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ABSTRACT
The mechanism of nickel uptake into vacuoles isolated from leaf tissue of
Alyssum lesbiacum was investigated to help understand the ability of this
species to hyperaccumulate Ni. An imaging system was designed to monitor
Ni uptake by single vacuoles using the metal-sensitive fluorescent dye, Newport Green. Nickel uptake into isolated vacuoles from leaf tissue of A. lesbiacum was enhanced by the presence of Mg ⁄ ATP, presumably via
energisation of the vacuolar H+-ATPase (V-ATPase). This ATP-stimulated
Ni uptake was abolished by bafilomycin (a diagnostic inhibitor of the V-ATPase) and by dissipation of the transmembrane pH difference with an
uncoupler. These observations are consistent with Ni2+ ⁄ nH+ antiport activity at the tonoplast driven by a proton electrochemical gradient established
by the V-ATPase, which would provide a mechanism for secondary active
transport of Ni2+ into the vacuole. This study provides insights into the
molecular basis of Ni tolerance in Alyssum, and may aid in the identification
of genes involved in Ni hyperaccumulation.

INTRODUCTION
Nickel hyperaccumulators form a group of taxonomically
diverse plants that are defined by their remarkable ability to accumulate Ni to concentrations in excess of 0.1%
shoot dry biomass (Baker & Brooks 1989; Reeves &
Baker 2000). The genus Alyssum accounts for 48 of the
318 known Ni hyperaccumulator species, and includes
Alyssum lesbiacum which is capable of accumulating Ni
to over 3% shoot dry biomass (Baker et al. 2000; Reeves
& Baker 2000). Ni accumulates predominantly in the
aerial tissues of hyperaccumulators, although there is
currently no consensus on the principal site of Ni storage in hyperaccumulators (Smart et al. 2007). At the tissue level, studies employing techniques such as X-ray
microanalysis and high-resolution ion mass spectrometry
have indicated that shoot epidermal cells are a major
site of Ni deposition in hyperaccumulator plants, including several Alyssum species, Cleome heratensis, Hybanthus
floribundus and Senecio coronatus (Mesjasz-Przybyłowicz
et al. 1994; Küpper et al. 2001; Bidwell et al. 2004; Marquès et al. 2004; Asemaneh et al. 2006; de la Fuente
et al. 2007). At the cellular level, there is also debate as
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to the respective roles played by the vacuole and apoplast in Ni sequestration. Whereas Krämer et al. (2000)
estimated that approximately 70% of Ni in Thlaspi goesingense was associated with the apoplast, Küpper et al.
(2001) reported that the majority of Ni was localised in
the vacuoles in leaf tissue of A. lesbiacum and T. goesingense. This apparent discrepancy may be due in part to
the different methods used to study Ni localisation
(Smart et al. 2007).
The vacuole is the largest subcellular compartment,
occupying 70–80% of the total volume of mature parenchymatous plant cells, and plays an important role in
the storage of inorganic ions (Martinoia et al. 2007). It
is rich in carboxylic acids, such as citric and malic
acid, which may serve to chelate Ni with moderately
high affinity (Saito et al. 2005; Smart et al. 2007). Furthermore, vacuolar storage of Ni has been implicated in
Ni detoxification in yeast (Joho et al. 1992; Nishimura
et al. 1998). If the vacuole is a site of Ni sequestration
in hyperaccumulators, some form of active transport
will be required at the tonoplast membrane to move
Ni into the vacuole against its electrochemical gradient. The two possible mechanisms are primary active
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transport, driven directly by the hydrolysis of ATP, or
secondary active transport (i.e. Ni ⁄ proton antiport), in
which ion movement would be coupled to the proton
gradient generated by the vacuolar H+ ATPase (V-ATPase)
and
vacuolar
inorganic
pyrophosphatase
(V-PPase). Proton gradient-dependent Ni uptake at
the tonoplast has previously been demonstrated in
vacuolar membrane vesicles from yeast by the generation of an artificial proton gradient: collapse of the pH
difference across the membrane, but not of the electrical potential difference, was found to abolish the
uptake of Ni (Nishimura et al. 1998).
In this study, we developed a novel imaging method
using a metal-sensitive fluorescent dye to investigate the
mechanism of Ni uptake into vacuoles isolated from leaf
tissue of the hyperaccumulator species, Alyssum lesbiacum. Ni uptake into the vacuole was measured as the
change in fluorescence signal from isolated vacuoles
loaded with the Ni-sensitive dye, Newport Green. Ni
uptake was stimulated by Mg ⁄ ATP and was sensitive to
known inhibitors of the V-ATPase and to abolition of
the transmembrane proton gradient. Our results are
consistent with the presence of an Ni2+ ⁄ H+ antiport system at the tonoplast of A. lesbiacum that can drive vacuolar accumulation of Ni via a secondary active
transport mechanism.
MATERIALS AND METHODS
Plant material and culture

Seeds of Alyssum lesbiacum (Candargy) Rech. f. (kindly
provided by Prof. A. J. M. Baker) were germinated on
moistened sand for 7 days, before being transferred to
1.2-l culture vessels and supplied with 1 l of modified 0.1
strength Hoagland solution, as previously described (Ingle
et al. 2005b).
Fluorescent dyes

Newport Green DCF fluorescent dyes (dipotassium salt
and diacetate), which incorporate di-(2-picolyl)amine
chelator, were obtained from Molecular Probes (Invitrogen Ltd, Paisley, UK). Emission and excitation spectra of
the dyes were characterised using a Perkin Elmer Luminescence Spectrometer (LS 50B) at 25 C, with excitation
and emission slit widths set at 2.5 nm. The maximum relative fluorescence yield for Newport Green DCF in the
presence of various divalent cations at 100 lm is in the
order: Ni2+ > Co2+ > Zn2+ > Cd2+ > Fe2+ (Haugland
2002); the dye is insensitive to millimolar concentrations
of Mg2+(Dineley et al. 2002).
Protoplast isolation

Two grams of fresh leaf tissue were sliced into small
pieces (approximately 1 mm3), transferred to 50 ml of
Wash Medium I (700 mm mannitol, 25 mm MES pH

5.7, KOH) and left for 15 min with occasional swirling.
The wash medium was removed by pouring through
muslin, and the pieces transferred to a Buchner filter
where 12 ml of Isolation Medium (525 mm mannitol,
100 mm KCl, 50 mm MES (pH 5.7), 5 mm MgSO4,
0.2% (w ⁄ v) polyvinylpyrrolidone-40, 1 mm DTT, 0.5%
(w ⁄ v) bovine serum albumin, 1.35% (w ⁄ v) ‘Onozuka’
Cellulase RS (Yakult Honsha Co. Ltd, Tokyo, Japan),
0.075% (w ⁄ v) Pectolyase Y-23 (Seishin Pharmaceutical
Co. Ltd, Tokyo, Japan)) were added and infiltrated
under reduced pressure. The medium and pieces were
then transferred to a flask and incubated for 70 min at
room temperature. The extract was then centrifuged at
42 · g for 5 min at 4 C. The pellet was resuspended in
2 ml of loading buffer (700 mm mannitol, 25 mm MOPS
(pH 7.5), 1 mm MgSO4).
Dye loading

After resuspension of the pellet in loading buffer, the
solution was shaken gently to encourage the cell plasmalemma to rupture. This mechanical disturbance was
found to be sufficient to release isolated vacuoles. As
treatments, 1 mm Mg ⁄ ATP, 200 nm bafilomycin A1 or
2.5 mm ammonium sulphate were supplied to the samples immediately prior to dye loading. Dye loading was
not affected by any of these treatments (data not shown).
Newport Green DCF diacetate was added to a final concentration of 30 lm, followed by incubation for 1 h at
room temperature to allow dye uptake and de-esterification.
Estimation of nickel uptake

After dye loading, 40 ll of the loading solution were
transferred to a microscope sample chamber, which consisted of a 5-mm piece of the wide terminal end of a
200-ll pipette tip secured with Dow Corning 355
medical adhesive (Dow Corning Europe Inc., Brussels,
Belgium) to a 22 mm · 40 mm coverslip. NiSO4 was
added to a final concentration of 100 lm. The chamber
was placed on the microscope platform with a
22 mm · 22 mm coverslip covering the top of the
chamber to prevent evaporation. A period of 15 min
was allowed for the protoplasts and vacuoles to settle
under gravity after the addition of Ni. During this time,
the sample was illuminated with low-intensity white
light to enable a suitable vacuole to be located, i.e. one
that was spherical (suggesting that it was still viable),
loaded with dye, and approximately 30 lm in diameter,
which was mid-way in the size range of the vacuoles
(10–40 lm). The selected vacuole was illuminated at
488 nm for 1 h, during which time the fluorescence
emission at ‡520 nm from the area covered by the measurement aperture of the photometric system
(30 lm · 30 lm) was recorded. The increase in fluorescence over the time course was used as a measure of Ni
uptake by the vacuole.
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Microscope and photometric system

The system used was a modified Nikon-Diaphot
inverted epifluorescence microscope fitted with a 75-W
xenon epifluorescence lamp. Light of ‡520 nm was
allowed to pass from the sample to the microscope side
port using a 510 nm dichroic mirror and a 520 nm
long-pass emission filter. The microscope system was
encased within a dark screen to minimise stray light
interference. A standard Nikon variable aperture and
PFX shutter system were attached to the emission side
port of the fluorescence microscope. Light of ‡520 nm
was detected by a 9924a photomultiplier (Thorn-EMI,
Middlesex, UK). The photomultiplier signals were
passed on to a single-photon counter (Newcastle Photonic Systems) configured to perform one count per
second for 1 h.
Statistical analysis

All statistical tests were performed using MINITAB (version 12). The rate of increase in fluorescence intensity
was approximately linear in all experiments, therefore, to
reduce background noise, a linear regression was carried
out on all data series. The regression equation obtained
was used to calculate the fluorescence intensity of the area
covered by the aperture at the start and end of each run,
i.e. time 0 and 1 h. However, two other components also
contributed to the fluorescence signal. First, the minor
increase in signal from the medium surrounding the vacuole in the presence of Ni was measured and deducted
from the count data. Second, continued dye loading into
the vacuole over the course of the experiment also led to
an increase in fluorescence signal over time. As determined in experiments in which no Ni was added to the
loading buffer, the mean signal increase over 1 h from
single vacuoles was 8.3 ± 0.3% (n = 5), so this value was
also deducted from the count data. Percentage increase
rather than absolute increase in signal was used to correct
for differences in absolute signal intensity at the start of
the experiment.
RESULTS
Ni accumulated in Alyssum lesbiacum vacuoles
can be measured by Newport Green

To investigate whether the vacuole plays a role in Ni
storage in Alyssum lesbiacum, a comparison of the fluorescence signal from protoplasts isolated from plants
grown in solution culture in the presence of 0.3 mm Ni
and plants not supplied with added Ni was carried out.
Protoplasts from 2 g of fresh shoot tissue were isolated
and the dipotassium salt form of Newport Green was
added to a final concentration of 30 lm. The average
number of protoplasts ⁄ vacuoles in the two isolates was
calculated using a haemocytometer, and the volume
adjusted to ensure that an equal number of protoplasts
748
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were included. No significant difference in emission at
529 nm was detected between the two protoplast preparations. However, addition of Triton X-100 to a final
concentration of 0.03% (v ⁄ v) ruptured cell membranes
and resulted in a fourfold higher signal from protoplasts
isolated from plants grown in the presence of 0.3 mm
Ni (data not shown). Calibration of the dye (Fig. 1)
showed that the maximum response of the fully saturated dye was about sixfold higher than in the absence
of Ni, with peak emission at 529 nm and an apparent
Kd of 1.2 lm Ni2+. This suggests that a fourfold increase
in fluorescence following lysis corresponded to a final
Ni concentration in the cuvette of just under 2 lm.
Given that the estimated volume of protoplasts present
initially was at least 1000-fold lower, these results would
be consistent with mm concentrations of Ni in the protoplasts of plants exposed to Ni. As Ni is cytotoxic, the
most likely intracellular site of accumulation would be
the vacuole.
Mg ⁄ ATP enhances Ni uptake into isolated vacuoles

To determine the mechanism driving Ni accumulation
into vacuoles of A. lesbiacum, we took advantage of the
observed vacuolar accumulation of Newport Green
when loaded into protoplasts as the membrane-permeant diacetate form (Fig. 2). The acetate groups are
cleaved by esterases, resulting in intracellular accumulation of the membrane-impermeant free anion form of
the dye. Vacuolar accumulation arises either directly
from hydrolase action within the vacuole or following
sequestration of any cytosolic dye released by the normal cytoplasmic detoxification pathways. Loaded vacuoles were released from the protoplasts by gentle
mechanical agitation, and preliminary experiments demonstrated that it was possible to monitor the fluorescence signal from a single vacuole over a period of 1 h
(data not shown).
To test whether Ni transport into the vacuole involved
ATP-dependent active transport, the effect of Mg ⁄ ATP on
Ni uptake was examined. Addition of 1 mm Mg ⁄ ATP to
the loading buffer led to a significant increase in the average mean fluorescence signal change (Fig. 3) from
20.5 ± 2.8% h)1 in the absence of ATP to 34.0 ± 2.6%
h)1 (P = 0.002, n = 11). We infer that Ni uptake into the
vacuole occurred via an active transport mechanism
energised by Mg ⁄ ATP.
Inhibition of V-ATPase activity abolishes
Mg ⁄ ATP-stimulated Ni uptake

We next attempted to determine whether active transport of Ni into the vacuole was mediated via a primary
transporter driven by hydrolysis of Mg ⁄ ATP, or via a
secondary transporter energised by the proton electrochemical gradient. If Ni transport into the vacuole
occurred via Ni2+ ⁄ H+-antiport, it should be dependent
on the proton electrochemical gradient established
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Fig. 1. Ni-dependent fluorescence emission
spectra of Newport Green DCF (free anion
form). Fluorescence emission was determined
after excitation at 488 nm in the presence of
0–30 lM NiSO4 in 5 mM MOPS (pH 7.0) at
25 C. The Ni saturation curve for Newport
Green is shown in the insert.
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Fig. 2. Localisation of Newport Green dye to
the vacuole. Protoplasts isolated from
hydroponically cultivated plants exposed to
0.3 mM NiSO4 were incubated with 30 lM
Newport Green DCF (diacetate form) for 1 h.
The fluorescence microscope images show
the rupture of the plasma membrane and
release of an intact vacuole loaded with
Newport Green. The red signal is due to
chlorophyll fluorescence in the chloroplasts.
The protoplast was 30 lm in diameter. This
figure is presented in colour online only.

across the tonoplast by the proton-pumping activities
of the V-ATPase and V-PPase. Therefore, any disruption of this gradient should have a negative impact on

Ni uptake. In contrast, if Ni were pumped into the
vacuole via a primary transporter, such as a P-type
ATPase or ATP-binding cassette (ABC) transporter,
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Fig. 3. Effect of Mg ⁄ ATP, bafilomycin and ammonium sulphate on Ni
uptake. Ni uptake was measured as the percentage increase in fluorescence signal over 1 h from isolated vacuoles loaded with Newport
Green DCF and exposed to 100 lM NiSO4. Mean values ± SE are
shown: Ni only (n = 11), Ni + ATP (n = 11), Ni + ATP + bafilomycin
(n = 5) and Ni + ATP + ammonium sulphate (n = 5). Significant differences in fluorescence signal change compared with that observed in
the presence of Ni only are indicated by *P < 0.05 and **P < 0.01.

Ni uptake and thus the increase in fluorescence signal
should be unaffected by disruption of the proton electrochemical gradient.
Bafilomycin A1, a macrolide antibiotic, is a highly
specific inhibitor of the V-ATPase at concentrations
<10 nmolÆmg)1 protein (Bowman et al. 1988), preventing the formation of a proton electrochemical gradient
across the tonoplast. The addition of 200 nm bafilomycin to the loading buffer completely abolished ATP-stimulated Ni uptake into the vacuole (Fig. 3); the mean
fluorescence signal increase from vacuoles supplied with
Mg ⁄ ATP and bafilomycin was not significantly different
from those supplied with Ni only (P = 0.535, n = 5).
The abolition of ATP-stimulated Ni uptake by bafilomycin suggested that it was indeed occurring via a secondary
active
transporter
utilising
the
proton
electrochemical gradient generated by the V-ATPase,
rather than via a primary pump.
Uncoupling of the proton gradient abolishes Ni uptake

If dependent on the DpH component of the transmembrane proton electrochemical gradient, secondary
active transport of Ni should be abolished by the addition of ammonium sulphate, as the NH4+ ⁄ NH3 couple
rapidly dissipates the DpH across the tonoplast via
equilibration of the weak base NH3 (Barkla et al. 1995).
The presence of 2.5 mm ammonium sulphate in the
loading buffer again led to complete abolition of
ATP-stimulated Ni uptake (Fig. 3). However, in contrast to bafilomycin-treated vacuoles, the increase in
fluorescence signal from vacuoles exposed to ammonium sulphate was significantly lower than that from
vacuoles supplied with Ni only in the absence of
Mg ⁄ ATP at 7.7 ± 1.7% h)1 versus 20.3 ± 2.8% h)1
(P = 0.02, n = 5).

750

A system was designed to assay Ni uptake into isolated
vacuoles from the hyperaccumulator plant Alyssum lesbiacum after loading with the highly Ni-sensitive dye Newport Green (Figs 1 and 2). The addition of Mg ⁄ ATP to
the incubation medium led to a significant increase in Ni
uptake, presumably via energisation of the V-ATPase, as
this increase could be abolished by the highly specific
V-ATPase inhibitor bafilomycin (Fig. 3). However, an
increase in fluorescence signal over 1 h was observed
from vacuoles even in the absence of Mg ⁄ ATP. We suggest this represents secondary active transport of Ni
across the tonoplast of the intact vacuole utilising the
pre-existing pH gradient between the incubation medium
(pH 7.5) and the acidic interior of the vacuolar lumen.
This is supported by the observation that collapse of the
proton gradient by addition of an uncoupler (ammonium
sulphate) all but abolished this signal increase (Fig. 3).
The stimulation of Ni uptake by Mg ⁄ ATP and its dependence on the proton electrochemical gradient are consistent with the activity of an Ni2+ ⁄ H+ antiport at the
tonoplast of A. lesbiacum. While a pH gradient directed
outwards from the vacuolar lumen would drive Ni2+
uptake by an H+-antiport mechanism, the role of the
electrical potential difference in this driving force would
depend on the mechanistic stoichiometry of this transport
system and cannot be established without further experimentation. As the epidermal cells are apparently a major
site of Ni storage in A. lesbiacum (Küpper et al. 2001),
future work could also aim to determine whether the Ni
uptake mechanism identified here is more pronounced in
epidermal cells compared to mesophyll cells (the likely
source of vacuoles in the present study).
The ability to detect Ni2+ uptake driven by the transtonoplast proton electrochemical gradient is notable
because other attempts to demonstrate Ni2+ ⁄ H+ antiport
across this membrane have been unsuccessful. For example, although evidence was found for H+-linked antiport
mechanisms for Zn, Mn and Cd uptake into tonoplast
vesicles of oat (Gonzalez et al. 1999), no evidence could
be found for energised uptake of Ni in this species (Gries
& Wagner 1998). Using Newport Green, Saito et al.
(2005) demonstrated sequestration of Ni in vacuoles of
tobacco BY-2 suspension culture cells, but the mechanism
of Ni transport was not studied directly. Similarly, Marquès et al. (2004) used Newport Green to detect Zn in
the vacuole of the hyperaccumulator plant Arabidopsis
halleri, but were not able to establish the mechanism of
Zn transport in this species. Differences between species,
and even between metal-tolerant and non-tolerant populations of the same species, are likely to be found in the
predominant mechanism of vacuolar metal accumulation
(Chardonnens et al. 1999).
The molecular identity of the putative Ni2+ ⁄ H+ antiport system at the tonoplast is unknown. While a number
of metal transport proteins whose transcripts are highly
expressed in hyperaccumulator species have been identi-
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fied, such as transporters of the ZIP gene family in the
Zn ⁄ Cd hyperaccumulators Thlaspi caerulescens and Arabidopsis halleri (Pence et al. 2000; Assunção et al. 2001;
Weber et al. 2004), and members of the cation diffusion
facilitator family (Persans et al. 2001; Dräger et al. 2004),
to date no Ni transporting protein has conclusively been
identified at the tonoplast of a hyperaccumulator species.
However, AtIREG2 was recently identified as a Ni transport protein in Arabidopsis thaliana (Schaaf et al. 2006).
Heterologous expression of this protein complemented
the Ni sensitivity of the yeast cot1 mutant, but only at pH
values below 5.0, suggesting that Ni transport is dependent on the proton electrochemical gradient. In Arabidopsis, the AtIREG2:GFP fusion protein was targeted to the
tonoplast, and 35S:AtIREG2 lines displayed elevated tolerance to Ni, while T-DNA knock-outs displayed enhanced
sensitivity (Schaaf et al. 2006). Interestingly, this Ni sensitivity was enhanced under conditions of Fe deficiency,
which, coupled with the root-specific expression of AtIREG2, is suggestive of a role for this protein in proton
gradient-dependent vacuolar loading of Ni in root tissue
under Fe deficiency.
It is unclear whether the proton gradient-driven Ni
uptake described in this study would occur via a specific Ni2+ ⁄ H+ antiport, as cation ⁄ H+ antiport proteins
from plants sometimes display broad substrate specificity (Martinoia et al. 2007). For example, the Na+ ⁄ H+
antiporter NHX1 can catalyse transport of K+ into the
vacuole (Venema et al. 2002), while members of the
CAX family have broad substrate spectra (Shigaki &
Hirschi 2006). It has been suggested that Ni can be
transported via the same routes as Mg. For example, Ni
uptake by Saccharomyces cerevisiae is competitively
inhibited by Mg (Nishimura et al. 1998), while the bacterial CorA protein transports Mg and Ni (Smith et al.
1998), as does the Arabidopsis Mg transporter AtMGT
(Li et al. 2001).
Whilst the transporters discussed above transport free
ions, it is possible that Ni may be transported in a complex with a ligand. The tricarboxylic amino acid nicotianamine (NA) forms a complex with Ni in T. caerulescens
(Vacchina et al. 2003), which can be transported by the
yellow stripe-like transport protein TcYSL3 (Gendre et al.
2007). In A. lesbiacum, high concentrations of histidine in
root tissue contribute to Ni tolerance in this species
(Ingle et al. 2005a), and histidine has similarly been
shown to chelate Ni in vivo (Krämer et al. 1996). Might
Ni be transported into the vacuole as a Ni:His complex,
possibly via an amino acid transporter? In the present
study, addition of 100 lm histidine was not found to
enhance Ni uptake into the vacuole (data not shown),
and thus we have no evidence for such a transport mechanism in vacuolar sequestration of Ni. However, a role
for an Ni:His transporter for xylem loading and unloading of Ni remains a strong possibility (Krämer et al. 1996;
Kerkeb & Krämer 2003).
In conclusion, we have identified a mechanism by
which Ni may be accumulated in the vacuoles of the Ni

hyperaccumulator Alyssum lesbiacum. A major route of
Ni uptake appears to be via secondary active transport
(presumably by a Ni2+ ⁄ H+-antiport mechanism), utilising
the proton electrochemical gradient generated by the primary H+ pump(s) at the tonoplast.
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