Cadmium-Induced Sulfate Uptake in Maize Roots’
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The effect of cadmium (Cd) on high-affinity sulfate transport of maize (Zea mays) roots was studied and related to the
changes in the levels of sulfate and nonprotein thiols during Cd-induced phytochelatin (PC) biosynthesis. Ten micromolar
CdCl, in the nutrient solution induced a 100% increase in sulfate uptake by roots. This was not observed either for potassium
or phosphate uptake, suggesting a specific effect of Cd*" on sulfate transport. The higher sulfate uptake was not dependent
on a change in the proton motive force that energizes it. In fact, in Cd-treated plants, the transmembrane electric potential
difference of root cortical cells was only slightly more negative than in the controls, the external pH did not change, and the
activity of the plasma membrane H"-ATPase did not increase. Kinetics analysis showed that in the range of the high-affinity
sulfate transport systems, 10 to 250 um, Cd exposure did not influence the K., value (about 20 um), whereas it doubled the
V max Value with respect to the control. Northern-blot analysis showed that Cd-induced sulfate uptake was related to a higher
level of mRNA encoding for a putative high-affinity sulfate transporter in roots. Cd-induced sulfate uptake was associated
to both a decrease in the contents of sulfate and glutathione and synthesis of a large amount of PCs. These results suggest
that Cd-induced sulfate uptake depends on a pretranslational regulation of the high-affinity sulfate transporter gene and that

this response is necessary for sustaining the higher sulfur demand during PC biosynthesis.

The use of higher plants in phytoextraction of
heavy metals from polluted soil is not only based on
their ability to take up, translocate, and accumulate
the metals, but also on mechanisms able to alleviate
their toxic effects (Salt et al., 1998). Knowledge of
these mechanisms is crucial in the basic understand-
ing of the tolerance to improve plants of biotechno-
logical interest (Zenk, 1996).

Cd exposure in higher plants rapidly induces the
synthesis of phytochelatins (PCs), a class of heavy-
metal-binding peptides with the general structure
(y-Glu-Cys),-Gly (Steffens, 1990; Rauser, 1995). PCs
are synthesized nontranslationally from reduced glu-
tathione (GSH) in a transpeptidation reaction cata-
lyzed by the enzyme PC synthase. PCs form com-
plexes with Cd**, reducing the activity of the metal
in the cytosol (Cobbett, 2000). Cd-PC complexes are
then compartmentalized into the vacuole, probably
by means of an ATP-binding cassette-type trans-
porter localized in the tonoplast (Salt and Rauser,
1995). The crucial role of PCs in plant Cd*" detoxifi-
cation pathway was supported by the isolation of
two mutants of Arabidopsis, cadl and cad2, which are
deficient in PC and GSH biosynthesis, respectively,
and are consequently more sensitive to Cd (Howden
et al., 1995a, 1995b; Cobbett et al., 1998).

PC biosynthesis is closely dependent on sulfur me-
tabolism (Cobbett, 2000; Leustek et al., 2000). In fact,
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Cd exposure induces the activity of enzymes in-
volved in the sulfate reductive assimilation pathway
and GSH biosynthesis. Nussbaum and co-workers
(1988) showed that Cd>" accumulation into maize
(Zea mays) seedlings was related to an increase in the
activity of both ATP-sulfurylase and adenosine 5'-
phosphosulfate reductase, the first two enzymes in
the sulfate assimilation pathway. Other works report
on the induction of enzyme activities involved in
GSH biosynthesis, such as y-glutamyl-Cys (yEC) syn-
thetase in maize and glutathione synthetase in pea
(Pisum sativum), indicating a cellular response to a
transient GSH depletion during PC biosynthesis
(Riiegsegger et al., 1990; Riiegsegger and Brunold,
1992). The molecular basis of this response has re-
cently been outlined in studies conducted on Indian
mustard (Brassica juncea), where Cd** accumulation
induces a coordinate transcriptional regulation of
genes involved in sulfate assimilation (Heiss et al.,
1999; Lee and Leustek, 1999) and GSH biosynthesis
(Schéfer et al., 1998).

The general alteration of the sulfur metabolic path-
ways induced by Cd*" is a possible consequence of
an increase in the GSH demand driven by PC bio-
synthesis. In other words, exposure to Cd would
induce an “additional sink” increasing the need for
thiol compounds by cells (Tukendorf and Rauser,
1990; Heiss et al., 1999).

Considering these aspects, it seems particularly in-
teresting to draw attention toward the effects of Cd*"
on transport systems involved in sulfate uptake from
the soil solution and in its translocation to the shoot.
Several high-affinity sulfate transporters and low-
affinity sulfate transporters have been cloned and
characterized with respect to their kinetic profiles
and regulation, enlarging our knowledge on the con-
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trol of the sulfur fluxes in higher plants
(Leustek and Saito, 1999; Saito, 2000; Smith et al.,
2000). These transporters may have specialized
functions, because they differ in affinity for sulfate
and in spatial expression.

Molecular studies conducted on Indian mustard
have shown that the general activation of sulfur me-
tabolism induced by Cd*" is associated with a down-
regulation of a low-affinity sulfate transporter, which
is probably expressed in the central cylinder of the
roots and, thus, likely involved in sulfate transloca-
tion (Heiss et al., 1999). The authors suggest that this
effect could be related to the need for maintaining
high-sulfate levels in the roots, to sustain a high-
sulfur assimilation rate during PC biosynthesis. The
role of other root sulfate transporters during Cd**
stress still needs investigation.

In the present work we report on the effects of
Cd** on sulfate uptake focusing the analysis on the
high-affinity sulfate transporter of maize roots.

RESULTS
Plant Growth and Cd Accumulation

Maize plants grown in the presence of 10 um Cd*"
showed significant growth reduction of both roots
(Fig. 1A) and shoots (Fig. 1B). In the controls, fresh
weight of both roots and shoots increased linearly
over a 96-h period; the growth rates were 0.14 and
0.20 g fresh weight d ! for roots and shoots, respec-
tively. Cd did not affect the growth of either roots or
shoots over the first 24 h; thereafter, the fresh weights
increased linearly with the time, though with lower
rates than in the controls: 0.06 and 0.09 g fresh weight
d™! for roots and shoots, respectively. Moreover,
during the first 48 h of Cd exposure, the relative
water content of both roots and shoots did not sig-
nificantly change compared with the control (data
not shown). At the end of the experimental period,
the leaves of Cd-treated plants showed symptoms of
chlorosis and necrotic areas began to be evident at
their tips. Roots did not show any apparent damage.

Figure 2 shows the time course of Cd*" accumula-
tion over a 96-h period. Cd was linearly accumulated
in roots up to 48 h; thereafter, the concentration of the
metal kept increasing, though at lower rates. In
shoots, Cd*" concentration increased greatly in the
first 24 h, although to a lesser extent than in roots,
and then it remained constant after 48 h. The concen-
tration of Cd*" in roots was about 2-fold higher than
in shoots during the exposure period.

Effect of Cd on Thiols and Sulfate
Concentration in Roots

Cd accumulation in roots was accompanied by a
progressive increase in total nonprotein thiols (NPT;
Table I); after 48 h of Cd** exposure, NPT levels were
more than 4-fold higher than those of the controls.
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Figure 1. Effects of Cd** exposure on growth of roots (A) and shoots
(B) of maize plants. Plants were grown for 96 h in a complete nutrient
solution supplemented (®) or not (O) with 10 um CdCl,. Plants were
harvested at different times, blotted with paper towels, and weighed.
Data points and error bars are means and st of two experiments run
in quadruplicate (n = 8).

Analysis of thiols showed this increase as primarily
attributable to the synthesis of PCs, which accounted
for about 87% of NPT (expressed as GSH equiva-
lents) after 48 h of treatment (Table I). Exposure to Cd
led to a substantial increase in Cys and yEC levels in
roots, whereas it induced a significant decrease in
GSH concentration (Table I).

Not only did Cd increase the NPT level, but it also
affected the sulfate content of the roots (Fig. 3). In
fact, in roots of Cd-treated plants, the level of sulfate
was lower than in the controls (—42% and —58%,
after 24 and 48 h, respectively).

Effects of Cd on Sulfate, Phosphate (Pi), and K* Uptake

Sulfate uptake by roots was assessed in short-term
experiments (10 min) using *°SO,>~ as a tracer. The
rate of sulfate uptake, measured at 200 um external
SO,*~ concentration, was found to be twice that in
roots of plants grown with 10 um Cd** in the nutri-
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Figure 2. Time course of Cd?™ accumulation in roots (M) and shoots
(@) of maize plants grown in a complete nutrient solution supple-
mented with 10 um CdCl,. Plants were harvested at different times,
and their Cd** contents were measured, after complete mineraliza-
tion, by atomic absorption spectrophotometry. Data points and error
bars are means and sE of two experiment run in triplicate (n = 6).

ent solution than in the control. Such an effect, de-
tected after 24 h of Cd exposure, was maintained up
to 48 h (Fig. 4A). No changes on sulfate influx into the
roots were detectable when untreated plants were
supplied with Cd at the moment of sulfate uptake
measurement or after 1 h of preincubation with the
metal (data not shown).

Cd exposure significantly reduced (about —50% as
compared with the control) K™ uptake by roots (Fig.
4B), whereas it did not affect Pi uptake (Fig. 4C),
when measured at 240 and 40 um external concen-
tration, respectively.

In Figure 5A, the influxes of sulfate into Cd-treated
(24 h) and control roots are reported as the function
of sulfate external concentration in the range of 10 to
250 um. Influx isotherms can be described by a sim-
ple Michaelis-Menten function. Least squares fitting
(Fig. 5B) revealed that the two kinetics were similar
in K, (20.3 = 5.0 and 20.5 = 3.1 uM for control and
Cd-treated plants, respectively), but differentin V.,
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Figure 3. Effect of Cd®* exposure on the sulfate content of maize
roots. Plants were grown for 24 or 48 h in a complete nutrient
solution supplemented (black bars) or not (white bars) with 10 pum
CdCl,. At different times, roots were excised from shoots, rinsed with
distilled water, and homogenized. The sulfate content was measured
turbidimetrically. Bars and error bars are means and st of two exper-
iments run in quadruplicate (n = 8).

values (1024 * 5.2 and 208.1 = 6.9 nmol h™' g™*
fresh weight, for control and Cd-treated plants,
respectively).

Transmembrane Electric Potential Difference and in
Vitro Plasma Membrane H*-ATPase Activity

To investigate the effects of Cd** exposure on pro-
ton motive force, which energizes secondary active
transports, the transmembrane electric potential dif-
ference (E,) of root cortical cells and the in vitro
activity of the plasma-membrane H"-ATPase were
measured. E,, values were slightly more negative
(about 10 mV) in Cd-treated than in control roots
(Table II). These differences were detected after 24 h
of exposure to Cd*" and were maintained for at least
48 h. The H'-ATPase activity was studied in plasma
membrane vesicles obtained by roots of both Cd-
treated and control plants. As shown in Table II, the

Table 1. Effects of Cd?* exposure on the concentrations of NPT, Cys, yEC, GSH, and PCs in maize

roots

Plants were grown for 24 or 48 h in a complete nutrient solution supplemented or not with 10 um
CdCl,. At different times, roots were excised from shoots, grounded in liquid N, and an HCl extract was
analyzed for thiol content. Values are means * st of three experiments run in triplicate (n = 9).

Thiol Concentrations

0h 24 h 48 h
Control Control Cd Control Cd
nmol GSH equivalent g~ fresh wt
NPT 231.3 £10.3 222.2 £10.1 464.5 = 17.4 199.0 = 7.2 1,159.3 = 50.2
Cys 9.3 *0.3 8.9*+0.2 12.0 £ 0.6 8.1 0.5 15.6 = 0.6
yEC 3.6 0.2 4.1+03 12.6 £ 0.4 4.2 +*03 28.7 1.2
GSH 198.4 £ 7.0 1943 = 43 1123 =79 188.2 = 11.4 105.3 £ 6.6
PCs - - 327.6 £ 19.1 - 1,009.7 = 50.6
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Figure 4. Effects of Cd*" exposure on SO, (A), K* (B), and Pi (C) uptake in maize roots. Plants were grown for 24 or 48 h
in a complete nutrient solution supplemented (black bars) or not (white bars) with 10 um CdCl,. The influxes were evaluated
by measuring the rates of >>SO,*~, *Rb™, and *?Pi absorption into roots of intact plants over a 10-min pulse. The incubation
solutions contained 200 um SO,2~, 240 um K™, and 40 um Pi. Bars and error bars are means and st of three experiments

in run quadruplicate (n = 12).

exposure to Cd did not significantly affect the basal
plasma-membrane H"-ATPase activity of roots, even
after a 48-h treatment.

c¢DNA Cloning and Northern-Blot Analysis

A partial cDNA clone encoding a putative high-
affinity sulfate transporter was amplified by reverse
transcriptase-PCR technique, using the total RNA
extracted from sulfur-starved roots as the source of
template. Amplification primers, designed on con-
served sequences of different high-affinity sulfate
transporter clones (see “Materials and Methods”),
yielded a single PCR product of the expected size.
Sequence analysis restored a cDNA fragment (HAST)
of 928 bp with a predicted translation product very
similar to a wide range of higher plant high-affinity
sulfate transporters. In particular, protein sequence
showed high identity with maize ZmST-701 (99%),
barley (Hordeum vulgare) HVST1 (83%), and Triticum
tauschii TTST2 (82%). The sequence has been regis-
tered at the National Center for Biotechnology Infor-
mation (NCBI/GenBank accession no. AY059461).

Northern-blot analysis was carried out on total
RNA extracted from roots of maize plants grown for
24 or 48 h in the complete nutrient solution, supple-
mented or not with 10 um Cd?*, or in the minus-
sulfate solution. Analysis was performed using
HAST cDNA as a probe. Results showed higher
HAST transcript levels in roots of both Cd-treated
and sulfur-starved plants than in the controls (Fig. 6).

DISCUSSION

Maize plants accumulated Cd in roots and translo-
cated it to shoots. However, the amount of Cd into
the shoot during 96 h of exposure accounted for only
about 30% of the total Cd?" in the whole plant,
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according to the high Cd retention capability re-
ported for maize roots (Florijn and Van Beusichem,
1993; Rauser and Meuwly, 1995). Hence, a strong
need for Cd** detoxification into the root cells was
created.

The main strategy for Cd*" detoxification in plant
cells is based on chelation by PCs and subsequent
compartmentalization of the Cd-PCs complex (Clem-
ens, 2001). The PC biosynthesis induced by Cd**
enhances the cell requirement for thiol compounds
and can lead to a transient depletion of the GSH
pools (Scheller et al., 1987; Steffens, 1990). In Indian
mustard, the need for maintaining a high rate of PC
biosynthesis and adequate GSH levels may be met by
a coordinate transcriptional regulation of genes in-
volved in sulfate assimilation and GSH biosynthesis
(Schéfer et al., 1998; Heiss et al., 1999; Lee and Leus-
tek, 1999). Moreover, this response has also been
hypothesized to be a possible mechanism modulat-
ing PC biosynthesis (Cobbett, 2000), as supported by
the observation that overexpression of genes encod-
ing either yEC synthetase or glutathione synthetase
enhanced PC biosynthesis after Cd exposure (Yong et
al., 1999; Zhu et al., 1999). The results reported here
show a general activation of sulfur metabolism in
roots of plants grown in the presence of Cd**, as the
dramatic increase in the levels of NPT indicates (Ta-
ble I). This response, consistent with the Cd-induced
thiol biosynthesis, observed by Riiegsegger and
Brunold (1992), is attributable to increases in both
Cys and yEC concentration and to a large production
of PCs (Table I). The negative influence of Cd*" on
GSH level in roots could be explained as a depletion
effect due to PC biosynthesis (Scheller et al., 1987;
Steffens, 1990; Riiegsegger and Brunold, 1992).

The rate of sulfate uptake by roots of plants grown in
the presence of Cd** for 24 or 48 h was twice than that
of the control (Fig. 4A). This behavior was detected in
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Figure 5. Sulfate influx isotherms in maize roots (A) and relative
Lineweaver-Burk plot (B). Plants were grown for 24 h in a complete
nutrient solution supplemented (®) or not (O) with 10 um CdCl,. The
influxes were evaluated by measuring the rates of 3>SO,?~ absorp-
tion into roots of intact plants over a 10-min pulse. Sulfate concen-
trations ranged from 10 to 250 um. Data points and error bars are
means and st of three experiments in quadruplicate (n = 12).

the complete nutrient solution at 200 um SO, external
concentration. No effect on sulfate uptake was ob-
served after short-time treatment (10 min-1 h) when
Cd*" was supplied to control plants (data not shown),
suggesting that the above-described increase was not
due to a direct action of Cd on the transport systems
involved in sulfate uptake.

Molecular (Smith et al.,, 1995, 2000) and kinetic
(Hawkesford et al., 1993; Smith et al., 1995, 1997)
studies indicate that sulfate uptake is energetically
coupled to the H"-electrochemical gradient (Auy")
across the plasma membrane, through H'-SO,*"
symport mechanisms. Changes in Auy " may influ-
ence the activity of H"-symporters (Hawkesford et
al., 1993; Chrispeels et al., 1999). Roots of Cd-treated
plants did not modify, compared with the controls,
the pH of the medium during sulfate uptake experi-
ments (data not shown). This suggests that Cd** did
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not change the net H" efflux from roots, according
to the very similar activities of H'-ATPase mea-
sured in vitro in plasma membrane vesicles from
Cd-treated or control plants (Table II). Furthermore,
an enhancement of the chemical component of
Apy " by Cd*" can also be excluded from the results
obtained by Fodor et al. (1995), which showed a
direct inhibitory effect of Cd*" on H"-ATPase ac-
tivity measured in plasma membrane vesicles puri-
fied by wheat and sunflower roots. An actual effect
of Cd*" on the electric component of Auy " can be
excluded because the values of E,, in root cells were
only slightly more negative in Cd-treated than in
control plants (Table II). Similar to sulfate, K" and
Pi transports are dependent on H" electrochemical
gradient across the plasma membrane (Ullrich-
Eberius et al., 1984; Thibaud et al., 1988; Sacchi and
Cocucci, 1992; Daram et al., 1998), but unlike sulfate,
their uptake was inhibited or unaffected, respec-
tively, by Cd treatment (Fig. 4, B and C). The lower
K™ uptake justifies the slightly more negative values
of E,, in root cells of Cd-treated plants.

These results suggest that sulfate uptake increase is
a specific effect of Cd accumulation and does not
depend on an enhancement in the proton motive
force across the plasma membrane.

In Cd-treated (24 h) and control roots, influx iso-
therms, obtained in a wide range of sulfate external
concentration (10-250 um), approximated a single
Michaelis-Menten kinetic (Fig. 5A). The values of
apparent K, were similar to those of other high-
affinity sulfate transport systems in intact plants
(Lee, 1982; Clarkson et al., 1983; Honda et al., 1998),
suggesting that sulfate uptake was mediated by a
high-affinity transport system in the observed range
of concentrations. The affinity of the transport system
for sulfate does not seem to change after Cd treat-
ment (Fig. 5B), as shown by the K, values, which
were 20.3 = 5.0 and 20.5 = 3.1 umMm for control and
Cd-treated plants, respectively. This finding suggests
that similar sulfate transport systems are involved in
mediating sulfate uptake in Cd-treated and control
roots. However, the V. value in Cd-treated plants
was found to be twice that in the controls (Fig. 5B),
suggesting the hypothesis that sulfate uptake in-
crease was a consequence of a higher expression of
high-affinity sulfate transport systems of the roots.
To minimize possible artifacts attributable to Cd**
toxicity, kinetic experiments were performed only on
plants exposed to Cd for 24 h, when a general action
of the metal was not apparent (Fig. 1). For lengthier
treatments, whereas Cd led to a progressive chlorosis
and apical necrosis in leaves, it did not cause any
evident damage to the root system, which is different
from that reported by Nussbaum et al. (1988) in the
same species, though at higher Cd*" concentrations.

To study the effect of Cd®>" on the expression of
sulfate transporters, we cloned a partial cDNA se-
quence encoding a putative high-affinity sulfate

Plant Physiol. Vol. 129, 2002
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Table 1. Effect of Cd?" exposure on E,, values and on in vitro plasma membrane H*-ATPase activ-

ity of maize root cells

Plants were grown for 24 or 48 h in a complete nutrient solution supplemented or not with 10 um
CdCl,. E,, values were measured in roots of intact plants perfused with the complete nutrient solution
supplemented or not with 10 um CdCl,. The values are the means = st of three experiments (n > 20).
ATPase activity was measured as ADP release in plasma membrane vesicles from control or Cd-exposed
plants. The values are the means = st of three experiments in run triplicate (n = 9).

Em H™*-ATPase Activity
Time
Control Cd Control Cd
h mV wmol ADP released h™" mg™" protein
0 -96 2 - - -
24 —-96 =3 —-105 =1 16.2 £ 0.5 18.4 £ 1.1
48 —-94 2 —-104 =3 15.4 = 0.7 17.0 £ 0.3

transporter, expressed in sulfur-starved maize roots.
Sequence analysis showed high homologies among
this fragment and other sequences of maize and sev-
eral other species, confirming the identity of HAST as
a putative high-affinity sulfate transporter.

Northern-blot analysis showed that Cd** expo-
sure, as well as sulfur starvation, increased the levels
of HAST mRNA (Fig. 6). The time course of this
response closely correlated with the observed en-
hancement in sulfate uptake. This relationship sug-
gests that the increase in sulfate uptake induced by
Cd**, was mainly attributable to a pretranslational
regulation of the gene encoding the high-affinity sul-
fate transporter of the roots. However, the existence
of an additional mechanism of allosteric regulation of
the carrier cannot be ruled out because of the cyto-
plasmic pool of sulfate. In fact, Cd accumulation in
roots induced a depletion of the cell sulfate content
(Fig. 3). Such an effect, which may seem in contrast
with the higher sulfate uptake, could be explained as
a consequence of the Cd-induced activation of the
sulfate-reductive assimilation pathway (Nussbaum
et al., 1988; Heiss et al., 1999).

The higher sulfate influx in Cd-treated roots could
reflect an adaptive response that contributes to sup-
port the sulfate demand during PC biosynthesis. Co-
ordinate transcriptional regulation of the genes en-
coding the high-affinity sulfate transporter and other
enzymes involved in sulfate assimilation has been
described in roots of sulfur-starved maize plants, and

24h 48h
S C +d 8§ C +Cd
HAST - -

=

Et-Br

=

Figure 6. Northern-blot analysis of HAST expression in maize roots.
Total RNA was extracted from roots of sulfur-starved (—S), control
(C), and Cd-exposed (Cd) plants. Thirty micrograms of total RNA was
loaded onto each lane. Blots were hybridized with 32P-labeled HAST
probe. Ribosomal RNAs were stained on the gel with ethidium
bromide (Et-BR) and used to check loading.
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it is thought to be a cellular response to transient
GSH depletion (Bolchi et al., 1999). Likewise, the
exposure of plants to Cd**, in the presence of an
adequate sulfate supply, results in a higher expres-
sion of the high-affinity sulfate transporter, probably
as a consequence of a decrease in either cell GSH or
sulfate levels. Moreover, the rapid effect of Cd on
sulfur nutritional status of the plants (Table I) would
account for the differences observed in the timing of
HAST expression in Cd-treated and sulfur-starved
plants (Fig. 6). Different from sulfate withdrawal, Cd
exposure rapidly induces additional sinks of thiol
compounds, which in turn drive a higher demand for
sulfate uptake.

In conclusion, the results of the present work show
that maize roots respond to Cd** exposure increas-
ing the sulfate uptake activity mainly by up-
regulating a gene encoding for a HAST of the roots.
Such a response could represent the first step of an
adaptive process required to ensure an adequate sup-
ply of sulfur compounds during Cd-induced PC syn-
thesis and may be interpreted as a classical demand-
driven regulation of ion transport systems.

MATERIALS AND METHODS
Seed Germination and Plant Growth Conditions

Maize (Zea mays L. cv Dekalb DK 300) caryopses were sown on filter
paper saturated with distilled water and incubated at 26°C in the dark.
Three days later, seedlings selected for uniform growth were transplanted
into 5-L tanks (18 seedlings per tank) containing an aerated complete
nutrient solution [200 um KNO;, 200 um Ca(NO3),, 40 um KH,PO,, 200 um
MgSO,, 25 um Fe-tartrate, 30 um H3BO,, 5 um MnCl,, 1 um CuCl,, 1 um
ZnCly, and 0.1 pm (NH,)¢Mo,0,,, pH 6.50] and kept in a growth chamber
at 26°C and 80% relative humidity during the 14-h light period and at 22°C
and 70% relative humidity during the 10-h dark period. Three days after
transplanting, the complete nutrient solution was supplemented with 10 um
CdCl, or substituted with a minus sulfate solution, where MgSO, was
replaced by an equimolar amount of MgCl,. Hydroponic solutions were
renewed daily to minimize nutrient depletion.

Determination of Cd

Plants were harvested and roots were washed for 10 min in ice-cold 5 mm
CaCl, solution to displace extracellular Cd (Rauser, 1987). Roots were
excised and gently blotted with paper towels. Cd content was measured,
after complete mineralization in a mixture of nitric, sulfuric, and perchloric
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acid (5:1:1, v/v), by atomic absorption spectrophotometry (SpectrAA-20,
Varian, Palo Alto, CA).

Determination of Thiols

Roots were ground in liquid nitrogen, extracted in 1:2 (w/v) ice-cold 0.1
mwm HCl and 1 mm Na,EDTA, and the homogenates were centrifuged 15
min at 15,000¢ and 4°C. The supernatants were collected and immediately
subjected to thiol analysis.

For total NPTs, 200 uL of supernatant was mixed to 1.8 mL of 0.6 mm
5,5'-dithiobis-(2-nitrobenzoic acid) and 250 mm K-Pi buffer, pH 8.00. NPT
content was measured spectrophotometrically by reading the Ay;,.

Cys, y¥EC, and total glutathione contents were measured, after reduction
with dithiothreitol (DTT) and derivatization with monobromobimane, by
reverse phase HPLC and fluorescence detection as described by Schupp and
Rennenberg (1988).

Total PC concentration was estimated by subtracting Cys, yEC, and GSH
from NPT (Schifer et al., 1997). All results were expressed as nanomoles of
GSH equivalent per gram fresh weight.

Determination of Sulfate

Roots were rinsed three times in distilled water and blotted with paper
towels. Sulfate was extracted by homogenizing the samples in 1:10 (w/v)
ice-cold 0.1 N HNOs;. After heating at 80°C for 40 min, the extracts were
filtered and the sulfate contents were then determined according to the
turbidimetric method described by Tabatabai and Bremner (1970).

Sulfate, K*, and Pi Influxes

Sulfate influxes into the roots were measured by determining the rates of
35S uptake over a 10-min pulse in incubation solutions labeled with the
radiotracer. Three plants were placed onto 400 mL of a fresh complete
nutrient solution, containing different MgSO, concentrations (10-250 um),
supplemented or not with 10 um CdCl,, aerated, and thermoregulated at
26°C. Radioactive pulses were started by adding [**S]H,SO, to the uptake
solutions. Specific activities varied from 4.7 KBq umol ™" (250 um) to 118.0
KBq wmol ! (10 um). At the end of the incubation period, roots were excised
from shoots, rinsed twice for 1 min in 400 mL of a corresponding nonra-
dioactive solution at 4°C, blotted with paper towels, and then heated for 20
min at 80°C in 0.1 N HNOj; (10 mL g~ fresh weight).

K and Pi influxes were measured, in the same conditions, in the complete
nutrient solution, containing ®°RbCl (14.0 KBq umol™') and [**P]H,PO,
(29.5 KBq pmol ') as radiotracers in the presence or in the absence of 10 um
CdCl,. K and Pi concentrations were 240 and 40 um, respectively.

Radioactivity was detected on aliquots of the supernatants by liquid
scintillation counting in a Beckman LS 6000SC (Beckman Coulter, Inc.,
Fullerton, CA).

Measurement of Transmembrane Electric Potential
Difference in Root Cells

Transmembrane electric potential differences were measured using a
high-impedance electrometer amplifier (K5-700, World Precision Instru-
ments, New Haven, CT) and microelectrodes pulled from single-barreled
borosilicate glass tubings (World Precision Instruments, New Haven, CT)
filled with 3 m KCl (adjusted to pH 2.00 to reduce tip potential). Electrode
resistance varied between 10 and 15 M.

In brief, one maize plant was transferred into a 300-mL plexiglas vessel
connected with a horizontal chamber, on the bottom of which three roots
were fixed and impaled for E,, recording. The whole system was perfused
at 300 mL h™! with an aerated and thermoregulated (26°C) complete nutri-
ent solution, supplemented or not with 10 um CdCl,. Electrodes were
inserted, perpendicularly to the main axis of the roots, into the cortical cells.

Plasma-Membrane Vesicle Isolation and
H*-ATPase Assay

Plasma-membrane vesicles were purified essentially as described by
Palmgren et al. (1990). In brief, 30 g of maize roots were homogenized in a
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mortar with 120 mL of ice-cold 330 mm Suc, 50 mm MOPS-BisTris propane
(pH 7.50), 5 mm EDTA, 1 mm DTT, 0.5 mm phenylmethylsulfonyl fluoride,
and 1% (w/v) bovine serum albumin. The homogenate was filtered and
centrifuged for 15 min at 13,000¢ and for 30 min at 100,000g. The microsomal
fraction was processed at 4°C using the three-step batch procedure de-
scribed by Larsson et al. (1987), with a two-phase system consisting of 6.5%
(w/w) dextran T500, 6.5% (w/w) polyethyleneglycol 3350, 330 mm sorbitol,
5 mMm K-Pi (pH 7.80), 5 mm KCI, 1 mm DTT, and 0.1 mm EDTA.

Plasma-membrane H"-ATPase activity was measured (50-100 pg of
membrane proteins) after the oxidation of NADH coupled to the hydrolysis
of ATP, as described by Palmgren et al. (1990). Oxidation of NADH was
followed at 340 nm with a V-550 spectrophotometer (Jasco, Tokyo).

Membrane protein assay was carried out according to Bradford (1976),
using y-globulin as a standard.

Isolation of a HAST ¢cDNA Partial Clone

A partial cDNA clone encoding a putative HAST of maize roots, was
isolated by reverse transcriptase-PCR technique. Total RNA was extracted
(see below) from roots of maize plants grown for 3 d in the minus sulfate
solution and first-strand cDNA was prepared with Moloney murine leuke-
mia virus-reverse transcriptase. One-tenth of undiluted cDNA was used for
PCR. Amplification primers (sense, 5'-CAGGCTAGGGTTTATCATAG-3;
antisense, 5'-GTTCTYGGCCKTGTYACTTG-3") were designed on highly
conserved regions of barley (Hordeum wvulgare) HVST1 (NCBI/GenBank
accession no. X96431; nucleotide position 677-696 on the plus strand; 1,596~
1,615 on the minus strand), maize ZmST1-701 (NCBI/GenBank accession
no. AF016306; nucleotide position 151-170 on the plus strand), Stylosanthes
hamata SHST1 (NCBI/GenBank accession no. X82255; nucleotide position
1,600-1,619 on the minus strand), and Triticum tauschii TTST2 (NCBI/
GenBank accession no. AJ238245; nucleotide position 3,444-3,463 on the
minus strand) sequences. DNA amplification reactions were conducted with
the AmpliTaq Gold Polymerase (PerkinElmer Applied Biosystems, Foster
City, CA) under the following conditions: 2 min of initial denaturation at
95°C, followed by 40 cycles of 45-s denaturation at 94°C, 45-s annealing at
52°C, and 2-min extension at 72°C. Amplification product was cloned into a
EcoRV site of pBluescript II KS vector (Stratagene, La Jolla, CA). The partial
cDNA clone was sequenced, and its identity was verified by comparative
analysis in the protein sequence database at the NCBI.

Total RNA Extraction and Northern-Blot Analysis

Total RNA was extracted from roots of Cd-exposed, sulfur-starved, and
control plants using Trizol (Invitrogen, Carlsbad, CA), according to the
manufacturer’s instructions. Thirty micrograms of total RNA per lane was
separated by electrophoresis at 5 V. em ™! in 1.3% (w/v) agarose gel con-
taining 6% (v/v) formaldehyde, transferred to Hybond N* nylon mem-
brane (Amersham-Pharmacia Biotech, Uppsala) by capillary blotting in 20X
SSC, and then fixed by UV cross-linking. The blot was hybridized with
32P[dCTP]-labeled HAST probe synthesized with Multiprime DNA labeling
system kit (Amersham-Pharmacia Biotech). Prehybridization and hybrid-
ization were conducted according to the nylon membrane manufacturer’s
instructions. Membrane was washed for 10 min with 2X SSC in 0.1% (w/v)
SDS at room temperature, for 10 min with 1X SSC in 0.1% (w/v) SDS at 65°C
for 20 min, and then for 10 min with 0.1X SSC in 0.1% (w/v) SDS at 65°C.
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