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Abstract
Aims Zinc distribution at the tissue level is studied
almost exclusively in lab-grown plants. It is essential
to establish to what extent the patterns observed in lab-
grown plants are corresponding with those in nature. To
this end, we compared Zn localization in Noccaea
caerulescens growing in its natural environment, a
zinc/lead mine tailing, with that in hydroponically
grown plants of the same origin.
Methods Zinc concentrations in plants and soil were
determined by flame AAS and Zn localization in leaf
tissues was studied using Zn indicators Zincon and
Zinpyr-1.
Results Themean Zn concentration in plants at the mine
tailings was around 15,000 mg/kg DW, which
corresponded well with the Zn concentration in the
leaves of plants grown at 1600 μM Zn in the nutrient
solution. The Zn distribution patterns in leaves of plants

sampled from the mine and plants grown in hydroponics
were identical. Zn-dependent staining was the most
intensive in water-storage epidermal cells, guard cells
and vascular bundles, and less intensive in subsidiary
and mesophyll cells.
Conclusions Zinc distribution in hydroponically grown
plants is representative for plants in nature. Preferential
Zn sequestration in leaves, particularly in water-storage
epidermal cells, restricts metal accumulation in meso-
phyll and contributes to Zn hypertolerance.

Keywords Noccaea сaerulescens . Zinc tissue
localization . Hyperaccumulation . Tolerance .

Histochemistry . Leaf tissues

Introduction

Around 500 plant species of more than 30 families have
been described as metal hyperaccumulators
(Verbruggen et al. 2009; Krämer 2010). These often
grow on metal-enriched soils and are characterized by
high levels of tolerance and accumulation of one or
several metals in their leaves. Most of these species
hyperaccumulate nickel (Ni), and are endemic to ser-
pentine soil. No more than 20 of them are zinc (Zn)
hyperaccumulators, capable of accumulating more than
10,000 mg Zn / kg DW in their leaves (Krämer 2010).

Zn hyperaccumulation has been extensively studied in
Noccaea caerulescens and Arabidopsis halleri (e.g.,
Assunção et al. 2003; Assunção and Schat 2003;
Hanikenne et al. 2008; Milner and Kochian 2008;
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Pauwels et al. 2008; Roosens et al. 2008; Frerot 2011).
N. caerulescens is a facultative metallophyte, which can
hyperaccumulate Ni, Zn, and cadmium (Cd) (Verbruggen
e t a l . 2 009 ; K r äme r 2010 ) . Whe r e a s Zn
hyperaccumulation capacity is a species-wide character
inN. caerulescens, Ni or Cd hyperaccumulation capacity
seems to be population-specific (Assunção et al. 2003).
Local N. caerulescens populations vary significantly
among each other in their metal tolerance capacities
(Assunção et al. 2003; Richau and Schat 2008; Seregin
et al. 2014, 2015). Hypertolerance to Zn, in comparison
with non-metallophytes, is a species-wide trait in
N. сaerulescens , al though populations from
metallicolous, calamine soils are, on average, more Zn-
tolerant than populations from non-metalliferous soil
(Verbruggen et al. 2009). Cd hypertolerance, on the other
hand, is certainly not species-wide (Assunção et al.
2003). Differences in accumulation and tolerance capac-
ities among local N. caerulescens populations seem to be
associated with differential expression of genes encoding
metal transporters, such as ZNT1, IRT1, HMA3, and
HMA4 (Assunção et al. 2001; Hammond et al. 2006;
Halimaa et al. 2014; Visioli et al. 2014).

The N. caerulescens population from St Laurent le
Minier (SLM, formerly called Ganges [GA]), grows on
calamine soils between St Laurent leMinier and Ganges
in South France, where mining used to take place from
the Roman times until about 15 years ago (Robinson
et al. 1998). The bedrock is rich in Zn/Pb sulphides and
oxides, associated with barite (Robinson et al. 1998).
The mine tailings host many metallophytes including
N. caerulescens, Iberis intermedia, Armeria maritima
and Silene latifolia (Robinson et al. 1998). The local
N. caerulescens population (SLM) hyperaccumulates
both Zn and Cd (Robinson et al. 1998). Moreover, Cd
seems to be required for optimal growth in SLM plants
(Roosens et al. 2003; Liu et al. 2008).

The distribution of heavy metals over plant tissues is
insufficiently known yet. Various techniques, including
histochemical methods, have been applied to compare
metal distribution patterns in leaves and roots in
hyperaccumulating and non-hyperaccumulating refer-
ence species (Vazquez et al. 1992, 1994; Küpper et al.
1999; Frey et al. 2000; Ma et al. 2005; Seregin and
Kozhevnikova 2008; Vogel-Mikus et al. 2008; Richau
et al. 2009; Seregin et al. 2011; Kozhevnikova et al.
2014a, 2014b; Dinh et al. 2014). These studies revealed
that hyperaccumulators and non-hyperaccumulators do
not only distinctly distribute metals over roots and

leaves, but also over tissues within organs, or cell types
within tissues. However, the metal distribution patterns
at the tissue level have been studied almost exclusively
in plants grown in greenhouses or climate rooms, usu-
ally in hydroponics, and have almost never been com-
pared with those in plants growing in their natural
environment. In fact, the foliar metal concentrations
and shoot-to-root metal concentration ratios obtained
in lab-grown plants can be considerably different from
those in field-grown plants, which often seems to be
attributable to the use of unrealistically high metal ex-
posure levels in hydroponics or artificially spiked soils
(van der Ent et al. 2013), but possibly also to climatic
conditions. Likewise, it is conceivable that there may be
differences between lab-grown and field-grown plants
regarding their metal distribution patterns over tissues or
cell types within tissues. Therefore, it is crucial to check
whether the patterns obtained in hydroponics are realis-
tic. In this study we compared the shoot Zn concentra-
tions and the Zn distribution patterns over leaf tissues
and leaf cell types between hydroponically grown plants
and plants collected at the site of population origin, i.e.
the mine tailings near St Laurent le Miniers.

Materials and methods

Plant material Shoots of 30 plants of Noccaea
сaerulescens F.K. Mey (formerly Thlaspi caerulescens
J. & C. Presl), accession St Laurent le Minier (SLM,
formerly Ganges), were collected from various tailings
of abandoned mines around St Laurent le Minier, South
France (43.936155, 3.671470) (Fig. 1). At the same
location, we also collected seeds from 15 plants and
took soil samples (10 cm3) within their immediate
surroundings.

Growing plants in hydroponics The seeds collected
from the plants at the mine tailings were germinated
for 2 weeks in Petri dishes on moist filter paper at
20°C in the dark. Seedlings were transferred to 1-l
polyethylene pots (three seedlings per pot) filled with
modified half-strength Hoagland’s nutrient solution
(Assunção et al. 2003, 2008): 3 mM KNO3, 2 mM
Ca(NO3)2, 1 mM NH4HPO4, 0.5 mM MgSO4, 1 μM
KCl, 25 μM H3BO3, 2 μM ZnSO4, 2 μM MnSO4,
0.1 μM CuSO4 , 0.1 μM (NH4)6Mo7O24, 20 μM
Fe(Na)EDTA. The pH buffer MES was added at a 2-
mM concentration and the pH was set at 5.25 using
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KOH, to prevent Zn complexation by EDTA (Assunção
et al. 2003, 2008). Plants were grown in a climate
chamber (23/18°C day/night; light intensity at plant
level, 200 μM m−2 s−1, 14 h d−1; relative humidity
70%). After one week of acclimation, Zn was added as
Zn(NO3)2 at concentrations of 2 (control), 100, 200,
400, 800, 1000, and 1600 μM. Nine plants were used
per treatment. Solutions were renewed weekly. In our
experiments the solution pH did not change by more
than 0.1 unit between the replacements.

Plants were harvested 8 weeks after the start of the Zn
treatments. Zn toxicity was assessed from the root and
shoot dry weights at harvest.

Zinc measurement Prior to harvest, roots of lab-grown
plants were desorbed from surface-bound Zn in Na2-
EDTA (20 mM) for 10 min at room temperature, then
the roots and shoots were separated, rinsed in
demineralized water and dried superficially with filter
paper. Shoots of plants harvested in the field were
washed three times in demineralized water and dried

superficially with filter paper. Plant and soil samples
were dried to constant weight in a stove at 80°C for
48 h. Soil samples were sieved through a 1.5-mmmesh.
For the analysis of acid-extractable Zn concentration in
the soil, 30–50 mg of sieved soil was digested in 2 ml of
a 4:1 (v/v) mixture of HNO3 (65%, v/v) and HCl (37%,
v/v), in Teflon bombs at 140°C for 7 h. Plant samples
were weighed and digested in the same way. Zinc con-
centrations in plant and soil digests were measured
using flame atomic absorption spectrophotometry
(Perkin Elmer 2100, the Netherlands). Prior to Zn mea-
surements the soil extracts were filtered using a 20-μm
bacterial filter. The quality of the digestion procedure
and Zn concentration measurement was checked using
an internal reference material (powdered poplar leaves)
with a known Zn concentration (recovery 95–103%).

Histochemical staining of Zn in leaf tissues Leaves of
plants collected from the mines and plants grown at
different Zn exposure levels in the laboratory were used
to visualize Zn distribution patterns. We applied the

Fig. 1 Abandoned mine near St
Laurent le Minier (South France,
43.936155, 3.671470) (a), and
young (b) and mature (d-f)
N. сaerulescens plants, growing
on rocky slopes (b, c), on the
sandbanks in the flood bed of the
Herault river (d, e) and under the
shrubs (f)
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metallochromic dye Zincon, as well as the fluorescent
dye Zinpyr-1. Zincon is a relatively Zn-selective indica-
tor, forming a blue-colored complex with Zn. To max-
imize sensitivity, we applied a procedure described in
Seregin and Kozhevnikova (2011) and Seregin et al.
(2011). In short, 0.013 g Zincon (sodium salt,
C20H15N4NaO6S, Sigma-Aldrich Chemie GmbH) and
0.19 g borax (Na2B4O7x10H2O) were dissolved in
0.2 ml of 1 M NaOH (pH 9.8–10.4) and the volume
was adjusted to 10 ml with super-demineralized water.
The solution was then heated to 90°C and used after
cooling down to room temperature. Thin transverse
sections of leaves were made using a safety razor blade
and the leaf epidermis was peeled off with tweezers.
Leaf sections and epidermis samples were incubated on
a glass slide in a few drops of the reagent for 10–15min,
covered with a cover glass and examined using an
Olympus CX41 microscope (Olympus, Japan).
Photographs were taken using a color video camera
Altra 20 (Olympus, Japan).

As a more sensitive reagent, we used the
membrane-permeable Zn fluorophore Zinpyr-1.
Zinpyr-1 is highly selective for Zn over other metals
(Kd = 0.7 ± 0.1 nM) (Burdette et al. 2001). We
applied a procedure described in Sinclair et al.
(2007), with slight modifications (Seregin and
Kozhevnikova 2011; Seregin et al. 2011). In short,
we prepared a 10-μM solution of Zinpyr-1
(C46H36Cl2N6O5, Fluka) in super-demineralised wa-
ter, diluted from a 1-mM stock made up in dimethyl
sulphoxide (DMSO). Leaf sections and epidermis
samples were immersed in Zinpyr-1 solution
(10 μM) and incubated at room temperature in dark-
ness for 1 h. Then excess reagent was removed with
filter paper, a few drops of ultra pure water were
added and the samples were covered with a cover
glass. Zn localization was examined using an
Olympus CX41 microscope (Japan) equipped with
a CX-RFL-2 reflected fluorescence attachment with
a CX-DMB-2 filter set (excitation 450–490 nm,
emission 500–540 nm) and an Axio Imager Z2
microscope (Zeiss) equipped with filter set 38 (ex-
citation 450–490 nm, emission 500–550 nm).
Photographs were taken using a color camera Altra
20 (Olympus, Japan) attached to the Olympus CX41
microscope, and black-and-white camera attached to
the Axio Imager Z2 microscope. Black-and-white
images were pseudo-coloured with ImageJ software.
Six to eight plants per treatment were examined.

Statistical analysis All experiments were replicated
three times. Quantitative data were statistically analyzed
using one-way ANOVA, after log-transformation of the
data. Post-hoc comparison of multiple individual means
was done using the minimum significant range (MSR)
statistic (Sokal and Rohlf 1981).

Results

Plant growth When compared to control conditions,
none of the Zn concentrations applied in hydroponics
caused a significant root or shoot growth inhibition
(Fig. 2). However, there was a significant decrease in
root dry weight at 800–1600 μM Zn in the solution
compared to the plants at 200 μM, and in shoot dry
weight at 1600 μM Zn compared to the plants at 100–
200 μM (Fig. 2). Thus, 100–200 μM Zn in the solution
was optimal for growth. Leaf chlorosis and necrosis
were observed neither in lab-grown nor in field-grown
plants (Fig. 1).

Zn accumulation

The total acid-extractable Zn concentration in soil sam-
ples collected from the mine tailings close to St Laurent
le Minier was, on average, 50,000 mg/kg DW, ranging
from approximately 19,000 to 92,000 mg/kg DW, while
the mean Zn concentration in the shoots of the collected
N. caerulescens plants was around 15,000 mg/kg DW,
ranging from 10,000 to 26,000 mg/kg DW (Fig. 3). In
hydroponics, the shoot Zn concentration increased sig-
nificantly with increasing Zn exposure, up to the
200-μM treatment level, after which there was no sig-
nificant further increase (Fig. 4). The highest Zn con-
centration in the leaves of the plants grown in hydro-
ponics was around 15,000 mg/kg DW. The root Zn
concentrations increased consistently with increasing
Zn exposure, up to the highest exposure level. From 2
to 200 μM Zn in the nutrient solution, the Zn concen-
trations in the shoots were higher than those in the roots,
but at 400 and 800 μM Zn they were similar, and at
1000 and 1600 μM Zn, the root metal concentrations
were higher than those in shoots. Thus, the metal trans-
location factor, calculated as shoot-to-root Zn concen-
tration ratio, decreased steadily with increasing Zn con-
centration in the solution (Fig. 5).
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Zn distribution in leaf tissues

Staining with the fluorescent probe Zinpyr-1 and the
metallochrome indicator Zincon yielded comparable
patterns of leaf Zn localization in plants sampled
from the mine and plants grown in hydroponics
(Figs. 6, 7). The Zn distribution over leaf tissues
was identical in plants grown at 200 up to 1600 μM
Zn in the nutrient solution (Fig. 7). Zinc was found
in all leaf tissues, both in cell walls and cell

protoplasts. The staining was the most intensive in
the leaf epidermis and vascular bundles, especially
the phloem and collenchyma, whereas in mesophyll
cells it was less prominent (Figs. 6a, b, 7a-c). The
Zn distribution within the leaf epidermis was un-
even. Zn accumulated in large water-storage cells,
especially along the veins (Figs. 6c-h, 7d-h). It was
also found in the guard cells of the stomata, whereas
the staining of the subsidiary cells was much less
intensive. This pattern was less pronounced in the
adaxial epidermis compared to the abaxial epidermis
(Figs. 6c-h, 7d-h).

Discussion

N. caerulescens, alongside with other metallophytes
(Iberis intermedia, Silene latifolia), is found on rocky
slopes as well as on the sandbanks in the flood bed of the
Herault river (Fig. 1). When collected in this area, the
mean Zn concentration inN. caerulescens shoots ranged
from 10,000 to 26,000 mg/kg DW, with a mean of
15,000 mg/kg DW (Fig. 3). The highest Zn concentra-
tion in the leaves of the plants grown in hydroponics
was 15,000 mg/kg DW (Fig. 4), which compares quite
well with the mean Zn concentration in plants from the
mine tailings near St Laurent le Minier. Though the root
Zn concentration in hydroponics continued to rise with
the Zn concentration in the nutrient solution, the shoot
Zn concentration leveled off at 200 μM Zn in the
nutrient solution, indicating that the Zn xylem loading
capacity was already close to saturation at this

Fig. 2 Effect of different Zn
treatments on root (n = 9) and
shoot (n = 9) dry weights of
N. сaerulescens, accession SLM,
grown in hydroponics (means ±
SE). Treatments assigned with
different letters indicate a
significant difference between the
means (p < 0.05). ANOVA post-
hoc comparisons were performed
separately for roots and shoots

Fig. 3 Zn concentration in the soil (n = 15) and in the shoots
(n = 30) of N. сaerulescens, accession SLM, from the mining
tailings near St Laurent le Minier (means ± SE)
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concentration (Fig. 4). Thus, in our experiment, the Zn
concentrations from 200 to 1600 μM in the nutrient
solution yielded a realistic level of Zn accumulation in
the leaves.

Histochemical analysis revealed identical patterns of
Zn distribution over foliar tissues and epidermal cell types
in plants collected in the field and those grown in hydro-
ponics (Figs. 6, 7), in spite of the relatively short duration
of the hydroponics experiment, in comparison with the
pre-harvest growing season at the population site. This
result unambiguously demonstrates that the Zn distribu-
tion patterns obtained in hydroponically grown plants can
be extrapolated to plants in their natural environment, at
least when the foliar Zn concentrations are similar.

Zinc-dependent fluorescence was higher in leaf epi-
dermal cells and vascular bundles than in mesophyll
cells (Figs. 6a, b, 7a-c). Predominant Zn accumulation
in the leaf epidermis compared to the mesophyll was
also shown for other accessions of N. caerulescens, as
well as for the hyperaccumulators N. japonicum,
N. praecox and Sedum alfredii (Vazquez et al. 1992,

1994; Küpper et al. 1999; Frey et al. 2000; Ma et al.
2005; Vogel-Mikus et al. 2008; Monsant et al.
2010). For example, in the Prayon accession of
N. caerulescens, 87,6% of the foliar Zn load was
found in the epidermal cells and only 12,4% in the
mesophyll cells (Monsant et al. 2010). Zinc was
detected in the leaf vascular bundles of both
hyperaccumulating and non-accumulating plants
(Vogel-Mikus et al. 2008; Kozhevnikova et al.
2014a). Zn accumulation in the abaxial and adaxial
collenchyma cells surrounding the conductive tis-
sues in N. praecox was suggested as a mechanism
to protect metabolically more active tissues from
metal toxicity (Vogel-Mikus et al. 2008), while met-
al accumulation in the phloem seems to point to the
fact that, in hyperaccumulators at least, metals are
re-allocated from old to young leaves (Lu et al.
2013; Deng et al. 2016). Taken together, these data
demonstrate that the general pattern of Zn localiza-
tion in leaves can be similar in different Zn
hyperaccumulator species.

Fig. 4 Zn accumulation in the
roots (n = 9) and shoots (n = 9) of
N. сaerulescens, accession SLM,
grown in half-strength
Hoagland’s solution at various
concentrations of Zn(NO3)2
(means ± SE). Treatments
assigned with different letters
indicate a significant difference
between the means (p < 0.05).
ANOVA post-hoc comparisons
were performed separately for
roots and shoots

Fig. 5 Metal translocation factor,
calculated as shoot-to-root Zn
concentration ratio (means ± SE).
Treatments assigned with
different letters indicate a
significant difference between the
means (p < 0.05)
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There may be several reasons why excessive Zn is
stored predominantly in the leaf epidermis: first, it may
result from Bpassive accumulation^, along with the
transpiration-driven water stream, which ends in the epi-
dermis (Küpper et al. 2001, 2009); second, there may be
Bactive accumulation^ in the epidermis, due to a relative
abundance of Zn influx transporters of the ZIP family in
this tissue, e.g. NcZNT5 (Küpper and Kochian 2010;
Schneider et al. 2013); third, there may be a combination
of active and passive mechanisms. In any case, active
accumulation most probably does play a role, such as
demonstrated for Cd in N. caerulescens cell type-specific
protoplasts (Leitenmaier and Küpper 2011).

The distribution of metals over different types of
epidermal cells can be highly uneven (Seregin and
Kozhevnikova 2008). In this study we found Zn accu-
mulation predominantly in so-called Bwater-storage^
(Solereder 1899; Metcalfe and Chalk 1950) or Bmetal-
storage^ (Küpper and Kochian 2010; Leitenmaier and
Küpper 2013) pavement epidermal cells, characterized
by a large size and a big central vacuole, and in stomatal
guard cells, rather than in subsidiary cells (Figs. 6c-h,
7d-h). Preferential accumulation of Zn in large water-
storage epidermal cells was also found in other
N. caerulescens accessions (Frey et al. 2000; Monsant
et al. 2010), however, it was not observed in the non-

Fig. 6 Zn distribution over
tissues in N. сaerulescens,
accession SLM, in leaves that
were collected from the natural
population. Staining with Zinpyr-
1 (a-f) and Zincon (g, h). (a) – leaf
cross section in the region of the
central vein; (b) – leaf cross
section in the region of lateral
vein; (c, d) – adaxial epidermis;
(e-h) – abaxial epidermis.
Epidermal cells below the vein
are marked with an arrow. Bar
=100 μm (a-c, e, g), 50 μm (d, f,
h). E – epidermis,М –mesophyll,
SC – subsidiary cells, VB –
vascular bundle, WSC – water-
storage epidermal cells
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accumulators Lepidium ruderale and Capsella bursa-
pastoris (Kozhevnikova et al. 2014a). It is important to
note that the abovementioned pattern was expressed less
in the adaxial epidermis compared to the abaxial epider-
mis (Figs. 6c-h, 7d-h), which could be related to differ-
ences in transpiration rate. The most intensive Zn-
dependent staining was observed in the water-storage
cells below the veins (Figs. 6g, 7e), which may be
explained by the fact that they are at a shorter distance
from the Zn source, i.e. the vascular bundle. Uneven Zn
distribution over different epidermal cell types might be
connected with a heterogeneneous localization of Zn
transporters. For example, in young leaves of young
N. caerulescens plants, ZNT5 mRNA levels were much

higher in water-storage cells compared to stomatal guard
cells or subsidiary cells, whereas in mature leaves, ZNT1
expression was higher in guard cells compared to the
other types of epidermal cells (Küpper and Kochian
2010). Theoretically, differential metal accumulation
capacities among epidermal cell types could also be
associated with differential capacities to synthesize or
accumulate particular cytoplasmic or vacuolar Zn che-
lators. Unfortunately, data on chelator concentrations in
specific epidermal cell types are not available to date.

Several studies suggested that metal accumulation in
the mesophyll occurs only after saturation of the metal
accumulation capacity of the epidermis (Küpper et al.
2001, 2007; Leitenmaier and Küpper 2011, 2013). The

Fig. 7 Zn distribution over
tissues in N. сaerulescens,
accession SLM, in leaves of
plants grown in half-strength
Hoagland’s solution at 400 (a, e),
800 (c, f, h) and 1600 (b, d, g)
μM Zn(NO3)2. Staining with
Zinpyr-1 (a-d) and Zincon (e-h).
(a) – leaf cross section; (b) – leaf
cross section in the region close to
leaf edge; (c) – leaf cross section
in the region of the central vein;
(d-f) – abaxial epidermis; (g, h) –
adaxial epidermis. Epidermal
cells below (e) and above (g) the
vein are marked with an arrow.
Bar =200 μm (a), 100 μm (b, c,
e), 50 μm (g, h), 25 μm (d, f). E
– epidermis, GC – stomata guard
cells, М – mesophyll, SC –
subsidiary cells, VB – vascular
bundle, WSC – water-storage
epidermal cells

12 Plant Soil (2017) 411:5–16



relative metal burdens of the epidermis and the meso-
phyll depend evidently on their relative volumes. For
example, in the hyperaccumulator A. halleri the epider-
mis is relatively thinner than in N. caerulescens, ac-
counting for a much lower fraction of the total leaf
volume. Thus, even when including the trichomes,
A. halleri epidermal cells accumulate in total only a
small fraction of the total foliar metal burden. As a
result, much more Zn ends up in the mesophyll in
A. halleri (Küpper et al. 2000), in comparison with
N. caerulescens (Monsant et al. 2010). Consequently,
in A. halleri toxic effects are observed at lower metal
concentrations in the nutrient solution, in comparison
with N. caerulescens (Küpper et al. 2007; Leitenmaier
and Küpper 2013).

In principle, the relatively low metal-accumulating
capacity of mesophyll cells can be related to altered
expression levels of Zn efflux or influx transporters, in
comparison with those in the epidermis, as well as a
relatively low capacity for Zn chelation. In A. halleri
and N. caerulescens the expression of the Zn-effluxing
ATPase gene, HMA4, is not only extremely high in
roots, where it plays a crucial role in Zn xylem loading
(Hanikenne et al. 2008; Craciun et al. 2012), but also in
the leaf vasculature and mesophyll (Craciun et al. 2012)
and, possibly, even in the leaf epidermis (Schneider et al.
2013). This indicates that in the leaves HMA4 may be
involved in Zn xylem unloading or in Zn efflux from
mesophyll cells, thus preventing Zn to accumulate in the
mesophyll, and promoting its translocation to the epi-
dermal water storage cells (Schneider et al. 2013). In
line with this, expressing NcHMA4 from an endogenous
N. caerulescens HMA4 promoter in the Arabidopsis
thaliana hma2/hma4 double mutant did not alleviate,
but instead aggravated Zn deficiency in the leaves,
although it did enhance the foliar Zn concentration
(Iqbal et al. 2013). Moreover, hyperaccumulator leaf
protoplasts did not seem to accumulate Zn or Cd at
particularly high concentrations (Marques et al. 2004),
and N. caerulescens cells in suspension accumulated
less Zn or Cd than A. thaliana cells, most likely due to
higher rates of efflux (Klein et al. 2008). These results
clearly suggest that, except for water-storage cells,
hyperaccumulator cells may in fact have lower, rather
than higher capacities for metal accumulation, com-
pared to non-hyperaccumulator cells, probably due to
higher efflux rates.

In leaves of N. caerulescens, both in nature and in
hydroponics, Zn was localized both in cell walls and cell

protoplasts. In the mesophyll, Zn-dependent fluores-
cence was more intensive in the cell walls than in the
protoplasts (Figs. 6, 7). Literature reports on the Zn
concentrations in cell walls versus cell protoplasts are
contradictory. Frey et al. (2000) found that Zn accumu-
lated mainly in the cell wall in mesophyll cells and
stomatal guard cells of N. caerulescens. However, other
authors found that in mesophyll cells of N. caerulescens
(Ma et al. 2005) and N. praecox (Vogel-Mikus et al.
2008) the Zn concentration in vacuoles was higher than
that in cell walls. In contrast to the mesophyll, in large
water-storage epidermal cells of N. praecox, Zn was
mainly accumulated in the symplast (Vogel-Mikus
et al. 2008). In the vacuoles of epidermal cells, metal
concentrations can reach several hundreds of mM
(Küpper et al. 2001, 2009). Anyway, although metal
concentrations in mesophyll cell walls may occasionally
reach high levels in hyperaccumulators, it is unlikely
that binding to cell walls in leaves would represent the
driving force of metal hyperaccumulation in the leaves.
In contrast, inN. caerulescensmetal hyperaccumulation
in the leaf blade seems to be driven by Bactive^ uptake
across the plasma membrane of the epidermal water
storage cells, which is in turn limited by the rate of metal
transport from the cytoplasmic into the vacuolar com-
partment of these cells, such as demonstrated for Cd
(Leitenmaier and Küpper 2011). Anyway, although the
cell wall is probably not the most predominant metal
sink in hyperaccumulator leaves, there is circumstantial
evidence that Cd-induced or constitutive cell wall alter-
ations in leaves can contribute to Cd tolerance, and the
intraspecific variation therein, in A. halleri (Meyer et al.
2015; Isaure et al. 2015).

Zn transport across the tonoplast is mediated by
transporters of the Cation Diffusion Facilitator family
(CDF = MTP), and possibly, members of the Natural
Resistance-Associated Macrophage Protein (Nramp)
family, H+/Cation Exchanger family (CAX), and
Heavy Metal Associated protein (HMA) family (Van
der Zaal et al. 1999; Becher et al. 2004; Dräger et al.
2004; Koren’kov et al. 2007; Gustin et al. 2009; Oomen
et al. 2009; Ueno et al. 2011; Tanaka et al. 2015). There
is not much information on the tissue- or cell-specificity
of any of these candidate tonoplast transporters.
Anyway, MTP1, a member of the CDF/MTP family,
was found both in mesophyll and epidermal cells and is
supposed to be the only vacuolar Zn transporting CDF/
MTP in the epidermal cells of N. caerulescens
(Schneider et al. 2013).
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Cytosolic Zn is supposed to be bound to strong
chelators. In N. caerulescens, almost all of the Zn in
the mesophyll cell sap was present as a Zn–
nicotianamine complex, whereas in the epidermis it
was bound to malate and, to a lower degree, citrate
(Schneider et al. 2013). This could be taken to suggest
that most of the epidermal Zn is in the vacuoles indeed,
because organic acid-Zn complexes are probably too
unstable to prevent toxic effects in the cytoplasm
(Verbruggen et al. 2009; Leitenmaier and Küpper
2013). It is very likely that preferential accumulation
of Zn in the vacuoles of the water-storage epidermal
cells contributes to the exceptional degrees of Zn toler-
ance at the whole-plant level in Zn hyperaccumulators,
most probably because it allows the plant to prevent
excessive Zn accumulation in the mesophyll and, there-
fore, Zn interference with photosynthesis.

In conclusion, the patterns of Zn accumulation and
distribution over tissues and cell types were identical in
plants growing in nature and in hydroponics under
laboratory conditions, suggesting that natural Zn
hyperaccumulation inN. caerulescens can be effectively
mimicked in the laboratory with hydroponically grown
plants. In addition, our results are in support of the
hypothesis that Zn hypertolerance in N. сaerulescens
relies on a highly efficient Zn sequestration in large
water-storage epidermal cells, and restricted accumula-
tion in the mesophyll.
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