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Using monoclonal tubulin and actin antibodies, Al-mediated al-
terations to microtubules (MTs) and actin microfilaments (MFs)
were shown to be most prominent in cells of the distal part of the
transition zone (DTZ) of an Al-sensitive maize (Zea mays L.) culti-
var. An early response to Al (1 h, 90 mM) was the depletion of MTs
in cells of the DTZ, specifically in the outermost cortical cell file.
However, no prominent changes to the MT cytoskeleton were found
in elongating cells treated with Al for 1 h in spite of severe inhibition
of root elongation. Al-induced early alterations to actin MFs were
less dramatic and consisted of increased actin fluorescence of par-
tially disintegrated MF arrays in cells of the DTZ. These tissue- and
development-specific alterations to the cytoskeleton were preceded
by and/or coincided with Al-induced depolarization of the plasma
membrane and with callose formation, particularly in the outer
cortex cells of the DTZ. Longer Al supplies (>6 h) led to progressive
enhancements of lesions to the MT cytoskeleton in the epidermis
and two to three outer cortex cell files. Our data show that the
cytoskeleton in the cells of the DTZ is especially sensitive to Al,
consistent with the recently proposed specific Al sensitivity of this
unique, apical maize root zone.

Although evidence is increasing that the root apex plays
a major role in Al perception and response (for recent
reviews, see Delhaize and Ryan, 1995; Kochian, 1995; Tay-
lor, 1995), the mechanism of Al-induced growth inhibition
remains poorly understood and controversial. Whereas evi-
dence has been shown that Al enters the root symplast in

considerable quantities and possibly influences growth
from the cytosolic side (Lazof et al., 1994), Horst (1995) and
Rengel (1996) focused their attention on the apoplast. Re-
cent findings on the cell wall-PM-cytoskeleton continuum
(Wyatt and Carpita, 1993; Miller et al., 1997) call for a
reassessment of this debate. In maize (Zea mays L.), detailed
information on the arrangement of CMTs and actin MFs
was presented for growing and developing cells of intact
roots under diverse experimental conditions (Baluška et al.,
1992, 1993a, 1993b, 1995, 1996a, 1996c, 1997; Blancaflor and
Hasenstein, 1993, 1995a, 1995b, 1997; Baluška and Hasen-
stein, 1997).

More than 10 years ago, MacDonald et al. (1987) reported
that Al directly influenced tubulin polymerization in vitro.
Alterations of cellular growth processes by Al often induce
swellings of root apices and root-hair tips (Jones et al.,
1995). This phenomenon has been attributed to interactions
of Al with the cytoskeleton, supposedly interfering with its
structure and function (Delhaize and Ryan, 1995; Jones and
Kochian, 1995). Until now, the effects of Al on the plant
cytoskeleton have rarely been investigated. Alfano et al.
(1993) studied the long-term effect of Al on the actin MFs in
Riccia fluitans. Grabski and Schindler (1995), using a novel
“cell optical displacement technique,” reported that expo-
sure of plant cells to Al increased the stability of actin MFs
in suspension-cultured soybean cells; and Sasaki et al.
(1997) reported an Al-induced depolymerization of MTs in
wheat cells. Recently, Blancaflor et al. (1998) have studied
Al-induced effects on MTs and actin MFs in elongating
cells of maize root apices, and related the Al-induced
growth inhibition to the stabilization of MTs in the central
elongation zone.

Root morphogenesis is closely related to the MT cy-
toskeleton (Barlow and Parker, 1996), whereas the onset of
root-cell elongation is thought to be actomyosin dependent
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(Baluška et al., 1996b, 1997). Moreover, radial versus lon-
gitudinal expansion of cells within root apices is well
known to be controlled by phytohormonal (auxin, GA, and
ethylene) interactions with the cytoskeletal elements (for
review, see Shibaoka, 1994; Baluška et al., 1998). With
respect to these growth determinants, Al apparently inter-
acts directly and/or indirectly with factors that influence
the organization of the cytoskeleton, such as levels of cy-
tosolic Ca21 (Jones et al., 1998), Mg21, and calmodulin
(Haug, 1994; Grabski et al., 1998), cell-surface electrical
potential (Kinraide et al., 1992; Papernik and Kochian,
1997; Takabatake and Shimmen, 1997), callose formation
(Horst et al., 1997), and lipid composition of the PM (Zhang
et al., 1997).

Based on the previous characterization of Al toxicity in
maize roots (Ryan et al., 1993), we have recently identified
the DTZ as the most Al-sensitive apical root zone in the
Al-sensitive maize cv Lixis (Sivaguru and Horst, 1998). In
the present study we extend the characterization of this
zone, which apparently plays a major role in the expression
of Al toxicity in the maize root apex. We show that Al-
induced inhibition of root growth is closely related to
impairments of electrical properties of the PM, of callose
formation, and of the structural integrity of cytoskeletal
elements, specifically in cells of the DTZ. These findings
provide circumstantial evidence that the DTZ represents a
potential target root zone with respect to Al toxicity.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and
Experimental Treatments

Seeds of maize (Zea mays L. cv Lixis), which have been
classified as Al-sensitive (Llugany et al., 1994; Horst et al.,
1997), were soaked for 8 h and germinated in moistened
rolls of filter paper. The rolls were positioned vertically in
a growth chamber and kept under controlled environmen-
tal conditions with 70% RH, 30°C and 25°C day and night
temperatures, and 300 mmol m22 s22 photon flux density
for 16 h per day. Uniform seedlings, with root lengths
ranging from 4 to 5 cm, were selected after 3 d and trans-
ferred to aerated nutrient solution with the following com-
position (in mm): CaSO4, 250; KNO3, 400; MgSO4, 100; Fe
EDDHA, 20; MnSO4, 1; ZnSO4, 0.1; CuSO4, 0.2; KH2PO4, 10;
H3BO3, 8; (NH4)6Mo7O24, 0.1; and NH4NO3, 200 (pH 4.3).
The seedlings were transferred to fresh nutrient solution
after 24 h, and 300 mm Al from a stock solution, prepared
from an Al atomic spectroscopy standard solution (AlCl3z6
H2O, 1000 mg L21, Fluka), was added to a nutrient solution
to achieve a final monomeric Al concentration of 90 mm
(measured using the aluminon technique according to the
method of Kerven et al. [1989]).

Fixation, Embedding, and Sectioning

Apical root segments (10 mm) of primary root apices
from control (untreated) and experimental seedlings were
excised into 5 mL of stabilizing buffer (50 mm Pipes, 5 mm
EGTA, and 5 mm MgSO4, pH 6.9) containing 5% DMSO for

15 min at room temperature. Afterward, they were fixed
with 4% paraformaldehyde in a stabilizing buffer contain-
ing 10% DMSO for 60 min at 20°C. Alternatively, root
apices were excised and fixed with 3.7% formaldehyde in
the stabilizing buffer for 60 min at room temperature for
visualizing F-actin arrays. After a brief rinse in the stabi-
lizing buffer, they were dehydrated in a graded ethanol
series diluted with PBS (pH 7.1). The Steedman’s wax was
prepared by mixing 9 parts of PEG 400 distearate (Aldrich)
and 1 part (w/w) of 1-hexadecanol (Aldrich), as reported
earlier (Baluška et al., 1992, and refs. therein). Root seg-
ments were infiltrated with the mixtures of absolute etha-
nol and wax, made up in the proportions 2:1, 1:1, and 1:2
(v/v) for 2 h (37°C) at each step. Followed by three changes
in pure wax under a vacuum, the infiltrated roots were
embedded in pure wax and allowed to polymerize at room
temperature. From the embedded material, 8-mm-thick lon-
gitudinal sections were made. Intact ribbons of median
sections were allowed to expand on a drop of de-ionized
water and mounted on slides coated with glycerol-
albumen (Serva, Heidelberg, Germany).

Immunofluorescence Localization of MTs

The mounted sections were dried at room temperature
overnight. Then they were dewaxed in ethanol, rehydrated
in an ethanol/PBS series, and allowed to stand in a stabi-
lizing buffer for 45 min. To facilitate tubulin-antibody pene-
tration, sections were digested with an enzymatic mixture
(1% hemicellulase [from Aspergillus niger, Sigma-Aldrich],
0.5 m EGTA, 0.4 m mannitol, 1% Triton X-100, and 0.3 mm
PMSF, all dissolved in a stabilizing buffer) for 15 min. The
digestion reaction was terminated by transferring the
slides to the stabilizing buffer for 15 min followed by 1%
Triton X-100 in a stabilizing buffer for 10 min. After a brief
rinse in stabilizing buffer, sections were incubated with
mouse monoclonal antibody raised against chick brain
a-tubulin (Amersham), diluted 1:200 in PBS for 60 min at
room temperature in darkness. Following a further rinse
with a stabilizing buffer, the sections were stained with
fluorescein isothiocyanate-conjugated anti-mouse IgG
raised in goat (Sigma), diluted 1:200 in PBS for 60 min at
room temperature in darkness. 4,6-Diamidino-2-phenylin-
dole (1 mg mL21) was used to counterstain the nDNA. The
sections were treated with 0.01% toluidine blue in PBS to
diminish the autofluorescence of the tissue. Alternatively,
a set of sections from similar treatments was stained with
0.1% aniline blue (Serva) in PBS (pH 9.2) for visualizing
the Al-induced callose deposits.

Immunofluorescence Localization of F-Actin

The sections were dried overnight at room temperature,
dewaxed in ethanol, rehydrated in an ethanol/PBS series,
and allowed to stand in stabilizing buffer for 30 min.
Afterward, the sections were treated for 10 min with abso-
lute methanol at 220°C and transferred to stabilizing
buffer for 30 min. Then they were incubated with mouse-
monoclonal anti-actin antibody (clone C4) raised against
chicken gizzard actin (ICN Biomedicals), diluted 1:200
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in PBS for 90 min at room temperature. After a further rinse
with stabilizing buffer, the actin antibody-conjugated sec-
tions were stained with fluorescein isothiocyanate-conju-
gated anti-mouse IgG raised in goat, diluted 1:100 in PBS for
60 min at room temperature. Sections were counterstained
with 4,6-diamidino-2-phenylindole (1 mg mL21) followed by
0.01% toluidine blue in PBS to diminish the natural autofluo-
rescence of root tissues.

Microscopy and Image Evaluation

We examined and evaluated the fluorescence of labeled
sections, mounted on the anti-fade mountant (Baluška et
al., 1992), using an Axiovert 405M inverted microscope
(Zeiss) equipped with epifluorescence, a standard fluores-
cein isothiocyanate exciter, and barrier filters (BP 450-490,
LP 520). We photographed the fluorescent images under
similar exposure times (between the control and Al treat-
ments to assess the Al-elicited differences in the fluores-
cence intensity) on Kodak T-Max 400 ASA films. All exper-
iments were repeated at least twice, comprising 3 to 10
replicates. We analyzed at least five to six root apices from
each experiment and documented the results.

The organization of MTs and actin MFs in cells of the
control and experimentally treated root apices were sys-
tematically documented from the root cap junction to the
end of the growth region, approximately 8-mm DFT. Most
of the observations were of cells of the epidermis and of the
two to three outermost cortex cell files (outer cortex) in the
DTZ and in the middle part of the TZ, where we viewed
major changes to the cytoskeleton (for additional details on
zone specifications, see Sivaguru and Horst, 1998). How-
ever, the root-zone specifications of the nutrient solution-
grown seedlings may vary from those of the plants grown
in humid air (Ishikawa and Evans, 1993). Hence, we cannot
exclude overlapping from the DTZ to the proximal part of
the meristematic zone.

Electrophysiology

A standard electrophysiological setup was used (Felle,
1981). Micropipettes were pulled on a Getra instrument
(vertical) from borosilicate tubing with solid filaments (Hil-
genberg, Malsfeld, Germany) and filled by capillary dis-
placement with 0.5 m KCl. Tip diameters were 0.4 to 0.5
mm. The micropipettes were connected through an Ag/
AgCl half-cell to a high-impedance amplifier (FD 223,
World Precision Instruments, Sarasota, FL). Signals were
recorded on a pen chart (L 2200, Linseis, Selb, Germany).
Measurements were carried out under constant perfusion
in a Plexiglas chamber, which was open on both sides to
allow the horizontal approach of the micropipette(s) at
room temperature. Following a 10- to 20-min equilibration
in the nutrient solution, which was supplemented with 200
mm CaCl2 and 200 mm KCl, impalements were made in the
outermost cortical cells 1 to 3 mm behind the root tip, at
200-mm intervals. As soon as the membrane potential was
stable for at least 5 min, the chamber was perfused with the
Al test solution. The kinetics given are representative of at
least 11 tests carried out on individual roots.

RESULTS

Effects of Al on Root Growth

Al (90 mm monomeric Al) exerted significant inhibition
of the root-elongation rate after 1 h of treatment (about 20%
inhibition) in the Al-sensitive maize cv Lixis (Fig. 1). Pro-
longed Al treatment led to increasingly severe inhibition of
root elongation (50% and 60% after 2 and 6 h, respectively).

Effects of Short-Term (1-h) Al Treatment on MTs

One hour of Al treatment proved to have dramatic ef-
fects on MTs, but this early impact was limited to cells of
the outermost cortical cell file located within the DTZ (Fig.
2, A and B). These unique cells were devoid of any MTs,
whereas the epidermis cells still displayed distinct tubulin
fluorescence (Fig. 2B). Figure 2C is the DIC image of Figure
2B and shows the integrity of the cells.

In contrast to the cell periphery of the DTZ region, cells
of other root regions showed the same MT cytoskeleton as
found in the control roots (which is almost identical with
data previously published; see e.g. Baluška et al. [1992]). In
this study we are documenting this situation for cells of the
elongation region, focusing again on the epidermis and the
outer cortex. Dense, transversally running arrays of CMTs
are the most typical features of any elongating root cell,
and Figure 2D documents this for the epidermis of control
roots. Short-term (1-h) Al treatment had no effect on CMTs
in cells of both of the epidermis and outer cortex, which
displayed dense arrays oriented transversally with respect
to the root growth axis (Fig. 2E).

An effect of the short-term Al treatment was also found
in meristematic cells, in which endoplasmic perinuclear
MTs obtained an extremely bright appearance (Fig. 2F).
This phenomenon, indicating an increased tubulin poly-
merization in dividing cells, was consistently recorded in-
all dividing cells and culminated in some abnormalities in

Figure 1. Effect of 90 mM monomeric Al on root-elongation rate of
the Al-sensitive maize cv Lixis treated for 1 to 5 h. Values are means
of five independent replicates. Means followed by the same letter do
not differ significantly at P , 0.05 (Tukey’s test).
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phragmoplast orientations and division plane alignments
after long-term Al treatments (data not shown).

Effects of Medium-Term (6-h) Al Treatment on MTs

The epidermis and outer cortex cells of the DTZ progres-
sively increased their lesions in the MT cytoskeleton during
further exposures to Al. Both of these tissues were almost
devoid of any CMTs after 6 h of Al treatment (Fig. 3A; for
corresponding DIC image see Fig. 3B).

Contrasting behavior was found in the epidermis and
outer cortex cells of the elongation region where CMT
arrays still maintained dense, transversally oriented arrays
(see Fig. 3C for epidermis cells and Fig. 3D for outer cortex
cells) comparable to those present in control root cells (Fig.
2D; see also Baluška et al., 1992). Nevertheless, more
deeply localized cells of the outer cortex (the third cell file
from the epidermis) often exhibited an increased random-
ization of their CMT arrays (see the middle part of Fig. 3D).
This phenomenon was especially prominent in cells of the

Figure 2. Effects of short-term Al treatment (90 mM, 1 h) on MTs in cells of the DTZ (A, B, and C) and of the elongation region
(D and E). A and D, Control. C is the DIC image of B. The most sensitive cells with respect to Al effects on the MT
cytoskeleton proved to be the outermost cortical cells of the DTZ, as these lost all of their MTs after 1 h of Al treatment (B).
In contrast, no effects on MTs were found in the elongation zone (D and E). Extremely dense endoplasmic MTs were induced
by 1 h of Al in the apical meristem (F). e, Epidermis; oc, outer cortex. Bar 5 8 mm for A to E and 6 mm for F.

Figure 3. Effects of medium-term Al treatment
(90 mM, 6 h) on MTs of cells in the DTZ (A and
B) and in the elongation zone (C, D, and E). In
the DTZ the outermost cortical and epidermal
cells are devoid of MTs (A) whereas cells of the
elongation region show dense arrays of trans-
verse CMTs (C and D). In some inner cortex
cells, longitudinal arrangement of CMTs was
found (E). e, Epidermis; oc, outer cortex; ic,
inner cortex. Bar 5 10 mm.
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inner cortex where even longitudinal arrays of CMTs were
found (Fig. 3E).

Effects of Long-Term (12-h) Al Treatment on MTs

After 12 h of Al treatment the most dramatic lesions to
the MT cytoskeleton still encountered the epidermis and
outer cortex cells, but they progressively spread from the
DTZ (Fig. 4, A and B) to the proximal part of the TZ (Fig.
4, C and D). The DIC image of Figure 4C revealed that in
the proximal part of TZ first degeneration features oc-
curred in tissues of the root periphery (Fig. 4D).

The more internal cortex tissues showed rather dense
randomized CMT arrays (not shown) although many mid-
dle and inner cortex cells still displayed well-ordered
dense arrays of CMTs (Fig. 4E). Despite this, the overall
cellular morphology of the middle and inner cortex was
changed throughout the TZ and roundish shapes with
large intercellular spaces was the characteristic feature of
root apices treated with Al for 12 h (Fig. 4F).

Comparable Effects of Al and NPA

Periclinal divisions in meristematic cortical cells induced
by NPA (Fig. 5A) could be mimicked by Al (Fig. 5B), both
treatments lasting 6 h. These divisions were preceded by
unusual, vertical preprophase bands (data not shown).

Effects of Short-Term (1-h) and Long-Term (6-h) Al
Treatments on Actin MFs

Short-term (1-h) Al treatment (Fig. 6, D and F) induced
alterations to the actin MF polymerization, as evidenced
from decreased amounts of F-actin and increased actin
fluorescence in Al-treated root apices. These alterations
were comparable to those shown after 6 h of Al treatment
(Fig. 6B). The most prominent effect was observed in the

Figure 4. Effects of long-term Al treatment (90
mM, 12 h) on MTs and cell shapes in DTZ (A and
B) and proximal (C and D) part of the TZ. B and
D are DIC images of A and C. Note that epider-
mal and outer cortex cells are already distorted
in the proximal part of the TZ (C and D),
whereas middle cortex cells are abnormally ex-
panded (F). Note the presence of unusually large
intercellular spaces (stars in F). Although most
cells of the middle cortex have disoriented
CMTs, some cells still show dense transversal
arrays (E). e, Epidermis; oc, outer cortex; ic,
inner cortex; mc, middle cortex. Bar 5 8 mm.

Figure 5. Induction of periclinal divisions in meristematic outer
cortex by 10 mM NPA (A) and 90 mM Al (B), both supplied for 6 h.
Bar 5 8 mm.
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DTZ (Fig. 6, compare A, C, and E with B, D, and F) and the
middle part of the TZ (not shown). Al-induced fragmenta-
tion and/or altered actin polymerization enhanced the ac-
tin fluorescence in the epidermal and outer cortex cells
(Fig. 6, compare A with B). Although our control images
(Fig. 6E) show such actin-positive dots, an effect we at-
tribute to low pH treatments, the Al-induced actin-positive
dots or fragmented F-actin filaments were much more in-
tense after 1 h of Al treatment (Fig. 6F). The outermost
cortex cell layers usually have less distinct actin-positive
dots but their actin fluorescence was more prominently
increased by Al when compared with the more inner layers
of the cortex (Fig. 6, compare D with F). This suggests that
the formation of actin-positive dots was a less severe or
indirect effect of Al compared with the direct severe effect
of Al on the epidermal and outermost cortex cell layers of
the same root apex. Pertinent with this, the metaxylem cells
of DTZ also contained large amounts of actin-positive dots
but cells of the stele periphery still showed thick bundles of
actin MFs (data not shown).

Tissue-Specific Callose Formation

Images of Al-induced (90 mm, 1 h) callose deposits along
the whole root apex indicate that callose formation was
restricted only to the epidermis and outer cortex cells (Fig.
7). Along the entire root growth region, the intensity of
callose deposition was highest in the outer cortex cells
located within the DTZ (Fig. 7B), but it was also prominent
in the outer cortex cells of the apical part of the elongation

region (Fig. 7A) and the root tip near the quiescent center
(Fig. 7C).

Al-Induced Changes to PM Potential

Upon the addition of 90 mm Al to the intact maize roots
the membrane potential depolarized instantaneously by
55 6 12 mV when impaled at 1.8-mm DFT (Fig. 8, a), but
only by 15 6 5 mV when impaled at 2.8 mm (Fig. 8, b).

DISCUSSION

Using the Al-sensitive maize cv Lixis, we demonstrate
here that the root cytoskeleton shows the most prominent
Al-induced alterations within cells of the distal part of the
transition zone (DTZ) of maize root apices. Both MTs and
actin MFs cytoskeleton were affected preferentially in cells
of the DTZ. The relevance of the DTZ to the Al toxicity was
further supported by the Al-induced callose formation
(Fig. 7B) and the higher PM depolarization (Fig. 8) in this
root zone.

Short-term Al treatment (1 h) was sufficient to produce
profound disintegration of MTs in cells of the outermost
cortex file. This dramatic lesion to the MT cytoskeleton was
limited to cells of the DTZ, which was previously charac-
terized as the most sensitive maize root region with respect
to Al toxicity (Sivaguru and Horst, 1998). The most sensi-
tive DTZ cells of the outermost cortex file showed complete
depolymerization of all of their MTs after 1 h of Al treat-
ment. This lesion became even more dramatic, expanding

Figure 6. Effects of Al (90 mM) treatment on the
actin MFs in apical root cells of an Al-sensitive
maize cv Lixis. All images are from the DTZ
region of the root apex. Comparable regions of
control (A, C, and E) and 6-h (B) or 1-h (D and F)
Al-treated root apices. Note the more prominent
actin fluorescence and absence of filamentous
actin in epidermal and outer cortex cells after Al
treatments (B and D) when compared with their
respective controls (A and C). Al-induced frag-
mentation or altered polymerization of actin
MFs transforming almost all filamentous actin of
inner cortex cells into actin-positive dots or
F-actin fragments (F, compare the comparable
control position, E). Note increased intercellular
spaces in Al-treated root apices (stars in B and
F). All root apices are facing the bottom of this
figure. Bar 5 16 mm (A and B) or 7 mm (all
others). e, Epidermis; oc, outer cortex; ic, inner
cortex.
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to most of the epidermis cells and to many root periphery
cells of the proximal part of the TZ, after longer exposures
of root apices to Al. For instance, after 12 h of Al treatment,
most of the cells of the epidermis and the two outermost
cortex files were depleted in their MT cytoskeleton. In
contrast, cells within the meristem and elongation region
retained their characteristic MT arrays, which appeared
even more abundant and extensively bundled. Similar
tissue-specific disintegration of MTs in maize root apices
was also reported after high ethylene treatment when cells
of the inner cortex lost their MTs, whereas outer cortex cells
were rather resistant to ethylene (Baluška et al., 1993b).
However, high auxin treatment temporarily depolymer-
ized the MTs in all of the root cells (Baluška et al., 1996a).
Although most of the elongating cortex cells preserved
their transverse MT arrays, some inner cortex cells ac-
quired randomly arranged CMTs after 1 h of Al treatment,
and this feature became even more prominent after 6 and
12 h of Al treatment, when longitudinally arranged CMT

arrays appeared in some inner cortex cells (see also Blan-
caflor et al., 1998). This confirms that the two to three
outermost cortical layers, representing the outer cortex, are
unique tissues, differing in many aspects from cells of the
middle and inner cortex (Baluška et al., 1993a).

Our study confirms the findings of Blancaflor et al. (1998)
that MTs of elongating cells are relatively insensitive to Al
(at least as can be inferred from static immunofluorescence
images) during the first 3 h of the Al exposure. However,
focusing on the elongation zone, Blancaflor et al. (1998)
missed those critical cells of the epidermis and outer cortex
in the DTZ, which initiated degeneration of peripheral
tissue domains in less than 3 h. Al-mediated alterations to
the MT cytoskeleton and to the organization of the maize
root apex can be mimicked by auxin over-supplies (Blan-
caflor and Hasenstein, 1995a; Baluška et al., 1996b) and by
auxin-transport inhibitors (Kerk and Feldman, 1994; Rueg-
ger et al., 1997; this study). For instance, as already men-
tioned, high auxin levels induced temporary depolymer-
ization of MTs. Another typical auxin-induced response of
the MT cytoskeleton was a rearrangement of CMTs, which
typically changed from transverse to random and longitu-
dinal arrays (Blancaflor and Hasenstein, 1995a; Baluška et
al., 1996b). Imbalances to endogenous auxin levels could be
relevant for morphological disorders, such as the newly
induced, periclinal divisions and subapical root swellings
(Kerk and Feldman, 1994; Ruegger et al., 1997; Blancaflor et
al., 1998). Al-induced inhibition of root growth, associated
with progressively increased growth anisotropy, might be
expected to involve disruption of putative auxin-
cytoskeleton interactions (for review, see Shibaoka, 1994;
Baluška et al., 1998). This is especially valid for cells of the
TZ, which are unique in their responses to external auxin
(Ishikawa and Evans, 1993, 1995). Although a direct effect
of Al on the basipetal transport of [3H]IAA was demon-
strated by Hasenstein and Evans (1988), and although the
transport was localized within the outer cortex (Tsurumi
and Ohwaki, 1978), no follow-up work has been presented
on this important aspect of Al rhizotoxicity.

Figure 8. Effect of 90 mM Al supply on the PM potentials in the outer
cortex cells of an Al-sensitive maize cv Lixis root apex. Impalement
was at 1.8 mm (a) and at 2.8 mm (b) DFT (n 5 11). Data are
representative of single recordings.

Figure 7. Al- (90 mM, 6 h) induced callose deposits in cells within the
elongation zone (A). Cells of the DTZ accumulated the highest
amounts of callose (B). Low amounts of callose were found in the
outer cortex cells behind the quiescent center (C). The callose for-
mation was restricted to the epidermis (e) and outer cortex (oc) cells
throughout the root apex. All root apices are facing the bottom of this
figure. ic, Inner cortex; m, meristem. Bar 5 23 mm.
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Increased cytosolic Ca21 and modification of the PM are
known to be crucial factors for the induction of callose
synthesis (Kauss et al., 1990). In agreement with this, Al
induced a higher callose content (Fig. 7B; see also Sivaguru
and Horst, 1998) and higher PM depolarization in the outer
cortex cells of the DTZ, compared with the cells of more
basal root zones (Fig. 8). Similar effects of Al on the elec-
trical properties of the PM were also reported for characean
cells by Takabatake and Shimmen (1997). These authors
concluded that the PM represents the primary target of Al
toxicity. On the other hand, Papernik and Kochian (1997)
described higher PM depolarization only in the Al-tolerant
cultivar in wheat root apices, which was correlated to
organic acid exudation. Binding and/or interaction of Al
with the PM may lead to alterations in the CMT arrays
underlying the PM and, in the most affected cells, even to
the failure to maintain its presence. Cells in the inner
cortex, which are probably not exposed directly to Al,
showed only alterations to the distribution of CMT; there
was no Al-induced callose formation. The very rapid effect
of Al on the PM potential in the DTZ, but not the elonga-
tion zone, might indicate that this depolarization triggers a
cascade of events leading to the effect on the cytoskeleton
and to the callose formation measured after 1 h, but is
probably initiated much earlier. This will be a focus of our
future studies.

The present observations suggest that, in addition to the
cell wall structure (Le Van et al., 1994), Al especially affects
the integrity of the PM and the cytoskeletal organization in
cells located specifically within the DTZ. Although the
cytoskeleton/PM/cell wall structural continuum is not yet
fully established for plant cells (Wyatt and Carpita, 1993;
Miller et al., 1997), it is almost accepted that such an
interconnected superstructure does exist at the plant-cell
periphery. Al is known to bind strongly to the cell wall, to
the PM, and to many Ca21, Mg21, and negatively charged
binding sites in the apoplast, and to enter the cytoplasm
(for review, see Horst, 1995; Kochian, 1995). If we accept
the existence of the cytoskeleton/PM/cell wall continuum
in the maize root apex, Al does not necessarily need to
enter the cytoplasm to alter cytoskeletal dynamics. Such a
structural continuum means that alterations to any extra-
cellular component of this continuum may have direct
impacts on the underlying cytoskeletal structures, which
are bound to the cytoplasmic face of the PM.

In the presence of Al, the overall increase in the intensity
of actin fluorescence indicates that the actin MF polymer-
ization might be altered upon exposure to Al. In particular,
the cells of the epidermis and outer cortex of the DTZ
showed an increased actin MF fluorescence due to frag-
mentation or altered polymerization of filamentous actin,
which corresponded well to Al-mediated alterations of
CMT arrays. Inner layers of cortex cells were not charac-
terized by such alteration, but have fragmented actin or
actin-positive dots. Grabski and Schindler (1995) found
that Al induced an increase in the stability/rigor within the
actin MF network, with no gross change in the appearance
in a concentration-dependent manner, which was in agree-
ment with our observation in outer stele cells (unusually
thick actin MFs [data not shown]). However, it is difficult

to reconcile the direct effect of Al on the metaxylem and
middle cortex cells (Fig. 6F) during the short-term Al treat-
ments, which showed disintegrated actin MFs with numer-
ous actin-positive dots. Rather, this finding indicates that
Al binding to cells of the epidermis and outer cortex may
simultaneously induce the transfer of putative signals,
which alters the cytoskeletal structures of more inner cell
layers. Recently, for instance, Schofield et al. (1998) dem-
onstrated the slow/restricted radial Al transport in onion
roots. This suggests that cells of individual tissues differ
with respect to Al impacts on their actin cytoskeleton.

As discussed above, it is possible that rapid Al-induced
changes to cytosolic Ca21 may mediate cytoskeletal disor-
ders. Although many environmental signals including Al
induced an increase in the cytosolic Ca21 levels (Lindberg
and Strid, 1997), the recent evidence argues for Al-induced
decreases in the levels of cytosolic Ca21 (Jones et al., 1998).
An increase in the tension of actin occurred when the
cytosolic Ca21 levels were altered by the signaling sub-
stances, including auxin in soybean cells (Grabski and
Schindler, 1996). The latest work from their laboratory
revealed that Al affects actin MFs via involvement of Ca21-
regulated kinases and phosphatases (Grabski et al., 1998).
In line with this, inhibitors of protein kinases and phos-
hatases (e.g. calyculin A and staurosporine) were shown to
disorganize the MT-cytoskeleton, specifically the CMTs,
which impaired root elongation through induction of ra-
dial growth and swelling in Arabidopsis (Baskin and Wil-
son, 1997). In comparison with plant systems, direct Al
interaction with the actin MFs were studied more pro-
foundly in mammalian systems such as HeLa cells, where
Al interaction with actin MFs and subsequent protrusions
in the PM were described (Radhakrishna et al., 1996, and
refs. therein). Recently, Jones and Kochian (1995) found
that Al specifically inhibits the phospholipase C activity in
wheat root cells, and they proposed a link to the inositol
1,4,5-trisphophate signal transduction pathway. This par-
ticular finding suggests that the Al action in plant and
animal cells (e.g. McDonald and Mamrack, 1995) may be
basically similar. Accordingly, in neuroblastoma cells,
phosphotidylinositol-4,5-diphosphate (PIP2)-specific phos-
pholipase C was characterized as a potential Al-interaction
site through guanine nucleotide-binding, protein-coupled
transmembrane signaling (Haug et al., 1994). Later, Jones
and Kochian (1995) provided evidence of a direct Al-
mediated inhibition of phospholipase C and hypothesized
that the phosphoinositide-signaling pathway might be the
initial target of Al. In accordance with this hypothesis,
components of the actin-based cytoskeleton were found to
directly interact with phospholipase C (Huang et al., 1998),
a crucial enzyme in the plant phosphoinositide signaling
cascade and even to regulate its activity (Drøbak et al.,
1994).

The data presented here provide circumstantial evidence
that in an Al-sensitive maize cultivar, Al-induced inhibi-
tion of root elongation involves inherent Al/PM/cytoskel-
eton interactions especially in the DTZ of the root apex.
Although the Al-induced stabilization or rigidification of
MTs in the elongation zone observed by Blancaflor et al.
(1998) after 3 h could explain the inhibition of elongation
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rate, the alterations detected here after 1 h in DTZ may be
decisive and more closely linked to Al-induced growth
inhibition within this time frame (an observation that re-
quires further attention). The specialized cells of this zone,
which are undergoing a preparatory phase for the rapid
cell elongation (Baluška et al., 1996b), are extremely sensi-
tive to Al. Whether Al affects the organization of cytoskel-
etal elements by modifying protein phosphorylation and
the cell wall structures connected to it and whether it
causes disturbances of the Ca21 homeostasis and/or phy-
tohormonal signaling needs to be clarified in future stud-
ies.
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Baluška F, Hauskrecht M, Kubica S̆ (1990) Postmitotic ‘isodiamet-
ric’ cell growth in the maize root apex. Planta 181: 269–274
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