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Figure 1  Roots of Zea mays (cv. TX 24) grown for 28 days in a complete
nutrient Solution containing 8,0 mg dm-3 Al, to illustrate the
effect of Al on root morphology (Section 1.2.1).

Note the thickened, stubby appearance of the roots and the
initiation of lateral roots along the root axis, almost to
the root apex. Many lateral roots failed to develop and
finely branched roots are absent.






Figure 2

Diagram of the principal tissue regions of the root apex of

Zea mays indicating the location of the proximal meristem (PM),
cap meristem (DM) and quiescent centre (QC)(Section 1.2.3.1).
The proximal meristem functions as the ultimate source of cells
for cortex (C) and stele (S) comprising the axial structure of
the root. The cap meristem contributes cells to the root

cap (RC) in the direction indicated (unlabelled arrows).

Roots of Zea are characterized by a distinctive boundary
between the cap and distal region of the root (CB). Data
derived from Ellmore (1982) and Feldman (1984b).






Figure 3

Nutrient solution pH changes observed over a 15 da ?rowth
period for Zea mays {cvs. TX 24 and HL 1), grown in full-strength

nutrient solutions incorporating Al treatments of
0 (control); 0,5, 1,0; 3,0; 5,0, 10,0 mg dm=3.  solution
pH adjusted to 4,6 subsequent to the addition of Al.

Note that gradual acidification of the nutrient solution was
associated with most treatments (Section 2.2.3).
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Figure 4

The response of Zea mays (cvs. TX 24 and HL 1) to different

P sources. In These experiments, P was supplied as either
KHpPO4 (control) or amorphous aluminium phosphate.  The
aluminium phosphate treatments included Al additions as
Alp(S04)3 to give 0; 5,0; 10,0 mg dm-3 Al.  Dry matter
(DM) yield and tissue P levels for the various treatments
were expressed on a relative basis (% control; KHoPOs). Dry
matter yields were unaffected or increased when aluminium
phosphate was the P source without added Al. Aluminium
added to the nutrient solutions generally depressed DM yield
and tissue P levels were, with the exception of TX 24 (roots),
also lower. A rapid increase in nutrient solution pH

(both cultivars) occurred when P was supplied as aluminium
phosphate without added Al (Section 2.2.5).
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Figure 5 The effect of plant growth and nutrient uptake
(Zea mays cv. TX 24) on nutrient solution concentrations of
Ca, K, Mg and P. Plants were grown for 15 days
(Section 2.2.8). Each point represents the mean value

recorded from 27 pots (Section 2.2.6). Variations between
pots were small.
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Figure ©
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Unsectioned roots of Zea mays (cv. TX 24) treated for
different times with 8,0 mg dm-3 Al and stained with
hematoxylin (Section 3.3.1.1) to illustrate the pattern of Al
uptake by the root. The development of a dark blue/purple
colour is indicative of the presence of Al (Section 2.3.1.3).

A -

control, no Al added. Roots were characterized by the
complete absence of stained tissue.

2 h treatment with Al.  Aluminium uptake was clearly
evident and localized in the root apex.

5 h Al treatment. An increase in the intensity of stain
was considered evidence for continued Al uptake. Uptake
sites were however, still localized in the root apex
except where there was evidence of damage to the root axial
structure.

24 h treatment time. A loss of apical dominance was
indicated by the initiation of lateral roots along the main
axis of some roots.
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Figures 7A and 7B Unsectioned roots of Zea mays (cv. TX 24) treated for

Figure 7C

different times with 8,0 mg dm-3 Al and stained in hematoxylin
(Section 3.3.1.1) to illustrate secondary Al uptake associated
with lateral root development.

A - 96 h treatment with Al. Lateral root development occurred
to within a few mm of the root apex. Emerging lateral root
tips stained with an intensity reminiscent of that observed
in the primary root apex. Lateral root development may
therefore be associated with secondary Al uptake sites.

B - 168 h treatment with Al.  Although many lateral roots were
initiated, few showed significant development subsequent to
emerging through the epidermis.

Unsectioned roots of Zea mays (cv. TX 24) stained in methylene
blue (Section 2.3.3.2] To demonstrate the presence of muco-
polysaccharide materials (Section 5.3.3.1). Similarities
emerged between the regions of the root associated with Al
uptake (Figures 6B and 6C) and the occurrence of muco-
polysaccharide materials.

Control roots (0 Al) are illustrated on the left of the picture,
while the §wo examples on the right have been treated with

8,0 mg dm™ Al for 20 h prior to staining with methylene blue
(Section 3.3.3.1).






Figure 8
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Micrographs of the root apices of Zea mays gcv. TX 24)
treated for different times with 870 mg dm-2 Al, and stained
with hematoxylin (Section 2.3.1.3) to illustrate the chrono-
logical pattern of Al uptake by the cell populations of the
root apex (Section 3.3.1.2). Darkly stained cells (blue/
purple) are indicative of the presence of Al.

A - Control (0 Al). Note the absence of stain from all
tissue; cap periphery (PC); cap columella (CC);
quiescent centre (Q)

B - 0,5 h Al treatment. Staining was initially limited to
the peripheral cap and mucilagenous secretions surrounding
the root.

C - 2 h Al treatment resulted in staining of the cell
populations of the root cap and the epidermal and outer
cortical regions of the root apex. Aluminium was
however, essentially absent from the cap and proximal
meristems and quiescent centre.

D - 20 h Al treatment produced extensive staining of the root
cap and epidermal and outer cortical regions of the root.
Morphological disturbances resulted in the fracture of the
epidermis but, despite this, the absence of stained tissue
in the inner cortex (unlabelled arrows) and stele
did not indicate penetration of Al to these tissues.

Magnification A - C X 100; D X 60.
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Figure 9 Outline drawing of the root tip of Zea mays indicating the
location of the cell populations comprising the cortex (C),
epidermis (E), quiescent centre (Q), stele (S), cap columella
(CC) cap initials forming the cap meristem (CI) and
peripheral cap cells (CP). The boundary (CB) between the cap
and root, which is characteristic of the "closed" construction

of the root apex as found in Zea, is also illustrated
(Section 3.3.1.2). ___
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Figures 10A and 10B Micrographs of the root agices of Zea mays
(cv. TX 24) treated with 8,0 mg dm-> Al and Sstained with
hematoxylin (Section 2.3.1.3) to illustrate the effectsof cap
removal on the pattern of Al uptake (Section 3.3.2.1).

A - Control (with cap) after 20 h treatment with Al.

Note extensive staining of the cell populations comprising
the peripheral cap (PC), epidermis and outer cortex, and
the absence of stain from the cap and

proximal meristems, cap columella (CC) and quiescent
centre (Q). The epidermis remained intact and yet the
outer cortex and epidermal cells are heavily stained
thereby confirming entry of Al into these tissues.

B - Decapped root after 20 h treatment with Al.
Cap removal has permitted Al to enter the quiescent centre
and the distal regions of the proximal meristem.
Aluminium uptake was limited to these tissues and movement
did not extend to the adjacent cells of the inner cortex
and stele.

Figures 10C and 10D Micrographs of the root apices of Zea mays
(cv. TX 24) stained with methylene blue (Section 2.3.3.2)
to illustrate the occurrence of mucopolysaccharide materials
as well as the effect of Al treatment (20 h; 8,0 mg dm-3)
on the distribution of mucopolysaccharides (Section 3.3.3.1).

C - Control (0 Al) characterized by the high intensity of
stained tissue in the root cap, outer cortex and
proximal meristem adjacent to the cap junction. In
contrast, the inner cortex and stele showed only low
levels of stain.

D - After 20 h Al treatment, methylene blue staining showed
that the distribution of mucopolysaccharide materials
had been reduced and was principally restricted to the
root cap and proximal meristem immediately adjacent to
the cap junction.

Magnification A - D X 100






Figure 11
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Micrographs of the root apices of Zea mays (cv. TX 24) treated
with TTC to show the effect of various treatment times with
8,0 mg dm-3 Al on root respiratory activity (Section 4.3.1).

The

development of the highly pigmented, red, formazan in the

root tissue as seen in longitudinal section was indicative of
the occurrence and intensity of enzyme-catalysed oxidations
(Sections 2.3.2.1; 2.3.2.2; 2.3.2.3).

A -

Control (0 Al).

Note the high level of respiratory activity which occurred
in the peripheral cap cells (PC) and in the cells of the
quiescent centre (Q).

2 h Al treatment has significantly reduced the level of
activity in the peripheral cap cells, epidermis and
quiescent centre. There was, however, evidence of a
general increase in respiration in the cells of the central
cap and cap and proximal meristems.

12 h Al treatment has inhibited respiration throughout
the root, and only isolated activity was evident.

48 h Al treatment has caused further reductions in
respiration, and only isolated activity of low intensity
was evident in the cells of the root meristem proximal

to the quiescent centre and including the pole of the stele.

Magnification A - D X 100
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Figure 12 Low magnification electron micrograghs illustrating the

effect of treatment with 8,0 mg dm-

Al for different times

on the ultrastructure of cap cells (Section 4.3.2).

A
B

Cap meristem, control (0 Al).
Cap meristem, 20 h Al treatment.

Note the resistance of the nuclear/nucleolar ultra-
structure to Al-induced changes. Aluminium treatment
was however, associated with an increase in vacuolation
of these cells and, although plastids were still
numerous in Al-treated roots, there was, in contrast to
the control (A), little evidence of the occurrence of
starch deposition.

Cap columella, control. Cells were characterized by
an absence of vacuoles. Amyloplasts were present with
defined starch grains (unlabelled arrow).

Cap columella, 6,5 h Al treatment produced

an increase in the number of vacuoles, and the starch
grains present in amyloplasts, showed an increased
intensity of stain.

Cap periphery, control.

Cap periphery 20 h Al treatment. Comparisons between
Figures E and F indicated that Al treatment was notable for
the extensive development of vacuoles in these cells,
accompanied by a decreased frequency with which cytoplasmic
organelles were encountered. Cell walls were reduced in
thickness and the appearance of wall material was altered.
Golgi apparatus material was seen to accumulate exterior to
the plasmalemma. Amyloplasts were characterized by a
marked increase in the intensity of stain developed in
starch bodies (unlabelled arrows).
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Figure 13 Electron micrographs illustrating morphological features
associated with Golgi apparatus function in peripheral root
cap cells of the control (0 Al) (Sections 4.3.2; 4.3.3).

A =

Dictyosomes were characterized by their size, and many
showed a distinct polarity. Secretory vesicles (SV)
were large, and an alteration in shape from elongated to
round, occurred with maturation. Secretory vesicles
invariably contained a dense granular material.

Dictyosomes were frequently associated with ribosomes

on the forming face (unlabelled arrows) and ER.
Cisternal membranes were well-defined and cisternae were
regularly spaced in the dictyosomal stack.

The secretory activities associated with peripheral cap
cells were illustrated by the number of secretory
vesicles (SV), several of which appear near the plas-
malemma, and the abundance of Golgi apparatus-derived
material (GM) accumulated exterior to the plasmalemma.
The Golgi apparatus material retained the granular
appearance of material contained in the secretory vesicles.
Dictyosome (D); endoplasmic reticulum (ER);
mitochondria (M).
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Figure 14 Electron micrographs illustrating the effect of 2 h treatment
with 8,0 mg dm-3 Al on the Golgi apparatus function in
peripheral root cap cells (Sections 4.3.2; 4.3.3).

A -

The effect of Al treatment was expressed through
disintegration of many dictyosome vesicle membranes
(unlabelled arrows) and the contents of secretory vesicles
werefound to become less granular in appearance.

Severe curling of the cisternae of dictyosomes was also
observed (unlabelled arrows). Secretory vesicles (SV)
tended to accumulate in the vicinity of dictyosomes and
some of the smaller secretory vesicles appeared to be empty.

Inhibition of vesicle transfer by Al was indicated by the
accumulation of secretory vesicles (SV) in the cytoplasm
where many vesicles could be observed in the vicinity of
dictyosomes. Differences in the appearance of the contents
of secretory vesicles were also evident, and secretory
vesicles containing either dense granular material or more
diffuse fibrillar material, could be distinguished at this
stage. The Golgi apparatus-derived material (GM) exterior
to the plasmalemma was less abundant and more fibrillar in
appearance.
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Figure 15 Electron micrographs illustrating the effect of 6,5 h treatment
with 8,0 mg dm-3 Al on the Golgi apparatus function in peri-
pheral root cap cells (Sections 4.3.2; 4.3.3).

A -

Further disintegration of vesicle membranes (unlabelled
arrows) was evident with the longer Al treatment times.

The nuclear membranes (NM) of the nucleus (N) were however,
still intact.

Complete disorganization of the cisternal structure of
some dictyosomes was also evident at this treatment.

Note the accumulation of secretory material evident in the
vicinity of the disintegrating dictyosome. The secretory
vesicles lacked definition, and the shape was variable.
The membranes of the mitochondrium (M) were still well-
defined.

The dictyosome (D) showed no evidence of activity, many
membranes of secretory vesicles (SV) have disintegrated,
and the secretory material was generally diffuse and
fibrillar. Endoplasmic reticulum (ER), identified by

the presence of ribosomes (unlabelled arrows), was swollen
and a progression was suggested from swollen ER to the
formation of vacuoles (V).






Figure 16
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Micrographs of longitudinal sections of the primary root

(Zea mays, cv. TX 24) treated with 8,0 mg dm-3 Al for various
times To illustrate the progressive cellular disorganization
of the root apex arising from Al treatment (Section 4.3.4).

A -

Control, no Al added.
Note the absence of cellular distortion (S - stele).

6,5 h Al treatment time. Cell enlargement (unlabelled
arrow) was first evident in the cortex (S - stele).

20 h Al treatment time. Further cell enlargement,
notably in the mid-cortical cells (unlabelled arrow),
has resulted in the disintegration of the outer root shape.

48 h Al treatment time. Complete disruption of the cells
of the root apex was clearly evident (S - stele).

Magnification A - D X 60
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Figure 17 Micrographs of transverse sections of the primary root (Zea mays
cv. TX 24) cut 1,5 mm from the root tip after treatment with
8,0 mg dm-3 Al for different times to demonstrate the effects of
Al-induced cell enlargement of cortical cells on the structure
of the stele and the integrity of the outer root shape
(Section 4.3.4).

A - Control (0 Al), many cortical cells contained nuclei,
and the majority were non-vacuolate.

B - 6,5 h Al treatment. Cells of the cortex have increased
in size, and the majority were found to contain large
vacuoles. Distortion of the walls of the immature
metaxylem (MX) vessels, arising from enlargement of
cortical cells, was noted at this stage.

C - 20 h Al treatment. The anisotropic growth response of
mid-cortical cells (unlabelled arrows) was clearly evident.
The metaxylem (MX) vessels have now collapsed and
disintegration of epidermal cells was also evident.

D - 48 h Al treatment. Disruption of the stele (S) and
disintegration of the outer root cells through continued
expansion of mid-cortical cells (unlabelled arrows) was
well advanced at this stage.

Magnification A - D X 100
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Figure 18 Relative (% of control, 0 Al) changes in mean cell volume
brought about by treating the primary root (Zea mays cv. TX 24)
with 8,0 mg dm-3 Al for different times. CelTl volume
measurement covered the cell populations comprising the quies-
cent centre, epidermis, outer cortex (cell file 2) and mid-
cortex (cell file 5) analysed in 0,5 mm segments for the
apical 2,0 mm of the root (Section 4.3.4).

Note that preferential cell enlargement was initially recorded
in the quiescent centre and cortex 1,0 - 2,0 mm from the root

tip. With longer Al treatment times, increases in mean cell

volume were essentially a feature of mid-cortical cells

1,0 - 1,5 mm from the root tip. No measurement of quiescent

centre cells was possible with 20 h treatment time.
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Figure 19
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The effect on cell growth direction expressed as cell

breadth (b)/cell length (1), brought about in the outer cortex
(cell file 2) and mid-cortex (cell file 5) by treating the
primary root (Zea mays cv. TX 24) with 8,0 mg dm-3 Al for
different times (Section 4.3.4).

Note that Al treatment caused a preferential increase in
cell breadth in mid-cortical cells. A change in cell
growth direction may have arisen from changes in wall
structure, required to accommodate cell enlargement
against a decrease in pressure potential.
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Figure 20 Electron micrographs of the cells of the proximal meristem
adjacent to the cap junction showing the effects of treating
the primary root (Zea mays cv. TX 24) with 8,0 mg dm-3 Al
for different times (Section 4.3.5).

A - Cortical cells showing the uncharacteristic vacuolated
nature of these cells following 6,5 h Al treatment.

Note that the formation of cytoplasmic vacuoles (V) pre-
ceded changes in the structure of the nucleus/nucleolus
which were not yet evident in these cells.

B - The structure of the nucleus/nucleolus (NU) of the control
(0 Al). The distribution of dense (DC) and diffuse (DIC)
chromatin, the appearance of the nucleolus and the size
and frequency of nucleolar vacuoles was characteristic.

C - 20 h Al treatment increased the size of well-defined
nucleolar vacuoles (NV) and caused the appearance of
intensely granular areas in the nucleolus (unlabelled
arrows). Cell location similar to B.

D - The distribution of dense/diffuse chromatin and the
appearance of the nucleolus was characteristic of outer
cortical cells of the proximal meristem of the control
(0 Al).

E - 20 h treatment with Al caused the chromatin to become
dispersed, while the fibrillar and granular components of the
nucleolus segregated from each other. These changes
were considered indicative of altered nuclear/nucleolar
function in these cells (Section 4.4.6).






Figure 21
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Changes in osmotic potential with time of cell sap expressed
from the distal 20 mm of the primary root (Zea mays cv. TX 24)
following treatment with 8,0 mg dm-3 Al (Section 4.3.6).
Aluminium treatment initially (1 h) caused an increase in
osmotic potential (increasingly negative value), while longer
treatment times were connected to continued decreases in
osmotic potential. Each treatment comprised 69 plants.

The experiment was repeated and the vertical scale lines
represent the experimental range recorded over the two
experiments (Section 4.2.2).
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Figure 22 Longitudinal sections taken through previously decapped roots
(Zea mays cv. TX 24% to illustrate the effects of treatment
with AT (8,0 mg dm-3) on the stages involved in the
regeneration of the root cap (Section 5.3).

A - Control (0 Al) 24 h after cap removal. Changes in the
pattern of cell division in the distal regions of the
root which preceded the formation of recognizable cap
tissue, were evident.

B - Decapped root treated with Al 24 h after cap removal.
The cap boundary remained intact and no evidence of cap
regeneration existed.

C - Control (O Al) 48 h after cap removal. Recognizable
cap tissue was present, although the distinctive boundary
between the cap and proximal meristem had not yet formed.

D - Decapped root treated with Al, 48 h after cap removal.
No evidence of cap regeneration could be found.
Severe cellular disorganization of root apical cells
was, however, apparent which distorted the linear
pattern of cell files in the root apical tissues.

Magnification A - D X 90
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Figure 23 Electron micrographs of plastids and dictyosomes located in the
cells of the quiescent centre of the control (0 Al) at different
times after cap removal (Sections 5.3.1; 5.3.3).

A

Plastid in roots fixed immediately after decapping (0 h).

Note the absence of starch and presence of lipid drops
(plastoglobuli)(L).

Dictyosome found in cells fixed immediately after decapping
(0 h), characterized by the absence of secretory vesicles.

6 h after decapping plastids showed the development of
starch grains (S) and improved definition of membrane
structure. Lipid drops were still evident.

6 h after decapping, dictyosomes were present with well-
defined secretory vesicles (SV) which contained a granular
material. The shape of the vesicles contrasted with that
found in the cap periphery of intact roots (Figure 13A).

The development of amyloplasts with well developed starch
grains (S) was confirmed in cells of cortical lineage 24 h
after cap removal.

Note the presence of a dictyosome with well-defined secretory
vesicles near the amyloplasts.

Dictyosome in cell of cortical lineage 24 h after decapping
showed the well-defined secretory vesicles which contained
a granular material.

24 h after cap removal, plastids in cells of stelar lineage
showed many features consistent with repressed development.

Note the presence of electron-dense regions (DNA fibres)

(unlabelled arrows), the simple structure and absence of
starch grains.

Dictyosome in quiescent centre cell of stelar lineage
characterized 24 h after cap removal, by the small size of

secretory vesicles (SV) and paucity of a granular secretory
product.
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Figure 24 The effect of time after cap removal and of treatment of
decapped roots with Al on Golgi apparatus activity in the cells
of the quiescent centre (Section 5.3.1).

In the absence of Al, Golgi apparatus activity increased in
response to cap removal, as indicated by the relative fre-
quencies (% of control) with which A dictyosomes,

B cisternae per dictyosomal stack and C secretory vesicles
were encountered with time after cap removal. In contrast,
Al treatment (8,0 mg dm-3) depressed all these activities.
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Figure 25 Electron micrographs of plastids and dictyosomes located

in the cells of the quiescent centre of decapped roots
treated with 8,0 mg dm-3 Al at different times after cap
removal (Sections 5.3.2; 5.3.4).

A - 6 h after cap removal, many plastids remained notable
for the absence of defined starch grains.

B - Plastid 12 h after decapping, characterized by an absence
of starch grains and poorly defined internal organization.
Membrane profiles were indistinct.

C - Dictyosomes 6 h after decapping were notable for the
absence of secretory vesicles and cisternal membrane pro-
files were often poorly defined.

D and F - Dictyosomes 24 h after decapping showed evidence of
increased secretory activity, but secretory vesicles
(unlabelled arrows) frequently accumulated near the
dictyosomes, and vesicle membranes were often poorly
defined, although there was some evidence of a granular
secretory product within the vesicles.

E - Plastids with defined starch grains 24 h after decapping.
Evidence of starch accumulation in plastids coincided with
the presence of dictyosomes.

Note the intensity of stain shown in the starch grains in
contrast to situation in the control (Figure 23E).
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Figure 26
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The effect of time after cap removal and of treatment of
decapped roots with Al (8,0 mg dm-3) on the differentiation of
plastids located in quiescent centre cells (Sections 5.3.3;
5.3.4). This was indicated by the relative frequency (% of
control) with which A plastids, B electron-dense regions
in plastids (DNA fibres), C starch grains and D lipid
drops{plastoglobuli) were encountered for each trea