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Background: Mitochondria are important targets of metal toxicity.

Results: Our data confirms that nickel is localized in the mitochondria of Alyssum murale root epidermal cells.

Conclusion: The interaction of nickel with mitochondria is imperative in nickel uptake.

Significance: The results obtained from our studies will help to understand the role of biochemical processes in nickel uptake.

Mitochondria are important targets of metal toxicity and are
also vital for maintaining metal homeostasis. Here, we examined
the potential role of mitochondria in homeostasis of nickel in
the roots of nickel hyperaccumulator plant Alyssum murale. We
evaluated the biochemical basis of nickel tolerance by compar-
ing the role of mitochondria in closely related nickel hyperaccu-
mulator A. murale and non-accumulator Alyssum montanum.
Evidence is presented for the rapid and transient influx of nickel
in root mitochondria of nickel hyperaccumulator A. murale. In
an early response to nickel treatment, substantial nickel influx
was observed in mitochondria prior to sequestration in vacuoles
in the roots of hyperaccumulator A. murale compared with non-
accumulator A. montanum. In addition, the mitochondrial
Krebs cycle was modulated to increase synthesis of malic acid
and citric acid involvement in nickel hyperaccumulation. Fur-
thermore, malic acid, which is reported to form a complex with
nickel in hyperaccumulators, was also found to reduce the reac-
tive oxygen species generation induced by nickel. We propose
that the interaction of nickel with mitochondria is imperative in
the early steps of nickel uptake in nickel hyperaccumulator
plants. Initial uptake of nickel in roots results in biochemical
responses in the root mitochondria indicating its vital role in
homeostasis of nickel ions in hyperaccumulation.

Despite the rapid developments being made in the field of
metallomics, the interactions and functions of metal ions in
various cellular organelles remain obscure. The expeditions of
the metal ions from the environment to a particular cellular
organelle are intricately complicated because of influences
from several biological and environmental processes. It is par-
ticularly challenging to trace metal ions in their complicated
geochemical forms in the environment, to their mobilization
and transformation in biochemical forms in diverse tissues,
cells, and organelles. Once within the tissues, metals ions typi-
cally associate with intra- and extracellular ligands, which are
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usually specific to a particular metal species. Furthermore, the
investigation of the role of metal ions in cellular organelles can
be difficult because of the complex and transient interactions
that these metal ions can undergo with cellular metabolites on
its way to different cellular organelles. Finally, the intra-organ-
elle metal ions either interact with molecules in the membranes
or find their way into specific cellular organelles to evoke vital
cellular responses that are chiefly specific to particular metal
ion chemical properties.

Essential metals are required for optimum plant growth but
when present in excess in the environment and soil, they are
absorbed by roots and translocated to different parts of the
plant, leading to impaired metabolism and reduced growth. A
rare group of extremophiles in the plant kingdom commonly
called metal hyperaccumulators have attracted considerable
interest in past two decades because of their commercial
importance in phytoremediation technologies (1, 2). Of these
metal hyperaccumulators, nickel hyperaccumulators have been
studied the most, possibly due to their availability in large num-
bers. Approximately, 400 species of nickel hyperaccumulators
have been documented, mostly belonging to the family Cruci-
ferae (3). Nickel hyperaccumulator plants are not only tolerant
of high concentrations of nickel but are also particularly profi-
cient in its uptake via roots, transport through xylem, and stor-
age in leaves in detoxified form. Alyssum murale, a member of
the Cruciferae family, is considered highly desirable for phy-
toremediation and has been well studied. However, the molec-
ular and cellular basis of nickel hyperaccumulation remains
elusive.

Detoxification of nickel ions in hyperaccumulator plants is
achieved by their sequestration to vacuoles (4—8) and subse-
quent chelation to ligands present therein (8 —12). Cellular or
tissue compartmentalization and sequestration of nickel has
been studied widely (4, 6, 7, 13—18), however, few studies focus
on organelle distribution of nickel (4, 7, 8). These studies con-
verge on vacuolar distribution of nickel, whereas its effect on
other cellular organelles was not defined. Our lack of knowl-
edge on the effect of nickel on cellular organelles in hyperaccu-
mulators limits understanding of the sequestration of nickel
ions to vacuoles. This is particularly important because cellular
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organelles, specifically chloroplast and mitochondria, respond
to excess nickel by producing ROS, which induces apoptosis of
the cells (20-22).

Mitochondria play a pivotal role in cellular metal ion home-
ostasis and are also an important target of heavy metal toxicity.
Among the myriad of functions mitochondria perform for the
cell, the most important one indisputably is the production of
adenosine 5'-triphosphate (ATP) utilizing the Krebs cycle (23).
When ATP is synthesized, organic acids are produced as side
products in mitochondria and their metabolic levels are con-
stantly regulated. Mitochondria are also important intracellular
sites for production of ROS. The regulation of reactive oxygen
species (ROS)* production is important for cell growth (24),
gravitropic responses (25), and other normal cell operations.
The ROS produced by mitochondria under normal physiolog-
ical conditions are a side product of electron transport redox
reactions in the respiratory chain. However, ROS are also pro-
duced in biotic as well as abiotic stress, such as in response to
metals. Nickel uptake in plants results in increased ROS (20,
26 —28). Changes in the redox potential of mitochondrial mem-
brane, which are attributable to enhanced ROS production and
depletion of reduced glutathione (GSH), facilitate opening of
mitochondrial permeability transition pore and induction of
apoptosis.

The roots of hyperaccumulator plants are the first line of
contact to high concentrations of heavy metal ions in soil. This
prompted us to investigate the role of mitochondria in metal
homeostasis in the roots of the hyperaccumulator plant A.
murale. To achieve this objective we utilized a study model
based on comparative analysis of nickel-induced responses in
A. murale (hyperaccumulator) and A. montanum (non-accu-
mulator). Here, we show that the initial steps of nickel exposure
result in rapid and transient nickel influx in the root mitochon-
dria of hyperaccumulator A. murale and not in non-accumula-
tor A. montanum. In roots, the mitochondrial Krebs cycle func-
tions are modulated in response to nickel in favor of production
of organic acids such as malic and citric acid. Interestingly, we
also found that malic acid is instrumental in reducing excess
ROS generation in post-nickel treatment of roots. Our results
suggest that the mitochondria of hyperaccumulator plants may
have adapted in circumventing the toxic effects of nickel-trig-
gered ROS and therefore may have an important role in the
metal hyperaccumulation process. The methods and findings
discussed will help in understanding the role of novel metabolic
and biochemical processes that are involved in enhancing plant
fitness against heavy metal toxicity.

EXPERIMENTAL PROCEDURES

Plant Material, Reagents, and Control—All chemicals used in
the study were of reagent grade. Newport Green™™ DCF diace-
tate, 2,7-dichlorodihydrofluorescein diacetate (H,DCFDA)
and MitoTracker® Red CMXRos were purchased from Molec-
ular Probes (Eugene, OR). All other chemical and enzymes were

2 The abbreviations used are: ROS, reactive oxygen species; H,DCFDA, 2,7-
dichlorodihydrofluorescein diacetate; MS, Murashige and Skoog;
Fe-HBED, N,N’'-di-(2-hydroxybenzoyl)-ethylenediamine-N,N’-diacetic acid;
ICP-AES, inductively coupled plasma-atomic emission spectroscopy.
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purchased from Sigma or Fisher Scientific Company. Nickel (II)
nitrate (Ni(NOs),) was purchased from Sigma. The anhydrous
form is not commonly found, thus “Ni(II) nitrate” usually refers
to nickel (II) nitrate hexa-hydrate (Ni(NO,),'6H,O). It is
important to note that nickel compounds are carcinogenic and
should be handled with proper care. Seeds of A. murale were
provided by Dr. Rufus Chaney (United States Department of
Agriculture, Beltsville, MD). To employ as a comparative con-
trol, seeds of A. montanum were purchased from Park Seed®
Wholesale Inc., Greenwood, SC.

Establishment of Axenic in Vitro Plant Culture for A. murale
and Alyssum montanum—Seeds of nickel hyper- and non-ac-
cumulator (A. murale and A. montanum, respectively) were
surface sterilized with 2.5% (v/v) sodium hypochlorite (NaOCI).
The seeds were rinsed with several flushes of sterile water and
placed on sterilized 3% Murashige and Skoog (MS) agar plates
for germination. Post-germination seedlings were transferred
to 3% MS liquid medium (pH 5.8) supplemented with 5 um
Fe-HBED. Seedlings were allowed to grow in multiwell plates or
in magenta boxes with a mesh to sustain growth of roots and
aerial parts separately. Seedlings were grown for 10-15 days.
For the treatments of plants, media was spiked with nickel at
concentrations appropriate to the experiment in the form of
Ni(NO,), under sterile conditions. Fresh samples of roots were
harvested and analyzed for physiological determinations. Parts
of the plant material were frozen in liquid nitrogen and kept at
—80 °C for further molecular analyses.

Plant Weight and Root Length as the Measure of Nickel
Tolerance—To compare nickel tolerance of the two species,
seeds were germinated on 1.5% MS agar medium (pH 5.7-5.8).
Post-germination seedlings were transferred to 1.5% MS liquid
medium (pH 5.7-5.8) supplemented with 5 um Fe-HBED. Two
replicates (12 seedlings per treatment) for each of the two spe-
cies were treated with Ni(NO,), or were not treated for their
use as controls. Eight days post-transfer the seedlings were har-
vested and their root lengths and plant weights were measured
to estimate nickel tolerance. Observations on total plant bio-
mass treated and untreated with nickel were recorded and per-
cent inhibition in growth post-nickel treatment was calculated.

Isolation and Purification of Root Mitochondria—Mitochon-
dria were isolated from the roots of the treated A. murale and A.
montanum plants as described by (29). Tissues were homoge-
nized in extraction buffer (90 mm sodium pyrophosphate, 900
mM sucrose, 6 mm EDTA, 0.9% (w/v) BSA, 2.4% (w/v) polyvi-
nylpyrrolidone 25, 9 mM cysteine, 15 mum glycine, 6 mm 3-mer-
captoethanol, pH 7.5). Following filtration through a nylon net
(100 wm mesh), crude mitochondria were recovered by two
cycles of low speed (1,500 X g) and high speed (16,000 X g)
centrifugation with intermediate re-suspension in washing
buffer (10 mm potassium phosphate, 300 mm sucrose, 1 mm
EDTA, 0.1% (w/v) BSA, 5 mm glycine, pH 7.5). The re-sus-
pended second pellet was loaded on a 30% (v/v) Percoll solution
in washing buffer and centrifuged for 1 h at 40,000 X g. Mito-
chondria were recovered in the bottom third of the Percoll gra-
dient established during centrifugation and washed twice.

Protein Estimation—Frozen mitochondria were completely
lysed by two freeze/thaw cycles (liquid nitrogen, 30 °C water
bath). Protein content was determined with a Bio-Rad 500 —
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006 kit (Bio-Rad) based on the Bradford dye binding procedure
that utilizes the color change of Coomassie Brilliant Blue G-250
(30), Sigma BSA (A-2153) was used as standard.

Estimation of Enzymatic Activities in the Purified Mitochon-
drial Fractions—Enzymatic assays were conducted on either
intact mitochondrial fractions or mitochondrial extracts fol-
lowing isolation of mitochondria from the plant roots subjected
to nickel treatment at different time intervals. The integrity of
the outer mitochondrial membrane was assessed by measuring
cytochrome ¢ oxidase (COX, EC 1.9.3.1) activity spectrophoto-
metrically at 25 °C by following the absorbance increase at A5,
nm in the presence and absence of the detergent, n-dodecyl
B-p-maltoside (31, 32). The percentage of mitochondrial integ-
rity was calculated as: 100 X ((AA/Min;y, getergent) — (AA/
MiNihout detergent))/ (AA/MIN i detergent)- FOT citrate synthase
(CS, EC 1.11.1.6), which is an enzyme of the mitochondrial
matrix, the activity was assayed by adding 100 um 5,5'-dithio-
bis(nitrobenzoic acid), 300 um acetyl-CoA, 500 um oxaloace-
tate, 100 mm Tris-HCI (pH 8.1) in a total reaction volume of 200
pl. Measurements were carried out spectrophotometrically at
25 °C by monitoring the reduction of acetyl-CoA to CoA, at
A, .. (33, 34). Malate dehydrogenase (L-malate:NAD ™" oxi-
doreductase, EC 1.1.1.37) was assayed in the direction of malate
oxidation (forward reaction) spectrophotometrically at A3, \m
in 200 wl of buffer containing 0.25 M glycine, 0.20 M hydrazine,
2.7 mm NAD™ adjusted to pH 9 (35). Malate dehydrogenase
activity was assayed in the direction of NADH oxidation (back-
ward reaction) according to Ref. 36. The decrease in absorbance
at A340 nm Was determined in a 200-ul reaction mixture (pH 7.2)
containing the following: 94.6 mm phosphate buffer (pH 6.7),
0.2 mM NADH sodium salt, 0.5 mMm oxalacetic acid, and 1.67 mm
MgCl,, at 25 °C.

Imaging for Intracellular nickel—To investigate the intracel-
lular distribution of ionic nickel in the roots, the green fluores-
cent Newport Green™ DCF diacetate indicator dye was used.
The seedlings of A. murale and A. montanum were treated with
Ni(NO,), at 200 and 700 um for 20 min and 1 h or were left
untreated (control). Nickel staining dye Newport Green DCF
diacetate was added to a final concentration of 30 um. Newport
Green DCF has been demonstrated to be able to penetrate the
cell membrane and is a very sensitive indicator of nickel ions.
Although Newport Green DCF can also detect higher concen-
trations of zinc and cobalt ions, it is insensitive to other metal
ions such as calcium, manganese, iron, copper, lead, and mer-
cury. Root cells were imaged on a Zeiss LSM 510 confocal
microscope using a X40 C-Apochromat water immersion
objective (numerical aperture = 1.2). The excitation wave-
length for Newport Green DCF diacetate was 488 nm with a
505-nm long pass emission filter.

Dual Fluorescence Labeling for Intracellular Nickel and
Mitochondria—The seedlings of A. murale and A. montanum
were treated with Ni(NO;), at 200 and 700 um and incubated at
30°C for 1 h. In the next step, nickel staining dye Newport
Green DCF diacetate was added to a final concentration of 30
uM and roots were incubated for another 15 min at the same
temperature. Finally, MitoTracker Red CMXRos dye was added
at 50 nM and samples were immediately visualized under the
confocal microscope. Cells were imaged in fast-line switch
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mode on a Zeiss CLSM 510 confocal microscope using a X40
C-Apochromat water immersion objective (numerical aper-
ture = 1.2). The excitation wavelength for Newport Green DCF
diacetate was 488 nm with a 500-550 nm band pass emission
filter, and for MitoTracker Red CMXRos we used a 561-nm
laser excitation with a 600-nm long pass emission filter. In dual
labeling experiments, we used the fast-line switch mode to
ensure no signal bleed-through between channels. Inadequate
penetration of nickel ions and/or dye due to short incubation
(20 min) resulted in the formation of patches of the dual stained
epithelial cells. Also incubation of roots with both the dyes
simultaneously for >15 min appeared to be toxic for the root
epithelial cells.

Imaging for nickel in Purified Mitochondria—Mitochondrial
fractions (5 ul) were stained with 10 um Newport Green DCF
diacetate and 20 nm MitoTracker Red CMXRos for 5 min.
Nickel in purified mitochondria were visualized by confocal
microscopy as described above.

Imaging for ROS in the Roots—ROS imaging was performed
by slightly modifying the previously reported protocol (24).
One-week-old A. murale or A. montanum seedlings germi-
nated on MS solid medium with 3% sucrose were transferred to
MS liquid medium with 1.5% sucrose and pre-treated with 50
uM malic acid for 1 h or were left untreated (control). Pre-
treated or control roots were treated again with or without 80
uM Ni(NO,),. After 10 min, 2.5 um H,DCFDA dissolved in
dimethyl sulfoxide (less than 0.001% final concentration) pro-
cured from Invitrogen were added to the roots and incubated
for 30 min at 4 °C. The roots were then washed twice with 0.1
mMm KCI, 0.1 mm CaCl, (pH 6.0). The washed roots were incu-
bated in MS liquid medium with 1% sucrose for another 30 min
at room temperature. The roots were imaged by using laser
excitation wavelength of 488 nm with a 505-long pass emission
filter. The images were acquired at 512 X 512 pixel resolution
with a Z-stack scan through the whole root. Images were
captured with a X10 C-Apoochromat water immersion
objective (numerical aperture 0.45) on a Zeiss LSM 510 con-
focal microscope. Quantitative analysis was performed by
determining the average pixel intensity per unit area using
Image] (rsb.info.nih.gov/ij/).

Determination of Nickel Content in Plant Sample—Nickel
was estimated by slightly modifying the previously reported
protocol (8). For nickel estimation, plant samples were thor-
oughly washed and oven dried at 60 °C for 3 days. Samples were
subsequently digested at 120 °C for 60 min in 3 ml of concen-
trated nitric acid. Samples were cooled to room temperature
and 600 pl of 30% (w/v) hydrogen peroxide was added. This
mixture was heated at 120 °C for 20 min, cooled, and deionized
water was added to a final volume of 6 ml. Nickel concentra-
tions were measured using inductively coupled plasma-atomic
emission spectroscopy (ICP-AES). For determination of nickel
in mitochondria, purified mitochondrial fractions (1 ml) mixed
with an equal volume of concentrated nitric acid were heated at
120 °C. Samples were cooled to room temperature and 400 ul of
30% (w/v) hydrogen peroxide was added. This mixture was
heated at 120 °C for 20 min, cooled, and deionized water was
added to a final volume of 4.5 ml. Mitochondrial wash extracts
were used as negative control. In mitochondria, nickel was ana-
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FIGURE 1. Comparison of tolerance, root absorption, and translocation of nickel in hyperaccumulator A. murale and non-accumulator A. montanum.
A, relative root growth increment in Alyssum species in response to various concentrations of nickel in solution culture after 10 days exposure. Values are
mean * S.D. B, percentage inhibition in growth in Alyssum species in response to various concentrations of nickel in solution culture after 10 days exposure.
Values are mean = S.D. Relative nickel accumulations in the roots (C) and shoots (D) of Alyssum species w.r.t treatment duration. Plants of both the species were
treated with 700 um Ni(NOs), for different time intervals. Roots and shoots of treated and control plants were sampled and nickel was estimated using ICP-AES
as described under “Experimental Procedures.” Significant differences among the treatments at p < 0.05 were determined by one-way analysis of variance
followed by Tukey-Kramer test (« = 0.5) and are indicated by different letters. Values are mean * S.D.

lyzed by ICP-AES, and normalized by the amount of total mito-
chondrial proteins in the samples.

Semiquantitative RT-PCR—Total RNA from nickel-treated
and untreated Alyssum roots was extracted using the TRIzol
reagent (Invitrogen) according to the manufacturer’s protocol.
RNA was also extracted from aluminum-treated and untreated
Alyssum roots. Alyssum roots treated with aluminum chloride
(4 um) for 24 h were also used to isolate RNA for expression
analysis. The RNA was treated with DNase I (Promega) at 37 °C
for 10 min to remove genomic DNA. RNA was stored at —80 °C
until further use. The first strand cDNA was synthesized with 2
pg of purified total RNA using the RT-PCR system (Promega)
according to the manufacturer’s protocol. The PCR conditions
were as follows: 0.5 ul of RT product was amplified in a 25-ul
volume containing 2.5 ul of X10 PCR buffer with MgCl,, 0.5 ul
of 10 mm dNTPs, 1 ul of dimethyl sulfoxide, and 1 ul of Tag
polymerase. The constitutively expressed gene, ubiquitin
(UBQ), was amplified as the internal control. The primers for
UBQ were as follows: sense, 5'-TCGTAAGTACAATCAG-
GATAAGATG-3" and antisense, 5-CACTGAAACAA-
GAAAAACAAACCCT-3'. The amplification cycle consisted
of pre-denaturation at 94 °C for 3 min, followed by 20 cycles of
denaturation 94 °C for 30 s, primer annealing at 55 °C for 30 s,
polymerization at 72 °C for 30 s, and a final extension period of
72 °Cfor 3 min. The primers for the AtALMT1 ortholog were as
follows: sense, 5'-CTGAAAGTAATCAGAGAATCAG-3' and
antisense, 5'-GATGGTCTCGTCTCTATAATCTT-3" prim-
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ers. PCR amplification for the ALALMT1I ortholog was carried
out as described previously (37). PCR amplification was carried
out for 30 cycles consisting of denaturation at 94 °C for 30 s,
primer annealing at 50 °C for 30 s, and polymerization at 72 °C
for 5 min.

Statistical Analysis—Data were analyzed by Tukey’s multiple
comparison tests and independent samples ¢ test using SPSS
18.0 software (SPSS Inc., Chicago, IL). Pearson correlation
coefficients of signal co-localization were calculated using
Image].

RESULTS

Interspecific Variations in Nickel Tolerance and Accumula-
tion Among Alyssum Species—Plant root growth inhibition and
reduction in total plant weight are known symptoms of nickel
toxicity (38). Experiments were conducted to determine the
effect of varying nickel concentrations on the hyperaccumula-
tor and non-accumulator Alyssum species. One-week-old
plants of A. murale and A. montanum were treated with nickel
at varying concentrations ranging from 0 to 1400 um. The two
species differed significantly in nickel tolerance as shown by
differences in root length (Fig. 1A), plant weight (supplemental
Fig. S1), and nickel accumulation (Fig. 1, Cand D). Root growth
was determined 10 days post-nickel treatment. Growth of A.
murale roots was not affected by nickel, whereas nickel inhib-
ited root growth of A. montanum. A similar trend was observed
in terms of fresh weight accumulation wherein increasing con-
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centrations of nickel induced toxicity in A. montanum com-
pared A. murale plants (supplemental Fig. S1). Increase in the
root length and plant weight at low concentrations of nickel at
100 and 200 um was observed for A. montanum, which may be
attributed to the hormesis effect (39). In addition, increasing
concentrations of nickel severely reduced the growth of A.
montanum as evident by the high percentage inhibition com-
pared with A. murale (Fig. 1B).

For comparing nickel accumulation in both the species,
roots, and shoots of plants treated with Ni(NO,), for different
time intervals as well as untreated controls were sampled sep-
arately and oven dried at 60 °C for 2 days (Fig. 1, C and D).
Nickel content was measured by ICP-AES as described under
“Experimental Procedures.” In A. murale and A. montanum,
the nickel concentration in the root and shoot tissues increased
significantly across all treatment levels compared with the
untreated control. For A. murale, at 30 and 60 min more nickel
accumulated in the roots than in leaves. However, at 5 and 10
days of post-nickel treatment, more nickel was present in the
leaves compared with roots of A. murale plants (Fig. 1, Cand D).
Transfer factors were calculated as the ratio of average values of
the nickel concentration in leaves to that in roots. Thus the
transfer factor >1 is indicative of the ability of the plant
to transfer nickel from roots to the aboveground biomass. The
transfer factors for A. murale were 0.30, 0.57, 1.84, 2.52, and
2.80, and for A. montanum were 0.23, 0.37, 0.78, 0.86, and 0.89
at 30 min, 60 min, 24 h, 5 days, and 10 days, respectively. For A.
montanum at all time intervals the transfer factor was <1, indi-
cating that less nickel accumulated in the leaves compared with
roots. Both A. murale and A. montanum did not accumulate
nickel in their shoots at early time points of nickel treatment (30
and 60 min) (Fig. 1, C and D). Alyssum species differed mark-
edly in their shoot nickel concentration but not in root nickel
concentration at 24 h, 5 days, and 10 days treatment. A. murale
exhibited a transfer factor >1 at 24 h, 5 days, and 10 days treat-
ment but <1 at earlier time points (30 and 60 min). These data
suggest that root to shoot transport is important and typical of
nickel hyperaccumulation. Post 30 min of nickel treatment, the
roots of A. murale accumulated more nickel compared with A.
montanum indicating the initial root uptake is efficient in A.
murale compared with A. montanum.

To compare the root physiology of A. murale and A. monta-
num, Ni(NO;), was used at the concentration of 700 um for
further experiments because it was well tolerated by both plant
species. In in vitro growth conditions the concentration of 700
M Ni(NO,), was found to be non-lethal except that it revealed
a stunted growth phenotype in A. montanum plants compared
with A. murale.

Differential Organelle Preference and Temporal Variability
in Subcellular Compartmentalization of Nickel in Alyssum
Species—Experiments were conducted to observe differences, if
any, in subcellular localization and to trace translocation of
nickel ions in the early events of nickel exposure in the root cells
of Alyssum species. To directly visualize nickel ions intracellu-
larly following root uptake, a cell permeant dye Newport Green
DCEF was used. Newport Green DCF is a cell permeant acetate
ester that becomes fluorescent after hydrolysis. This molecule
is initially uncharged, allowing it to pass through cell mem-
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FIGURE 2. Temporal variability in intracellular nickel sequestration in the
roots of Alyssum species. Confocal micrographs showing intracellular
sequestration of nickel in the roots of A. murale (A) and A. montanum (B) at
treatments of 20 min (center panels) and 1 h (bottom panels). Controls (top
panels) are representative images for no nickel treatments. The roots were
treated with 700 um Ni(NO,), and intracellular nickel was visualized with
nickel specific dye Newport Green DCF (488 nm) as shown in left panels. Right
panels show differential interference contrast (DIC) phase images. Scale bar =
5 um.

branes. Once in the cell, it is hydrolyzed and becomes charged,
hindering its escape from the cell and allowing it to bind
charged protein-metal complexes, which then become fluores-
cent (40). To examine the effects of initial and prolonged nickel
treatment on nickel subcellular localization in the roots of both
the species, two time points, 20 and 60 min, were selected for
treatment. Nickel was found to be putatively localized in root
vacuoles of epithelial cells in both the species when roots were
incubated with 700 um Ni(NO,), for 60 min (Fig. 2, A and B).
Our observation is consistent with previous reports on vacuolar
sequestration of nickel in plant cells (4—8). Noticeably, more
fluorescence was found to be contained in the vacuoles of A.
murale compared with A. montanum root cells (Fig. 2, A and B),
indicating that vacuolar nickel uptake is rapid and efficient in
the roots of A. murale compared with A. montanum.In A. mon-
tanum a considerable amount of nickel was detected in the cell
walls than in the vacuoles post 60 min of nickel treatment (Fig.
2B), suggesting foremost a role of cell wall binding in the che-
lation of nickel ions in A. montanum. To examine early effects
of nickel treatment, roots were treated for shorter duration in
both of the Alyssum species. No nickel was detected in the vac-
uoles in both Alyssum species when their roots were treated for
=20 min. However, nickel was observed to be localized in small
circular organelles (~1 wm) post 20 min of nickel administra-
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A. montanum

A. murale

FIGURE 3. Transient influx of nickel ions in mitochondria and sequestration to vacuoles. Confocal micrographs showing divergence of fluorescence from
nickel specific Newport Green DCF and mitochondria-specific MitoTracker Red in the roots of A. montanum (top panel) and A. murale (bottom panel). Dual
emission confocal images of Newport Green DCF and MitoTracker Red CMXRos are shown in the left two panels. These images are overlaid in the two rightmost
panels to show the deviation in the patterns of the labeled organelles (Overlay). Arrow bars in right panel indicate dual staining of mitochondria in the roots of
A. murale. The roots were treated with 700 um Ni(NO,), for 1 h before subjecting to staining with dyes. Scale bar = 10 um.

tion in A. murale (Fig. 2, A and B). In A. montanum, no such
organelles were found; instead nickel ions were scarcely local-
ized in the cell walls of root cells. Based on their shape and size,
these cellular organelles at the outset were hypothesized to be
vesicles, peroxisomes, mitochondria, or plastids. Because vesi-
cles can vary in size, the possibility of them being vesicles was
ruled out because these cellular organelles were consistently
equal in size (41, 42). No autofluorescence (red) was detected
from the cellular organelles indicating they were not plastids.
The speculation for punctate organelles being peroxisomes and
mitochondria are in agreement with their shape and size. How-
ever, peroxisomes are seldom implicated in metal ion homeo-
stasis. Therefore, the fact that mitochondria are involved in
metal ion homeostasis prompted us to conduct further experi-
ments to determine whether they were co-localized with the
nickel-labeled structures. Mitochondria in the cell can be read-
ily labeled by MitoTracker Red CMXRos. MitoTracker Red
CMXRos is a red fluorescent dye that stains mitochondria in
live cells. This dye has two chloromethyl moieties that upon
accumulation in the mitochondrial matrix react with thiol
groups of cysteine residues and thereby becoming covalently
bound to mitochondrial protein (43). To validate our observa-
tion for nickel localization in mitochondria, further experi-
ments were conducted for qualitative and quantitative analysis
of nickel localization in these cellular organelles. To determine
whether these cellular organelles are mitochondria, dual label-
ing experiments with Newport Green DCF and MitoTracker
Red CMXRos were conducted for 1 h as described under
“Experimental Procedures.” Vacuolar sequestration of nickel
ions can be clearly seen in the roots of both the Alyssum species
(Fig. 3). In A. murale, the majority of cells showed nickel
sequestration in the vacuoles, whereas some of the cells were
observed with mitochondria containing nickel. Interestingly,
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the cells exhibiting mitochondrial nickel uptake did not show
nickel sequestration in the vacuoles. These observations sug-
gest that the subcellular compartmentalization of nickel in
Alyssum species exhibits temporal variability for the preference
of the cellular organelle. In the initial steps of nickel uptake the
most nickel is transiently localized in the mitochondria of the A.
murale, whereas in the later stages it is translocated to the vac-
uoles. In A. montanum such variability is not observed at least
for the above mentioned treatment durations, suggesting the
importance and involvement of mitochondria in the early
events of nickel uptake and its translocation in the nickel hyper-
accumulator plants. The lower concentration of nickel (200
M) tested against both Alyssum species showed a similar cel-
lular pattern of nickel localization (supplemental Fig. S2). Inter-
estingly, A. montanum plants treated with nickel (200 um)
showed no mitochondrial localization of nickel compared with
A. murale at 20 and 60 min (supplemental Fig. S2). In summary,
comparison of intracellular allocation of nickel ions in the roots
of both Alyssum species revealed time-dependent variations in
distribution of nickel in the cellular organelle mitochondria and
vacuole. This temporal differential distribution patterns in sub-
cellular localization indicate that subcellular sorting of nickel
ions is particularly governed by the root physiology and is indic-
ative of characteristic phenotype of nickel hyperaccumulation
in plants.

Fluorescence Microscopy and Dual Labeling of Isolated Mito-
chondrial Fraction—To further confirm the presence of nickel
in mitochondria, we set out to purify mitochondria from both
Alyssum species, to visualize the presence of nickel using con-
focal microscopy and quantify the amount via ICP-AES tech-
niques. Mitochondria isolated from the roots of untreated and
nickel-treated Alyssum species post 20 min were visualized in a
confocal microscope following dual staining with Newport

VOLUME 288+NUMBER 10-MARCH 8, 2013



A Newport Green MitoTracker Red Overlay
. .
5 D H . D
B I A. montanum

I A. murale

. *
30 +
20 1
i :
0

A. montanum A. murale

Ni ("M mg™")

FIGURE 4. Confirmation and quantification of mitochondrial nickel influx
in purified mitochondria. Confocal micrographs showing co-localization of
fluorescence from nickel-specific Newport Green DCF and mitochondria-spe-
cific MitoTracker Red CMXRos in purified mitochondrial fractions from the
roots of A. murale (A) and A. montanum (B). Dual emission confocal images of
Newport Green DCF and MitoTracker Red CMXRos are shown in left two pan-
els. For A. murale, the inset images show co-labeled enlarged mitochondria.
These images are overlaid in the right panel to show the coincidence of the
labeled organelles (Overlay). Scale bar, 10 um. C, nickel content in root mito-
chondria of Alyssum species treated with 700 um Ni(NO;), was estimated
using ICP-AES. Quantitative data shows increased nickel content in mito-
chondria of A. murale compared with A. montanum plants. Data are expressed
as nanamole of nickel mg ™" mitochondrial protein and represent the mean +
S.D. Data are representative of three experiments, p < 0.05,n = 6.

Green DCF and MitoTracker Red CMXRos. Mitochondria
purified from the roots of treated A. murale plants showed the
dual labeling and co-localization of both dyes, suggesting the
mitochondrial-specific localization of nickel (Pearson’s corre-
lation coefficient (r,) = 0.77 = 0.085, n = 12) in A. murale (Fig.
4A). However, no co-localization was observed in the purified
mitochondrial fractions of A. montanum (Pearson’s correlation
coefficient (r,) = —0.06 = 0.38, n = 12). When mitochondria
isolated from A. murale are incubated in washing buffer (10 mm
potassium phosphate, 300 mMm sucrose, 1 mMm EDTA, 0.1% (w/v)
BSA, 5 mwm glycine, pH 7.5) for >1 h, nickel diffused from the
mitochondria and no nickel was detected (data not shown).
Mitochondria isolated from the control plants of the both
untreated Alyssum species (data not shown) did not exhibit
staining with Newport Green DCF.

Nickel content in mitochondria extracted from roots of the
control and treated A. murale and A. montanum plants was
determined by ICP-AES (Fig. 4B) as described under “Experi-
mental Procedures.” Mean values from the mitochondrial wash
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buffers were subtracted to avoid the problem of carryover con-
tamination during subcellular fractionation. An independent
samples ¢ test was conducted to compare nickel accumulation
in isolated fractions of A. murale and A. montanum. There was
a significant difference in the concentration of nickel in root
mitochondria of A. murale (M = 30.05, S.D. = 9.5) and A.
montanum (M = 9.8, S.D. = 4.60 plants; £(6) = 3.82, p < 0.01.
The ICP-AES data clearly showed that mitochondrial fractions
of A. murale had an ~3-fold higher concentration of nickel to
non-hyperaccumulator A. montanum and confirms that nickel
is localized in the mitochondria of nickel hyperaccumulator A.
murale root epithelial cells during the early events of nickel
uptake.

In dual labeling experiments for confocal microscopy, no
nickel could be detected in the roots or isolated mitochondrial
fractions of A. montanum. This is likely due to the low concen-
tration of nickel ions being below detection levels in the root
mitochondria of A. montanum. Nevertheless, the data indicate
that nickel is localized transiently in root mitochondria prior to
mobilization to root vacuoles. These observations led us to fur-
ther investigate the role of root mitochondria in the nickel
hyperaccumulation process.

Krebs Cycle Enzymatic Activities Are Modulated in Response
to Nickel in Alyssum Species—The present investigations were
conducted to ascertain the influence of sublethal concentra-
tions of nickel (700 um Ni(NO,),) on selected enzymes of the
tricarboxylic acid (TCA) cycle in Alyssum species. Roots were
sampled at different time intervals to study a kinetic profile of
the selected Krebs cycle enzymes in mitochondrial fractions of
treated and untreated Alyssum plants. Mitochondria were iso-
lated from the nickel-treated and -untreated roots at different
time intervals. All enzymes of the Krebs cycle examined (citrate
synthase and malate dehydrogenase) were found to be affected
by nickel disparately in Alyssum species. These enzymes were
particularly chosen because citric acid and malic acid have been
shown to be modulated in response to nickel in different plant
species (44 —46). Samples heated to 100 °C for 5 min were used
as blanks in all enzyme assays. All enzyme assays were carried
out in triplicate. Activities of cytochrome c oxidase were mon-
itored as markers to assess the purity and integrity of mitochon-
drial fractions. Mitochondrial preparations exhibited a negligi-
ble glucose-6-phosphate dehydrogenase activity (plastid
marker enzyme) indicating the purity of mitochondrial frac-
tions (data not shown). In addition, isolated mitochondria
showed about 92—-95% intactness of the outer membrane sug-
gesting that the integrity of mitochondrial membrane was
acceptable and the preparation specifically reflected the mito-
chondrial properties (data not shown). The enzyme activities
are presented on the basis of total mitochondrial protein (Fig. 5,
A and C). It should be noted that levels of enzyme activities in
control Alyssum plant species were not similar. In A. murale,
nickel-induced citrate synthase activity increased significantly
(p <0.05, n = 3)in 12 h, reached a plateau in 24 h, and main-
tained a steady level until 48 h. In A. montanum, citrate syn-
thase activity decreased at 24 and 48 h in the nickel-treated
plants (Fig. 5, A-C). Malate dehydrogenase was assayed in the
forward as well as backward direction. In A. murale, nickel-
induced malate dehydrogenase activity in the direction of oxa-

JOURNAL OF BIOLOGICAL CHEMISTRY 7357



Mitochondria and Nickel Hyperaccumulation

A

(%)
=}

" *
* *
* *

Citrate synthase activity
(nM/min/mg of protein)

=
=

0 10 20 30 40 50

Treatment duration (min)

Malate dehydrogenase activity
(nM/min/mg of protein)

0 10 20 30 40 50

Treatment duration (min)

—A— A. montanum
—A— A. murale

(@)

300

250

200

150

(nM/min/mg of protein)

100 OAA—MA

Malate dehydrogenase activity

50

0 10 20 30 40 50
Treatment duration (min)

FIGURE 5. Comparison of the effects of nickel ions on Krebs cycle in the root mitochondria of Alyssum species. A, a kinetic investigation of citrate synthase
(CS, EC 1.11.1.6) in the root mitochondrial fractions of Ni(NO,),-treated (700 um) hyperaccumulator A. murale and comparison with A. montanum. B, a kinetic
investigation of malate dehydrogenase activity in the direction of NADH oxidation (MDH, EC 1.1.1.37) in the root mitochondrial fractions of Ni(NO,),-treated
(700 wm) hyperaccumulator A. murale and comparison with A. montanum. G, a kinetic investigation of malate dehydrogenase activity in the direction of malate
oxidation (EC 1.1.1.37) in the root mitochondrial fractions of Ni(NO5),-treated (700 um) hyperaccumulator A. murale and comparison with A. montanum. Total
enzymatic activities are expressed as nanamolar/min/mg of mitochondrial protein. Results are the average of three independent determinations = S.D. ¥,

indicates significant difference from control, p < 0.05).

loacetate formation was significantly increased (p < 0.05, n =
3) in 12, 24, and 48 h (Fig. 5, A-C). In A. montanum, nickel-
induced malate dehydrogenase activity in the direction of oxa-
loacetate formation increased at 24- and 48-h treatment dura-
tions (Fig. 5, A-C). In A. murale, nickel-induced malate
dehydrogenase activity in the direction of malate formation was
found to be significantly higher (p < 0.05, 7 = 3) in 12 to 48 h
(Fig. 5, A-C). In A. montanum, changes in nickel-induced
malate dehydrogenase activity in the direction of malate forma-
tion were insignificant compared with control. It is interesting
to note that in A. murale, malate dehydrogenase activity in the
forward direction (in the direction of NADH oxidation) was
highly favored compared with the backward direction (in the
direction of NAD™" reduction). Overall there was an increase in
the malate dehydrogenase activity in both directions in mito-
chondria of A. murale but not A. montanum.

Previous studies have shown that overexpression of malate
dehydrogenase increases secretion of organic acids including
malic acid and confers enhanced tolerance to aluminum in
transgenic Medicago sativum (47). In addition, aluminum-in-
duced malate transporter (AtALMTI) encodes malate trans-
porter that is associated with malate efflux and aluminum tol-
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erance (37, 48). Because our results showed that nickel uptake
elicits malic acid biosynthesis in roots, we next examined
whether AtALMTI, a plasma membrane-located malic acid
transporter, is involved in nickel hyperaccumulation. To that
end, we checked expressions levels of the AtALMT1 ortholog in
response to nickel in the roots of A. murale and A. montanum.
Nickel does not induce expression of the AtALMT1 ortholog in
the roots of A. murale or A. montanum (supplemental Fig. S3),
indicating specificity of the ALALMT1 ortholog for aluminum
over divalent nickel ions.

Intracellular Malic Acid Reduces Generation of ROS in
Treated Roots—To elucidate the role of intracellular malic acid
in detoxification of nickel ions; ROS generation was estimated
in nickel-treated roots preincubated with malic acid. Nickel
ions form complexes with malate in several hyperaccumulators
including Alyssum bertolonii (49), Psychotria douarrei, Phyl-
lanthus serpentinus (50), Sebertia acuminate (51), Dichapeta-
lum gelonioides (52), and A. murale (46, 53). To investigate the
effect of intracellular malic acid on ROS, Alyssum roots were
either preincubated with malic acid (50 um) for 1 h or left
untreated (control). At the end of the preincubation roots were
washed with 3% MS medium to remove excess malic acid. Con-
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FIGURE 6. Malic acid reduces generation of ROS in nickel-treated Alyssum
roots. A, intracellular ROS production was monitored with H,DCFDA in
control and treated roots and compared with ROS generated in the roots
preincubated with malic acid (MA). Images were acquired using identical
parameters on a Zeiss Meta 510 confocal microscope using a X 10 objective;
post-processing and analysis was done with ImagelJ. Scale bar = 50 pum.
B, quantization of fluorescence from images by using ImageJ. RFU, relative
fluorescence unit. Significant differences among the treatments at p < 0.05
were determined by one-way analysis of variance followed by Tukey-Kramer
test (« = 0.5) and are indicated by different letters.

trol roots were also washed similarly to avoid experimental var-
iation. Both malic acid preincubated and control roots of A.
murale and A. montanum were treated with nickel or no nickel.
The nickel-induced ROS production was monitored by imag-
ing the ROS-sensitive fluorescent dye, H,DCFDA, which
revealed that nickel (80 uMm) induces a rapid increase in ROS in
both Alyssum species post 60 min of treatment (Fig. 6A). The
DCF-based imaging in vivo indicated that nickel elicits a burst
of ROS in both Alyssum species, predominantly in the root tip
and the central elongation regions (Fig. 6A4). Having shown that
nickel induces ROS response in both the hyperaccumulator and
non-hyperaccumulator species, we next attempted to block intra-
cellular ROS production using malic acid to characterize its role in
nickel-induced toxicity. Malic acid in combination with nickel
blocked the ROS generation seen in response to nickel (Fig. 6B) in
both species. Furthermore, A. murale roots co-treated with nickel
and malic acid exhibited less ROS generation compared with sim-
ilarly treated roots of A. montanum (Fig. 6B), suggesting the direct
involvement of malic acid in diminishing nickel-induced ROS in
the hyperaccumulator plants.

DISCUSSION

The purpose of the present study is to investigate the poten-
tial role of root mitochondria in maintaining homeostasis in the
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early steps of nickel uptake in hyperaccumulator plants. To
achieve this objective, a comparative approach was employed to
investigate function of mitochondria in the roots of similarly
treated non-accumulator and hyperaccumulator plants. Typi-
cally, Genus and family taxonomic groupings are expected to
show similar tolerance responses among species. Interestingly,
the two plant species belonging to the family Cruciferae and
Genus Alyssum differ strikingly in nickel tolerance. A. murale is
highly tolerant of nickel compared with A. montanum (2,54). In
addition to exhibiting tolerance to high concentrations of
nickel, A. murale has a remarkable ability to accumulate and
store nickel up to 1-3% of its dry biomass (54). This unusual
physiological adaptation of A. murale makes its classification as
a nickel hyperaccumulator.

Instead of the leaf system; which is a common focus in most
of the studies, the root system of the plants was chosen because
roots are the first line of contact to nickel in soil. Root tissue
must mount a specific and coordinated response when it first
comes in contact with heavy metal nickel ions. This response
must vary in both hyperaccumulators and non-accumulator
plant roots. Response of hyperaccumulators and non-accumu-
lators to nickel in the early steps of treatment is not categorized.
In the roots of the hyperaccumulator A. murale, vacuolar com-
partmentalization of nickel was clearly observed by confocal
microscopy 1 h post-nickel treatment. Similarly, non-accumu-
lator A. montanum also stored nickel in the vacuoles, however,
it exhibited less efficient storage of nickel in the vacuoles (Fig. 2,
A and B). Thus, vacuolar sequestration of nickel occurs not only
in the nickel hyperaccumulator, A. murale, but also in non-
accumulator plants such as A. montanum. Therefore, the root
cell vacuolar sequestration of nickel is not a definite criterion
that distinguishes physiologically between hyperaccumulator
and non-accumulator plants. To reach the vacuoles, nickel
should be concentrated in the cytosol and should be escorted to
the vacuoles in a detoxified form. Nickel has been proposed to
be escorted to the vacuoles in the form of metal-organic acid
complexes (55). In its travel from the plasma membrane to
cytosolic vacuoles nickel ions and/or nickel-organic acid com-
plexes are likely to come in contact with other cellular organ-
elles. We hypothesized that the initial physiological and bio-
chemical differences of plants in nickel uptake in roots should
differentiate between the hyperaccumulators and non-accu-
mulators. The initial response of the hyperaccumulators to
nickel in the root cells following uptake of nickel is crucial for
hyperaccumulation. It is anticipated that to avoid the toxic
effects the plant roots of hyperaccumulators may adapt to high
a concentration of nickel ions in the early steps of nickel uptake
itself. To our knowledge, there no studies investigating the early
translocation of nickel through roots and its accumulation in
the root cells of hyperaccumulators species.

We observed differences in subcellular localization of nickel
in the roots of the Alyssum species in early (20 min) and pro-
longed (=1 h) nickel treatments (Fig. 2, A and B). The argument
that the variation in time-dependent spatial localization is due
to toxic conditions is ruled out because A. murale can with-
stand much higher concentrations of nickel (>1 mm Ni(NO,),)
than used in the experimental conditions (700 um, Ni(NO,),).
Our study demonstrates that in the initial steps of nickel treat-
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ment, rapid and transient influx of nickel takes place in the root
mitochondria of hyperaccumulator A. murale. Previously, in
mitochondria metal ions, such as Mg>" transport, processes
have been shown to play an important role in cellular homeo-
stasis and in the regulation of cell and mitochondrial functions
in other systems (56). Interestingly, mitochondrial Mg>* pools
are mobilized to adjust cytoplasmic pools and overexpression
of Mrs2p increased influx rates in mitochondria (57). Brooks et
al. (62), demonstrated the presence of nickel in mitochondria of
Alyssum serpyllifolium leaves, showing ~2% of total nickel con-
centrations were allocated to the mitochondria in nickel hyper-
accumulators. Interestingly, a putative mitochondrial process-
ing peptidase (NP_186858) was the only protein that increased
in abundance after both short (24 h) and long term (28 days)
exposure to nickel in Alyssum lesbiacum (21) asserting the role
of mitochondria in early adaptation to nickel ions in hyperac-
cumulators. Mitochondrial processing peptidase is a metallo-
endopeptidase that plays an essential role in mitochondrial pro-
tein import. It cleaves the N-terminal signal sequences of
nuclear-encoded proteins targeted for transport from the cyto-
sol to the mitochondria.

Knowledge of the effects of nickel on subcellular organelle
functions should aid in understanding the mechanisms of
nickel hyperaccumulation. Because mitochondria are the
important targets in heavy metal toxicity in plants and animals,
hyperaccumulators should have a mechanism to avoid the toxic
effects of metals in mitochondria. Transition metal ions are
indispensable for many aspects of the mitochondrial function-
ing. Although association of metals with mitochondria has long
been explored, the role of mitochondria in the metal hyperac-
cumulation process is not known. Therefore, in this study
emphasis was placed on the study of mitochondrial function in
response to nickel in the Alyssum species. One of the most
important functions of mitochondria in all known organisms is
synthesis of chemical energy via Krebs cycle. As chemical
energy is synthesized via the Krebs cycle in plants, organic acids
are produced and their metabolic levels are constantly regu-
lated. With respect to metabolic processes in mitochondria the
role of organic acids as detoxifying agents in the matrix and
outside of these organelles are of particular interest.

At least two organic acids of the Krebs cycle, malic acid and
citric acid, are known to play an important role in the hyperac-
cumulation process by forming of complexes with nickel.
Brooks et al. (62), suggested the possibility of production of
malic acid as the tolerance mechanism in the nickel hyperaccu-
mulator, A. serpyllifolium. A few studies have reported basal
high levels of organic acids in the nickel hyperaccumulators
(58 - 60) in different plant species. There is sufficient evidence
that organic acid-metal complexes may play a role in metal
hyperaccumulation process (44, 53, 59). Complexation of met-
als with organic acids is achieved to reduce free metal ionic
activity. Detoxification of nickel ions by organic acid(s) is
important for nickel uptake, translocation, sequestration, and
storage. It has been suggested that nickel is stored in the vacu-
oles by binding to organic acids. In vacuoles, malic acid and
citric acid chelate nickel for its storage in the detoxified form (8,
61, 62). Involvement of two organic acids of the Krebs cycle,
citric and malic acid, in the hyperaccumulation process may not
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be merely coincidental. Enzymes are one of the main targets of
heavy metal ions and prolonged exposure of roots to heavy
metals results in marked decreases in root enzyme activity lead-
ing to speculations that different enzymes in the Krebs cycle
may have role in hyperaccumulation (62). Considering that
Krebs cycle metabolism impairment is probably involved in the
nickel-induced toxicity, we speculated that an increase in
metabolism by nickel in A. murale could be an important mech-
anism of counteracting toxicity. There are several enzymes
known that contain nickel as an active site or cofactor (63, 64).
However, none of these enzymes have a role in the Krebs cycle.
Analysis of the Krebs cycle enzymes indicated that malate dehy-
drogenase and citrate synthase enzymatic activities were mod-
ulated differently in the hyperaccumulator and non-accumula-
tor Alyssum species (Fig. 5, A—C) indicating the Krebs cycle in
root cells respond separately to nickel exposure in these two
plant species.

Mitochondria are key cellular organelles in plant cell redox
homeostasis and signaling (65). It is well established that mito-
chondria are important regulators of apoptosis and undergo
major changes during apoptotic cell death. Changes in the
mitochondrial membrane potential due to enhanced genera-
tion of ROS and/or the depletion of reduced glutathione (GSH)
induce opening of the mitochondrial permeability transition
pore and the release of cytochrome ¢ from the mitochondria to
the cytosol. The release of cytochrome ¢ from mitochondria is a
key factor in an early event in programmed cell death in plant
cells (66, 67). Interestingly, elevated GSH concentrations,
driven by constitutively elevated serine acetyltransferase activ-
ity, are involved in conferring tolerance to nickel-induced oxi-
dative stress in nickel hyperaccumulator Thlaspi species (68).
Investigation of effects of malic acid on ROS revealed that malic
acid reduces the effect of nickel-induced ROS in the roots of A.
murale compared with A. montanum. One possible explana-
tion for this observation could be formation of intracellular
coordination complex of malic acid with nickel ions (46,
49 -53), which reduces free ion activity and thereby modulates
ROS. In a previous study, malic acid reduced ROS in the early
steps of apoptosis induction in protoplasts (19).

We propose that transient nickel trafficking is imperative for
regulation of Krebs cycle and ROS production (Fig. 7) in the
root mitochondria of nickel hyperaccumulators. Specifically,
nickel regulates mitochondrial Krebs cycle enzymes such as,
malate dehydrogenase and citrate synthase in the mitochondria
of the roots of these plants. Such regulation is absent in the
roots of non-accumulator A. montanum rendering them sus-
ceptible to nickel. This regulation of Krebs cycle enzymes may
be initiated by either direct or indirect interaction of nickel with
Krebs cycle components. For direct interaction of Krebs cycle
components with nickel, it should be localized in mitochondria.
Nickel may regulate the Krebs cycle in hyperaccumulators irre-
spective of its localization in mitochondria and its direct inter-
action with Krebs cycle components. However, finding that
nickel is localized in mitochondria supports the notion that
nickel is directly involved in Krebs cycle regulation in the nickel
hyperaccumulator species. Further studies, such as identifica-
tion of a nickel-stimulated ion channel protein in mitochon-
dria, are required to validate the present findings as well as to
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FIGURE 7. Schematic of the proposed model for the role of mitochondrial
nickel influx in tolerance and hyperaccumulation. The scheme denotes
the transient nickel influx in root mitochondria of nickel hyperaccumulator
plants, which are proposed to participate in modulation of organic acid and
ROS production. The root epithelial cells of nickel hyperaccumulator play a
significant role in nickel mobilization and storage in planta. Krebs cycle inter-
mediates, specifically malic acid production, are up-regulated resulting in
efflux of malic acid from mitochondria via malic acid shuttle. Intracellular
malic acid may bind to nickel ions to form complexes and/or by an unknown
mechanism(s) suppresses nickel-induced ROS and prevents apoptosis of the
root cells.

better elucidate the relationship between nickel exposure and
mitochondria in nickel hyperaccumulators. Elucidation of the
mechanism involved in the management of mitochondrial tox-
icity in hyperaccumulator plants may provide further insight
into engineering toxic metal evasion in crop plants.
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