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Abstract The mechanism for cadmium (Cd2+) uptake
into the cytosol of protoplasts from 5- to 7-day-old
wheat seedlings (Triticum aestivum L. cv. Kadett) was
investigated by a new method, using fluorescence
microscopy and the heavy metal-specific fluorescent dye,
5-nitrobenzothiazole coumarin, BTC-5N. Cadmium
fluorescence gradually increased in the cytosol of shoot
and root protoplasts upon repeated additions of CdCl2
to the external medium, reflecting an uptake of Cd2+.
The uptake was inhibited by calcium and potassium
chloride, as well as by Verapamil and tetraethylammo-
nium (TEA), inhibitors of calcium and potassium
channels, respectively. Calcium competitively inhibited
the cadmium uptake. The metabolic inhibitors vanadate
and dinitrophenol partly inhibited the uptake, suggest-
ing it was dependent on membrane potential. The results
indicate that cadmium is taken up by channels perme-
able to both calcium and potassium. The total uptake of
cadmium into the protoplasts was also detected by
unidirectional flux analyses using 109Cd2+, and showed
approximately the same maximal concentration of Cd2+

as the fluorescence measurements. By combining the
two methods it is possible to detect both uptake into the
cytosol and into the vacuole.
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Abbreviations BTC-5N, AM: Acetoxymethyl ester
of 5-nitrobenzothiazole coumarin Æ DNP: 2,4-
Dinitrophenol Æ TEA: Tetraethylammonium

Introduction

Cadmium is a heavy metal that is toxic not only to man
but also to animals and plants. It is easily taken up by
plant roots and negatively affects physiological processes
such as photosynthesis, respiration, growth, water
transport and uptake of magnesium, iron and potassium
(Lindberg and Wingstrand 1985; Reese and Roberts
1985; Greger and Lindberg 1987; Barcelo and Pos-
chenrieder 1990; Greger and Ögren 1991; Marchiol et al.
1996; Larsson et al. 2001). Heavy metals such as copper
and zinc, and especially cadmium, are toxic when pres-
ent at high amounts in the cytosol. Plants, therefore,
have developed several detoxification and tolerance
mechanisms to exclude heavy metals from this part of
the cell (Clemens 2001; Hall 2002).

As a result of human activities, cadmium levels in
agricultural soils are increasing and, thereby, the cad-
mium content in crops used for food and fodder has
also risen. To prevent the presence of cadmium in the
food chain it is necessary to understand the mecha-
nisms by which cadmium is taken up into plant roots
and cells. From physiological experiments several
mechanisms have been suggested for uptake of cad-
mium into plant cells. Since cadmium interferes with
the uptake of other ions, such as iron, zinc and cal-
cium in plants, it was thought that Cd2+ could be
taken up by the same pathways as used by those ele-
ments (Costa and Morel 1993; Askwith et al. 1996;
Assman et al. 1996; Lasat et al. 2000). There is a
competition between Ca2+ and Cd2+ within the root
tissue of sugar beets, suggesting that these two ions
can compete for the same binding sites (Greger and
Lindberg 1987; Greger and Bertell 1992). Cadmium
also inhibits the active uptake of potassium (86Rb+/
K+) in sugar beet roots and in birch (Lindberg and
Wingstrand 1985; Gussarsson and Jensén 1992). In
experiments with plasma membranes from sugar beet
roots, cadmium competitively inhibited the K+ stim-
ulation of ATPase activity, suggesting that Cd2+ and
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K+ could bind to the same uptake site on the plasma
membrane (Lindberg and Wingstrand 1985). It is
possible that Cd2+ can be transported via K and Ca
channels within the plasma membrane, since these
channels are not very specific.

More recent experiments using yeast mutants and
transformed yeast cells, especially Saccharomyces cere-
visiae and to some degree Schizosaccharomyces pombe,
have introduced new possibilities of finding transporters
for cadmium. Based mainly on uptake studies and
growth effects, transporter proteins of the ZIP family,
e.g. the iron transporter IRT1, the zinc transporter
ZNT1 and the Nramp-transporters from Arabidopsis
and rice, were proposed as possible transporters also
for cadmium (Korshunova et al. 1999; Pence et al. 2000;
Thomine et al. 2000). It is also interesting that the wheat
LCT1, which originally was cloned by complementation
of a K high-affinity uptake-deficient yeast mutant,
mediates Na+ influx, as well as an increased Cd2+ and
Ca2+ uptake activity in S. cerevisiae (Schachtman et al.
1997; Clemens et al. 1998).

Studies of cadmium uptake in root cells by use of
the cadmium isotope 109Cd2+ suggested that the total
uptake of Cd2+ in cytosol and vacuoles might depend
on both passive and active pathways (Costa and Morel
1993, 1994; Hart et al. 1998). The uptake of Cd2+ in
the nanomolar concentration range was thought to be
mediated by carriers (Hart et al. 1998). However, little
is known about the mechanism for the primary uptake
of Cd2+ into the cytosol. We have used the new
fluorescent 5-nitrobenzothiazole coumarin probe, BTC-
5N (Molecular Probes, The Netherlands) to measure
the uptake of Cd2+ in protoplasts of wheat. By the use
of BTC-5N, it should be possible to estimate the
concentration of free Cd2+ in the cytosol. Previously,
BTC-5N was used only for studies of cadmium con-
centrations in animal cells, as well as for analysis of
water quality (Kanthamsy et al. 1995; Prestel et al.
2000). The acetoxymethyl ester of 5-nitrobenzothiazole
coumarin (BTC-5N, AM) is split into the carboxylate
form, which by binding to Cd2+ increases its fluores-
cence.

Since the main purpose was to investigate if BTC-
5N, AM could be used to detect cadmium uptake into
plant cells, we compared the uptake of Cd2+ into the
cytosol as determined by use of BTC-5N, AM with the
uptake of cadmium into the protoplast determined by
using the isotope 109Cd2+. Another purpose was to
study if Cd2+ can be transported through Ca and K
channels in the plasma membrane, or whether other
transport mechanisms occur. We, therefore, detected the
uptake of Cd2+ in the absence and presence of calcium
and potassium in the medium, as well as in the absence
and presence of Verapamil and tetraethylammonium
(TEA), blockers of calcium and potassium channels,
respectively. By use of the metabolic inhibitor dinitro-
phenol (DNP) and the H+-ATPase inhibitor vanadate,
we investigated if the uptake was dependent on mem-
brane potential.

Materials and methods

Cultivation

Caryopses of wheat (Triticum aestivum L. cv. Kadett;
Svalöf-Weibull, Landskrona, Sweden) were surface-
sterilized, washed and soaked in 5 mM CaSO4 as
described by Pettersson and Strid (1989). The seedlings
were grown in beakers on double layers of Miracloth
(LIC, Stockholm, Sweden) using a complete nutrient
solution containing 2 mM KNO3, 1 mM Ca(NO3)2,
1 mM MgSO4, 1 mM KH2PO4, 0.5 mM Na2HPO4,
1.5 lM H3BO3, 0.5 lM MnSO4 and 0.5 mM Fe-EDTA.
They were cultivated in a climate-controlled chamber for
5–7 days and were illuminated for 16 h per day at an
irradiance of 118 W m)2 at the top of the shoots. The
temperature in the growth chamber was 20±1�C. The
relative humidity was 50–60% throughout the cultiva-
tion.

Protoplast isolation and loading

The root protoplasts were prepared as described by
Lindberg andStrid (1997).Root tipswere treatedwith 2%
cellulysin cellulase (EC 3.2.1.4) from Trichoderma viride
(Calbiochem; LabKemi) and 0.1% pectolyase Y23 (EC
3.2.1.15) from Aspergillus japonicus (Kemila, Sollentuna,
Sweden) in amedium containing 500 mMsorbitol, 0.05%
polyvinylpyrrolidone (PVP; Sigma, St. Louis,MO,USA),
0.05% bovine serum albumin (BSA; Sigma), 0.5 mM
CaCl2 and 20 mMTris–Mes (Sigma), at pH 5.5 for about
3 h. The root tips were rinsed twice, for 30 s each time,
with a solution of the same composition but without
enzymes. The three suspensions were finally pooled and
filtered through nylon net with 100-lm pores. The filtrate
was centrifuged at 100 g for 6 min. The protoplasts were
purified by a sorbitol gradient as described by Lindberg
(1995). Theywere then suspended in amedium containing
500 mM sorbitol, 0.1 or 1.0 mM CaCl2, 0.2% BSA,
0.05% PVP and 5 mM Tris–Mes buffer (pH 5.5;
medium A). The protoplast suspension was washed once
with the same medium before dye loading.

The leaf protoplasts were isolated from 5- to 7-day-
old wheat seedlings by an enzymatic method similar to
that described by Lindberg (1995) with some modifica-
tions [using 1% cellulase from Trichoderma resei (Sigma;
EC 3.2.1.4.) and 0.3% macerase ‘‘Maceroenzyme R-10’’
(Serva; EC 3.2.1.4)].

The protoplasts were loaded with BTC-5N in the
acetoxymethyl ester form (BTC-5N, AM; Molecular
Probes, Leiden, the Netherlands). A stock solution of
BTC-5N was prepared by solving 50 lg of the dye in
39.5 ll dry (<0.1% v/v water) dimethyl sulfoxide. The
solution was mixed with 10 ll Pluronic F-127 (Molec-
ular Probes) solution (20% w/v) in dimethyl sulfoxide.
Five ll of the solution was used per 1 ml buffer. Loading
continued for 50 min at 4±1�C. At the end of the
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incubation time the samples were centrifuged and pellets
were resuspended into 1 ml of a solution containing
0.5 M sorbitol, 0.05% PVP, 0.2% BSA, 5 mM Hepes
and 0.1 or 1 mM CaCl2 at pH 7.0 (solution B). Before
measurements, samples were kept in darkness at room
temperature for 25 min.

Fluorescence measurements

An epi-fluorescence microscope (Axiovert 10; Zeiss,
Oberkochen, Germany) supplied with an electromag-
netic filter exchanger (Zeiss), xenon lamp (XBO 75;
Zeiss), photometer (Zeiss), microprocessor (MSP 201;
Zeiss) and a personal computer was used to determine
the fluorescence intensity ratio after excitation at
415 nm. Emission wavelengths were 500–530 nm. The
fluorescence measurements were made on single pro-
toplasts with a 40·/0.75 planneofluar objective for phase
contrast. The measurements taken every 250 ms were
performed only with protoplasts of similar size and
properly loaded in the cytosol.

For standard measurements, the BTC-5N, AM was
hydrolysed according to Molecular Probes product
information sheet [Acetoxy methyl (AM) esters, G002
09/29/96], to the cadmium-binding form, BTC-5N. This
form was used for detection of Cd in samples of solu-
tion B (see above) supplied with CdCl2 at different
concentrations. In the presence of 0.05–1 lM Cd2+,
there was a linear relationship between fluorescence and
Cd2+ concentration. Since CaCl2 at 1 mM slightly
interfered with the 415-nm Cd2+-fluorescence, different
calibrations were performed at 0.1 and 1.0 mM CaCl2.

Measurement of unidirectional flux

The uptake experiments using the isotope 109Cd were
performed in 2-ml beakers, connected to a suction sys-
tem with glass microfibre filters (GF/C; Whatman).
Protoplasts were prepared as previously described and
the protoplast density was counted. Protoplast samples
(333 ml, 28,000–85,000 protoplasts mm)3) were added
to each of 10 beakers, and 2 other beakers containing
only the protoplast medium were added as a control.
Thereafter, 1 ml protoplast medium A (see above) con-
taining the isotope 109Cd (46,000 Bq) was added to each
beaker. The treatment was ended by washing the sam-
ples three times with the protoplast medium. Samples
(and glass microfibre filter) were then mixed with 5 ml
H2O. Five ml Emulsifier Safe (Packard) was added and
the isotope was analysed by liquid scintillation (Wallac
1409). Also, protoplasts with no 109Cd treatment were
analysed as a control.

Statistics

Figures 2 and 4 show representative traces of specific
experiments repeated more than five times with

protoplasts from independent cultivations. Each value
in Fig. 4 corresponds to ‡20 measurements. Figures 3,
4, 5 and 6 show the mean value ± SE for ‡4 inde-
pendent experiments.

Results

The acetoxymethyl ester of the dye, BTC-5N, AM,
could be loaded into the protoplasts after 50 min at
4±1�C. The fluorescence was low and increased upon
cadmium addition to the medium. In most of the pro-
toplasts the dye was loaded into the cytosol, and not into
vacuoles, as shown by the micrographs (Fig. 1a,b).

Cadmium uptake into the cytosol

The uptake experiments were performed with single root
and shoot protoplasts, but since there was little differ-
ence in the uptake between root and shoot protoplasts,
most of the experiments shown are on shoot protoplasts.
In the presence of 0.1 mM CaCl2 in the external solu-
tion, the fluorescence immediately increased upon
addition of a low concentration of CdCl2 (0.5 lM) to
the protoplasts, indicating an increase of Cd2+ in the
cytosol of the protoplast (shown for leaf protoplasts
in Fig. 2a). Even in the presence of relatively high con-
centrations of Cd2+ in the external medium (220.5 lM),
a very low amount of Cd2+ was taken up into the
cytosol. The optimal increase in fluorescence within
6 min corresponded to approximately 0.35 lM Cd when
compared with a standard curve (See Materials and
methods).

Upon each repeated addition of cadmium the fluo-
rescence usually increased and then formed a plateau at
the higher level. Only upon addition of a low concen-
tration of Cd2+ (5 lM), was the increase in fluorescence
somewhat higher in root protoplasts than in shoot
protoplasts; otherwise, there was little difference be-
tween data for root and shoot protoplasts (Fig. 3).

Fig. 1a, b Micrographs of a wheat (Triticum aestivum) leaf
protoplast loaded with BTC-5N, AM for 50 min, as shown in
transmitted light (a) and fluorescent light using a fluorescein
isothiocyanate (FITC) filter (b)
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In the presence of a higher concentration of CaCl2
(1 mM), a smaller increase in fluorescence was obtained
upon addition of cadmium than in the presence of
0.1 mM calcium, and after repeated additions there were
further, but small, increases in fluorescence (Figs. 2b, 3).
The optimal increase in fluorescence in the presence of
1 mM calcium corresponded to approximately 0.1 lM
Cd2+ (Fig. 2b). Moreover, in the presence of 5–10 mM
KCl instead of calcium (not shown), there was a similar
decrease in fluorescence as in the presence of CaCl2
(Fig. 3).

Since the presence of high calcium (1 mM), or
potassium, in the external solution prevented the up-
take of Cd2+, the measurements were also made after

pre-treatment of protoplasts for 15 min in a buffer
containing either the calcium channel blocker, Verapa-
mil, or the potassium channel blocker, TEA. Each
channel blocker inhibited the Cd2+-dependent increase
in fluorescence upon cadmium addition (Fig. 3).
Simultaneous addition of Verapamil and TEA com-
pletely inhibited the uptake of cadmium (not shown).

Moreover, calcium inhibited the uptake of Cd2+ in
a competitive way as shown by a Dixon plot, where 1/
percent fluorescence increase is plotted against inhibitor
concentration (Fig. 4). From this plot the half-maximal
inhibition constant, Ki for inhibition by calcium could be
estimated to approximately 1 mM.

After pre-treatment of leaf protoplasts with vanadate
or DNP, the increase in fluorescence upon cadmium
addition was only half of that obtained in the control
protoplasts, indicating that the uptake of cadmium into
the cytosol was partly dependent on membrane potential
(Fig. 5).

Fig. 2a, b Increase in free concentration of Cd2+ in the cytosol of a
wheat leaf protoplast upon repeated additions of CdCl2 to the
protoplast medium in the presence of 0.1 mM (a) or 1.0 mM (b)
CaCl2. Excitation wavelength was 415 nm. Estimation of cadmium
concentrations was made from standard determination using
hydrolysed dye (BTC-5N)

Fig. 3 Increase in free concentration of Cd2+ in the cytosol, given
as relative increase in fluorescence at 415 nm excitation, of wheat
leaf (LP) and root (RP) protoplasts upon repeated additions of
CdCl2 to the protoplast medium in the presence of 1 lM
Verapamil, 10 mM TEA or 1 mM calcium. The medium contained
0.1 mM calcium, if no other information is given. ND No data.
Mean ± SE, n‡4

Fig. 4 Dixon plot showing the uptake of Cd2+ into the cytosol,
given as relative increase in fluorescence at 415 nm excitation of
wheat leaf protoplasts, at different concentrations of Ca2+ and
Cd2+ in the protoplast medium. 1/percent fluorescence increase
plotted against inhibitor concentration. Each value represents 20
measurements from independent cultivations. Mean ± maximal
SE
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Uptake of cadmium into whole protoplasts

The uptake of Cd2+ into root and shoot protoplasts was
measured by use of the cadmium isotope 109Cd2+

(Fig. 6). The pattern of cadmium uptake in both root
and shoot protoplasts after 1 min corroborates the
pattern of cytosolic uptake (Figs. 2, 6). The total uptake
of cadmium after 1 and 5 min, respectively, was
approximately the same in root and shoot protoplasts
from control plants. After 1 min in the presence of
109Cd2+ the control protoplasts contained approxi-
mately the same maximal concentration of Cd (0.36 lM)
as the cytosol (0.35 lM), as determined by fluorescence
(Fig. 2 and see Appendix). However, the uptake mea-
surement using 109Cd2+ showed a higher concentration
in the whole protoplast after 5 min, compared with the
cytosol after 6 min (Figs. 6, 2).

Discussion

The present results show that the fluorescent dye BTC-
5N can be used to detect free cadmium concentrations in
plant protoplasts. Approximately the same maximal
concentration of Cd2+ was found in the cytosol and
whole protoplast, using the fluorescence and the isotope
techniques, respectively (Figs. 2, 6). There was little
difference in short-term cadmium uptake into root and
shoot protoplasts (Fig. 6).

It has been suggested that no free cadmium occurs
inside a cell because this ion has high affinity for S-, N-
and O-containing ligands and could bind strongly to,
for example, glutathione and other SH-containing mol-
ecules in the cell. It is possible, however, that BTC-5N
has a higher affinity for cadmium than for those mole-
cules, or that the binding of Cd2+ to BTC-5N is faster.
The fluorescence increases severalfold upon binding of
Cd2+ to BTC-5N.

In the presence of a low external concentration of
calcium (0.1 mM), addition of Cd2+ to protoplasts re-
sulted in an increased level of free Cd2+ in the cytosol,
due to less competition with calcium (Figs. 2a, 4). Fur-
ther additions of Cd2+ increased the concentration of
Cd2+ in the cytosol and in the whole protoplast to
approximately the same maximal concentration in the
control protoplasts after 1 min (Figs. 2, 6, and Appen-
dix). However, 5 min after addition of cadmium to
protoplasts, the concentration in the whole protoplast
became higher, probably due to transport to the vacu-
oles (Fig. 6 and Appendix).

Since calcium inhibited the uptake of cadmium in a
competitive way, it is likely that cadmium and calcium
use the same channels (Fig. 4). Clemens et al. (1998) also
found a strong inhibition of cadmium uptake by calcium
exceeding 100 lM in transformed yeast cells. The esti-
mated half-maximal inhibition of the LTC1-mediated
Cd-uptake was only 25 lM. However, half-maximal
inhibition in native yeast cells occurred at a Ca2+ con-
centration of 700 lM, a value similar to that for wheat
protoplasts, where the inhibition constant was �1 mM
(Fig. 4).

The results suggest that the uptake of cadmium into
the cytosol of wheat leaves and root protoplasts, in the
nano- to micromolar range, proceeds through channels
permeable to both calcium and potassium. This was
confirmed, because the inhibitors of these channels,
Verapamil and TEA, as well as high concentrations of
Ca2+ and K+, blocked the increase (uptake) of Cd2+ in
control protoplasts (Figs. 2, 3). It was earlier shown that
Verapamil inhibits the uptake of calcium into protop-
lasts by Ca-channels and that TEA inhibits potassium
uptake by K+-channels (Graziana et al. 1988; Rengel
and Elliott 1992; Thiel et al. 1996). In the presence of
both Verapamil and TEA, there was no Cd2+-influx at
all, showing that the effect of the inhibitors was additive
(not shown). Therefore, it is unlikely that there is any
uptake through iron or zinc transporters in this case.

Fig. 5 Increase in free concentration of Cd2+ in the cytosol, given
as relative increase in fluorescence at 415 nm, of wheat leaf
protoplasts upon addition of 50 lM CdCl2 to the protoplast
medium in the absence, and in the presence of 100 lM vanadate or
50 lM DNP. Pre-treatment time with vanadate and DNP was
10 min. The medium contained 0.1 mM calcium. Mean ± SE, n‡4

Fig. 6 Total uptake of cadmium in root and shoot protoplasts,
in picomoles Cd2+ per million protoplasts, obtained 1 or 5 min
after addition of cadmium to protoplasts. Cadmium was detected
as 109Cd2+. Mean ± SE, n‡10
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Cadmium also enters the plasma membrane mainly
via Ca channels in animal, human and fungal cells.
Cadmium uptake into the symplasm of a mycorrhizal
fungus was partially linked to potential-dependent
calcium uptake, since the calcium ionophore A23187
inhibited cadmium accumulation (Blaudez et al. 2000).
In animal and human cells, calcium channels, at least
partly, take up Cd2+, and the uptake of cadmium is
inhibited by Verapamil (Souza et al. 1996, 1997;
Weidner and Sillman 1997; Braeckman et al. 1999;
Craig et al. 1999). Clemens et al. (1998) showed that in
transformed yeast cells the plant cDNA LCTI mediates
the uptake of both calcium and cadmium. Moreover,
Perfus-Barbeoch et al. (2002) recently proposed that
cadmium could enter guard cell protoplasts via hyper-
polarized calcium channels, but not by potassium
channels.

Our results show that cadmium uptake into the
cytosol of wheat protoplasts partly takes place by
channels permeable to calcium and potassium, and is
dependent on membrane potential. It cannot be ex-
cluded that Cd2+ can be partly taken up by K+-chan-
nels, since TEA inhibited the uptake. Verapamil could
also have blocked K+-channels (Terry et al. 1992), since
the inhibition by Verapamil and TEA is between 56 and
89%. It is also likely that potassium, DNP, vanadate
and TEA inhibit the uptake of cadmium by depolarising
the plasma membrane. This would be expected if, for
instance, Cd enters through hyperpolarized calcium
channels, such as those described by Perfus-Barbeoch
et al. (2002).

Conclusion

Both methods of cadmium detection show that the
maximal accumulation of free cadmium into wheat
protoplasts, as well as into the cytosol, is very low (0.35–
0.36 lM). The uptake into the cytosol occurs via chan-
nels permeable to Ca2+ and K+, and partly depends on
membrane potential. Calcium competitively inhibits the
uptake of cadmium into the cytosol, suggesting that
uptake takes place through the same channels.
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Appendix

The diameter of protoplasts used for the experiments was
approximately 40 lm. To estimate their volumes and
Cd2+ concentrations it was assumed that the protoplasts
contained 5% cytosol. By use of the formula 4pr3/3, the
volume of 106 protoplasts could be estimated to 33.51 ll.
The maximal concentration of cadmium (determined by
109Cd2+) that was found in the protoplasts was then
about 0.36 (0.3581) lM. Since the maximal cytosolic
concentration, determined by fluorescence was 0.35 lM,

the vacuolar concentration was approximately 0.36
(0.3585) lM.
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