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Aluminium (Al) toxicity in rye (Secale cereale L.), an Al-resistant crop, was examined by measuring root
elongation and cytoplasmic free activity of calcium ([Ca*].,) in intact root apical cells. Measurement of
[Ca2+]cy[ was achieved by loading a Ca%*-sensitive fluorescent probe, Fluo-3/AM ester, into root apical cells fol-
lowed by detection of intracellular fluorescence using a confocal laser scanning microscope. After 20 min of
exposure to 50 uM Al (pH 4-2) a slight increase in [Ca?*].,, of root apical cells was observed, while the response
of [Ca?*].y, to 100 pum Al (pH 4-2) was faster and larger ([Ca’*].,, increased by 46 % in 10 min). Increases in
[Ca?*).,, were correlated with inhibition of root growth, generally measurable after 2 h. Addition of 400 pm
malic acid (pH 4-2) largely ameliorated the effect of 100 uM Al on [Ca*].y, in root apical cells and protected
root growth from Al toxicity. These results suggest that an increase in [Ca?*].,, in root apical cells in rye is an

early effect of Al toxicity and is followed by the secondary effect on root elongation.
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INTRODUCTION

Plant roots are sensitive to A13* ions that occur in solution in
acidic soils. Disturbance of [Ca2+]Cy[ homeostasis is gener-
ally believed to be the primary trigger of Al toxicity (Bennet
and Breen, 1991; Rengel, 1992a, b; Kochian, 1995). A
recent study on wheat by Zhang and Rengel (1999) has
provided direct evidence in support of this hypothesis,
showing a close correlation between the Al-induced
increase in [Ca*].y, in root apical cells and inhibition of
root growth.

Resistance to Al varies among cereal species, normally in
the order: rye = triticale > wheat > barley (Aniol and
Gustafson, 1984). Although the Al-induced increase in
[Ca?*]cy, of wheat root apical cells is one of the primary
toxic effects of Al (Zhang and Rengel, 1999), it is not
known whether such an effect occurs in rye which is more
resistant to Al. In this study, we examined the dynamic
changes of [Ca®*].,, in intact root apical cells, and the
elongation of rye roots subjected to different levels of Al.
Exogenous malic acid was also applied to investigate
whether the Al-induced disturbance in [Ca®*].y,, and thus
the adverse effect on root growth, could be avoided. This
study increases understanding of Al toxicity mechanisms in
rye and the resistance of this crop to Al stress.

* For correspondence. Fax 61 8 9380 1050, e-mail zrengel @agric.
uwa.edu.au

MATERIALS AND METHODS
Root culture and treatments

Rye (Secale cereale L. ‘Bevy’) seeds were surface-sterilized
in 1 % (v/v) NaOCl for 5 min, rinsed thoroughly with
deionized water, and germinated on filter paper saturated
with 0-2 mm CaCl, solution (pH 4-2) at 20 °C in the dark for
2 d before measurement of root elongation and [Ca?*].,, in
root apical cells. For the measurements, roots were first
grown in an aerated control solution (0-2 mM CaCl,, pH 4-2)
before being subjected to the treatments: 0, 50 or 100 um
AI3* alone, or a combination of 100 uM AI** and 400 um
malic acid (0-2 mm CaCl,, pH 4-2). AI** was diluted to the
required concentration from a 5 mM AIClj; stock in 0-1 mMm
HCIL

Loading of Fluo-3/AM into root cells

When measuring activities of [Ca2+]cyl using a fluorescent
imaging technique, the essential step is the loading of Ca”*-
sensitive fluorescent probes into plant cells. A Ca%*-
sensitive fluorescent dye, acetoxymethyl ester (AM) of
Fluo-3, was purchased from Molecular Probes (Eugene, OR,
USA). The procedures followed to load this dye into rye
root cells were similar to those described previously for
wheat by Zhang et al. (1998) and Zhang and Rengel (1999).
Intact rye roots (1-2 cm long and straight in shape) were
incubated in a solution containing 20 uM Fluo-3/AM, 50 mm
sorbitol and 0-2 mm CaCl, (pH 4-2) at 4 °C for 2 h in the
dark. This low-temperature incubation inhibited hydrolysis
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Control

F1G. 1. Confocal images of Fluo-3 fluorescence showing a slight increase in the intensity (i.e. increased cytoplasmic Ca?* activity) in rye root apical
cells in the presence of 50 uMm AICl; (pH 4-2). Pseudocolour is used to enhance visualization of Fluo-3 distribution and indicate fluorescence intensity,
where dark is minimum and white is maximum intensity. Bar = 100 um.

F1G. 2. Confocal images of Fluo-3 fluorescence showing a dramatic increase in the cytoplasmic Ca2* activity in rye root apical cells in the presence of
100 um AICI; (pH 4-2). See Fig. 1 for a description of pseudocolour to indicate the fluorescence intensity. Bar = 100 um.
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Fi1G. 3. Al-induced changes in Fluo-3 fluorescence intensity in rye root
apical cells treated with different levels of Al (A) and a combination of
Al and malic acid (B). Values are means =* s.e. of six to eight roots.

of Fluo-3/AM ester by extracellular esterases but had less
effect on diffusion of the dye across the plasma membranes
of root cells. The dye-loaded roots were then incubated in an
aerated 0-2 mM CaCl, solution at 20 °C for 2 h in the dark,
allowing the accumulated Fluo-3/AM ester to be hydrolysed
by the intracellular esterases, releasing membrane-imper-
meable Ca%*-sensitive Fluo-3 into the cytoplasm.

Confocal laser scanning microscopy

Intact rye roots were mounted in a Plexiglas chamber
(2 ml) with a clean cover slip attached to the bottom and
were flushed with control solution for about 10 min prior to
confocal imaging using a Bio-Rad MRC 1000 unit attached
to a Nikon Diaphot inverted microscope with Apolo X20
(NA, 0-8) lens. Intracellular fluorescence of cortical cells
(30-60 um from the root surface) of the root apex (about
0-5 mm from the root tips) was excited with a 488 nm
argon—krypton laser, and emission signals above 515 nm
were collected using BHS filter block. The fluorescence
intensity of root cells was calculated using Bio-Rad image-
processing software and was expressed in pixel numbers on
a scale ranging from 0 to 255.
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F1G. 4. The rate of rye root elongation after exposure to different levels
of Al (A) and a combination of Al and malic acid (B). Values are means
* s.e. of eight to ten roots.

Intracellular fluorescence was first collected from the
root cells bathed in the control solution, followed by the
treatment solutions containing 50 or 100 um AICl; or a
combination of 100 uM AICl; and 400 um malic acid.
The same apical cells of six to eight roots of each
treatment were scanned consecutively every 10 or 20 min
for up to 80 min.

Measurement of root elongation

Intact rye roots were flushed with the control solution in a
Plexiglas chamber, and root elongation was recorded hourly
with an eye piece (10X). Once the elongation rate had
stabilized, the roots were perfused with aerated solutions
containing different Al treatments (0-2 mM CaCl,, pH 4-2).
To examine any possible effect of Fluo-3/AM ester on root
growth, the elongation rate of dye-loaded roots was also
measured; it proved to be similar to that of dye-free roots
(data not shown).

RESULTS AND DISCUSSION

When intact rye roots were exposed to 50 uM Al, [Ca?*]y,
fluorescence of the apical cells was slightly increased after
20 min and then remained mostly unchanged in relation to
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the controls during the period of Al exposure (up to 80 min;
Figs 1 and 3A). Treatment with 100 um Al, however,
induced a fast and significant response of [Ca?*].,, in the
apical cells: [Ca*].y, fluorescence increased by 46 % within
10 min (Figs 2 and 3A). The intensity of the fluorescence
continued to increase in parallel with the duration of the
100 uM Al treatment. This contrasts with a previous study in
which a concentration as low as 2-6 um Al induced an
increase in [Caz+]Cyt of intact root apical cells in an Al-
sensitive wheat line, with the magnitude of the increase
being proportional to Al concentration (Zhang and Rengel,
1999).

Elevation of [Ca?*]., in root apices of both wheat and rye
was detectable after about 10 min of exposure to Al, but was
slower than that found in wall-free protoplasts derived from
wheat roots (<2 min; Lindberg and Strid, 1997). The slower
response of [Ca?*],, to Al in intact wheat and rye roots
could be due to the interaction of cationic Al species with
the cell wall. Al-induced increase in [Ca?*].,, of root apical
cells was also observed by Nichol and Oliveira (1995) in
barley, but they only studied the long-term (2 d) effect of Al
(50 um) in excised Al-sensitive barley roots. On the other
hand, a decrease in [Caz’f]Cyt in tobacco cell cultures in the
presence of Al was reported by Jones et al. (1998).
However, the decrease may not necessarily be representa-
tive of Al-induced changes in [Ca?*].,, in root cells since the
morphology and physiology of cell cultures could be
different from those of intact root cells.

Although exposure to 100 um Al alone induced a
dramatic increase in [Ca*].y, in rye root apical cells (Figs
2 and 3A), the [Ca®*]., activity was only marginally
increased over the period of measurements when the roots
were treated with 100 um Al plus 400 uM malic acid (Fig.
3B), indicating a maintenance of cell Ca** homeostasis in
the root apex, the critical site of Al toxicity. The interactive
effect of Al and malate on [Ca®*].,, was probably due to the
fact that malate binds to Al, making the malate-Al complex
non-toxic (Delhaize and Ryan, 1995; Matsumoto, 2000).

The response of root growth to Al treatments was closely
correlated to that of [Ca®*].,, in root apical cells, despite a
time lag between the two. After 2 h of exposure to 100 um
Al there was a significant decrease in the rate of root
elongation, while root growth in the treatment with 50 um
Al was mostly unaffected (Fig. 4A). As the Al treatments
continued, the toxic effect of 100 um Al became more
severe, and growth of roots treated with 50 um Al was also
reduced significantly after 5 h of exposure. However, the
reduction of root elongation due to 100 um Al was largely
ameliorated when the culture solution was supplemented
with 400 um malic acid (Fig. 4B).

The increase in [Ca’*], in the presence of Al might
disrupt CaZ*-dependent metabolic processes, which are
directly or indirectly involved in regulation of cell division
and elongation (Rengel, 1992a, b; Delhaize and Ryan,
1995). For instance, an increase in [Ca?*].,, is a prerequisite
for synthesis of callose (1,3-B-glucan) in plant cells (Kauss,
1985). Indeed, Al is known to induce callose synthesis in
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wheat root tips, which is positively related to inhibition of
wheat root growth (Zhang et al., 1994). These observations
are in agreement with the findings of the present study that
the increase in [Ca®*].,, in intact rye root apical cells is
dependent upon Al concentration, and that high [Ca?*].y, is
accompanied by severe reduction of root elongation.

In summary, the primary effects of Al stress on rye and
wheat are similar, i.e. Al first induces an increase in
[Ca?*]ey, of root apical cells, which then disrupts Ca®*-
dependent metabolic processes (e.g. regulation of cell
division and elongation) and leads to inhibition of root
growth. The greater Al resistance of rye compared with
wheat is reflected in the higher Al concentrations required to
cause a comparable toxicity effect.
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