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ABSTRACT
Hyperaccumulators store accumulated metals in the
vacuoles of large leaf epidermal cells (storage cells). For
investigating cadmium uptake, we incubated protoplasts
obtained from leaves of Thlaspi caerulescens (Ganges
ecotype) with a Cd-specific Huorescent dye. A Huorescence
kinetic microscope was used for selectively measuring
Cd-uptake and photosynthesis in dillerent cell types, so that
physical separation of cell types was not necessary. Few
minutes after its addition, cadmium accumulated in the
cytoplasm before its transport into the vacuole. This demonstrated that vacuolar sequestration is the rate-limiting
step in cadmium uptake into I)rotoplasts of all leaf cell
tYI)es. During accumulation in the cytoplasm, Cd-rich
vesicle-like structures were observed. Cd uptake rates into
epidermal storage cells were higher than into standardsized epidermal cells and mesophyll cells. This shows that
the preferential heavy metal accumulation in epidermal
storage cells, previously observed for several metals in
intact leaves of various hyperaccumulator species, is due to
differeuces in active metal transport and not dift'erences in
passive mechanisms like transpiration stream transport or
cell wall adhesion. Combining this with previous studies, it
seems likely that the transport steps over the plasma and
tonOI)last membraues of leaf epidermal storage cells are
driving forces behind the hyperaccumulation phenotype.

Key-words: fluor escence kinetic microscopy; fluorescent
dye; metal sequestration; storage cells.

INTRODUCTION
Cadmium has been found to be a micronutrient for an
ecotype of Thalassiosira weissflogii, a marine alga (Lane &
Morel 2000) and many other heavy metals such as copper,
nickel and zinc are well-known for a long time already as
essential trace elements for plants. Cadmium can occur in
very high concentrations that are detrimental, in many cases
even lethal to most plant species, as a result of various
human act ivities (Buchauer 1973; Fergusson et at. 1980;
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McBride et at. 1997; Van Geen et al. 1997). Above the
threshold leading to growth inhibition by heavy metals, a
variety of toxic effects have been observed in cyanobacteria
as well as in plants, as described in a comprehensive review
on this subject (Prasad & Hagemeyer 1999) and in a more
recent one (Klipper & Kroneck 2005). Some plants, called
hyperaccumulators, actively take up large amounts of
potentially toxic metals and store them in their aboveground tissues (first described by Risse in the article of
Sachs 1865, term 'hyperaccumulator' introduced by Brooks
et al. 1977). While part of the hyperaccumulation phenotype
is due to enhanced root-to-shoot translocation as shown by
electrophysiology (Lasat, Baker & Kochian 1996, 1998) and
studies with radioactive cadmium (Zhao et al. 2006), most of
the metal is stored in the above-ground parts. Hyperaccumulators have to store the taken up metal in a way that it
does not harm important enzymes and especially not photosynthesis; therefore, it is important to keep the metal
concentration in the cytoplasm of mesophyll cells as low as
possible. It makes sense for hyperaccumulating plants to
store metal in the vacuoles because this organelle only contains enzymes like phosphatases, lipases and proteinases
(Wink 1993) that were never identified as targets of heavy
metal toxicity. Additionally, it has been shown that high
amounts of metals are stored specifically in the vacuoles of
large epidermal cells (Klipper, Zhao & McGrath 1999;
Klipper et at. 2001; Frey et al. 2000), where no chloroplasts
are located , and therefore, photosynthesis cannot be inhibited. These cells were furthermor~ found to display a
strongly elevated expression of the m'etal transporters
MTPI and ZNT5 (Klipper & Kochian 2010). Furthermore,
many previous studies have shown a strongly elevated
expression of metal transport genes in hyperaccumulators
compared to non-accumulators (first found by Pence et at.
2000; reviewed by Verbruggen, Hermans & Schat 2009) . But
for most of these genes, the cellular expression pattern and
its metal-dependent regulation remains unknown. And in
some cases, an investigation of the cellular expression
pattern showed that th e elevated expression is not a cause,
but rather a consequence of the hyperaccumulation phenotype (Klipper et al. 2007b; Klipper & Kochian 2010). For
long-term storage in the vacuoles, hyperaccumulated metals
are bound only to weak ligands like organic acids (Klipper
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et al. 2004, 2009). The sequestration into vacuoles is a trans-

port of metal against the concentration gradient and therefore needs an active transport system (Salt & Wagner 1993).
Until now, only a few transporters for vacuolar sequestration of zinc (and possibly cadmium) and nickel have been
investigated and could be characterized (Van der Zaal et at.
1999; Desbrosses-Fonrouge et at. 2005; Elbaz el at. 2006;
Haydon & Cobbett 2007; Morel el al. 2009). Tl is difficult to
study the uptake of different substances into plant cells,
because (in contrast to cells from bacteria or animals) they
are surrounded by a cell wall that consists mainly of cellulose. F luorescence microscopy uses specific dyes to make
substances visible, but in plants, those dyes often bind to cell
walls. Additionally, the emission of those dyes in most cases
overlaps with autofluorescence. Finally, the fluorescence
response of the dyes to increasing metal concentrations is
not at all linear, but displays a strongly sigmoidal shape. All
these problems make the use of normal plant cells for
detecting the transport of a target substance into the cell
very difficult and usually not quantifiable.
To overcome these difficulties, in the current study, we
applied the following strategies. Firstly, we have chosen a
dye that displays high selectivity to Cd (Soibinet el al. 2008)
with a strong emission band in a spectral range where plant
cells exhibit only very little autofluorescence. Secondly, we
worked on cells without cell wall, that is, protoplasts. Protoplasts can be isolated by digestion of the cell wall, so that
fluorescent dyes can not bind to the cell wall anymore. This
procedure makes it possible to get insights into the transport
of substances over the cell membrane into the cytoplasm,
which was shown already for the transport of cadmium into
cells from wheat seedlings (Lindberg, Landberg & Greger
2004), and from the cytoplasm into the vacuole. It is important to investigate differences in cadmium transport into
mesophyll cells compared to epidermal cells, and, furthermore, to measure it in epidermal cells of different sizes, as it
is known that large epidermal cells are used for the storage
of high amounts of metal (Klipper et al. 1999,2001; Frey
el al. 2000). In several cases, the attempt to obtain epidermal
protoplasts and/or the cadmium detection in epidermal protoplasts of Thlaspi caerulescens failed (Marques el al. 2004;
Cosio el al. 2005; Ma et al. 2005). These failures were, at least
in part, due to problems with the gradient centrifugation
that was used for physically separating cells from the mesophyll and the epidermis (Cosio el at. 2005).This separation is
not necessary when the fluorescence kinetic microscope
(FKM) is used where individual cells can be measured in a
mixture of cell types (Klipper et at. 2000, 2007a). Furthermore, in this system, the cells are kept vital by delivery of
fresh medium to the sample during the measurement and by
measurement with extremely low irradiances (Klipper et al.
2000,2007a).
In this study, we investigated Cd uptake into individual
protoplasts in a significant number of replicate protoplast
preparations, so that we could perform statistics of uptake
into different cell types. In this way, we were able to solve
two key questions of Cd accumulation in leaves, which are
the main metal storage sites of hyperaccumulator plants: (1)

Is the preferential heavy metal accumulation in large epidermal storage cells compared to other cell types due to
differences in active metal transport or due to diffe rences in
passive mechanisms like the transpiration stream transport
or cell wall adhesion? For solving this question, we compared the metal accumulation pattern previously observed
for several metals in intact leaves of various hyperaccumulator species (including T. caerulescens) with the rates of
active metal uptake in cells where the cell wall was
removed, that is, protoplasts. (2) Which is the time -limiting
step in metal sequestration into large epidermal cells? To
answer this question, we supplied protoplasts from plants
grown without cadmium with cadmium during the uptake
experiments and measured the kinetics of Cd accumulation
in different subcellular compartments.

MATERIALS AND METHODS
Plant material and growth conditions
Seeds of T. caerulescens 1. & c. Presl (Ganges population)
were germinated and plants were grown as described in
Klipper et at. (2007a), but with only 0.1 tLM Zn in the nutrient solution to diminish problems of detecting transport of
Cd on a high background of zinc.

Preparation of protoplasts
Protoplasts were prepared based on a method developed by
Coleman, Randall & Blake-Kalff (1997) and modified for T.
caerulescens as described, in principle, by Ferimazova el at.
(2002) . Leaves of T. caerulescens were cut freshly and first
wiped off with 70% (v/v) ethanol. After that, the lower
epidermis was removed using a clean razor blade to set a
cutting near the leafstalk, and watchmakers forceps were
used to carefully strip off the lower epidermis (which was
discarded as most storage cells in the stripped-off epidermis
break during the stripping) . Then the stripped leaf was
put into a Petri dish filled with 2.5 mL of sterile filtrated
isolation medium (1M) containing 1.0 M D-sorbitol and
10 mM 2-morpholinoethanesulfonic acid monohydrate
(MES). The pH was adjusted to 5.6 using Bis-tris-propane
(BTP). D-sorbitol and MES were purchased from Merck ,
Darmstadt, Germany (http://www.merck .de). BTP was purchased from Sigma, Steinheim, G ermany (http://www.
sigma-aldrich.com). Finally, 2.5 mL of a digestion medium,
containing 1M plus 0.7% cellulysin, 0.4 % macerase, 0.002 %
pectolyase and 1 % bovine serum albumin were added. The
sample was incubated for 16 h at a temperature of - 23 0c.
To prevent them from damaging the protoplasts, the cuticle
and leaf veins were removed once the attached cell wall had
been digested .

Sample preparation
For measuring the uptake of cadmium into cells, we incubated thc protoplasts with the fluorescent dye Rhod5N
AM (Invitrogen, Department Molecular Probes, Eugene,

210
OR, USA, http;//www.invitrogen.com). Rhod5N belongs
La the acetoxymdhyl (AM) ester derivatives of fluorescence indicators; the modification of carboxylic acids with
AM ester groups leads to uncharged molecules, which
can permeate cell membranes easily. When the molecule
e nters the cell, these lipophilic blocking groups are
cleaved by intracellular esterases and the molecule gets a
charge. The charged form can only very slowly leak out of
the cell. The hydrolysis of esterified groups is also important for binding the target ion. Rhod5N AM was originally
developed for visualizing calcium, but its binding and Iluorescence response is 2-3 orders of magnitude higher for
Cd 2+ than for Ca 2+. This fact was verified in our work to
make sure that the detected signal had its origin in the
cadmium uptake into the cells and not in the normal
calcium content, which is present in all living cells (Fig. 1).
Cells were incubated in 1M with the addition of 100 J1M
Rhod-5N AM [dissolved in dimethyl sulfoxide (DMSO) to
a concentration of 10 mM, then 1M was added to reach the
final concentration] for 1 h at room temperature in the
dark on a shaker. After incubation, the cells were washed
three times with 1M. In each washing step, cells were centrifuged at 10 g for 1 min, the supernatant was replaced by
fresh 1M. After washing, the sample was put onto the glass
of a measuring chamber (KOpper et al. 2000, 2007a) and
carefully mixed with 0.16% of SeakemGold Agarose (purchased from Cambrex, Rockland, ME, USA, http;//
www.cambrex.com) in 1M to avoid any movements of cells
during the measurements. Then the mixture of cells and
agarose was covered by cellophane and a silicone o-ring
was placed around the cellophane to stretch it and keep it
in place. Prior to use, the cellophane was boiled in distilled
water for removal of metal contaminations, and then
soaked with 1M for at least 1 h to minimize shrinking/
swelling during measurement.

Microscopic measurements
For all measurements in this study, the new version of the
'Fluorescence Kinetic Microscope' (FKM) was used; the
features of the instrument are explained in detail in
KOpper et af. (2007a). For the current work, the main
advantage over traditional fluorescence microscopes was
the optimized light control and detection system, minimizing the photoda mage to the cells while yielding
quantitative data.
Measurements were, in principle, carried out according to
the method used for leaves as described in KOpper et at.
(2007a). But in this study, the cells wh ere fixed in th e measuring chamber using agarose. In contrast to leaves, which
can be measured in th e presence of air saturated with water,
protoplasts have to be kept in 1M to keep them vital as long
as possible. For this purpose, the measuring chamber as
described by KOpp er et at. (2000, 2007a) was used, and fresh
medium was pumped through the chamber during th e measurements as described in KOpper et al. (2008) for studies
on cyanobacteria.
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F igure 1. Calibration of Rhod5N-AM: Iluoresccnce signa ls
obtained for cadmium, zinc and calcium in different
concentrations under the same measuring conditions (irradiance,
optical system, detector settings) as in the in vivo measurements,
incubated in isolation me dium with the potassium salt of the
dye. (a) Full range of the calibrations, showing the differen t
maximal fluore scence of the three metal complexes of Rhod5N.
(b) Physiological range of meta l concentrations and sigmoidal
fit of the curve in the micromolar range relevant for short-term
(range of hours) me tal uptake.

Cadmium uptake kinetics
Directly before the measurement of Cd uptake, 10 11M CdS04
was added to the medium, then the solution was mixed
carefully and, immediately, the measurement was started
using a 40x magnifying objective. Rhod5N with bound Cd 2+
was detected with a special set of filters (from AHF Analysentechnik, .TObingen, Germany, http;//www.a hf.de) : excitation at a wavelength of 530-550 nm (AHF HQ 545/30),
dichroic mirror at 565 nm (AHF 565 DCLP) and emission at
a wavelength of 578-633 nm (AHF D 605/55).
Two different meas uring protocols were used. The first
had a total length of 1000 s. In this protocol, after 2 s a
bright-field image is taken , th en the filter for detection was
changed. After 11 s, the signal of Rhod5N AM with bound
cadmium was detected for 0.5 s with actinic light (1700 liE)
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combined with superlight (3900 pE). The lights were
switched on again for furth er Cd measurements every 10 s.
After 100 s, until the end of the kinetic measurement, th e
lights were switched on only every 100 s for 0.5 s. For very
long measurements, the second protocol with a total length
of 3612 s was used. The only difference to th e protocol
above was the time intervals; only every 100 s, th e lights
were switched on from th e beginning. This protocol was
only used in special cases, when an object was very stable in
its position and was expected not to leave the fo cus.

Photosynthesis measurements
Photosynthesis measurements were used to obtain information about th e vitality of the mesophyll cells. The param eter
Fi Fm= (Fm- Fo)IFmwas measured for assessing the maximal
dark-adapted quantum yield of photosystem II (PSII) .
<I>I'S II = (Fm'-Ft')IFm' was measured to estimate electron
fl ow through PSII in th e light-acclimated state, nonphotochemical fluorescence quenching in actinic light was
measured as Qcn = (Fm- Fm')IFm. Epidermal cells (except for
stomatal guard cells) normally do not contain chloroplasts;
th erefore, on ly in mesophyll protoplasts chlorophyll flu orescence was measured.
The protocol used for those measurements had a total
length of 300 s and is described in detail in KUpper et al.
(2007a). The time-averaged intensity of the measuring light
was 4.7 pmol photons.m-2 s-', which is below the threshold
causing actinic effects in Thlaspi. The applied light intensity
for the actinic light was 500,l1mol photons.m-2 s-' .
A filter for blue excitati on light was used (wavelength
410- 500 nm; from Photon Systems Instruments, Bmo,
Czech Republic, http://www.psi.cz). the dichroic mirror had
an edge at 510 nm (from Photon Systems Instruments), and
flu orescence was detected between 650 and 700 nm (filter
fro m Photon Systems Instruments).

Viability and membrane integrity test
Integrity of cellular membranes and viability of epidermal
cells was tested with flu orescein di acetate (FDA , purch ased
from Invitrogen, http://www.invitrogen.com).This dye
becomes flu orescent wh en th e ace tate groups are cl eaved
off by esteras es inside th e cell , yieldin g flu orescein . Tf th e
membran es are intact, diffusi on of th e fluorescein (in co ntras t to FDA) is slow, so th at ce lls remain fluor esce nt for
several hours with only a gradu al decrease of the signal. If
membranes beco me leaky, fluor escein leaves th e cells
quickly.
For labelling, 20 pM of FDA were added to th e medium
reservoir. FDA was detected with excitation at 490-510 nm
(AHF HQ 500/20) , dichroic mi rror at 515 nm (AHF Q 515
LP) and emission at 520-550 nm (AHF 535/30) .

Dye calibration
For calibrating th e re la ti on between th e Iluorescence yi cld of
Rh od5N and th e concentration of cadmium in th e medium,

its tripotassium salt was used, purchased from Invitrogen
(http://www.invitrogen.com)orAnaSpec(Fremont. CA.
USA; http://www.anaspec.com) . This Rhod5N tripotassium
salt is already hydrolysed and binds metals without passing a
cell membrane.
The procedure with the hydrolysed dye was exactly th e
same as with th e ' normal' Rhod5N AM. It was dissolved in
DMSO first, th en 1M was added to reach a lina l concentration of 200 pM Rhod5N tripotassium salt. This solution
was mixed 1:1 with cadmium (15 concentrations from 0 nM
to 5000,l1M), zinc (nine concentra tions from 10 nM to
500 mM) and calcium (eight concentrations from 5PM to
2 M) , all of them dissolved in 1M. Each sample was pipetted
independently at least three times. The mixture of dye and
metal in 1M was applied to a counting chamber. One
minute after mixing, it was measured with the sa me irradi ance, objective and rilter set as used for th e cadmium
uptake meas urements. A calibration curve was fitt ed to
these data (see Fig. 1). With this curve, it was possible to
calculate how much cadmium was taken up by the cell of
interest. For testing th e effect of competition of weak
ligands such as orga nic acids (as they are known top bind
Cd in Thlaspi, KUpper et al. 2004) , we made a second
calibra tion with addition of 10 mM sodium citra te (see
Supporting Information Fig. SI) .
A s the vacuole has an acidic pH while the cytosol is
usually close to neutral, the Iluorescence yield o f th e dye
could be somewhat different in th ese compa rtm ents
(slightly lower in the vacuole). This might lead to und erestimation of absolute concentrations in the vacuole, but it
does not affect our conclusions about kin etics beca use there
is no reason to assume that the pH would change durin g th e
uptake.

Analysis of data measured with the FKM
The whole protoplast and a secti on of the background were
selected from the measured images or two-dimensional
maps of parameters (Rh od5N flu orescence or photosynthetic parameters like FiFm) calculated from them. For
those two obj ects, the signal value was calcula ted and
exported out of the program (,Fluorcam 7' from Photon
Systems Instruments, http://www.psi.cz). After export, the
background was subtracted from the selected obj ect in
ord er to remove th e influence of stray li ght, and th e raw
fluor escence values were converted to Cd conce ntrati ons
using th e equation of the calibration curve (Fig. 1). Furthermore, images of protoplasts during a measurement were
exported; fo r images of Cd distribution, th e same calibrated
recalculation as for th e num erical data was applied in order
to obtain quantitative ma ps of Cd concentrations instead of
non-qu ant ifi able flu orescence images. For creatin g graphs
and curves, the program Origin 8.0 Professional (OriginLa b, Northampton , MA, USA) was used . The uptake rates
were calculated in this program fo r each individual cell. A
linear regression of the graph was made in th e region
shortly after the uptake had started for as long as it
remain ed approximately linear; for an example, see Fig. 2
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Figure 2. Measurement of two mesophyll and one epidermal
cell: time vs. apparent concentration of cadmium, linear fits for
uptake rates after background subtractio n and subsequent
conversion of the RhodSN-signal into Cd concentrations via the
RhodSN calibration as shown in Fig. 1.

Statistical analysis
Statistical analyses such as analyses of variance (ANOVA)
were performed in SigmaPlot 11 (SPSS Science, Chicago,
IL, USA, http://www.spss.com). For statistics, the uptake
rates into storage cells were compared to those into
standard-sized epidermal cells as well as mesophyll cells.

RESULTS
In this study, we introduced a qu an titative single-cell in vivo
measurement of Cd uptake and sequestration, and used it
for studying metal uptake kinetics into individual protoplasts of the Cd/Zn hyperaccumulator T. caerulescens.

Calibration of the fluorescent dye
For making th e assay of Cd uptake quantitative, the fluorescence response of the dye that was used for the measurement of cadmium uptake into cells, Rhod5N-AM, had to be
calibrated for a large range of cadmium concentrations, as
shown in Fig. 1. We measured it for three orders of magnitude, covering the whole range of cadmium concentrations
in the cells between non-accumulator levels and concentrations known from long- term cadmium accumulation.
Furthermore, the flu orescence respo nse of Rhod5N had to
be calibrated not only for cadmium . Because of the high
ab undance of Ca and Zn in th e cells, combined with their
chemical similarity to Cd, the dye had to be calibrated for
zinc and calcium as well to make sure that the detected
signals mainly came from cadmium and not from zinc or
calcium . Figure 1 shows that the curve for cadmium saturated at a much lower concentration than for zi nc or calcium.
Obviously, Rhod5N-AM has a very good selectivity for cadmium compared to zinc or calcium , confirming results of
Soibinet et al. (2008). For quantification of cadmium uptake
measurements, a sigmoidal fit was calculated in th e physiological range of our short-term uptake experiments (res ulting

in concentrations lower than 10 f.1M , Fig. 1). To o btain half
saturation of th e maximal, Cd-induced dye fluorescence,
54 f.1M cadmium, 1300 f.1M zinc and 253 000 f.1.M calcium were
needed. The extremely large difference between Cd and the
other metals was also partially caused by the fact that even at
saturating metal concentrations, the Rhod5N complexes
with Ca 2+ and Zn 2+ were far less flu orescent th an the Rhod5N
complex with Cd 2+ (Fig. 1a). The different half saturation for
cadmium furthermore means that not only free but also
weakly bound Cd 2+ should be efficiently detected , which we
tested with the addition of citrate (Supporting Information
Fig. Sl). This test showed no competition for Cd binding to
th e dye by the citrate ligands, which would manifest itself in
a shift of the half-saturation concentration and possibly a
lower maximal flu orescence, but nei th er effect was observed.
In contrast to Cd, for Ca 2+ and Zn 2+, a multitude of other
potential ligands in cells (even organic acids included) will
be binding stronger than Rhod5N, making the dye even
more selective in cells than shown by our calibration.
The curve (metal concentration plotted against relative
flu orescence) was difficult to fit in the region of higher
cadmium concentrations as it did not follow a simple sigmoidal curve. Therefore, only the part with lowe r concentrations, from 0 f.1M to 5 f.1M , was fitted using a sigmoidal
function (Fig. 1a). This region was the most interesting part
of the curve, because it represented the physiological range
of cadmium in the cells treated with cadmium for these few
hours of an uptake measurement. In hyperaccumulator
plants grown for several months on a metal for which they
have hyperaccumulation capabilities (e.g. Cd + Zn, but not
Cu for T. caerulescens), the concentrations of this metal in
the vacuoles of epidermal cells reach much higher concentrations KUpper et al. 1999,2000,2001).
In addition to Rhod5N, we tried to use another dye for
cadmium and lead, 'Leadmium', which was recently developed by Invitrogen and used by Lu et at. (2008) . Unfortunately, cells showed a very intense flu orescent signal in
the spectral emission region of the dye already before the
additi on of cad mium , indicatin g a strong autofluorescence
(Supporting Information Fig. S2).

Distribution of cell types and sizes in a typical
protoplast sample
As described in more detail in the introduction, from previous studies, it was known that heavy metal accumulation
in hyperaccumulating Brassicaceae mainly occurs in large
epidermal cells. Therefore, before applying statistics to our
data, we grouped the epidermal cells by their size. Figure 3
shows a histogra m of the distribution of cell types and sizes
obtai ned from a typical sample (whole leaf digestion) in the
measuring chamber. It is obvious that the size distribution
of epidermal cells was much wider compared to mesophyll
cells, where all cells were of ra ther similar size. As far as it is
possible to judge from electron and confocal microscopy
pictures, this size distribution pattern corresponds to the
pattern observed in earlier studies on T. caerulescens
Ganges (KUpper & Kochian (2010) and Prayon (KUpper
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Figure 3 . 'TYpes and sizes of cells obtained from a typical
protoplast preparation from a young-mature (i.e. just after
reaching its fu ll size) leaf of Thia~1)i caeruiescens (Ganges
ecotype).

et al. 1999; Frey et at. 2000) ecotypes as well as Thlaspi
goesingense (KUpper et al. 2001). All protoplasts from the
upper epidermis with a diameter smaller than 60 11M were
named 'standard epidermal cells'. Cells larger than 60 JiM
were only present in the epidermis, not at all in the mesophyll. As these very large epidermal cells were clearly separated from all other cells, in the followin g, we refer to them
as 'storage cells', knowing that metals are stored in such
especially large epidermal cells (see introduction). For a
sample image in transmitted light, see Fig. 4.

Isolation of vital mesophyll and epidermal
protoplasts of T. caerulescens
In this work, we established a protocol for the isolation
of vital epidermal protoplasts based on protocols of
Coleman et al. (1997) and Ferimazova et al. (2002). After
removing the lower epidermis, the Petri dishes containing the leaves were not placed on a shaker but kept on
a temperature-controlled (23 0c) metal plate without

Figure 4 . Early stages of Cd uptake and sequestration in
an epid ermal storage protoplast. (a) Transmitted light im age,
(b) vitality test via FDA fluorescence, (c)- (I): time series of Cd
concent ration maps aft er ad dition of 1 f.lM Cd 2+. (c) 10 s, (d) 30 s,
(e) 100 s, (f) 200 s, (g) 300 s, (h) 400 s, (i) 500 s, (j) 600 s, (k) 900 s,
(I) 1000 s. In the small inset pictures, the sca le is stretched to an
amplitude of 12 f.lM for contrast enhancement.1l1e arrows point
at Cd transporting vesicles.
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uptake measured via the calibrated RhodSN fluorescence
response in a storage cell is shown in Fig. 4.
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The first important result was the successful observation of
cadmium uptake into living protoplasts via the fluorescent
dye. It usually started about 2-1S min after addition of Cd
to the medium reservoir that supplies the medium to the
chamber (see Klipper et at. 2008). By in vitro experiments
using the potassium salt of RhodSN in the counting
chamber that was also used for the dye calibration, we
found that this delay was due to the diffusion time of Cd
through the layer of 0.16% agarose in which the cells were
embedded (data not shown). Once uptake had started, it
could often be followed in continuous measurements for at
least 1 h, sometimes up to 3.S h (Fig. Sb). By recalculating
the measured fluorescence kinetics (after background subtraction) with the dye calibration, we could collect quantitative uptake data that allowed for separating between two
different phases of the uptake, and to characterize the Cd
uptake of different cell types, as described in detail below.
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Figure 5. Tests of the long-term viability of the cells under
measuring conditions. (a) Measurement of photosynthetic
parameters in mesophyll cells over a time period of 170 min.
(b) Measurement of an epidermal storage cell. Time vs.
apparent concentration of cadmium, example of an FDA
viability/membrane integrity test for a living storage cell during
cadmium uptake.

shaking as it turned out th at shaking destroys many epidermal cells. Osmolarity of the 1M turned out to be most
critical for the survival of the epidermal storage cells. In
the Petri dishes, the protoplasts obtained in this way
stayed vital for at least 24 h. In the measuring chamber
with repeated meas urements, they survived well for
several hours, as tested by repeatedly measuring FDA of
all cells and photosynthetic performance of mesophyll
cells (Fig. Sa) . The most difficult work was to get a sufficient amount of th e large epidermal protoplasts (storage
cells with a diameter >60 11M), because these are the most
fragile cells so that they easily rupture, e.g. during the
washing steps, the mixing with agarose or the mounting
of cellophane on the chamber (see Methods). Neverth eless, in the end, we obtained a sufficient number of
cells of each type for the analysis of Cd uptake. An
example of the vitality test with FDA and maps of Cd

A few minutes after the application of cadmium to the
medium, a bright ring of RhodSN fluorescence became
visible near the plasma membrane (Figs 4 & 6). Comparison
with transmitted light pictures of the same cell revealed that
the ring was located on the inner side of the plasma membrane and outside the tonoplast, so that it could be clearly
identified as the cytoplasm (Fig. 4). The cytoplasmic ring
appeared in all measured cells and in all cell types. This ring
was visible for some time (exact time depending on the
individual cell), then the Cd-signal in the cytoplasm saturated and slowly the whole cell became filled with cadmium
with highest apparent concentrations finally reached in the
vacuole (Fig. 6). All non-photosynthetic epidermal cells
have large vacuoles, and in particular in the epidermal
storage cells, the vacuole (ills almost the whole cell. In cases
where cells were loaded with cadmium before the incubation with dye (i.e. the opposite of the normal procedure) , no
cytoplasm ic ring appeared, but RhodSN fluorescence was
strongest in the centre (= vacuole) of the cell (see Fig. 6d),
so that it can be excluded that the cytoplasmic ring was an
artefact of dye distribution (too short pre-loading of the
cells with the dye) .
In several metal storage cells, we observed vesicle-like
Cd-rich structures during th e time from appearance of th e
cytoplasmic ring until the vacuol e filled with Cd (see arrows
and small inset maps in Fig. 4). These vesicles appeared and
moved in the cytoplasm, but since th ey did not remain in
focus for long enough, it was not possible to determine
where they originated or where they migrated to.

Cadmium uptake into mesophyll cells
Both Chi fluorescence and th e light absorption by ch lorophyll in the chloroplasts were used to differentiate them
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Figure 6. Phases of Cd-uptake kinetics in epidermal storage
protoplasts: maps of apparent Cd concentrations during the
different phases of Cd uptake and sequestration. Maps (a)- (c)
are of the same protoplasts. which was incubated with 10 J.lM
cadmium in the measuring chamber. Map (d) is from a different
preparation. where over night Cd uptake was tested with about
100 nM Cd (lower concentration used for enhancing long-term
viability of the cells). The scales of maps (a) and (b) (showing the
J.lM apparent Cd concentration) are adjusted for optimal visibility
of the short-term uptake, the scales of maps (c) and (d) are
adjusted for optimal comparison of the apparent concentrations
reached after short term versus over night incubation.

from epidermal cells. The latter were not filled with chloroplasts and therefore showed no ChI fluorescence but were
much brighter in transmitted light. All of the measured
mesophyll cells took up cadmium. However, the uptake
rates of individual mesophyll cells differed strongly from
each other (Table 1). Trying to correlate size and uptake
rate of mesophyll cells, no clear trend was observed, neither
in the velocity of uptake nor in the apparent concentration
which was reached finally in the individual cell (not shown).
For a combined measurement of epidermal cells together
with a cell from the mesophyll, see Fig. 2.
For the mesophyll cells, we observed a few cases where
the cells took up a lot of cadmium in a very short time,
usually occurring at the end of a long measurement where
no clear uptake was visible. This sudden rapid uptake was
usually followed by rupture of the cell. Therefore, we did
not use these rare cases for statistics but strongly suspect a
defective cell membrane as a cause.

Cadmium uptake into epidermal cells
Again, all measured cells showed an uptake of cadmium,
but at least in larger epidermal cells, uptake rates were
higher than in mesophyll cells. For a combined measurement of epidermal cells together with a cell from the mesophyll, see Fig. 2. This difference was due to a strong size
dependence of uptake rates in epidermal cells. One of the
important findings of this work was that uptake rates for
cadmium in epidermal cells of different sizes strongly differ
from each other (see Table 1). While the ANOVA, which was
calculated for all uptake rates of alT mesophyll and epidermal cells measured, showed no significant (P = 0.05) difference between mesophyll cells and 'standard' (small)
epidermal cells, the epidermal storage cells had almost 14
times higher Cd uptake rates (for statistics, see Table 1)
than the mesophyll cells. Furthermore, the Cd-containing
vesicles (see above) were only found in storage cells.

DISCUSSION
In this study, we were able to introduce a quantitative
single-cell in vivo measurement of Cd uptake and sequestration, and to use it for solving two key questions of Cd
accumulation in leaves, which are the main metal storage
sites of hyperaccumulator plants: (1) Is the preferential
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Table 1. Statistics of Cd uptake kin etics in individual pro top lasts. Each measurement (protopl ast) is from an independent pro topl ast
preparation , th at is, a true replicate. Dependent Variable: Cd uptake rate (11M Cd2+ . min- I)

Group name
Mesophyll protoplast
Small epidermal protoplast
Epid ermal storage cells
Source of vari ation
Between groups
Residual
Total

Mean

Stand ard devi ation

SEM

9
6
4

0.001 17
0.00256
0.0159

0.00205
0.00200
0.0133

0.000684
0.000816
0.00664

OF
2
16
18

SS
0.000637
0.000583
0.00122

MS
0.000319
0.0000364

F
8.741

N

P
0.003

The di fferences in the mean values among the trea tment groups are greater than would be expected by chance; there is a statistically
significant difference (P = 0.003).
Power of performed test with alpha = 0.050:0.911
All pairwise multiple comparison procedures (Holm-Sidak method): Overall significa nce level = 0.05. Comparisons for factor: cell type
Comparison

Diff of means

Storage epi vs. meso p.
Storage epi vs. small epi p.
Small epi pr vs. meso p.

0.0147
0.0133
0.001 39

4.047
3.412
0.436

heavy metal accumulation in large epidermal storage cells
compared to other cell types due to differences in active
metal transport? (2)Which is the time-limiting step in metal
sequestration into large epidermal cells?

Quantitative in vivo measurement of cadmium
uptake kinetics
All earli er studi es with metal-specific flu orescent dyes in
plants, and, to our knowledge, also in other organisms, were
carried out without proper (i.e. under measuring conditi ons) calibrati on of th e flu orescence response versus the
dye concentration. This calibration turned out to be essential for any quanti tative work with such dyes because of the
extremely non-linear response of th e dye. The strongly sigmoidal response of the dye at increasing Cd concentrations
can be interpreted as an indicator of cooperative binding of
Cd to the dye molecules, e.g. via aggregation of the Cd-dye
complexes. This could also explain why it was different in
our calibration compared to the data of Soibinet et al.
(2008) that were obtained in another buffer. Therefore, previ ous studies using metal-specific flu orescent dyes th at
unfortunately did not use any calibrati on produced only
quali ta tive resul ts. A dditionall y, it was important to show
th at neither zinc nor calcium, which both bind to Rhod5N
as well and are present in all living cells, disturb the qu antificati on of cadmium . A s it was used by Lu et al. (2008) for
looking at Cd uptake in plant roots, we furthermor e tested
anoth er dye for cadmium and lead, ' Leadmium'. However,
th e very strong auto flu orescence in th e specific emission
region of th e dye made Cd uptake meas urements with this
dye impossible. Furthermore, as its only application to plant
cells (Lu et al. 2008) did not include any controls and we
observed strong aut oflu orescence in th e spectral emission

Unadjusted P

Critical level

S ignifica nt?

<0.001
0.004
0.669

0.017
0.025
0.050

Yes
Yes
No

range of leadmium, the conclusions drawn in that study
have to be question ed. This autofluor escence in th e green
spectral region is a well-known phenomenon observed for
plants cells in contrast to animal cells, which do not have
th at many interfering substances in th eir cytoplasm.

Insights into cellular cadmium accumulation
and sequestration
Before this study, several attempts had been made to isolate
vital protoplasts from the epidermis of T. caerulescens, but
the methods that were used did not work for this purpose
(Cosio, Martin oia & Keller 2004; Cosio et al. 2005; Ma et al.
2005). In this work, we established a protocol for the isolation of vital epiderm al protopl asts using protocols of
Coleman et al. (1 997) and Ferimazova et al. (2002 ).
Th e Cd uptake rates and fin al apparent Cd concentrations in the large epidermal protoplasts (meta l storage
cells) differed a lot, but th ey were in all cases higher compared to the standard epidermal cells and mesophyll cells.
This was an important findin g of this study, because it
shows that th e differences in cellul ar metal concentrati ons
observed after long-term hyperaccumulation of metals (e.g.
Klipper et al. 1999,2001; Frey et al. 2000; Bhatia et al. 2004;
Bidwell et al. 2004; Broadhurst et ai. 2004; Cosio et al. 2005)
are du e to di ffe rences in active transport of th e cells, as
opposed to differences in cell wall properties or transpirati on stream. If differences in cell wall properties or transpi rati on stream had caused th e differential accumulati on of
epidermal cells, preparin g protoplasts from th em (i.e. ta king
th em out of their tissue context and removing th e cell walls)
would have eliminated these differences. Cd sequ estrati on
into storage cells makes sense as th ose cells use their
vacuole to store metal safely and without harm to sensitive

217
enzymes, and they do not contain a photosynthetic apparatus that would be a sensitive target of Cd toxicity.
A recent study on the cellular distribution and regulation of gene expression levels (KUpper & Kochian 2010)
indicates proteins that may be candidates for causing this
difference in metal accumulation between epidermal cells:
TcZNT5 and TcMTP1 were highly expressed in epidermal
storage cells, much higher than in other cell types. The
Arabidapsis thaliana homologue of the latter protein,
AtMTP1, a member of the cation diffusion facilitator
(CDF) family of heavy metal transporters, had already
previously been shown to mediate Zn detoxification and
leaf Zn accumulation (Desbrosses-Fonrouge et al. 2005).
Due to the chemical similarity of cadmium and zinc, transporters designed for Zn transport Cd as well for purely
chemical reasons (details below). While MTP1 is known to
be localized in the vacuolar (tonoplast) membrane
(Desbrosses-Fonrouge et al. 2005), the ZIP family of transporters, to which ZNT5 belongs, is generally localized in
the plasma membrane (Review by Guerinot 2000). Therefore, the results of the current study shed a new light on
the storage cell expression of ZNT5 found previously
(KUpper & Kochian 2010). Our statistics showing
enhanced uptake rates in the storage cells is based on
accumulation times in the range of 1-2 h, where accumulation mainly occurred in the cytoplasm. Therefore, it can
be concluded that the higher uptake rates in epidermal
storage cells compared to other cell types are partially
caused by differences in transport over the plasma membrane, and its expression pattern suggests that ZNT5 is
involved in this phenomenon.
In the current case, the investigated metal was cadmium,
while in the studies of metal distribution after long-term
accumulation, zinc and nickel were used (KUpper et al.
1999,2001; Frey et al. 2000). But as the ecotype Ganges of T.
caerulescens accumulates both cadmium and zinc, it could
be expected that both metals are stored in a similar way,
especially in view of the similar chemical properties of the
two metals. Indeed, a later study of Cd accumulation in this
species showed the sequestration in epidermal storage cells
as well (Cosio et al. 2005), despite problems with cell
rupture during the fractionation that led to increased cell
wall binding in this study. Furthermore, accumulation in
large epidermal cells was even observed for nickel in
various plants (Psaras et al. 2000; KUpper el al. 2001; Bhatia
et al. 2004), indicating that it is a rather general strategy of
hyperaccumulators. Similarities in transport for different
hyperaccumulated metals originate, most likely, at the
protein level. Known Zn transporters have an affinity both
for zinc and cadmium (e.g. the CPx-ATPase TcHMA4:
Papoyan & Kochian 2004; Parameswaran et al. 2007), which
also has to be expected from the chemical point of view
(Irving-Williams series). However, an uptake competition
study revealed no inhibition of Cd uptake by Zn competition (Lombi et al. 2000). This indicated that the rate-limiting
step of uptake in T. caerulescens (Ganges) involves different
transporters for both metals, at least in addition to proteins
transporting both metals.

The appearance of the transient Cd accumulation in the
cytoplasm in almost all measured cells and in all three of the
analysed cell types clearly showed that the transport into
the vacuole is the rate -limiting step in cadmium uptake into
protoplasts. This means that at the beginning of metal
uptake, the metal accumulates in the cytoplasm, because the
sequestration into the vacuole is slower than the uptake
over the plasma membrane. This could be due to a smaller
number or lower turnover rates of metal transporters situated in the vacuolar membrane compared to those in the
plasma membrane. When a certain metal level is reached,
the cytoplasmic accumulation saturates, possibly by feedback inhibition of the transporters over the plasma membrane. The observation that longer-term accumulation
finally leads to filling of the vacuole to much higher apparent concentrations than those reached in the cytoplasm
(in previous studies, high millimolar concentrations were
found, KUpper et al. 1999, 2000, 2001) indicates that the
vacuolar transporters are slower or fewer than those in the
plasma membrane, but have a higher translocation efficiency. The observation of Cd-containing vesicles in the
time period of the cytoplasmic ring indicates that besides
direct transport over the tonoplast membrane, also vesicular transport may playa role in vacuolar sequestration (or
in efflux from the cell). This is an interesting topic for
further studies. A limitation of vacuolar accumulation by
phytochelatin synthesis is very unlikely, because inhibition
of phytochelatin synthase does not affect Cd resistance of T.
caerulescens (Schat et al. 2002), phytochelatin levels in this
species are even lower than in related non-accumulator
species (Ebbs et al. 2002), and Cd is not stored in association
with sulphur ligands like phytochelatins (KUpper et al.
2004). In contrast, very many recent studies have demonstrated that the hyperaccumulation phenotype is related to
enhanced expression of metal transporters (see introduction). So it remains most likely that the now observed limitation of Cd accumulation by vacuolar sequestration is
caused by limiting availability of metal transporters.
Candidate proteins for the rate-limiting step of vacuolar
sequestration are, according to previous expression studies,
T. caerulescens homologues of HMA3, MHX, MTP1 and
ZIFl. HMA3,a CPX- (= PIII)-type heavy metal ATPase, was
found to mediate leaf vacuolar storage of Cd, Co, Pb and Zn
in A. Ihaliana (Morel el al. 2009). MHX, a homolog of an
A. thaliana vacuolar metal (Fe, Mg, Zn) versus proton
exchanger and member of the CDF protein family, was
found to be highly expressed in the leaf vacuolar membrane
of Arabic/apsis halleri (Elbaz et al. 2006). MTP1, another
member of the CDF family, was shown to be a Zn transporter in the vacuolar membrane of A. thaliana, and was
furthermore shown to mediate Zn detoxification and Zn
accumulation in the leaves (Desbrosses-Fonrouge el at.
2005). Finally, ZIFl, a member of major facilitator protein
superfamily, was found to be expressed in A. thaliana leaf
vacuolar membranes, and also, this protein influenced Zn
tolerance and accumulation of the plants (Haydon &
Cobbett 2007). The finding of the current study that the
transport from thy cytoplasm to the vacuole is the
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rate-limiting step of accumulation now explains why overexpression of the aforementioned proteins did not only lead
to enhanced metal resistance, but metal accumulation. As
this enhanced metal accumulation was observed on the
whole-plant level, it now seems likely that the transport
over the vacuolar membrane in the metal storage cells of
the leaf epidermis is not only the rate-limiting step of metal
hyperaccumulation in leaf cells as analysed now, but that it
is an important driving force behind the complex phenomenon of metal hyperaccumulation.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the
online version of this art icle:
Figure 81. Calibration of Rhod5N in the presence of 10 mM
sodium citrate and without citrate add ition.
Figure 82. (a) Fluorescence signal of protoplasts incubated
with Leadmium and no addition of cadmi um , (b) Fluorescence signal of protoplasts incubated with Leadmium after
the addition of cadmium.

