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Al Toxicity in Yeast'

A Role for Mg?

Colin W. MacDiarmid and Richard C. Gardner*

Center for Gene Technology, School of Biological Sciences, University of Auckland, Private Bag 92019,
Auckland, New Zealand

We have established conditions in which soluble Al is toxic to the
yeast Saccharomyces cerevisiae. The major modifications to a stan-
dard synthetic medium were lowering the pH and the concentration
of Mg ions. Alterations to the PO,, Ca, or K concentration had little
effect on toxicity. Organic acids known to chelate Al reduced its
toxicity, suggesting that AI** is the toxic Al species. The unique
ability of Mg ions to ameliorate Al toxicity led us to investigate the
hypothesis that Al inhibits Mg uptake by yeast. Yeast cells accumu-
late Mg, Co, Zn, Ni, and Mn ions via the same transport system (G.F.
Fuhrmann, A. Rothstein [1968] Biochim Biophys Acta 163: 325-
330). AP™ inhibited the accumulation of *7Co?** by yeast cells more
effectively than Ga, La, or Mg. In addition, a mutant yeast strain
with a defect in divalent cation uptake proved to be more sensitive
to Al than a wild-type strain. Taken together, these results suggest
that Al may cause Mg deficiency in yeast by blocking Mg transport.
We discuss the relevance of yeast as a model for the study of Al
toxicity in plant systems.

The cytotoxicity of Al is well documented in plants (Del-
haize and Ryan, 1995; Kochian, 1995). The solubility of Al
is dependent on low pH, and acidic soils often contain high
concentrations of the dissolved cation. Plants grown in
such soil have reduced root systems and exhibit a variety of
nutrient-deficiency symptoms, with a consequent decrease
in yield (Luttge and Clarkson, 1992). In many countries
with naturally acidic soils, Al toxicity is a major agricul-
tural problem, and hence has been predominantly studied
in plant systems. However, the Al ion is also toxic to
microorganisms such as bacteria, fungi, and green algae
(Foy and Gerloff, 1972; Date and Halliday, 1979; Guida et
al.,, 1991; Zel et al., 1993), and is detrimental to fish in acidic
conditions (Baker and Schofield, 1982). Al has also been
associated with several pathological states in humans, in-
cluding neurological disorders such as Alzheimer’s disease
(Houeland, 1990) and syndromes related to long-term di-
alysis treatment (Arieff, 1990). Hence, the cytotoxicity of Al
appears to be a general phenomenon.
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Despite the economic and environmental importance of
Al toxicity, there is little definitive information to suggest a
mechanism of action for the ion in biological systems. Al
has been reported to interact strongly with a number of
organic molecules, including proteins, polynucleotides, lip-
ids, and glycosides (Siegel et al., 1982; MacDonald et al.,
1987; Akeson et al., 1989; Allan et al., 1990; Martin, 1992),
but many of these experiments were performed in vitro
with purified components and the interactions have not
been convincingly linked to a toxic effect. Another sugges-
tion is that Al acts to promote a lesion at the cell membrane,
perhaps by interacting with membrane-associated proteins.
Recent work on the phosphoinositide signal transduction
pathway in plants revealed an interaction between Al and
phospholipase C (Jones and Kochian, 1995), a membrane-
associated enzyme involved in signal transduction in yeast
and animal cells (Haug et al., 1994). Interaction of Al with
the plasma membrane or membrane-intrinsic proteins
could also conceivably alter cation homeostasis. In plants
Al toxicity is modulated by the concentration of other
cations in solution, most significantly Ca and Mg (Kinraide
and Parker, 1987). Al toxicity in some plants is associated
with decreased uptake and content of some cations (Ren-
gel, 1990; Robinson and Rengel, 1991) and cation-deficiency
symptoms (Foy, 1984). There is evidence to suggest that Al
acts directly to inhibit specific membrane proteins respon-
sible for cation uptake in root cell membranes (Rengel and
Robinson, 1989; Rengel and Elliott, 1992; Gassmann and
Schroeder, 1994; Huang et al., 1996), although it is less clear
which of these cation transport processes is physiologically
most important to the maintenance of root growth. Despite
the large number of hypotheses put forward, there is not
yet a definitive mechanism for Al toxicity.

A Dbetter understanding of the molecular basis of Al
toxicity would be facilitated by the isolation of genes that
contribute to Al resistance. A cloned resistance gene would
also provide a valuable resource for use in the genetic
manipulation of crop species. Al resistance in plants can be
broadly divided into mechanisms of exclusion, in which Al
is prevented from penetrating the symplasm, and mecha-
nisms of tolerance, in which the tissue has the ability to
withstand symplastic Al (Kochian, 1995). Natural variation
in resistance between species and genetic analysis of resis-

Abbreviations: LPM, low pH, low magnesium; YPD, yeast pep-
tone dextrose.
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tance in wheat (Delhaize et al., 1993; Delhaize and Ryan,
1995) indicates that single-gene resistance traits do exist in
plants. However, the mapping and isolation of genes cor-
responding to such traits is hampered by the large genome
size of most crop plants and could be accelerated by the use
of a better-characterized genetic system. Recently, reported
work with the model plant Arabidopsis thaliana has demon-
strated that the generation of mutants with increased Al
sensitivity is possible (Larsen et al., 1996), although molec-
ular cloning of the genes responsible remains an arduous
task.

We have been studying Al toxicity using the yeast Sac-
charomyces cerevisine. As a genetic and physiological model
for Al toxicity in eukaryotes, yeast has several advantages.
Yeast and plants both use proton gradients to drive sec-
ondary transport systems, and yeast has been extensively
used to identify the genetic factors that influence metal
toxicity (Mehra and Winge, 1991). Acidic conditions (pH
3.5-5.0) are required for the optimal growth of yeast, mak-
ing it particularly suited to investigations into the effects of
Al Yeast can also be grown in a defined minimal medium
(Sherman, 1991), which can be modified to optimize metal
toxicity (Bianchi et al.,, 1981). In addition, the entire DNA
sequence of the yeast genome is now available, facilitating
the rapid analysis of cloned traits.

In this paper we describe the development of a stringent
selection for the isolation of Al-resistant yeast strains. The
selection was achieved by lowering the pH and decreasing
the Mg concentration of defined media. We suggest a pos-
sible mechanism for the toxicity of Al and other trivalent
metals in yeast based on the effects of trivalent metals on
the divalent cation transport system and the Al-sensitive
phenotype of a previously characterized mutant strain de-
ficient in cation uptake.

MATERIALS AND METHODS
Yeast Media

Saccharomyces cerevisize was grown on YPD medium or
on a synthetic minimal medium, LPM, which is a modifi-
cation of synthetic dextrose medium (Sherman, 1991). LPM
had a low pH (3.5) and a low concentration of KH,PO, (25
pm) and MgCl, (200 um) unless otherwise indicated. KCI (5
mm) was added to compensate for the reduced K caused by
a decreased KH,PO, concentration. To make LPM me-
dium, solutions of the major salts, trace elements, and
nutritional supplements were mixed, adjusted to pH 3.5
with dilute HCl, and autoclaved. Carbon sources (Glc or
Gal) and vitamins (as a 500X concentrated solution) were
filter-sterilized and added after autoclaving.

Solid Medium

Strains were routinely cultured on YPD medium solidi-
fied with 2% Bacto agar (Difco, Detroit, MI). LPM medium
was gelled with 1% agarose (type II EEO medium, Sigma).
To prevent hydrolysis of agarose solutions at low pH dur-
ing sterilization, the medium was prepared from separately
autoclaved solutions of double-strength salts with amino
acids (pH 3.5) and 2% agarose, and then mixed. When
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required, solutions of Al,(5O,);, GaCl;, and LaCl, were
filter-sterilized and added to the complete medium prior to
pouring plates.

Growth Curves

Yeast cultures in synthetic medium at late log phase
were harvested by centrifugation, washed twice with dis-
tilled water, and resuspended in 1 mL of water. The cell
suspension was used to inoculate 25 mL of LPM medium to
a final Ay, of 0.01 to 0.02. After a 4-h incubation, the Al ion
was added as Al,(50,);, and growth of the cultures was
monitored by determining the optical density of 1-mL sam-
ples (Agpo). For amelioration experiments organic acids
were added 5 min before the addition of Al

Co Uptake Assay

Co uptake was assayed using the protocol of Conklin et
al. (1993) with some modifications. The 5288C derivative
FY23 (Winston et al., 1995) was grown to saturation in YPD
medium, and 100 pL. was used to inoculate 200 mL of
high-PO, LPM containing 200 pum MgCl, and 5 mM
KH,PO,, pH 4.0. The culture was harvested at log phase
(Agpo = 0.5; approximately 14 h of growth), and the cells
were washed twice with 50 mL of distilled water, then
resuspended in 5 mM Tris-succinate buffer (pH 4.0) at a
density of approximately 10° cells/mL. One milliliter of
cells was incubated for 30 min with 2% Glc at 25°C to
provide metabolic energy for transport (Norris and Kelly,
1977). The incubation was followed by the immediate ad-
dition of 0.25 uCi of *’CoCl, (Amersham) with cold CoCl,,
to give a final concentration of 100 um total Co?*. Aliquots
of the suspension (150 pL) were filtered onto cellulose
filters (0.45-um pore size, Millipore), which were immedi-
ately washed twice with 10 mL of cold wash buffer (50 mm
Tris-succinate buffer, pH 4.0, containing 20 mm MgCl, and
1.0 mm CoCl,, at 0°C). Nonexchangeable radioactivity on
the filters was quantified with a gamma counter (Wizard
1480, Wallac, Gaithersburg, MD). Controls containing no
cells showed insignificant binding of the tracer to the filter.
For competition experiments metal salts were mixed with
the tracer before being added to the cell suspension.

RESULTS

To ensure the solubility of Al in the cell culture medium,
several modifications were made to the standard synthetic
medium (Sherman, 1991). The effect of these changes was
monitored by the measurement of growth rates in liquid
culture. GSY122 (Wagenbach et al., 1991) (see Table I) was
used as a representative laboratory strain for the optimi-
zation of Al toxicity.

Growth of Yeast in Low-PO,, Low-pH Conditions

When using Al the pH of the medium should be at 4.2 or
below to ensure high activity of the AI*" ion in solution
(Haug, 1984). In the synthetic medium active growth was
obtained with an initial pH as low as 3.5. The pH decreased
during growth, consistently reaching a level of 2.9 to 3.0 at
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Figure 1. Effect of Mg concentration on Al toxicity. Duplicate sam-
ples of low-pH (3.5) medium containing 25 um KH,PO, and different
MgCl, levels (50, 200, or 2000 um) were inoculated with washed
cells from a culture of GSY122 (grown in synthetic medium and
harvested at log phase) to give an initial Agyq of 0.01. Cultures were
incubated at 30°C with shaking, and growth was monitored by
spectrophotometry (for GSY122, an Agqq of 1.0 = 3 X 107 cells/mL).
After 4 h of incubation, Al was added to a final concentration of 50
um (open symbols), or was not added (filled symbols). Error bars
represent =Se (n = 3).

the stationary phase (data not shown). Fermentative
growth of yeast is known to reduce the medium pH (Sigler
et al.,, 1980), and because this would not be expected to
decrease the activity of AI** in solution no attempt was
made to buffer the medium. In subsequent experiments the
initial pH was 3.5, to maximize the activity of AI®".

PO, Requirements for Growth

Al and PO, ions have been reported to interact and
precipitate in solution, reducing both the soluble Al con-
centration and the available PO,>~ (Koyama et al., 1988).
Reduction of the PO, concentration was essential in ensur-
ing Al toxicity in tobacco cell culture experiments (Conner
and Meredith, 1985). To determine the minimal PO, re-
quirement of yeast we performed growth assays using
GSY122 with a range of PO, concentrations from 0 to 500
uM. PO, limitation affected the final cell density reached at
the stationary phase but did not affect the initial growth
rate, and adequate growth was obtained with as little as 25
pM PO~ (data not shown). To rule out any interaction
with Al in solution, the PO,*” concentration of the liquid
medium was reduced to 25 uM unless otherwise stated. In
subsequent experiments with modified media, no evidence
of any PO,>" amelioration of Al toxicity was seen, even
with PO,*~ levels up to 5 mm (data not shown). As a result,
for some applications (e.g. in solid medium) the PO, con-
centration was increased to 100 um.

Effect of Cation Concentration on Al Toxicity

When 200 um Al as AL, (SO,); was added to log-phase
yeast subcultures in a low-pH, low-PO,, synthetic medium,

a decrease in the initial rate of growth was observed rela-
tive to controls and the final cell density was reduced by
approximately 20%. However, higher levels of Al (up to 5
mu»; data not shown) caused no additional decrease in
growth rate or final cell density. This level of growth
inhibition was insufficient to provide a selection using
physiologically relevant (micromolar) levels of Al. For this
reason we decided to modify the synthetic medium further
to determine if we could increase Al toxicity.

Ca and Mg ions are potent ameliorators of Al toxicity,
both in whole plant systems (Alva et al., 1986; Kinraide and
Parker, 1987) and in plant cell cultures (Conner and
Meredith, 1985). We performed experiments to determine
the yeast requirement for Ca and Mg, with the aim of
reducing divalent cation concentrations if possible. When
the Ca content of the medium was reduced to 1 um the
growth rate of GSY122 was not significantly affected, indi-
cating that this strain has a very low Ca requirement (data
not shown). This is consistent with the results of lida et al.
(1990), who found that the addition of Ca chelators and Ca
ionophores was required to arrest yeast growth in Ca-
deficient medium. Reducing the Ca concentration to 1 um
(in a medium with 2.0 mm Mg) did not increase Al toxicity
(data not shown).

In contrast, growth of GSY122 was dependent on avail-
able Mg. The lowest concentration of Mg that did not affect
the growth rate was 200 um (Fig. 1). Moreover, Al toxicity
significantly increased with decreasing Mg concentration.
In a medium with 200 um Mg, the addition of 50 um Al
strongly inhibited growth (Fig. 1). Increasing the Mg con-
centration to 500 uMm or above efficiently ameliorated the Al
toxicity, so we lowered the Mg concentration of the syn-
thetic medium to 200 uM for subsequent experiments. At
this Mg concentration, Al was strongly inhibitory to growth
at concentrations of 50 to 250 um (Fig. 2). The effect of low-
ered Ca concentration on Al toxicity was re-determined in a
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Figure 2. Effect of Al on growth in LPM medium. A low-pH (3.5)
medium containing 25 um KH,PO, and 200 um MgCl, was inocu-
lated with GSY122 as before (see Fig. 1). Cultures were incubated for
4 h, and Al was added to give the final concentrations shown (0-250
um). Error bars represent *sg (n = 3).
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Table 1. Yeast strains

Strain Genotype Source
GSY122  wra3-52 leu2-3,112 pep4::HIS3 prb- P. Bergquist
1D1.6R leu2::hisG canl cir8
MATa
CYP520  wra3-52 leu2-3,112 his4-539 MAT« D. Conklin
CYP522 cot2-A1::LEU2 ura3-52 leu2-3,112 D. Conklin

his4-539 MATa
Fy23 ura3-52 trp1A63 leu2A1 MATa ATCC?

SH2332  pho3-1 pho4::HIS3 his3-532 leu2-3 S. Harashima
leu2-112 ura3-1,2 trp1-289 ade?2
MATa

CG379 ade5 cani leu2-3 leu2-112 trp1- YGSCP

289, ura3-52 gal2 [Kil-0] MATa

a2 ATCC, American Type Culture Collection.
Genetic Stock Center (Berkeley, CA).

b YGSC, Yeast

medium with 200 uM Mg, and was found to be negligible
(data not shown).

K is another cation that ameliorates Al toxicity in plants,
albeit more weakly than Mg and Ca (Kinraide and Parker,
1987). GSY122 was very sensitive to K concentration, and
growth was strongly reduced at less than 2.5 mm K. How-
ever, lowering the K concentration of the medium did not
significantly increase Al toxicity (data not shown).

Al Selection on Solid Medium

The addition of Al to LPM gelled with agarose (1%)
provided a selection sufficiently stringent for routine use.
The use of agarose was necessary due to the high Mg
content of commercial agar preparations (data not shown).
Several yeast strains, including CG379, SH2332, FY23, and
CYP520 (Table I), were tested for sensitivity to Al in solid
LPM medium. Although some differences in sensitivity
were seen, growth of all of the strains was strongly inhib-
ited by Al concentrations in the range of 100 to 200 um
(data not shown; see Fig. 4 for example).

Effect of Organic Acids on Al Toxicity

A variety of substances have been shown to chelate Al in
vitro, including the carboxylic acids malic and citric acid
(Jackson, 1982). Strong Al-acid complexes are nontoxic to
cells, and the secretion of organic acids from roots has been
suggested as a possible mechanism for Al exclusion in plants
(Suhayda and Haug, 1986; Miyasaka et al., 1991; Delhaize et
al., 1993). We examined the effect of citric and malic acids on
Al toxicity in LPM. As shown in Figure 3A, citric acid in
10-fold excess over Al allowed growth almost to control lev-
els. Malic acid was less effective, but still significantly de-
creased toxicity at 100-fold excess over Al (Fig. 3B).

Toxicity of Trivalent Cations in LPM

We were interested to see if the lowered Mg concentra-
tion in LPM affected the toxicity of other trivalent metal
cations. The growth of four different yeast strains was
compared on low pH medium with added Al, Ga, or La
and two different levels of Mg (2.0 mm and 100 pm; Fig. 4).
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For all four strains the toxicity of Al and Ga but not La was
modulated by the Mg concentration; compare the overall
growth and colony size in the upper and lower plates of
Figure 4. Note that for the two most tolerant strains, CG379
(C) and GSY122 (A), the Ga sensitivity was manifested as
differences in colony size. Higher levels of Ga gave a total
growth dependence on the Mg concentration similar to that
seen for the two more sensitive strains shown in Figure 4
(data not shown). In the LPM medium the trivalent metals
were toxic in the order Al > Ga > La.

Soluble Al Inhibits Divalent Cation Uptake in Yeast

Since Al toxicity in yeast appeared to be related to Mg
availability, we investigated the effect of Al on the yeast
divalent cation transport system using *>’Co*" as a tracer.
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Figure 3. Amelioration of Al toxicity by organic acids. LPM medium
(200 um Mg) was inoculated with GSY122 (see Fig. 1). After 4 h of
growth, citric acid (A), malic acid (B), and Al were added to give the
indicated concentrations. Error bars represent *se (n = 3) and are
smaller than the data points.
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2 mM MgCl;

Figure 4. Comparative toxicity of trivalent metals to yeast. LPM
plates (100 um PO,, pH 3.8) contained either 2 mm or 100 um MgCl,
as indicated. Trivalent metal solutions were added to a final concen-
tration of 100 um. 1, No metal; 2, AlL(SO,),; 3, GaCls; and 4, LaCl,.
Strains were incubated at 30°C for 3 d. A, GSY122; B, FY23; C,
CG379; and D, SH2332.

Divalent cations such as Mg, Co, and Mn are transported
into the yeast cell by the same energy-dependent system,
the activity of which is coupled to Glc availability (Fuhr-
mann and Rothstein, 1968; Norris and Kelly, 1977; Borst-
Pauwels, 1981). Cells of the FY23 strain were grown to
mid-log phase, harvested, and resuspended in 5 mm Tris-
succinate buffer, pH 4.0. The low pH of the buffer ensured
the solubility of Al. Although succinate as a dicarboxylate
anion could potentially bind Al, Al-succinate complexes
are relatively weak compared with Al-citrate complexes
(Jackson, 1982; Jackson and Cosgrove, 1982). With 100 um
Co uptake was very rapid and essentially complete after 35
min (Fig. 5A). When Al was added to the cells along with

the Co tracer, uptake was strongly inhibited. Al lowered
both the initial rate of uptake and the final Co content of
the yeast cells.

Using the same assay we compared Co uptake in the
presence of AI>*, Ga®", La’", and Mg>" ions (Fig. 5B). La
and Mg had previously been reported to inhibit divalent
cation uptake in yeast (Norris and Kelly, 1977; Okorokov et
al., 1977), whereas Ga is toxic in LPM medium (Fig. 4 and
data not shown). When values for final uptake (after 2 h)
were compared Al was the most effective inhibitor, fol-
lowed by Ga (Fig. 5B). Although La reduced the initial rate
of uptake as effectively as Ga, final values of Co accumu-
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Figure 5. Effect of Al and other metal ions on Co uptake. Error bars
represent =St (n = 4). A, Effect of Al concentration on Co uptake.
Time course of °”Co®* uptake by strain FY23 is shown without Al,
and with the addition of Al,(5O,);, to give 10, 25, 50, and 100 pum
final AI>* concentration. B, °”Co”" uptake in the presence of differ-
ent metal ions. Conditions were as before with no metal added and
with 12.5 pum Al,(SO,);, 25 um GaCly, 25 um LaCly, and 25 pm
Mg Cl,.
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lated were comparable with inhibition by Mg and signifi-
cantly higher than with Ga.

Analysis of the COT2 Mutant under Al Stress

In yeast the COT2 (GRR1) gene product controls the
activity of the divalent cation transport system by coupling
its regulation to the Glc growth signal (Conklin et al., 1993).
When grown in Glc co#2 mutant strains exhibited reduced
Co uptake (approximately 10% of wild-type levels; Conklin
et al., 1993). Growth of a cot2::LEU2 (CYP522) strain and an
isogenic wild-type strain (CYP520) were compared in LPM
medium with 2% Glc. Without Al CYP522 grew more
slowly than CYP520 during the log phase (data not shown).
This effect of the cot2/grrl mutation on growth rate in Glc
media is well documented, and is believed to result from a
decreased capacity for Glc transport (Conklin et al., 1993;
Vallier et al., 1994). When the two strains were grown using
Gal as the carbon source, there was little difference in
growth rate, because Gal uptake is unaffected by the cof2
mutation (Vallier et al., 1994). Therefore, we compared the
effect of Al on growth of the two strains in Gal medium.
The results showed that the cot2 strain CYP522 was signif-
icantly more affected by Al than was the wild type (Fig. 6).
The Al sensitivity of CYP522 was also seen when the
strains were compared on a solid LPM plus Al medium
with Gal (data not shown). Since the cof2 mutation proba-
bly affects the uptake of Mg we also examined the growth
of both strains in a Mg-deficient medium. Trace amounts of
Al could be toxic to yeast at very low Mg concentrations, so
50 pm citric acid was added to the medium to chelate any
Al present. No consistent difference in growth rate was
seen between the two strains at Mg concentrations as low
as 5 to 10 um (data not shown).

Effect of Al Stress and Lowered Mg on the Morphology of
cot2 Cells

The cot2 mutation has previously been reported to be
associated with altered budding and morphology of yeast
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Figure 6. Effect of the cot? mutation on growth under Al stress.
Aliguots (25 mL) of LPM medium (200 um Mg, 2% Gal, pH 3.8) were
inoculated with log-phase cells of either CYP520 (COT2) or CYP522
(cot2) to give an initial Agy, of 0.01. After 4 h of growth, Al was
added (50 um). After 40 h of growth at 30°C, Agy, of the cultures was
recorded. Error bars represent £se (n = 3).
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cells (Conklin et al., 1993). We also observed a budding
defect when the cot2 strain CYP522 was grown in YPD or
LPM media (200 um Mg) (Fig. 7B). A much more severe
morphological defect was noted when the same strain was
grown under Al stress (Fig. 7H). The defect appeared to
result from unipolar bud elongation and incomplete cell
division, and was more extreme than that previously re-
ported to result from growth of cot2 strains on sporulation
medium (Conklin et al., 1993). Addition of equimolar quan-
tities of citrate to LPM plus Al medium restored growth
and reduced the filamentous morphology of the CYP522
strain (data not shown), indicating that the growth defect
was related to Al toxicity. Filamentous growth was not
seen when the wild-type strain was treated with Al; instead
the cells became highly vacuolated (Fig. 7G), appeared to
have weak cell walls, and exhibited swelling and bursting
when exposed to hypotonic solutions. The effects of Al on
the morphology of both strains could be duplicated by
growth in citrate-containing medium with a low Mg con-
centration (0 uMm Mg) (Fig. 7, E and F). For CYP522 the
distortion became progressively more extreme as Mg con-
centrations decreased (compare 200 um with 25 um and no
MgCl,; Fig. 7, B, D, and F). The effects of Mg starvation and
Al treatment on morphology and budding in the CYP
strains could not be duplicated by the reduction of PO,, Ca,
or K concentrations in the medium (data not shown).

DISCUSSION
Development of an Al Selection for Yeast

The key factor in obtaining Al-selective conditions in
synthetic medium appears to be the Mg concentration,
which was reduced to 200 pum to obtain useful growth
inhibition at micromolar Al levels. Reduction of the pH of
the medium to 3.5 ensured the solubility of Al, and, be-
cause yeast are tolerant to low pH and actually reduce their
pH during growth, Al can be reliably maintained in solu-
tion without the use of buffers, which may chelate Al. The
PO~ content of LPM was set at a low level, which,
together with the low pH of the medium, effectively elim-
inated any amelioration of Al toxicity by PO,*>" ions.

Mechanism of Al Toxicity in Yeast

We hypothesize that in yeast Al acts to prevent the
uptake of Mg, and that Al toxicity in LPM medium results
from Mg deficiency for the following reasons: (a) Al is less
toxic when more Mg is available. This effect was specific to
Mg, since variation in Ca, K, and PO,*~ concentrations had
little effect on Al toxicity. (b) Al effectively blocked the
uptake of Co into yeast cells, and hence probably blocks
uptake of Mg via inhibition of the nonspecific divalent
cation transport system. Although previous studies re-
ported that the transport system has a high affinity for Mg,
Al was far more effective than Mg as an inhibitor of Co
uptake. (c) The cof2 mutation in yeast, which decreases the
activity of the divalent cation uptake system, also results in
increased sensitivity to Al. (d) In both wild-type and cot2
strains of yeast, Al toxicity and Mg deficiency produced
similar morphological changes in growing cells.
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Figure 7. Morphology of the CYP522 strain changes under Al stress
and Mg deficiency. Washed cells of CYP520 and CYP522 harvested
from cultures at the exponential phase were subcultured into LPM
and 2% Gal media, then grown for 24 h under the conditions given
and examined using a phase-contrast microscope (model IMT-2,
Olympus). The left column shows CYP520 (COT2); the right column
shows CYP522 (cot2). A and B, LPM with 200 um MgCl,. C and D,
LPM with 25 um MgCl, and 25 um citrate (pH 3.8). E and F, LPM with
no MgCl,, and 25 um citrate. G and H, LPM with 200 um Mg and 100
um Al (added after 4 h of growth).

We propose that the effect of Al on Mg transport is
most likely to result from competitive inhibition, al-
though an indirect effect of Al on cation influx cannot be
excluded. One explanation for the effectiveness of Al as
an inhibitor of Mg uptake in yeast may lie in the similar
size of hydrated Al and Mg ions (Martin, 1992). It has

been previously suggested that this size similarity may
allow the substitution of Al for divalent cations at Mg-
binding sites of enzymes and structural proteins (e.g.
tubulin [MacDonald et al., 1987]). An analogous reaction
could occur if trivalent Al ions act as a substrate for the
Mg transporter in yeast. However, we cannot say if Al
blocks the transporter by irreversibly binding to the
active site (and is not itself a substrate for transport), or
simply competes more effectively than Mg for the trans-
porter. Genetic evidence obtained using the Al selection
may clarify this issue, as may further kinetic studies on
the yeast transport system.

Toxic Action of Other Trivalent lons

The relative effectiveness of three trivalent metals as
inhibitors of Co accumulation corresponded to their toxic-
ity in LPM medium. Like Al toxicity, Ga toxicity was
affected by Mg availability. Ga also strongly reduced the
final Co uptake after 2 h of incubation (Fig. 5B). These
results are consistent with the idea that Ga also inhibits Mg
transport. In contrast, although La effectively reduced the
initial rate of Co uptake, the ion was a relatively ineffective
inhibitor of Co accumulation, and La toxicity was not sig-
nificantly affected by Mg concentration. The La ion is more
similar in size to Ca than Mg, and may affect yeast growth
via a different physiological mechanism.

Yeast as a Model for Al Toxicity in Plants

Although these results were obtained using yeast, sev-
eral reports implicate the inhibition of Mg transport as a
possible mechanism of Al action in plant systems. Com-
prehensive surveys of nutrient changes in plants in re-
sponse to long-term Al treatment have shown that there are
no consistent changes in dicotyledonous species (Wheeler
et al., 1992¢; Wheeler and Dodd, 1995), but that reductions
in Mg content are the major feature of Al treatment in both
cereals (Clark, 1977; Tan and Keltjens, 1990; Tan et al., 1991;
Wheeler et al.,, 1992a) and grass species (Wheeler et al.,
1992b). Greater Mg uptake has been associated with Al
resistance in some plants (Foy, 1984; Huang and Grunes,
1992). Rengel and Robinson (1989) showed that Al com-
petitively inhibited Mg uptake and concluded that this
inhibition was most likely due to binding of Al to Mg-
specific sites on transport proteins, rather than to Al-
induced damage to the root system. Inhibition of Mg
uptake occurred within 30 min, well before inhibition of
root growth occurred, suggesting that the block of up-
take could be the primary cause of Al toxicity (Robinson
and Rengel, 1991).

Despite this indicative evidence, the inhibition of Mg
uptake has not been a favored option in the literature as a
potential mechanism for Al toxicity (see Kochian, 1995).
One likely reason is that Al inhibition of root elongation
can be demonstrated in a medium containing only CaCl,
(see Kinraide and Parker, 1987; Ryan et al., 1994). This
observation, combined with recent evidence that Al does
not act by preventing Ca uptake (Ryan et al., 1994; see
review by Kochian, 1995), makes it unlikely that Al inhibits
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root elongation in plants by simply restricting cation up-
take. However, it is clear that longer-term Mg deficiency
may contribute to the overall syndrome of Al toxicity in
cereals and grasses. Our results in yeast lead us to suggest
a critical reassessment of the hypothesis that Al blocks Mg
transport.

This work has revealed a difference in cation ameliora-
tion of Al toxicity between yeast and plants. In plants,
cations in general and Ca ions in particular are effective
ameliorators of Al toxicity (Kinraide and Parker, 1987;
Ryan et al., 1994). Kinraide et al. (1994) suggested that this
occurs by reducing the negative charge at the membrane
surface and so decreasing the local activity of AI**. In
contrast, we found that Ca had little effect on Al toxicity in
yeast. However, yeast synthetic medium is of relatively
high ionic strength (total cation concentration 47 mm) com-
pared with those commonly used for assays of Al toxicity
and cation amelioration in whole plants (e.g. 0.4-2 mm)
(Kinraide et al., 1994). Although we used a wide range of
Ca concentrations in our experiments (0-2 mm), it is pos-
sible that the high cation concentration of the medium may
have masked any effect of Ca on Al toxicity. If the inability
of Ca ions to ameliorate Al toxicity in yeast is a genuine
effect, it could be attributable to variations in the ion-
binding capacity of plant and yeast cell walls or to differ-
ences in the surface charge and composition of the plasma
membrane.

Regardless of the mechanism of toxicity in yeast, the
availability of Al-selective media for yeast provides a pow-
erful tool for the genetic analysis of Al toxicity and resis-
tance in both yeast and plants. Modified synthetic media
have been used in our laboratory to isolate yeast mutants
sensitive to Al (E. Schott and R. Gardner, unpublished
results) and to identify yeast genes that provide Al resis-
tance when overexpressed (C. MacDiarmid and R. Gard-
ner, unpublished results). We also intend to search for
plant Al resistance genes, using the heterologous expres-
sion of plant cDNA clones in a wild-type yeast strain (see
Kushnir et al., 1995). A good candidate for study may be
the altl locus from wheat, which is associated with the
Al-triggered release of malate from root tips (Delhaize et
al.,, 1993; Delhaize and Ryan, 1995). Since malate amelio-
rates Al toxicity in yeast (Fig. 3), expression of the alt1 locus
may help growth on Al and hence enable the isolation of a
c¢DNA clone encoding this trait. Such genetic investigations
will shed new light on the physiology of Al toxicity and
resistance in plants.
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