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The ability of Thlaspi goesingense Hálácsy to hyperaccumulate Ni
appears to be governed by its extraordinary degree of Ni tolerance.
However, the physiological basis of this tolerance mechanism is
unknown. We have investigated the role of vacuolar compartmen-
talization and chelation in this Ni tolerance. A direct comparison of
Ni contents of vacuoles from leaves of T. goesingense and from the
non-tolerant non-accumulator Thlaspi arvense L. showed that the
hyperaccumulator accumulates approximately 2-fold more Ni in
the vacuole than the non-accumulator under Ni exposure condi-
tions that were non-toxic to both species. Using x-ray absorption
spectroscopy we have been able to determine the likely identity of
the compounds involved in chelating Ni within the leaf tissues of the
hyperaccumulator and non-accumulator. This revealed that the
majority of leaf Ni in the hyperaccumulator was associated with the
cell wall, with the remaining Ni being associated with citrate and
His, which we interpret as being localized primarily in the vacuolar
and cytoplasm, respectively. This distribution of Ni was remarkably
similar to that obtained by cell fractionation, supporting the hy-
pothesis that in the hyperaccumulator, intracellular Ni is predom-
inantly localized in the vacuole as a Ni-organic acid complex.

Metal hyperaccumulator plants accumulate high concen-
trations of metals and metalloids such as Ni, Zn, and Se in
aboveground tissues. In contrast, most other plants
adapted to metal-rich soils exclude metals from the shoot
(Shrift, 1969; Baker and Brooks, 1989). The genetic traits
that determine this metal hyperaccumulation phenotype
clearly offer the potential for development of practicable
phytoremediation technologies (Chaney, 1983; Salt et al.,
1998). However, although some progress has been made,

the molecular basis underlying the hyperaccumulation
process is not well understood (Salt and Krämer, 1999).

It has been suggested that metal hyperaccumulation may
in part be determined by higher rates of metal translocation
from roots to shoots. This appears to be true for Zn hyper-
accumulation in Thlaspi caerulescens J. & C. Presl. (Lasat et
al., 1996). However, rates of Ni translocation in the Ni
hyperaccumulator Thlaspi goesingense Hálácsy and the non-
accumulator Thlaspi arvense L. are very similar (Krämer et
al., 1997). Instead, it appears that it is primarily the extraor-
dinary degree of Ni tolerance in T. goesingense that allows
this plant to accumulate Ni so effectively. Leaf protoplasts
of T. goesingense were found to be more tolerant to Ni than
those isolated from T. arvense, suggesting the existence of a
Ni tolerance mechanism operating at the cellular level in
the leaves of the hyperaccumulator (Krämer et al., 1997).
However, the basis of this Ni tolerance mechanism was not
determined.

There is some evidence that vacuolar localization may be
associated with metal detoxification in plants (Krotz et al.,
1989; Vögeli-Lange and Wagner, 1990; Brune et al., 1994,
1995). Vacuolar accumulation of Ni is essential for Ni re-
sistance in the yeast Saccharomyces cerevisiae (Ramsay and
Gadd, 1997; Nishimura et al., 1998). This vacuolar accumu-
lation of Ni is driven by the pH gradient that exists across
the vacuolar membrane of yeast (Nishimura et al., 1998).
Surprisingly, this type of pH-gradient-dependent Ni trans-
port could not be observed in roots of Ni-sensitive oat
seedlings (Gries and Wagner, 1998), and only a minor
accumulation of Ni could be detected in vacuoles isolated
from leaves of Ni-sensitive barley (Brune et al., 1995).
These results suggest that Ni-sensitive plants are not able
to efficiently compartmentalize Ni within the vacuole.
However, the compartmentalization of Ni in Ni-tolerant
plants such as the Ni hyperaccumulator T. goesingense has
not yet been investigated.

By isolating intact vacuoles from the Ni-tolerant hyper-
accumulator T. goesingense and the Ni-sensitive non-
accumulator T. arvense, we have been able to directly ad-
dress the role of vacuolar Ni storage in cellular Ni
tolerance. Using x-ray absorption spectroscopy we have
also been able to non-invasively acquire information on the
speciation of Ni in both hyper- and non-accumulator spe-
cies. With this technique the ligand environment of metals
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can be probed in frozen tissues, minimizing any prepara-
tive steps and thus avoiding artifactual changes in metal
complexation. Several research groups have recently
started to exploit the advantages of this technique by in-
vestigating the speciation of Cd (Salt et al., 1995, 1997), Ni
(Krämer et al., 1996), Zn (Salt et al., 1999), Cr (Lytle et al.,
1998), Se (De Souza et al., 1998; Orser et al., 1999; Pilon-
Smits et al. 1999), and As (Pickering et al., 2000) in plant
tissues. Based on established information on pH and the
composition of some cellular compartments in plants, it
can be predicted that different, and in some cases
compartment-specific, types of ligands will preferentially
chelate Ni. Therefore, the quantitative speciation of a metal
between a number of ligands allows a tentative estimate of
the quantitative compartmentalization of this metal. In our
experiments, the x-ray absorption spectroscopy data inde-
pendently confirm the results obtained using the more
invasive technique of tissue and cellular fractionation.

MATERIALS AND METHODS

Plant Cultivation

Seeds of Thlaspi arvense L. were obtained from the Re-
search Station, Agriculture and Agri-Food Canada (Saska-
toon, Canada). Seeds of Thlaspi goesingense Hálácsy were
collected on an ultramafic site at Redschlag, Austria
(Krämer et al., 1997). Seeds were germinated on filter paper
moistened with 2.8 mm Ca(NO3)2 for 1 week and subse-
quently transferred into hydroponic culture as described
previously (Krämer et al., 1997). Plants were cultivated in a
growth chamber with 12-h light periods, during which
plants were illuminated by a combination of fluorescent
and incandescent light at a light intensity of 20,800 lux, and
were maintained at day/night temperatures of 22°C/18°C
and day/night humidities of 40%/50%. Exposure of plants
to Ni was initiated 11 weeks and 8 weeks after germination
for T. goesingense and T. arvense, respectively, to obtain
plants of equivalent size.

Ni Exposure and Harvest

For the 1-week exposures, one specimen of T. goesingense
was transferred into 0.4 L of aerated hydroponic solution
supplemented with 10 mm NiSO4 and 20 mCi of 63NiCl2.
Plants were exposed to Ni for 7 d with one replacement of
the solution after 4 d. For the 1-d exposures, one plant of
either T. goesingense or T. arvense was transferred into 0.4 L
of aerated hydroponic solution containing 1 mm NiSO4 and
40 mCi of 63NiCl2 for 25.5 h. Approximately 2.5 g (fresh
biomass) of fully expanded leaves was harvested from the
plant with a razor blade at night. Quadruplicate samples of
small leaf sections were cut from randomly selected leaves
for Ni analysis. Small sections were pooled from several
leaves for chlorophyll determinations and enzyme assays
and frozen at 220°C until use. The remaining leaves were
used for the isolation of protoplasts and vacuoles. For x-ray
absorption spectroscopy studies, both Thlaspi species were
grown as described above. A total of eight plants were
transferred into 12 L of aerated hydroponic solution sup-

plemented with 10 mm NiSO4, and exposed to Ni for 7 d
with one replacement of the solution after 4 d. Plants were
harvested, separated into root and shoot tissues, and im-
mediately frozen in liquid nitrogen. Frozen tissue was
stored at 280°C, and then shipped frozen to the SSRL on
dry ice.

Ni Analysis

Leaf samples and quadruplicate portions of 50 mL of
protoplast suspensions and 100 mL of vacuole suspensions
were dried in a heating block at 100°C and digested for
liquid scintillation counting as described previously
(Krämer et al., 1997). The Ni content of plant samples used
for x-ray absorption spectroscopy was analyzed as follows.
Plant samples were dried at 60°C for 3 d, and then digested
at 180°C for 105 min in 5 mL of concentrated nitric acid.
Samples were cooled to room temperature, 1 mL of 30%
(w/v) hydrogen peroxide was added, the mixture was
heated at 180°C for 20 min, cooled, and deionized water
added to a final volume of 12.5 mL. Ni concentrations were
then measured using inductively coupled plasma emission
spectroscopy (ICP) (Accuris, Fisons Instruments, Beverly,
MA). Certified National Institute of Standards and Tech-
nology plant (peach leaf) standards were carried through
the digestions and analyzed as part of the quality assur-
ance/quality control protocol. Reagent blanks and spikes
were used where appropriate to ensure accuracy and pre-
cision in the analysis.

Chlorophyll Determinations

Chlorophyll concentrations in tissue extracts, proto-
plasts, and vacuole-enriched fractions were estimated ac-
cording to the method of Strain et al. (1971).

Tissue Extracts

Frozen leaf samples were ground with a pestle and mor-
tar and thawed in 50 mL of phosphate buffer (25 mm
potassium phosphate buffer, pH 7.4, and 10 mm dithio-
threitol [DTT]) per gram fresh biomass.

Enzyme Assays

Tissue extracts and protoplast and vacuole suspensions
were diluted with phosphate buffer (25 mm potassium
phosphate and 10 mm DTT) where appropriate, adjusted to
a DTT concentration of 10 mm, sonicated (four times for
30 s), and centrifuged at 4°C for 5 min at 12,000g.
a-Mannosidase activities were determined in the superna-
tant essentially as described in Vögeli-Lange and Wagner
(1990) after pre-incubation in the absence of substrate for
30 min. Acid phosphatase activities were determined using
the same protocol, a pre-incubation time of 15 min,
p-nitrophenylphosphate as a substrate, and an incubation
time of 15 min. Under the assay conditions, the extinction
coefficient for the product p-nitrophenol was determined to
be e 5 18.19 mm21 cm21 (data not shown).
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NADH-dependent malate dehydrogenase activity was
determined in protoplast and vacuole suspensions contain-
ing 10 mm DTT after sonication as described above and
centrifugation at 4°C and 16,000g for 5 min. Fifty microli-
ters of supernatant was added to 1.45 mL of a solution
containing 90 mm potassium phosphate, pH 7.4, 0.2 mm
oxaloacetic acid, and 0.26 mm NADH. The decrease in A340

was followed for 2 min (Vögeli-Lange and Wagner, 1990).
Cytochrome c oxidase activities were determined in pro-

toplast and vacuole suspensions in the absence of DTT
after sonication as described above and centrifugation at
1,000g for 5 min according to the method of Storrie and
Madden (1990). Samples heated to 100°C for 5 min were
used as blanks in all enzyme assays. All enzyme assays
were carried out in triplicate.

Isolation of Protoplasts

After harvest leaves were immediately floated on 10 mL
of autoclaved washing buffer containing 500 mm mannitol,
2 mm potassium phosphate, pH 6.0, 1 mm CaCl2, 0.25 mm
Ni(NO3)2, and 0.5 mm MgCl2 in a Petri dish. The abaxial
epidermis was stripped from leaves of T. goesingense, and
all leaves were feathered by applying parallel cuts from the
midrib to the edges of the leaves at approximately 1-mm
distance. For digestion, leaves were placed with the abaxial
side down in Petri dishes (1 g of leaf material per dish)
containing 10 mL of washing buffer supplemented with
0.05% (w/v) bovine serum albumin, 0.5 mm DTT, 2% (w/v)
Cellulysin (Calbiochem, San Diego), and 0.05% (w/v) pec-
tolyase Y-23 (Seishin Pharmaceutical, Tokyo). Digestion of
cell walls was carried out for 8 h in the light (1,600 lux) at
25°C with gentle shaking at 30 rpm. Ten milliliters of digest
were filtered through a 114-mm nylon mesh and rinsed
twice with 5 mL of washing buffer. For protoplast purifi-
cation approximately 3.5 mL of filtrate was layered onto 1.5
mL of washing buffer containing 20% (w/v) Ficoll (type
400, Sigma Chemical Co., St. Louis) in a glass centrifuge
tube. The gradient was centrifuged in a swinging bucket
rotor at approximately 6g for 20 min. The protoplasts were
collected from the interface with a pasteur pipette and
mixed gently with 2 mL of washing buffer containing 20%
(w/v) Ficoll (type 400), and the suspension was overlaid
first with 1.5 mL of washing buffer containing 14% (w/v)
Ficoll (type 400) and subsequently with 1.25 mL of washing

buffer. The gradient was centrifuged at 6g for 35 min.
Protoplasts were collected at the 0%/14% Ficoll interface,
suspended gently in 15 mL of washing buffer and centri-
fuged at 6g for 15 min. The supernatant was then removed,
and protoplasts were suspended in washing buffer to ob-
tain a protoplast suspension of 1 3 106 to 1.5 3 106 proto-
plasts per milliliter, as determined by quadruplicate count-
ing of aliquots on a hemacytometer. Aliquots of this
suspension were used for the preparation of vacuoles and
for the quantification of Ni and chlorophyll, and stored at
220°C for the determination of marker enzyme activities.

Chlorophyll content and marker enzyme activities in
whole leaf extracts and in the suspension of purified pro-
toplasts are given in Table I. To determine the proportion
of whole leaf Ni or enzyme activity localized in the proto-
plasts, concentrations and enzyme activities were normal-
ized to the concentration of chlorophyll in the respective
fraction. Since all of the chlorophyll is localized in the leaf
symplasm, determination of leaf and protoplast chloro-
phyll can be used to determine the number of cells per unit
fresh biomass. If the ratio of an enzymatic activity to chlo-
rophyll concentration was the same in leaf extract and
protoplast suspension, localization of this activity would
be concluded to be 100% symplasmic.

The marker enzymes used were cytochrome c oxidase
activity (predominantly mitochondrial) and NADH-
dependent malate dehydrogenase activity (predominantly
cytoplasmic; Wagner, 1987). Activities of the hydrolytic
enzymes acid phosphatase and a-mannosidase were also
determined in whole leaves, protoplasts, and vacuole-
enriched fractions (data not presented). In T. goesingense,
about 60% of both the total acid phosphatase and
a-mannosidase activity were concluded to be localized in
the apoplast, using chlorophyll content as a reference (data
not shown). In T. arvense, about 20% of the acid phospha-
tase and about 50% of the a-mannosidase activity were
localized in the apoplast (data not shown).

Isolation of Vacuoles

To achieve the release of intact vacuoles, a protocol was
used in which protoplasts were subjected to a gentle os-
motic shock in combination with a pH increase in the
medium and low concentrations of a mild detergent (Wag-
ner and Siegelman, 1975). The isolation of vacuoles was

Table I. Chlorophyll content and enzyme activities in leaf extracts and protoplast suspensions from plants exposed to 1 mM Ni for 1 d
Values are means calculated from the results of three independent experiments. The proportions of enzymatic activities localized in the

protoplasts were calculated by normalizing enzyme activities to the chlorophyll concentration in the respective fraction. n.d., Not determined.

Plant

Chlorophyll Enzymatic Activity

Whole
Leaf

Protoplast Cytochrome c Oxidase NADH-MDHa

mg g21 mg per 106

protoplasts
mmol

min21 g21
mmol

min21 per 106

protoplasts

% of leaf
total

mmol
min21 g21

mmol min21

per 106

protoplasts

% of leaf
total

T. goesingense 1.66 62.5 n.d. 0.016 – 144.2 6.7 123
T. arvense 1.21b 49.8 n.d. 0.045 – 95.6 4.2 106

a MDH, Malate dehydrogenase. b Given value is the average from two experiments.
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carried out according to a modified protocol based on
Vögeli-Lange and Wagner (1990). All steps were carried
out on ice or at 4°C. For gentle lysis of protoplasts, 1.5 mL
of protoplast suspension was added to 6 mL of ice-cold
lysis medium containing 344 mm mannitol, 0.75 mm 3-
[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic
acid (CHAPS) (Sigma Chemical Co.), 25 mm 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES)-Tris, pH
8.0, and 1.25 mm EGTA. The suspension was gently stirred
with a toothpick for 10 min. Aliquots of 1.25 mL of the
lysed protoplast suspension were dispensed into 15-mL
disposable glass centrifuge tubes and mixed gently with 2.1
mL of a solution containing 500 mm mannitol, 1 mm EGTA,
0.5 mm CHAPS, 20 mm HEPES-T, pH 8.0, and 20% (w/v)
Ficoll (type 400). Ten microliters of a 0.3% (w/v) solution of
neutral red in water was added to one of the tubes to
monitor the position of the vacuoles in the density gradi-
ent. The mixture was carefully overlaid first with 1.25 mL
of a solution containing 475 mm mannitol, 0.2 mm CHAPS,
20 mm HEPES-Tris, pH 8.0, and 10% (w/v) Ficoll (type
400), and then with 1.25 mL of a solution containing 475
mm mannitol, 0.2 mm CHAPS, and 20 mm HEPES-Tris. The
gradient was centrifuged for 30 min at 650g.

Vacuoles were collected at the 0%/10% Ficoll interface
and quadruplicate aliquots counted immediately using a
hemacytometer after addition of neutral red. Aliquots of
this vacuole suspension were immediately sampled for the
quantification of 63Ni and chlorophyll or stored at 220°C
for the determination of marker enzyme activities. Aliquots
were taken from all phases of the gradient and analyzed for
Ni and a-mannosidase activities. There was no significant
difference in either Ni concentration (averaging 6% of Ni in
vacuole-enriched fraction) or a-mannosidase activity (av-
eraging 10% of the activity in vacuole-enriched fraction)
between the 0% Ficoll phases of gradients for T. arvense and
T. goesingense (P 5 0.39 and 0.74, respectively). This sug-
gests that any difference in vacuolar Ni concentrations
between the two species was not due to differential leakage
of vacuolar contents.

The yield of intact vacuoles was determined by staining
with neutral red to improve visibility and quadruplicate
visual counting of structures under the light microscope
using a hemacytometer. The red color of the vacuoles after
neutral red staining indicated that they were able to main-

tain a low inside pH at a pH of 8.0 in the medium, sug-
gesting that the vacuolar membranes were sealed against
net proton leakage. The total number of protoplasts lysed
and vacuoles recovered were calculated by taking into
account the volume of protoplast suspension lysed and the
volume of vacuole suspension recovered, respectively.
Based on these values, vacuolar yield and contamination
were determined as shown in Table II, assuming that one
vacuole was released per protoplast. Vacuole yield can also
be quantified by determining the activities of marker
enzymes whose subcellular localization is supposed to be
limited to the vacuole, i.e. acid phosphatase and a-mannosi-
dase (Vögeli-Lange and Wagner, 1990). This method of vac-
uole quantification proved inappropriate, because in T.
goesingense it resulted in nominal vacuole yields of 36% to
40% based on enzyme activity, indicating an inhibition of the
hydrolytic enzymes in the protoplast fraction, possibly by a
cytoplasmic compound. This was not observed in T. arvense.

X-Ray Absorption Spectroscopy

Samples for x-ray absorption spectroscopy were
mounted in 1-mm pathlength lucite sample holders with
mylar windows. To minimize breakdown and mixing of
cellular components within the plant material, care was
taken to keep the tissue frozen at all times prior to mea-
surement. To this end, frozen plant tissues were carefully
ground under liquid nitrogen and compacted into liquid-
nitrogen-cooled cells. Aqueous models were diluted by
30% to 50% (v/v) with glycerol (to avoid ice crystal forma-
tion) before being pipetted into holders and rapidly frozen
in liquid nitrogen. During data collection, samples were
held at a temperature of approximately 15 K using a flow-
ing liquid helium cryostat.

X-ray absorption spectroscopy was carried out on beam-
line 7-3 of the SSRL using a Si(220) double crystal mono-
chromator, 1-mm upstream vertical aperture, and no focus-
ing optics. Incident intensity was measured using a
nitrogen-filled ion chamber, and the absorption spectrum
was collected in fluorescence mode using a 13-element
germanium detector by monitoring the Ni Ka fluorescence
line at 7,472 eV. Spectra were energy calibrated with re-
spect to a spectrum of Ni foil, collected simultaneously
with the spectrum of each sample, the first energy-
inflection of which is assumed to be 8,333 eV.

Table II. Vacuolar yield and purity of vacuole-enriched fraction
No. of vacuoles, chlorophyll content, and marker enzyme activities were determined in the vacuole-

enriched fraction, and these values are expressed as a percentage of the respective values measured in
the total volume of protoplast suspension lysed to obtain the vacuoles. Values are means of all
experiments 6 SE.

Plant
No. of Counted

Vacuoles
Chlorophyll

Content
NADH-MDHa Cytochrome c

Oxidase Activity

% of lysed protolasts

T. goesingense 22.2 6 1.5 1.2 6 0.1 2.0 6 0.4 7.8 6 4.3
T. arvense 22.1 6 4.3 0.9 6 0.5 2.2 6 0.3 7.7 6 6.0
a MDH, Malate dehydrogenase.
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X-ray absorption spectroscopy data reduction was car-
ried out using the EXAFSPAK suite of programs (George,
1998) according to standard methods (Koningsberger and
Prins, 1988). Quantitative edge fitting analysis was per-
formed using the program DATFIT (George et al., 1991), in
which the near-edge spectrum of the plant material is fit
using a least-squares algorithm to obtain a linear combina-
tion of edge spectra from a library of Ni model compounds.
The fractional contribution of each model spectrum to the
fit is then directly proportional to the percentage of Ni
chelated by the respective compound in the plant material.

RESULTS

To investigate the subcellular localization of Ni in leaves
of T. goesingense and T. arvense, we used two complemen-
tary experimental approaches. The first approach was to
obtain intact vacuoles through gentle lysis of leaf proto-
plasts isolated from plants exposed to radiolabeled Ni. Ni
was quantified by liquid scintillation counting in whole
leaf, protoplast, and vacuole-enriched fractions and nor-
malized to suitable markers to calculate the subcellular
distribution of Ni. The second approach was the use of
x-ray absorption spectroscopy to analyze the ligand envi-
ronment of Ni. This technique is attractive because frac-
tionation or extraction of the plant tissue is unnecessary,
minimizing the risk of artifactual changes in the chelation
of Ni. Based on standard compounds—Ni bound to cell
wall material, a vacuolar type of ligand, or three cytoplas-
mic ligand types including a sulfur-containing ligand—the
localization of Ni was modeled mathematically by obtain-
ing the best fit of the measured spectra out of all possible
combinations of standard spectra. A similar procedure was
recently used to quantify As, Cd, Se, and Zn ligands in
Astragalus bisulcatus, Brassica juncea, and Thlaspi caerulescens
(Salt et al., 1995, 1997, 1999; Orser et al., 1999; Pickering et
al., 1999; Pickering et al., 2000).

Quantification of Ni in Whole Leaf Tissue,
Protoplasts, and Vacuoles

After exposure to Ni, leaves were harvested and cell
walls digested enzymatically to obtain protoplasts, which
were subsequently purified by centrifugation in a density
gradient. Intact protoplasts were sampled and quantified
by visual counting under the microscope. Marker enzyme
activities and chlorophyll contents were determined in leaf
extracts and leaf protoplast solutions (Table I). To obtain
vacuoles, protoplasts were gently lysed by exposure to a
combination of moderate osmotic stress, an increase in pH,
and a mild detergent for 10 min (Wagner and Siegelmann,
1975). This and all subsequent steps were carried out at 4°C
to minimize any carrier-mediated efflux from vacuoles.
After lysis, the osmotic potential of the medium was in-
creased to stabilize the vacuoles, and vacuoles were puri-
fied by centrifugation in a density gradient optimized for
purity and recovery of intact vacuoles. Recovery of vacu-
oles was approximately 22% (Table II). Contamination of
the vacuole-enriched fraction with NADH-dependent
malate dehydrogenase activity and chlorophyll was low.
However, there was highly variable contamination with
cytochrome c oxidase activity (between 0.6% and 20%)
averaging between 8% and 10%, suggesting the presence of
mitochondrial membranes in the vacuole-enriched fraction.
The extent of this contamination showed no correlation
with the amounts of Ni detected in the vacuolar fraction,
suggesting that the contaminating mitochondrial mem-
branes did not introduce significant amounts of Ni into the
vacuole-enriched fraction.

Total leaf, protoplast, and vacuolar Ni showed consider-
able variability between replicate experiments (Table III).
The percentage of protoplast Ni localized in the vacuole-
enriched fractions and the percentage of leaf Ni localized in
the protoplast-enriched fractions were calculated sepa-
rately for each of the three replicate experiments performed
for one exposure regime/species combination and then

Table III. Nickel content in leaf tissue, leaf protoplasts, and leaf vacuoles of T. goesingense and T. arvense
Values are means of three experiments 6 SD.

Leaf Ni Protoplast Ni Vacuolar Ni

nmol g21 fresh biomass nmol per 106 protoplasts nmol per 106 vacuoles % total protoplast Nia

T. goesingense
1 week of Ni exposure 613 6 337 8.6 6 4.1 6.0 6 2.4 74.7 6 18.4
(10 mM Ni)
1 d of Ni exposure 15.6 6 5.6 0.23 6 0.05b 0.11 6 0.01b 52.7 6 8.7c

(1 mM Ni)
T. arvense

1 d of Ni exposure 18.6 6 11.1 0.24 6 0.17 0.05 6 0.01 25.4 6 12.4c

(1 mM Ni)
a Because total leaf and protoplast Ni showed considerable variability between replicate experiments and thus individual plants (see “Material

and Methods”) the percentage of Ni localized in the vacuole-enriched fraction in each independent replicate experiment (n 5 3) was calculated
and used to derive a mean 6 SD for the exposure regime or species, respectively. b Values represent mean 6 SD of two independent
experiments; the third experiment was not included in the mean as it represented a clear outlier (leaf, and thus protoplast and vacuolar Ni
concentration were found to be unusually low; Krämer et al., 1997). However, the percentage localization of Ni between the protoplast and
vacuole was similar in all three experiments and therefore all the percentage data was included in the mean and used in the t-test (see footnotes
a and c). c Values significantly different (t test, P , 0.05).
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averaged (Table III; Fig. 1A), resulting in a much lower
variability between replicate experiments. This suggests
that between replicate experiments—and thus between in-
dividual plants analyzed—there was considerable variabil-
ity in leaf Ni concentration, but much less variability in the
relative distribution of the metal in the leaf between vacu-
ole, cytoplasm, and apoplast. After 1 week of exposure of
T. goesingense to 10 mm Ni, 74.7% 6 18.4% of the Ni asso-
ciated with the protoplast fraction was recovered in the
vacuole-enriched fraction (calculated from primary data as
summarized in Table III), indicating that the leaf vacuole is
the major compartment for the intracellular detoxification
of Ni in the hyperaccumulator. At the whole-leaf level, a
high proportion of total leaf Ni was found to be localized in
the apoplast (73.0% 6 3.0% or 447 nmol g21 fresh biomass;
Fig. 1A). Only about one-fifth of the total leaf Ni was found
to be localized in the vacuole (19.8% 6 2.2% or 121 nmol

g21 fresh biomass), with only a small fraction localized
intracellularly outside the vacuole (7.2% 6 3.0% or 44 nmol
g21 fresh biomass; Fig. 1A).

A second experiment was performed to compare Ni lo-
calization in the Ni-tolerant hyperaccumulator T. goesingense
and the non-tolerant non-accumulator T. arvense. Because T.
arvense is considerably less tolerant to Ni than T. goesingense,
we used only 1 mm Ni in the hydroponic medium, and an
exposure period of 1 d. Under these conditions, no reduction
in evapotranspiration, a common symptom of Ni toxicity,
was observed in the non-tolerant T. arvense (Krämer et al.,
1997). In this experiment, 52.7% 6 8.7% of the protoplast Ni
was localized in the vacuoles of the hyperaccumulator,
whereas a significantly smaller proportion, 25.4% 6 12.4% of
the protoplast Ni was vacuolar in the non-accumulator T.
arvense (P , 0.05; three experiments for each species; calcu-
lated from primary data as summarized in Table III).

Figure 1. Subcellular localization and speciation of Ni in leaves of hyper- and non-accumulator Thlaspi species as a
percentage of total leaf Ni. Plants were exposed to 10 mM Ni in a hydroponic solution for 7 d. Leaf samples were collected
and used for protoplast and vacuole isolation (A) or analyzed for Ni speciation using x-ray absorption (B). A, Subcellular
localization of Ni in T. goesingense as determined by cell fractionation. For each independent replicate experiment, leaf Ni
concentrations (as nmol g21 fresh biomass) and protoplast Ni concentrations (as Ni per 106 structures; primary data as
summarized in Table III) were normalized to chlorophyll contents. Ni in the protoplast fractions was calculated as a
percentage of total leaf Ni, and the remainder of leaf Ni was concluded to be localized in the apoplast. Ni contents of the
vacuolar fractions of the protoplasts were calculated based on the assumption that one vacuole was released per protoplast,
and are expressed as a percentage of total leaf Ni. The remainder of the protoplast Ni was concluded to be localized in the
cytoplasm. Values are averages of percentages calculated individually for three independent replicate experiments 6 SD. B,
Major Ni species present in T. goesingense as determined by x-ray absorption spectroscopy. Values represent the percentage
of total leaf Ni associated with each ligand 6 95% confidence limit. Total leaf Ni was 501 nmol g21 fresh biomass. C, Major
Ni species present in T. arvense as determined by x-ray absorption spectroscopy. Values represent the percentage of total
leaf Ni associated with each ligand 6 95% confidence limit. Total leaf Ni was 310 nmol g21 fresh biomass. X-ray absorption
data were collected from a single representative plant sample for each species and each x-ray spectrum used for the fits
represents the mean of three independent scans, each being composed of data acquired from 13 independent detectors.
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Despite the differences in vacuolar localization between
the two species, their leaves contained approximately equal
concentrations of Ni (Table III) after 1 d of exposure to 1 mm
Ni. This is in agreement with our earlier findings that in the
absence of Ni toxicity, the rate of shoot Ni accumulation is
the same in T. arvense and in T. goesingense (Krämer et al.,
1997). The amount of Ni in protoplasts was also approxi-
mately equivalent in the two species (Table III), indicating
that transport of Ni through the plasma membrane does
not occur at an elevated rate in the hyperaccumulator T.
goesingense. The proportion of Ni localized in the apoplast
was also similar in the two species (66.7% 6 2.3% and
68.9% 6 4.3%, respectively; Fig. 2). Therefore, at the whole-
leaf level the only difference between the two species was
the Ni content of the vacuoles, which was 2-fold higher in
T. goesingense (17.1% 6 3.3%) than in T. arvense (8.3% 6
2.8%; Fig. 2).

Quantitative Speciation of Ni in Whole Shoot Tissue

The near-edge x-ray absorption spectrum of Ni is sensi-
tive to the molecular environment of the Ni21 central cat-
ion, as demonstrated in Figure 3. Figure 3A compares the
spectrum of aqueous Ni21 with those of Ni in solution
chelated to citrate, His, or a sulfur ligand. In the presence
of excess His and at neutral pH, Ni is coordinated by two
His molecules through both neutral ring and amino nitro-
gens and the weakly interacting negative carboxyl oxygen
to form Ni(His)2 (Sundberg and Martin, 1974). In contrast,
citrate chelates Ni through the hydroxyl and carboxyl oxy-
gens. The resulting differences in the coordination geome-
try between the two ligands are exemplified in their x-ray
absorption near-edge spectra (Fig. 3A). For comparison, the
spectrum of the sulfur-containing compound [Ni(SPh)4]22

(Eidsness et al., 1989) is also shown; in this compound the
Ni is coordinated by four sulfur ligands and the resulting
spectrum shows substantial differences. The near-edge
spectrum is also sensitive to more subtle differences in
local coordination (Fig. 3B).

Therefore, although the spectra of Ni coordinated to Gln
or cell wall are broadly similar to those of aqueous Ni21 or
Ni-citrate, there are features in each of these spectra that
could be diagnostic in identifying these in a mixture (with-
in certain limits). In this way, the citrate spectrum has a
more pronounced feature between 8360 and 8370 eV than

do the others, and the aqueous Ni21 has a more pro-
nounced main peak with a rising edge to marginally higher
energy. The near-edge spectra of shoots of T. goesingense
and T. arvense are shown in Figure 4. It can be seen that,
whereas the major peak is more intense in T. goesingense,
the broad feature at 8360 to 8370 eV is similar for the two
species. The best fit of the spectra of T. goesingense and T.
arvense tissues (Fig. 5), using a linear combination of spec-
tra of standard compounds, provided information on the
likely identity of the endogenous Ni ligands in these tis-
sues.

After exposure to 10 mm Ni for 7 d, 68% 6 6% (695%
confidence limit) of Ni in shoots of T. goesingense was found
to be chelated by cell wall material (Fig. 1B), a smaller
proportion was found to be chelated by citrate (28% 6 7%),
and a very small fraction by His (4% 6 3%). In contrast, Ni
chelated by Gln and His constituted the major species in
shoots of the non-accumulator T. arvense (39% 6 10% and
36% 6 4%, respectively), with Ni-citrate comprising the
rest (25% 6 10%; Fig. 1C). Comparison of Figure 1, A and
B, indicates a striking similarity between the proportional
localization of Ni and its proportional speciation between
ligand types in T. goesingense. The proportions of Ni found
to be localized in the apoplast after the isolation of proto-
plasts (Fig. 1A) and the proportions found to be bound to
cell wall material were identical within the precision of the
edge fits (Fig. 1B). Thus, Ni binding by cell wall material
appeared to correspond to apoplastic Ni, indicating that
there was no significant leakage of Ni from protoplasts
during the fractionation process. Chelation by citrate and
His largely corresponded to vacuolar and extravacuolar
localization within the cell, respectively, and these values
are also identical within the margins of error of the analy-
sis. The speciation of Ni in T. arvense suggests that a major
proportion, more than 70% (Ni coordinated by Gln and
His), was localized in the cytoplasm (Fig. 1C). However,
this could not be confirmed by cell fractionation, since
exposure of T. arvense to 10 mm Ni for 1 week resulted in
severe Ni toxicity.

X-ray absorption spectroscopic studies were not per-
formed on shoot tissue isolated from plants exposed to 1
mm Ni for 1 d because of the low shoot Ni concentrations
these plants contained (Table III). We have therefore not
been able to determine the speciation of Ni in these plants.
Increases in the sensitivity of the x-ray absorption instru-

Figure 2. Subcellular localization of Ni in
leaves of hyper- and non-accumulator Thlaspi
species as a percentage of total leaf Ni. Plants
were exposed to 1 mM Ni (containing 40 mCi
63Ni per mmol Ni) in a hydroponic solution for
1 d. Leaf samples were collected and fraction-
ated into protoplasts and intact vacuoles. Ni
localization was calculated as described in Fig-
ure 1. Values were averaged from three inde-
pendent experiments 6 SD. A, Subcellular dis-
tribution of Ni in T. goesingense. B, Subcellular
distribution of Ni in T. arvense.
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mentation at the SSRL should facilitate these experiments
in the future.

DISCUSSION

Previous studies have concluded that the pronounced Ni
tolerance of T. goesingense appears to be sufficient to ex-
plain the Ni hyperaccumulation phenotype observed in
hydroponic culture (Krämer et al., 1997). At Ni concentra-
tions where this Ni tolerance mechanism was operating in
T. goesingense (10 mm Ni exposure for 7 d) about 75% of the
intracellular leaf Ni was found to be localized in the vac-
uole (Table III; Fig. 1). Using x-ray absorption spectroscopy
to analyze the speciation of Ni in leaf tissues, and following

an identical Ni exposure protocol, we found that 87% of the
Ni not bound to the cell wall was chelated by citrate (Fig.
1B). This is very similar to, and within the observed vari-
ability of, the amount of Ni found to be localized in the
vacuole. The vacuole is known to be the predominant
location for storage of organic acids such as citrate and
malate in the cell (Ryan and Walker-Simmons, 1983). It is
also known that citrate is able to effectively chelate Ni at
the acidic pH of the vacuole (Dawson et al., 1986). Our data
are therefore consistent with the hypothesis that vacuolar
storage of Ni, predominantly in the form of a Ni-organic
acid complex, plays an important role in the Ni tolerance of
the hyperaccumulator.

Approximately 25% of intracellular Ni in the leaves of T.
goesingense was found to be extravacuolar (Fig. 1A). X-ray
absorption spectroscopy (Fig. 1B) indicated that a small but
significant fraction of the total Ni present is bound to His,
equivalent to up to 25% of the intracellular Ni. The data
provide evidence that free His, or some other His-like
ligand may be involved in shuttling Ni across the cyto-
plasm for loading into the vacuole in a manner similar to
that proposed for Ni loading into the xylem in Ni-
hyperaccumulating Alyssum species (Krämer et al., 1996).
Due to the high stability constant of the Ni-His complex
and the protonation constants of His, this amino acid is an
ideal chelator of Ni at the pH values commonly found in
the cytoplasm (pH approximately 7.5). However, at the low
pH values of the vacuole (pH approximately 5.5) the imi-
dazole nitrogen of His becomes protonated. This results in
a decrease of the apparent stability constant of the Ni-His
complex, favoring the coordination of Ni by organic acids
including citrate. Ni coordination by sulfur ligands was not
observed in any of the x-ray absorption spectra, confirming
that phytochelatins are not involved in Ni binding in either
the hyper- or non-accumulator species of Thlaspi studied.

If, as we propose, the non-accumulator T. arvense has
only a limited capacity for vacuolar storage of Ni, we might

Figure 4. Ni K-edge x-ray absorption near-edge spectra of shoots of
T. goesingense (solid line) and T. arvense (broken line). Plants were
grown hydroponically and exposed to 10 mM Ni for 7 d before
harvest.

Figure 3. X-ray absorption near-edge spectra of selected aqueous Ni
species recorded at the Ni K-edge. The order of spectra plotted at the
edge, from top to bottom, is as follows: A, Aqueous Ni21 (6.66 mM

Ni[NO3]2, pH 7.0), Ni-citrate (6.66 mM Ni[NO3]2 and 70 mM citrate,
pH 8.0), Ni-His (6.66 mM Ni[NO3]2 and 80 mM His, pH 7.0), and
(Ni[SPh]4

22; Eidsness et al., 1989). B, Aqueous Ni21 (6.66 mM

Ni[NO3]2, pH 7.0), isolated T. goesingense shoot cell wall material
(Lasat et al., 1996), Ni-citrate (6.66 mM Ni[NO3]2 and 70 mM citrate,
pH 8.0), and Ni-Gln (1 mM Ni[NO3]2 and 4 mM Gln, pH 7.3).
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expect Ni to accumulate in the cytoplasm of this species. In
the neutral pH environment of the cytoplasm, we would
expect Ni to bind to ligands containing nitrogen, oxygen,
and sulfur, such as His, Gln, and Cys moieties in proteins,
free amino acids, glutathione, and various nucleotides
(Dawson et al., 1986). A high degree of non-specific bind-
ing of Ni to these important biomolecules in the cell would
lead to toxicity and cell death. Indeed, after exposure of the
non-accumulator T. arvense to toxic concentrations of Ni (10
mm Ni exposure for 7 d), 36% of the accumulated Ni was
chelated to His-like ligands (Fig. 1C), substantially more
than in T. goesingense under the same conditions (Fig. 1B).
A significant proportion of Ni was also observed to be
chelated with Gln-type ligands, a Ni complex not observed
in the hyperaccumulator T. goesingense. These ligands only
effectively coordinate Ni at the near-neutral pH of the
cytoplasm (Dawson et al., 1986), a fact we confirmed using
x-ray absorption spectroscopy (data not shown). Thus, the
presence of these Ni complexes in the non-accumulator T.
arvense supports the hypothesis that Ni accumulates in the
cytoplasm of the non-accumulator, thereby poisoning sen-
sitive cellular processes and ultimately causing cell death.

A similar conclusion was also drawn for barley exposed
to Ni (Brune et al., 1995). After 1 d, cytoplasmic Ni is
already higher in T. arvense than in T. goesingense (Fig. 2).
Therefore, it is possible that the speciation of Ni observed
in T. arvense after 7 d is a consequence of cellular damage,
possibly pH increases in the vacuole or in the apoplast,
which could favor Ni binding by Gln or Gln-type ligands,
or even cell lysis. The hyperaccumulator T. goesingense is
apparently able to avoid this by continuously and effi-
ciently storing Ni in the vacuole, where the metal ion
appears to be coordinated mainly with citrate (Fig. 1, A and
B). Vacuolar metal accumulation has also been observed in
the Zn hyperaccumulator T. caerulescens using electron mi-
croscopy and x-ray microanalysis (Vazquez et al., 1992,
1994). In this hyperaccumulator, shoot Zn has been shown
to be present mainly as the hydrated cation, and is coordi-
nated to citrate and oxalate (Salt et al., 1999).

By directly comparing the Ni contents of vacuoles from
the hyperaccumulator T. goesingense and the non-
accumulator T. arvense, we have been able to confirm that
T. goesingense can more efficiently compartmentalize Ni in
the vacuole (Table III; Fig. 2). At low concentrations of Ni,
conditions under which leaf and protoplast Ni concentra-
tions were equivalent in both species and T. arvense was not
suffering any Ni toxicity, vacuoles of T. goesingense con-
tained twice as much Ni as vacuoles of T. arvense (Table III).
Similarly, in T. goesingense vacuolar Ni was about twice as
high as in T. arvense when expressed as a proportion of
total leaf Ni (Fig. 2). This suggests that the higher amounts
of Ni in the vacuoles of T. goesingense were not merely a
consequence of a larger vacuolar and thus cellular volume.
These results support the contention that differences be-
tween the vacuolar Ni concentrations of the two species
were due to the presence of a more efficient vacuolar
sequestration mechanism for Ni in the hyperaccumulator.

An alternative explanation for the observed difference in
vacuolar Ni contents between T. goesingense and T. arvense
could be that vacuoles from the two Thlaspi species lost Ni

at different rates during the isolation process. However,
several lines of evidence mitigate this suggestion. The den-
sities of the purification gradient were designed to cause
the vacuoles to migrate up through the gradient and collect
at the 0%/10% Ficoll interface. Unaided, soluble Ni and
a-mannosidase were unable to migrate in this way (diffu-
sion would be insignificant under these conditions). There-
fore, the Ni and a-mannosidase activity measured in the
upper 0% Ficoll phase most likely represented material that
had leaked from vacuoles collected at the 0%/10% Ficoll
interface. The upper phase (0% Ficoll) of the vacuolar pu-
rification gradient was found to contain only 6% to 10% of
the concentration of Ni and a-mannosidase activity found
in the vacuolar-enriched fraction. However, in this upper
phase, no significant difference was found in either Ni

Figure 5. Results of quantitative modeling of x-ray absorption near-
edge spectra obtained from shoots of T. goesingense and T. arvense.
The spectrum of a mixture of Ni complexes is the sum of the spectra
of all constituent complex species scaled by their relative propor-
tional contribution to overall Ni chelation. By fitting spectra of
aqueous Ni, Ni coordinated with His (6.66 mM Ni[NO3]2, 80 mM

His, and 30% [v/v] glycerol, pH 7.0), citrate (6.66 mM Ni[NO3]2, 70
mM citrate, and 30% [v/v] glycerol, pH 8.0), Gln (1 mM Ni[NO3]2, 4
mM Gln, and 30% [v/v] glycerol, pH 7.3), and isolated T. goesingense
shoot cell wall material (Lasat et al., 1996), we were able to deter-
mine the relative contribution of each compound as a ligand of Ni in
planta (Fig. 1). A, T. goesingense shoots; relative goodness of fit of
0.06 3 1023. B, T. arvense shoots; relative goodness of fit of 0.1 3
1023. The figure shows the data (points), the best fit (solid line) and
the residual (dotted line), together with the individual fractional
contributions. The goodness of fit is defined as S[(Iobsd. 2 Icalcd.)

2 ]/n,
where n is the number of points in the spectrum and Iobsd. and Icalcd

are the observed and calculated points, respectively.
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concentration or a-mannosidase activity between the two
Thlaspi species. This suggests that vacuolar leak rates are
the same in both species.

In support of this conclusion, the vacuolar Ni content of
the plants analyzed was found not to correlate with the
amount of Ni or a-mannosidase activity observed in the
upper phase of the vacuolar purification gradient. Overall,
leakage of Ni from protoplasts during their isolation also
appeared to be low. The amount of Ni found to be associ-
ated with the cell wall using x-ray absorption spectroscopy
was very similar to that found to be associated with the
apoplast by cellular fractionation (Table III; Fig. 1). Apo-
plastic Ni was calculated by subtracting protoplast-
associated Ni from total leaf Ni. If significant amounts of
Ni had leaked from the protoplasts, then the amount of Ni
calculated to be associated with the apoplast would have
been inflated. Care was also taken to minimize carrier-
mediated efflux of Ni from vacuoles by performing lysis
and gradient centrifugation at 4°C and by increasing the
osmotic potential of the medium after lysis of the proto-
plasts. Moreover, during and after isolation, vacuoles were
found to be tightly sealed, as demonstrated by their stain-
ability with neutral red.

Since protoplast and apoplast Ni contents were similar in
the two species (Table III; Fig. 2), Ni exclusion from cells or
localization in the apoplast appears to be of little impor-
tance for Ni tolerance in the hyperaccumulator species. The
absolute amount of Ni localized intracellularly outside the
vacuole was found to be about one order of magnitude
higher in T. goesingense exposed to Ni for 1 week than in the
plants exposed for 1 d (Table III; Figs. 1A and 2A). It is
therefore possible that, in addition to efficient Ni transport
into the vacuole, an as-yet-unidentified cytoplasmic chela-
tor, possibly His, or accumulation in an organelle other
than the vacuole, may also contribute to Ni tolerance.

A large proportion of total leaf Ni, between 67% and
73%, was found to be localized in the apoplast or bound to
cell wall material (Figs. 1 and 2). This extracellular Ni
might represent the occupation of binding sites available in
the apoplast or even the replacement of extracellularly
bound calcium. Dead cell wall material prepared from T.
goesingense was found to contain 6,100 nmol g21 dry bio-
mass Ni after incubation in 10 mm Ni for 24 h, suggesting a
very high cation binding capacity of this cell wall material
(D.E. Salt, unpublished data). Equal amounts of Ni appear
to be localized in the apoplast of the hyperaccumulator and
non-accumulator under conditions of low-level Ni expo-
sure (Fig. 2). Since the capacity of the cell wall for cation
binding is high, the occupation of extracellular binding
sites might continue for several days until saturation is
reached. Under Ni exposure conditions that are toxic to the
non-accumulator (Fig. 1C), the hyperaccumulator appears
to have a higher capacity to bind Ni to the cell wall (Fig. 1B)
compared with the non-accumulator (Fig. 1, B and C). This
may reflect the presence of more cell wall material in the
hyperaccumulator or a specific modification of the cell wall
matrix to allow increased Ni binding. Alternatively, Ni-
induced cellular toxicity in the non-accumulator T. arvense
may reduce the Ni-binding capacity of the apoplast via a

decrease in the apoplastic pH or leakage of competing
cations from the cells.

Our data suggest that the ability of the hyperaccumula-
tor T. goesingense to efficiently store Ni in vacuoles plays a
key role in the previously observed Ni tolerance of leaf
protoplasts (Krämer et al., 1997). A Ni storage mechanism
efficient enough to prevent metal toxicity appears to be
lacking in the Ni-sensitive non-accumulator T. arvense.
Since Ni tolerance appears sufficient to explain the Ni
hyperaccumulation phenotype observed in hydroponically
cultured T. goesingense (Krämer et al., 1997), we can con-
clude that vacuolar compartmentalization of Ni in T.
goesingense plays a major role in the cellular basis of Ni
hyperaccumulation in this species. Our future research
efforts will address the molecular mechanisms involved in
this enhanced vacuolar compartmentalization of Ni in T.
goesingense.
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