cell so that the mature pore is connected to the sieve tube by a
single relatively large channel which at the centre fans out into 4 or 5 smaller
pores which connect with the companion cell over a relatively large area of
the wall. Covering this area of the wall on the companion cell side is a profile
of endoplasmic reticulum and this element of the endoplasmic reticulum is
connected with the large nucleus of the cell and with sheets of the reticulum
system which encircle the plastids (Wooding and Northcote, 1965a, b). This
pattern of the endoplasmic system is obviously of importance to the complex
transport of material between the sieve tubes and the rest of the tissues of the
plant via the companion cells. In many types of plant cells a close sheathing
of various organelles by the endoplasmic reticulum can sometimes be seen
(Fig. 7) but, unlike that found around the plastids in the companion cells, it
is usually transitory (Wooding and Northcote, 1965b).
V . OUTER ROOT CAP CELLS

In the outer root cap cells of wheat, maize and onion fine structural
studies have shown that a function of the Golgi apparatus is to transport
material, in the form of vesicles, across the plasmalemma by reverse pinocytosis into the cell wall (Whaleyeffl/., 1960; Mollenhauerei ah, 1961;Branton
and Moor, 1964). This process has been investigated by radioautographic
studies of electron microscope sections of roots which have been fed D-[U- 3H]glucose before they are fixed and embedded (Northcote and Pickett-Heaps,
1965). The glucose metabolism of these cells is directed towards the production
of high molecular weight material which is found within 5 min exposure of
the cells to the radioactivity within the Golgi bodies. In the outer cap cells
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very little of the supplied radioactive glucose is incorporated into the starch
grains which are present. If the roots before fixation are first given a pulse
of radioactive glucose by incubation in a solution of tritiated glucose for
15 min and then if this is "chased" by subsequent incubation in a solution of
non-radioactive glucose for varying lengths of time (10, 30 and 60 min), the
radioactive high molecular weight material first found in the Golgi bodies is
seen to be transferred to the Golgi vesicles and then across the plasmalemma
and into the wall. After about 60 min "chase", all the original material
synthesized within the cell has been transported to the outside.
V I . POLYSACCHARIDE SYNTHESIS

Since the material which is formed within the Golgi bodies and which is
transported is radioactive in the experiments described above, it can be
extracted from the cell and identified. It is found to be polysaccharide and
upon hydrolysis it gives galacturonic acid, galactose and arabinose (Northcote
and Pickett-Heaps, 1965; Jones and Morre, 1967). Thus it resembles the
pectic substances of the cell wall polysaccharides.
In this system there is an analogy for a general hypothesis for the formation
of some of the matrix polysaccharides of the wall. The Golgi body probably
transports material into the cell plate (middle lamella), the cambial cell wall
(primary wall) and the secondary thickening of the xylem and phloem
(secondary wall) (Sievers, 1963; 1965a, b ; Wooding and Northcote, 1964;
Esau et al., 1966a; Mollenhauer and Morre, 1966; Northcote and Wooding,
1966; Pickett-Heaps, 1966; Pickett-Heaps and Northcote, 1966c; Schnepf
and Koch, 1966; Srivastava and O'Brien, 1966) (Fig. 8). Different polysaccharides are formed in the matrix of the wall at these different stages of
its development (Northcote, 1963a). Hence, one of the metabolic processes
which is changed during differentiation is the synthesis of polysaccharides
which are transported by the Golgi apparatus. Since polysaccharide formed
from supplied radioactive glucose to the root cap cells of wheat can be found
within 5 min in the Golgi apparatus, it is reasonable to think that some of
these syntheses occur in the Golgi body itself. Hassid and his colleagues
(Neufeld and Hassid, 1963; Barber, 1965; Neufeld and Ginsburg, 1966) have
made detailed studies of enzyme systems extracted from plant cells which are
capable of bringing about the synthesis of polysaccharides with the appropriate nucleotide phosphate-sugar precursor. These enzyme systems are
usually bound to membranes or cell particles when isolated from the cell
and therefore they might well be contained within a vesicular system such as
the Golgi body in situ (Northcote, 1964).
The changes in polysaccharide synthesis during differentiation are represented in Fig. 9. The epimerase activities, which are also isolated bound to
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cell particles, control the interconversion of the monosaccharide precursors
of the different polysaccharides (Feingold et al, 1960; Kessler et al, 1961;
Barber, 1965) and it is possible that the varying sequence of polysaccharides
formed during the growth cycle of the plant cell could be brought about by a
control of the epimerase activity of the cell (Zetsche, 1966). This could be
achieved either by the control of the production of the individual enzymes
or by the formation of inhibitors and activators.
Chemical and metabolic studies of the pectic substances of higher plants
have shown that these substances continually change in type during the initial
Primary cell wall

Secondary thickening
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F I G . 9 Some sugar interconversions in plants which give rise to the possible pre
cursors of the polysaccharides found in the cell wall. Polysaccharides composed of
the glycosyl radicals of the galactose series of monomers, shown on the right of the
diagram, are found mainly in the primary cell wall. (UTP, uridine triphosphate;
UDP, uridine diphosphate; GTP, guanosine triphosphate; GDP, guanosine
diphosphate; NAD, nicotinamide adenine dinucleotide).
growth phase of the plant cell (Barrett and Northcote, 1966; Stoddart et al,
1967). Part of this change occurs between the arabinan-galactan fraction and
the weakly acidic pectinic acid fraction and involves a transfer of neutral
sugar residues from the arabinan-galactan to the pectinic acid material
(Stoddart and Northcote, 1967). The changes and transfer of sugar residues
from one fraction to another appears to involve material which has already
been deposited within the structure of the wall. These changes could account
for the differing physical nature of the wall made apparent by differences in
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its plasticity and elasticity during its growth and which are effected by indolyl
acetic acid. Throughout the growth of the cell wall the polysaccharides
deposited in the wall become progressively more neutral and the acidic pectinic
acids laid down during the initial phase of growth become more neutral by
the transfer on to them of neutral residues. This transfer of sugars from one
I

WALL
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CYTOPLASM
Cell
membranel
UDP -galactose

UDP--glucose

UDP--galacturonic
acid

UDP--glucuronic
acid

UDP -arabinose
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Soluble pool of
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-Glucose
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Ribosomes
Plastid
ADP glucose (UDP glucose)
'Callose

GDP-glucose (UDP-glucose)

Particles on
cell membrane
Cellulose
microfibrils

F I G . 10 Diagram to represent possible sites of synthesis and transport of various
polysaccharides of a growing plant cell.
polysaccharide to another can take place by transglycosylation and transglycosylases of this type could be another point in the metabolism at which
the control of the differentiation of the cell could be applied.
A scheme for the possible sites of polysaccharide synthesis, transport and
deposition is shown in Fig. 10.
The wall is composed of two phases, an organized, α-cellulose microfibrillar
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structure embedded in a continuous matrix. During differentiation there
are distinct changes in the orientation and sites of deposition of the Æ -cellulose
microfibrils but no apparent change in its chemical composition although
there is a definite change in the chemical composition of the matrix material
(Northcote, 1958; 1963b). During secondary thickening some of the sub
stances making up the matrix are organized so that they are transported
from the cytoplasm and deposited into definite regions of the wall. The
corresponding organization of the microtubules around the developing wall
during primary and secondary growth suggests that these tubules might be
concerned with directing this material from the Golgi bodies into the wall.
The way in which the microfibrils of Æ -cellulose are formed into the complex
interwoven layers of oriented fibres is much more difficult to envisage.
Recently freeze-etch studies, which reveal the membrane surfaces of cells
and organelles, have directed attention to the presence of fine particles
approximately 8θΑ in diameter which are found on the outer surface of the
plasmalemma. Staehelin (1966), in a study of the developing wall of Chlorella,
has shown that these particles can migrate from the plasmalemma surface and
accumulate in the middle zone of the wall where microfibrils seem to be
formed from them. It is therefore assumed that the secreted plasmalemma
particles are enzyme complexes capable of synthesizing cellulose microfibrils.
Similar particles can be found on the surface of the plasmalemma of higher
plants and some indication of microfibrils growing from them can be seen
(Figs 11-16).
Although these particles could account for the synthetic system for
Æ -cellulose microfibrillar formation, the control of their definite orientation
within the wall texture still has to be considered. This might be brought about
by the incorporation around them in the growing wall of the material of the
continuous matrix which is directed into the wall in a definite direction by the
microtubules of the cytoplasm.
VII.

CONTROL OF DIFFERENTIATION

Within the intact plant there is an ordered sequence of cell division and
growth which builds the individual tissues of the plant. This sequence of
FIGS 11-16 Surfaces of plasmalemma (P) and cell wall (W) revealed by freeze-etch
technique applied to the cells of the root tip of pea. Reversed prints.
FIGS 11 and 12 Plasmalemma surfaces and pit fields. Figure 11 χ 32,000,
Fig. 12 χ 49,000.
FIGS 13-16 Relationship of particles seen at the surface of the plasmalemma to
the microfibrils (M) in the cell wall. Figure 15 also shows vesicles (V) closely applied
or breaking through the cell surface into the wall. Figure 13 χ 47,000;
Fig. 14 x 42,000; Fig. 15 X 34,000; Fig. 16 x 50,000.
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events depends on the ordered use of information available in the D N A of the
nuclei of the cells. Experimentally, differentiation can be induced in an
undifferentiated plant tissue, such as tissue culture callus, by the application
of gradients of concentration of growth factors such as auxin, kinetin and
sucrose (Wetmore and Rier, 1963; Wetmore et al, 1964; Jeffs and Northcote,
1966; 1967) and these factors could therefore act as part of the control
mechanism of the synthetic processes which are switched on and off during
the differentiation of the cell. It has been possible to induce xylem vessel
formation in an undifferentiated bean tissue callus. The induced tissue is
very similar in its chemical nature and microscopical appearance to the vessels
of the intact plant (Jeffs and Northcote, 1966). The formation of callose in
sieve plates of phloem-like tissue can also be experimentally induced in tissue
cultures by using gradients of indolyl acetic acid and sucrose (Jeffs and
Northcote, 1967). These experiments present a model system whereby the
organized growth of a plant can be explained in terms of the nutritional supply
of growth factors and other materials to each cell of the plant tissue. The
supply of these nutrients to any cell depends on the metabolic activity of other
cells and the transport of materials to it by the environmental cells. This
nutritional supply brings about the differentiation of the cell which is itself
part of the environment of other cells and influences their growth and develop
ment. Thus there is a biostatic interrelationship between the cell pattern of
the tissue and the development of the individual cells which go to make up
this pattern.
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