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Quantitative information on the uptake and distribution of Al at the cellular level is required to understand mechanisms of
Al toxicity, but direct measurement of uptake across the plasma membrane has remained elusive. We measured rates of Al
transport across membranes in single cells of Chara corallina using the rare 26Al isotope, an emerging technology (accelerator
mass spectrometry), and a surgical technique for isolating subcellular compartments. Accumulation of Al in the cell wall
dominated total uptake (71–318 mg m22 min21), although transport across the plasma membrane was detectable (71–540 ng
m22 min21) within 30 min of exposure. Transport across the tonoplast was initially negligible, but accelerated to rates
approximating uptake across the plasma membrane. The avacuolate protoplasm showed signs of saturation after 60 min, but
continued movement across the plasma membrane was supported by sequestration in the vacuole. Saturation of all
compartments was observed after 12 to 24 h. Accumulation of Al in the cell wall reflected variation in {Al31} induced by
changes in Al supply or complexing ligands, but was unaffected by pH. In contrast, transport across the plasma membrane
peaked at pH 4.3 and increased when {Al31} was reduced by complexing ligands. Cold temperature (4°C) reduced
accumulation in the cell wall and protoplasm, whereas 2,4-dinitrophenol and m-chlorocarbonylcyanidephenyl hydrazone
increased membrane transport by 12- to 13-fold. Our data suggest that the cell wall is the major site of Al accumulation.
Nonetheless, membrane transport occurs within minutes of exposure and is supported by subsequent sequestration in the
vacuole. The rapid delivery of Al to the protoplasm suggests that intracellular lesions may be possible.

Al toxicity is a major factor limiting growth of
plants on a worldwide basis. Despite a vast research
effort focusing on this problem, the primary toxic
lesions and mechanisms involved in resistance to Al
remain largely unknown (Taylor, 1988, 1991). Al ex-
erts a toxic effect within minutes of exposure, but
controversy remains as to whether these effects re-
flect cytosolic or extracytosolic injuries (Kochian,
1995; Rengel, 1996). Similarly, a number of resistance
mechanisms have been proposed, but it is not clear to
what extent detoxification of Al at cytosolic or extra-
cytosolic sites contributes to resistance to Al in plants
(Taylor, 1991; Kochian, 1995). To address these im-
portant questions and develop a broader understand-
ing of the nature of Al transport across biological
membranes, quantitative information about the up-
take and distribution of Al at the cellular level is

required. At present, we do not know which molec-
ular forms of Al are capable of crossing membranes,
what rates of transport might be realized, or the time
course over which transport occurs. The mechanistic
basis of Al transport and the overall subcellular dis-
tribution remain speculative.

Our understanding of Al transport across biologi-
cal membranes has been hindered by several factors,
including the complex aqueous coordination chemis-
try of Al, its propensity to bind tightly to cell walls,
the lack of an affordable and suitable isotope, and the
lack of sensitive analytical techniques for detecting
the low levels of Al associated with subcellular com-
partments. These barriers have affected research in a
number of different ways. For example, microanalyt-
ical studies employing electron probe x-ray micro-
analysis have suggested that Al accumulates primar-
ily in the cell wall (Hodson and Wilkins, 1991;
Delhaize et al., 1993a; Marienfeld et al., 1995). Unfor-
tunately, the limited sensitivity of this technique dic-
tates use of long exposure times (.24 h) at concen-
trations of Al that may be conducive to precipitation
or polymerization of Al in the apoplasm. Limited
spatial resolution and sensitivity may also preclude
detection of the low levels of Al associated with
intracellular compartments. Although a recent study
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claimed detection of intracellular Al in roots of wheat
(Triticum aestivum) using electron probe x-ray micro-
analysis (Delhaize et al., 1993a), these results have
been questioned on the basis of insufficient spatial
resolution (Lazof et al., 1994).

Short-term kinetic studies have also been used as a
tool to investigate Al uptake, with Al being detected
by fluorescence spectroscopy (Tice et al., 1992; Vi-
torello and Haug, 1996, 1997) or graphite furnace
atomic absorption spectrophotometry (GFAAS;
Zhang and Taylor, 1989, 1990, 1991; Rincon and
Gonzales, 1992; Delhaize et al., 1993a; Archambault
et al., 1996a, 1996b; Samuels et al., 1997). Questions
have been raised about the use of fluorophores,
which may not be able to detect Al tightly bound to
biological ligands. This could lead to an underesti-
mation of Al associated with cell wall material (Ar-
chambault et al., 1996a). Perhaps more importantly,
these time-dependent studies all depend on the as-
signment of kinetic fractions to specific cellular
pools. Al uptake is typically biphasic, with a rapid,
non-linear phase of uptake superimposed over a
phase where uptake is linear with time (Zhang and
Taylor, 1989). Although traditional interpretation of
kinetic data suggests that the linear phase represents
uptake across the plasma membrane, recent studies
demonstrate that this phase of uptake may also in-
clude nonexchangeable Al in the cell wall (Zhang and
Taylor, 1990; Tice et al., 1992; Archambault et al.,
1996a). Modification of experimental conditions can
minimize the contribution of cell wall binding to
linear phase accumulation (Archambault et al., 1996a,
1996b), but unambiguous assignment of kinetic frac-
tions remains elusive.

One of the most convincing arguments for the pres-
ence of intracellular Al has been provided using sec-
ondary ion mass spectrometry to localize sites of Al
accumulation in roots after short-term (30-min) ex-
posure (Lazof et al., 1994). This technique unfortu-
nately can only provide semiquantitative estimates of
Al accumulation that are based on a number of as-
sumptions that remain to be tested (Lazof et al.,
1996).

As a group, these studies suggest that Al is capable
of crossing a biological membrane, but significant
barriers have prevented direct, unambiguous mea-
surements of transport rates. We have overcome
these barriers by using a more direct approach in-
volving the use of the rare 26Al isotope, an emerging
technology (accelerator mass spectrometry [AMS]),
and a unique experimental system (giant internodal
cells of C. corallina) in which subcellular fractions can
be surgically isolated with minimal risk of cross-
contamination. Our approach has provided the first
direct measurement of Al transport across a plasma
membrane and tonoplast in single cells. We also used
this system to determine the effects of pH, Al specia-
tion, and metabolic inhibitors on accumulation of Al
in subcellular compartments.

RESULTS AND DISCUSSION

Short-Term Kinetic Experiments

Our first experiments made use of 27Al-GFAAS to
measure Al in the cell wall (total, nonexchangeable)
and protoplasm (including the vacuole) from single
cells of C. corallina. Accumulation of Al in the cell
wall dominated uptake, with rates of total accumu-
lation reaching 187 mg m22 min21 during the first 30
min, before leveling off to a constant rate of 117 mg
m22 min21 (Fig. 1). When uptake was followed by a
30-min desorption in citric acid, rates of accumula-
tion were 120 mg m22 min21 during the first 30 min
followed by a constant rate of 87 mg m22 min21 (Fig.
1). Neither total nor nonexchangeable Al in the cell
wall showed any sign of saturation during the 3-h
exposure period, suggesting that the interaction of Al
with cell wall material in living cells either occurs
very slowly or is more than a simple, passive ex-
change process. In contrast to previous results with
wheat (Archambault et al., 1996a), citric acid re-
moved only 30% of total Al accumulated over 180
min. This could reflect differences in the chemical
environment of the apoplasm between these two spe-
cies, or differences in techniques used for isolation of
the cell wall (surgery versus fractionation). Prelimi-
nary experiments in our lab suggest that the former
possibility is the most likely. When cell walls of C.
corallina were isolated using the surgical technique
described here and the cell fractionation techniques
described by Archambault et al. (1996a), the majority
of Al associated with the cell wall was found to be
nonexchangeable in both cases (data not shown). The
suggestion that the cell wall environment of these
two organisms might be different is plausible. These

Figure 1. Short-term (180-min) time course of Al accumulation in the
cell wall (total and nonexchangeable) of single cells of C. corallina as
measured by 27Al-GFAAS. Single cells were mounted in each of 15,
three-compartment chambers, with the center compartment contain-
ing 110 mL of 50 mM AlCl3 in 0.4 mM CaCl2 (pH 4.3). Following the
uptake period, isolated cell walls were desorbed for 30 min in 1.0
mM citric acid (pH 4.3; 4°C) to estimate nonexchangeable Al. Values
represent the means 6 SE of three replicates. Al in protoplasmic
fractions was not detectable using 27Al-GFAAS.
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are two distantly related species with different
growth forms and habitats, each of which could have
an influence on the structure and composition of the
cell wall. Since our goal was to determine if Al was
capable of crossing biological membranes, the factors
accounting for the observed differences in accumu-
lation of total and nonexchangeable Al in the cell wall
of wheat and C. corallina were not explored.

Accumulation of Al in the protoplasm was not
detectable using 27Al-GFAAS. This demonstrates the
limitations of using 27Al-GFAAS for analysis of short-
term Al accumulation in subcellular fractions from
single cells, a conclusion consistent with previous
work making use of more conventional methods for
detection of Al (for example GFAAS and fluoromet-
ric analyses; Reid et al., 1996).

The inadequate sensitivity of conventional tech-
niques for detection of Al dictated the use of a novel
approach. We explored the possibility of using iso-
topic decay for detection. Methods are currently
available for generating 28Al and 29Al by proton ir-
radiation of Si (Alexsandrov et al., 1988), but the
half-lives for these isotopes are 6.5 and 2.25 min,
respectively. With the exception of 26Al, all other
radioactive Al isotopes have half-lives in the range of
seconds. Thus, 26Al is the only Al isotope well suited
for tracer work (Flarend and Elmore, 1997). This
unique isotope was first produced at the U.S. Depart-
ment of Energy’s Los Alamos National Laboratory by
bombarding 27Al with high-energy protons. It is a b-
and g-emitter, but the long half-life (approximately
7.3 3 105 years), modest world supply, and high cost
make conventional g counting impractical. Further-
more, conventional mass spectrometry does not pro-
vide sufficient sensitivity to distinguish 26Al from
other molecules and atoms with similar mass-to-
charge ratios (Flarend and Elmore, 1997). Fortu-
nately, AMS provides a technology for measuring
rare, long-lived isotopes. AMS differs from conven-
tional mass spectrometry in that charged atomic and
molecular ions are accelerated to mega-electron volt
energies as opposed to kilo-electron volt. This pro-
vides sufficient sensitivity to remove molecular and
isobaric interference and resolve 26Al from 27Al at
atom ratios as low as 10214. Using standard operating
procedures, 26Al can be detected in the attogram
(10217 g) range (Elmore and Phillips, 1987; Flarend
and Elmore, 1997). This provides sufficient sensitiv-
ity to detect Al in subcellular fractions isolated from
single cells that have been exposed to realistic envi-
ronmental conditions for short periods of time. Un-
fortunately, the high costs associated with this tech-
nique have limited its application. Although 26Al-
AMS is beginning to play a role in several research
fields (Flarend and Elmore 1997; Flarend et al., 1999;
Yokel et al., 1999), to our knowledge this is the first
reported use of 26Al-AMS in a plant system.

In our experiments with 26Al, uptake was once
again dominated by accumulation in the cell wall,

which showed no signs of saturation during a 180-
min exposure period (Fig. 2A). In contrast to our
experiments using GFAAS, we were able to clearly
detect Al in the protoplasmic fraction (Fig. 2B).
Quantitative measures of Al accumulation in the cell
wall and protoplasm showed some variation be-
tween experiments. In a series of four independent
experiments (including the one presented in Fig. 2),
rates of Al accumulation in the protoplasm varied
between 71 and 540 ng m22 min21 and rates of Al
accumulation in the cell wall varied between 71 and
318 mg m22 min21. Quantitative differences between

Figure 2. Short-term (180-min) time course of Al accumulation
within subcellular fractions (nonexchangeable cell wall [A], total
protoplasm [B], and avacuolate-protoplasm and vacuoles [C]) of
single cells of C. corallina as measured by 26Al-AMS. Single cells
were mounted in each of 15, three-compartment chambers, with the
center compartment containing 110 mL of 50 mM AlCl3 in 0.4 mM

CaCl2 spiked with 75 pCi of 26Al (pH 4.3). Following the uptake
period, isolated cell walls were desorbed for 30 min in 1.0 mM citric
acid to estimate nonexchangeable Al (pH 4.3; 4°C). Values represent
the means 6 SE of three replicates. Note difference in axes scales in
A (mg m22) compared to B and C (mg m22).
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experiments could reflect differences in cell maturity
at the time of experiments, time after excision of
internodes, the age of stock cultures, and the envi-
ronmental conditions of culture growth, all of which
are known to affect transport of calcium in this ex-
perimental system (Reid and Smith, 1992b). Despite
this variation, accumulation of Al in the protoplasm
always accounted for less than 0.5% of total uptake.
This value is lower than values previously reported
in the literature, perhaps reflecting different species,
experimental conditions, or detection techniques
(with varying potentials for cross-contamination)
used in these studies.

In the absence of direct quantitative information
about the movement of Al at the cellular level, sev-
eral authors have speculated that Al may not appear
in the protoplasm immediately upon exposure (Ren-
gel, 1992, 1996; Marienfeld et al., 1995). The cell wall
is a large sink for Al and this could play a role in
restricting access of polyvalent ions to the membrane
surface. In addition, it has been suggested that cat-
ionic Al species may not move readily across the
plasma membrane. Thus, several authors have em-
phasized the importance of extracellular injury in
plant response to Al (Horst, 1995; Reid et al., 1996).
Our data suggest that this interpretation could be
premature. We see no evidence of a lag time before
Al appears in the protoplasm. Accumulation is de-
tected within 30 min and is linear through time zero
(Fig. 2B). Although our data do not exclude the pos-
sibility of extracellular lesions being a primary factor
in the response to Al stress, the rapid appearance of
Al within the protoplasm suggests that intracellular
lesions could also play a role in toxicity.

In addition to providing the first direct, quantita-
tive measure of Al transport across a plasma mem-
brane, the 26Al-AMS technique has provided us with
the only quantitative measure of Al transport across
the tonoplast. These data (Fig. 2C) are in striking
contrast to the rapid appearance of Al in the total
protoplasm (Fig. 2B) or avacuolate protoplasm (Fig.
2C). Movement of Al across the tonoplast to the
vacuole is limited during the first 30 min of exposure,
before accelerating to a rate (46 ng m22 min21) that
approximates the rate of movement across the
plasma membrane (71 ng m22 min21; Fig. 2C). This
suggests that Al may have to accumulate in the cy-
toplasm before uptake across the tonoplast can occur.
Alternatively, induction of a transport system capa-
ble of moving Al across the tonoplast may be re-
quired. Given predictions about the limited solubility
of Al in the cytoplasm and its propensity to bind to
biological ligands (Taylor, 1988, 1991), the nature of
such a transport system, if it indeed exists, can only
be speculative.

When data are expressed as accumulation of Al in
the total protoplasm, little evidence (Fig. 2B) of trans-
port saturation is evident over the 3-h experimental
period. However, when accumulation in the avacu-

olate protoplasm and vacuole are measured inde-
pendently (Fig. 2C), evidence of saturation becomes
apparent. Accumulation of Al in the avacuolate pro-
toplasm proceeds at a rate of 63 ng m22 min21 for 60
min before declining to 8 ng m22 min21 for the
remainder of the experimental period (Fig. 2C). The
declining rate of Al accumulation in the avacuolate
protoplasm initially reflects sequestration of Al in the
vacuole, since transport of Al across the plasma
membrane into the total protoplasm (Fig. 2B) is con-
stant over the first 2 h of exposure. During this
period, sequestration of Al in the vacuole serves to
support uptake across the plasma membrane. Subse-
quently, the rate of Al accumulation in the vacuole
begins to decline (Fig. 2C). At this point, rates of
accumulation in the vacuole (14 ng m22 min21) and
avacuolate protoplasm (9 ng m22 min21) are similar
and net transport across the plasma membrane de-
clines (Fig. 2B).

Long-Term Kinetic Experiments

To evaluate the possibility of saturation in this
single-cell system, we monitored accumulation in the
cell wall, total protoplasm, avacuolate protoplasm,
and vacuole over 72 h. These long-term data show
greater variability than our short-term data, perhaps
reflecting changes in the functional integrity of indi-
vidual cells during long-term exposure to stressful
environmental conditions. Nonetheless, a common
trend was apparent in all fractions. Accumulation
was rapid at the onset of exposure (,1 h), before
declining to negligible levels. No net accumulation
was observed in any fraction after 24 h of exposure
(Fig. 3). Saturation of uptake is not surprising, since
single cells are finite sinks for Al accumulation. How-
ever, we are intrigued by the length of time (approx-
imately 12 h) required for saturation of the cell wall,
which has typically been thought to occur within the
first 30 min of exposure (McDonald-Stephens and
Taylor, 1995). The interaction between Al and the cell
wall must include more than a rapid, passive ex-
change with ions bound to cell wall cation exchange
sites.

The Effects of pH and Al Speciation

Al phytotoxicity is influenced by the pH of expo-
sure solutions (Blamey et al., 1993; Godbold et al.,
1995), perhaps reflecting pH-dependent changes in
Al speciation (Kinraide, 1991). We measured the ac-
cumulation of Al in the cell wall and protoplasm over
a pH range from 3.7 to 5.2. Transport across the
plasma membrane showed a clear maximum at pH
4.3 (176 ng m22 min21; Fig. 4B). Rates of transport
were approximately 1 order of magnitude lower at
pH 3.7 and 5.2. As pH decreased from 5.2 to 4.3, rates
of transport reflected predicted {Al31} in solution,
which increased from a low of 0.2 mm at pH 5.2, to
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28.6 mm at pH 4.3 (Fig. 4D). As pH declined further to
3.7, the rate of transport fell to 23 ng m22 min21,
despite a relatively constant predicted {Al31} (28.6–
32.1 mm; Fig. 4A). The strong transport maximum at
pH 4.3 suggests that Al31 may be the most
membrane-mobile species in the absence of ligands
other than OH. The decline in Al transport at low pH
could reflect competition between Al31 and H1 for
binding sites at the cell surface (Kinraide et al., 1992).
This idea is supported by several studies that re-
ported amelioration of Al31 toxicity by H1 (Kinraide,
1991; Kinraide et al., 1992). The relationship between
uptake across the plasma membrane and soluble mo-
nomeric Al (pyrocatechol violet method- [PCV] reac-
tive Al) was less clear. Activities of measured mono-

meric Al species did not begin to decline until the pH
was greater than 4.6 (Fig. 4C).

A number of authors have suggested that proton
amelioration of Al toxicity reflects reduced accumu-
lation of Al in the apoplast (Klotz and Horst, 1988;
Godbold et al., 1995). However, whereas transport of
Al across the plasma membrane was sensitive to
changes in solution pH, accumulation of Al in the cell
wall was relatively unaffected (Fig. 4A). The rate of

Figure 4. Accumulation of Al within subcellular fractions (total and
nonexchangeable cell wall [A] and total protoplasm [B]) of single
cells of C. corallina as measured by GFAAS and 26Al-AMS in re-
sponse to changes in pH of exposure solutions. Single cells were
mounted in each of 18, three-compartment chambers, with the cen-
ter compartment containing 110 mL of 50 mM AlCl3 in 0.4 mM CaCl2
spiked with 50 pCi of 26Al (pH 3.7–5.2). Total soluble Al in solution
(C) was measured using the PCV method. Predicted activities of
monomeric species of Al in solution (D) were independently calcu-
lated using GEOCHEM-PC, version 2.0. Values represent the
means 6 SE of three replicates. Note difference in axes scales be-
tween A (mg m22 min21) and B (ng m22 min21).

Figure 3. Long-term (72-h) time course of Al accumulation within
subcellular fractions (total cell wall [A], total protoplasm [B], and
avacuolate-protoplasm and vacuoles [C]) of single cells of C. coral-
lina as measured by 26Al-AMS. Single cells were mounted in each of
18, three-compartment chambers, with the center compartment con-
taining 110 mL of 50 mM AlCl3 in 0.4 mM CaCl2 spiked with 75 pCi
of 26Al (pH 4.3). Values represent the means 6 SE of three replicates.
Note difference in axes scales in A (mg m22) compared to B and C
(mg m22).

Al Uptake and Distribution in Cells of Chara corallina
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uptake ranged from 122 to 159 ng m22 min21 for total
Al and from 50 to 81 ng m22 min21 for nonexchange-
able Al. The lack of a pH effect may suggest that
accumulation of Al in the cell wall is not influenced
by either {Al31} (Fig. 4D) or total soluble monomeric
Al in solution (Fig. 4C) under the current conditions.
Alternatively, {Al31} may influence accumulation in
the cell wall, but this effect may be masked by pre-
cipitation and/or polymerization of Al in the cell
wall. A previous study with wheat suggested that
conditions conducive to precipitation of Al affected
the pattern of Al uptake in the cell walls of excised
roots (Archambault et al., 1996a).

Considerable debate has surrounded the identity of
the rhizotoxic Al species. In the absence of polynu-
clear Al13, Al31 appears to be the primary toxic spe-
cies (Kinraide, 1997) and toxicity is reduced in the
presence of complexing ligands such as sulfate and
citrate (Ownby and Popham, 1989; Alva et al., 1991;
Kinraide, 1997). Reduced toxicity in the presence of
complexing agents could result from an overall re-
duction in charge if apoplastic lesions are involved in
Al toxicity, or from reduced uptake across the mem-
brane if intracellular lesions are involved (Rengel,
1996). Unfortunately, difficulties involved in measur-
ing intracellular Al have hindered efforts to relate the
relative toxicity of various Al species to their ability
to transverse biological membranes.

The hypothesis that Al31 is the most membrane-
mobile species in the absence of complexing ligands
(other than OH) must be viewed with caution, since
our speciation data are based on the chemistry of
bulk solutions, not the cell wall free space. Kinraide
(1994) found that Al toxicity in wheat was more
closely related to estimated ion activities at the cell
membrane surface than activities in bulk solutions.
We explored this issue further by examining the ef-
fect of Al supply and speciation on membrane trans-
port. Accumulation of Al in the cell wall and proto-
plasm were both strongly influenced by the
concentration and speciation of Al in uptake solu-
tions (Fig. 5). Unlike our pH experiments where we
did not find a relationship between {Al31} and accu-
mulation in the cell wall, accumulation clearly re-
flected predicted {Al31} in solution, both in the pres-
ence and absence of sulfate and citrate. Any
reduction in predicted {Al31} from nominal values
(Fig. 5D) resulted in a reduction in both total and
nonexchangeable accumulation of Al in the cell wall
(Fig. 5A). This was true when {Al31} was reduced
either by limiting the supply of total Al or by the
addition of sulfate or citrate. When total Al in solu-
tion was kept constant at 50 mm but {Al31} (nominally
28.6 mm) was reduced by the addition of sulfate and
citrate, accumulation of total cell wall Al decreased
by 20% and 51% and accumulation of nonexchange-
able cell wall Al decreased by 14% and 50%, respec-
tively (Fig. 5A). In contrast, similar rates of accumu-
lation were observed when cells were exposed to 50

mm AlCl3 alone ({Al31} 5 28.6 mm) and when total Al
was increased, but {Al31} was kept constant by ad-
dition of sulfate and citrate. The relationship between
accumulation of Al in the cell wall and soluble mo-
nomeric Al (PCV-reactive Al; Fig. 5C) was less clear,
presumably because AlSO4 reacts with PCV (note
comparison between {Al31} and {AlSO4} predicted

Figure 5. Accumulation of Al within subcellular fractions of single
cells of C. corallina in response to varying supplies and sources of Al.
Accumulation of Al in the cell wall (total and nonexchangeable [A]
and protoplasm [B]) from solutions containing AlCl3 alone, or AlCl3
in the presence of sulfate and citrate (see “Materials and Methods”)
were measured by GFAAS and 26Al-AMS. Total soluble Al in solution
(C) was measured using the PCV method. Predicted activities of
monomeric Al species in solution (D) were independently estimated
using GEOCHEM-PC, version 2.0. Single cells were mounted in each
of 21, three-compartment chambers, with the center compartment
containing 110 mL of 50 mM AlCl3 in 0.4 mM CaCl2 spiked with 50
pCi of 26Al (pH 3.7–5.2). Following the uptake period, isolated cell
walls were desorbed for 30 min in 1.0 mM citric acid (pH 4.3; 4°C).
Values represent the means 6 SE of three replicates. Note difference
in axes scales between A (mg m22 min21) and B (ng m22 min21).
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using GEOCHEM-PC [Parker et al., 1987; Fig. 5D]
and reactive Al measured independently using the
PCV method [Fig. 5C]). The effect of complexing
ligands on accumulation of Al in the cell wall sug-
gested that accumulation was strongly influenced by
charge. In the presence of sulfate and citrate, Al is
complexed predominantly as AlSO4

1 and AlCitH-
2

or AlCit0.
In contrast to accumulation of Al in the cell wall, no

clear relationship was observed between the rate of
transport across the plasma membrane (Fig. 5B) and
predicted {Al31} in exposure solutions (Fig. 5D). Ac-
cumulation of Al in the protoplasm proceeded at a
rate of 114 ng m22 min21 in the presence of 50 mm
AlCl3 ({Al31} 5 28.6 mm). Rates of accumulation in-
creased 4.2- and 1.3-fold when total Al was increased
to 75 mm, but {Al31} maintained constant in the pres-
ence of SO4

22 and citrate, respectively. When total Al
was kept constant, but {Al31} was reduced in the
presence of these ligands, rates of membrane trans-
port increased by 2.1-fold in the presence of SO4

22

and by 2.0-fold in the presence of citric acid. In-
creased rates of membrane transport observed in the
presence of SO4

22 and citrate suggest that complexes
such as AlSO4

1, AlCitH-1
2, or AlCit0 may be readily

transported across the plasma membrane. Several
authors have suggested that AlCit0 may provide a
means by which Al may pass through biological
membranes (Martin 1988; Kochian, 1995). However,
this interpretation must still be viewed with caution,
since our speciation analyses were based on the
chemistry of bulk solutions, which may differ signif-
icantly from the cell membrane surface.

At first glance, these results appear to contradict
recent evidence that suggests exudation of organic
acids may be involved in resistance to Al (Miyasaka
et al., 1991; Delhaize et al., 1993b; Basu et al., 1994)
and the observation that complexed forms of Al are
commonly found to be less toxic to root elongation in
higher plants (Delhaize et al., 1993b; Kinraide, 1997;
Ma and Miyasaka, 1998). It is important to recognize,
however, that a link between membrane transport of
Al and expression of toxicity remains to be estab-

lished. If extracellular lesions do indeed play an im-
portant role in expression of toxicity, exudation of
organic ligands could protect plants from extracellu-
lar Al injury even with increasing uptake across the
plasma membrane.

The Effects of Inhibitors

Flux rates across the plasma membrane and into
the cell wall were also measured in the presence or
absence of a variety of inhibitors. When cells were
exposed to Al at 4°C, total accumulation into the cell
wall, nonexchangeable accumulation in the cell wall,
and uptake across the plasma membrane were
reduced by 40.8%, 38.6%, and 57.1%, respectively,
compared to results at 22°C (Table I). Similar results
were also found when roots of wheat were exposed
to AlCl3 at low temperature (Zhang and Taylor,
1990). In contrast to these effects, accumulation in the
protoplasm was 13- and 14-fold higher in the pres-
ence of 100 mm 2,4-dinitrophenol (DNP) and 10 mm
m-chlorocarbonylcyanidephenol hydrazone (CCCP),
respectively, than in the presence of Al alone. Accu-
mulation of total and nonexchangeable Al in the cell
wall was relatively unaffected (Table I), which sug-
gests that uptake into this compartment is not energy
dependent.

These results are consistent with several studies
using cell wall material isolated from roots of wheat,
which reported no effect of DNP in Al-sensitive cul-
tivars (Zhang and Taylor, 1989, 1991). Several studies
have reported increased accumulation of Al in roots
in the presence of metabolic inhibitors (Rahat and
Reinhold, 1983; Wagatsuma, 1983; Zhang and Taylor
1989, 1991), but the location of this absorbed Al re-
mains speculative. It is difficult to draw conclusions
about how such inhibitors may affect Al uptake.
These inhibitors induce a variety of effects, including
inhibition of oxidative phosphorylation, reduction of
cellular ATP levels, destruction of the proton gradi-
ent across the membrane, and disruption of mem-
brane structure and permeability (Zhang and Taylor,
1989). However, the fact that DNP and CCCP both

Table I. Accumulation of Al in subcellular fractions (total and nonexchangeable cell wall, total pro-
toplasm) of single cells of C. corallina as measured by 26Al-AMS in the presence or absence of met-
abolic inhibitors

Single cells were mounted in each of 12, three-compartment chambers, with the center compartment
containing 110 mL of 50 mM AlCl3 6 inhibitors (4°C, 100 mM DNP, or 10 mM CCCP) in 0.4 mM CaCl2
spiked with 50 pCi of 26Al (pH 4.3). Isolated cell walls were desorbed in 1.0 mM citric acid (4°C)
following 180 min of uptake to estimate nonexchangeable aluminum. Values represent the means 6 SE

of three replicates.

Exposure Solution
Cell Fraction

Total cell wall Nonexchangeable cell wall Protoplasm

mg m22 (%) mg m22 (%) mg m22 (%)

AlCl3 15.7 6 1.1 (100) 13.2 6 1.0 (100) 7.0 6 0.4 (100)
AlCl3 (4°C) 9.3 6 0.7 (59.2) 8.1 6 0.7 (61.4) 3.0 6 0.1 (42.9)
AlCl3 1 DNP 14.3 6 0.9 (91.1) 13.2 6 0.7 (100) 90.8 6 10.5 (1,297)
AlCl3 1 CCCP 13.0 6 1.1 (82.8) 11.6 6 1.1 (87.9) 97.5 6 14.2 (1,393)
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stimulated uptake suggests that the proton gradient
across the plasma membrane is not the only factor
affecting transport. Our data do not allow us to de-
termine whether increased uptake was a result of
increased membrane permeability (Rahat and Rein-
hold, 1983; Wagatsuma, 1983) or disruption of a
metabolism-dependent exclusion mechanism (Zhang
and Taylor, 1989).

SUMMARY

To our knowledge, our data provide the first quan-
titative measure of Al transport across the plasma
membrane and tonoplast of single cells. By making
use of a unique experimental system, the rare 26Al
isotope, and the powerful AMS technology, we have
shown that Al is capable of crossing biological mem-
branes within minutes of exposure. This suggests
that intracellular lesions could play a role in acute Al
toxicity. We have also shown that the unique envi-
ronment of the protoplasm does not prevent move-
ment of Al into the vacuole, which begins after a brief
lag period (30 min). Our long-term data suggest that
uptake in the cell wall, avacuolate protoplasm, and
vacuole saturates within 12 to 24 h of exposure. Ac-
cumulation in the cell wall and transport across the
plasma membrane are also sensitive to environmen-
tal factors such as pH and complex formation.

MATERIALS AND METHODS

Kinetic Experiments

Cultures of the charophyte algae, Chara corallina were
grown in 36-L plastic tanks on a mixture of garden soil and
sand in distilled water (photon flux density 5 25 mmol m22

s21 for a 16-h day; solution temperature 5 23.5°C–24.5°C).
Single internodal cells (60–90 mm long, approximately 1
mm in diameter) were excised prior to uptake experiments
and whorl cells were removed. Cells were stored overnight
between filter paper moistened with a solution consisting
of 1.0 mm NaCl, 0.5 mm CaCl2, and 0.1 mm K2SO4.

Excised internodal cells were checked for vitality (as
determined by the presence of cytoplasmic streaming) and
vital cells were mounted in three-compartment chambers
containing 0.4 mm CaCl2 (pH 4.3) in each compartment.
Following a 60-min equilibration period, solutions in cen-
tral compartments were replaced with 110 mL of 50 mm
AlCl3 and 0.4 mm CaCl2, with or without 50 to 75 pCi of
26Al (pH 4.3). Solutions in end compartments were re-
placed with fresh CaCl2 without Al to minimize the poten-
tial for redistribution of Al during surgical isolation. Anal-
ysis of absorption solutions from central compartments
using GFAAS confirmed that depletion never exceeded
10% of added Al. Random sampling of end compartments
from each experiment showed no evidence of 26Al contam-
ination from central compartments.

Cells were removed from uptake solutions after 0 to 180
min or 0 to 72 h and subcellular compartments (cell wall
and protoplasm, or cell wall, avacuolate protoplasm, and

vacuole) were surgically isolated as described by Reid and
Smith (1992a). Individual cells were air-dried for 30 to 45 s
to reduce turgor. The ends of cells were then excised to
expose the protoplasm and a syringe was impaled into one
end. A small air bubble was passed through the cell to eject
the vacuole, followed by a stream of water to eject the
avacuolate protoplasm. Cell walls were rinsed in 0.4 mm
CaCl2 (pH 4.3) and transferred to 20 mL of citric acid (1
mm, pH 4.3) for 30 min to remove exchangeable Al. After
30 min, cell wall sleeves were removed, rinsed with deion-
ized water (.18 mV), and prepared for determination of Al
by 27Al-GFAAS. Isolated protoplasmic fractions from sin-
gle cells were prepared for determination of Al by 27Al-
GFAAS or 26Al-AMS. Desorption solutions were analyzed
directly for Al content using GFAAS. Most experiments
were replicated at least twice in some form, but due to the
high costs of analyses we were unable to replicate all of our
experiments in their entirety.

The Effect of pH and Al Speciation

The effect of pH on Al accumulation in subcellular frac-
tions was examined by exposing cells to solutions contain-
ing 50 mm AlCl3, 0.4 mm CaCl2, and 50 pCi 26Al (in 110 mL)
for 180 min. Bulk solution pH was adjusted from pH 3.7 to
5.2 using 0.1 n HCl or 0.1 n KOH. The effects of Al supply
and speciation on accumulation of Al in subcellular com-
partments were examined by exposing cells to three differ-
ent series of solutions, each of which included 0.4 mm
CaCl2 and 50 pCi 26Al (in 110 mL) at pH 4.3. In the first
series, predicted {Al31} was maintained at 28.6 mm, whereas
total Al was increased in the presence of SO4 or citric acid.
This series of solutions included: (a) 50 mm AlCl3; (b) 50 mm
AlCl3, 25 mm AlK(SO4)2, and 253 mm K2SO4; and (c) 75.3 mm
AlCl3 and 25 mm citric acid. In the second series, total Al
was kept constant at 50 mm and {Al31} was reduced by the
addition of SO4 or citric acid. This series of solutions in-
cluded: (a) the same 50 mm AlCl3 treatment described
above; (b) 50 mm AlCl3 and 300 mm K2SO4; and (c) 50 mm
AlCl3 and 25 mm citric acid. In the final series, total Al was
reduced to provide the levels of {Al31} predicted for the
second series. This series included: (a) the same 50 mm
AlCl3 treatment described above; (b) 33 mm AlCl3; and (c)
24.8 mm AlCl3. Accumulation of Al in subcellular fractions
was measured after 180 min of exposure.

Speciation of Al in bulk solutions was predicted using
the computer program GEOCHEM-PC, version 2.0. A
value of 28.8 was used in place of 28.1 for the log K value
of gibbsite [Al(OH)3; Kinraide and Parker, 1989] and log K
values of 25.0, 210.1, 216.8, and 222.7 were used for the
hydrolysis of Al (Parker et al., 1987; Nordstrom and May,
1989). Empirical estimates of monomeric Al in solution
were experimentally measured on independent samples
using the PCV method (Menzies et al., 1992) as described
by McDonald-Stephens and Taylor (1995), except that a
60-s reaction time was used due to the presence of organic
ligands in solution (Kerven et al., 1989).
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The Effect of Inhibitors

The effect of metabolic perturbation on Al accumulation
was examined by exposing cells to solutions containing 50
mm AlCl3, 4 mm CaCl2, and 50 pCi 26Al (in 110 mL; pH 4.3),
with or without DNP (100 mm) or CCCP (10 mm), for 180
min. Inhibitors were dissolved in 95% (v/v) ethanol, thus
aliquots of ethanol were added to all solutions (including
those in end compartments) to achieve a final concentra-
tion of 0.95% (v/v). This concentration had no effect on
cytoplasmic streaming or chloroplast organization, sug-
gesting that cell vitality was not affected (Reid et al., 1996).
A cold-temperature treatment was imposed by exposing
cells to solutions containing 0.4 mm CaCl2 6 50 mm AlCl3
and 50 pCi 26Al at 4°C.

Determination of Al

Samples were prepared and analyzed by 27Al-GFAAS
using techniques described by McDonald-Stephens and
Taylor (1995). For 26Al-AMS analysis, protoplasmic frac-
tions were dried, diluted with concentrated nitric acid, and
mixed with a 27Al carrier solution (ICP/DCP standard
solution, 10,050 mg L21 Al; Aldrich Chemical Company,
Milwaukee, WI) to bring the ratio of 26Al to 27Al to approx-
imately 5 3 10211. Samples were dried and ashed for 6 h at
700°C, and the resultant Al2O3 samples were analyzed for
Al content using AMS at the Purdue Rare Isotope Measure-
ment Laboratory (Flarend and Elmore, 1997). Appropriate
blank samples were run periodically to test for possible
cross-contamination between samples. Data from both 26Al
and 27Al analyses were expressed as total Al uptake (in
micro- or milligrams) per unit surface area exposed (m22)
or as uptake rates (in nano- or micrograms Al) per unit
surface area exposed (in square meters) per minute.
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