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Tobacco (Nicotiana tabacum L. cv Xanthi) plants were exposed to toxic levels of zinc (Zn). Zn exposure resulted in toxicity signs
in plants, and these damages were partly reduced by a calcium (Ca) supplement. Confocal imaging of intracellular Zn using
Zinquin showed that Zn was preferentially accumulated in trichomes. Exposure to Zn and Zn + Ca increased the trichome
density and induced the production of Ca/Zn mineral grains on the head cells of trichomes. These grains were aggregates of
submicrometer-sized crystals and poorly crystalline material and contained Ca as major element, along with subordinate
amounts of Zn, manganese, potassium, chlorine, phosphorus, silicon, and magnesium. Micro x-ray diffraction revealed that the
large majority of the grains were composed essentially of metal-substituted calcite (CaCO,). CaCO; polymorphs (aragonite and
vaterite) and CaC,0, (Ca oxalate) mono- and dihydrate also were identified, either as an admixture to calcite or in separate
grains. Some grains did not diffract, although they contained Ca, suggesting the presence of amorphous form of Ca. The
presence of Zn-substituted calcite was confirmed by Zn K-edge micro-extended x-ray absorption fine structure spectroscopy.
Zn bound to organic compounds and Zn-containing silica and phosphate were also identified by this technique. The
proportion of Zn-substituted calcite relative to the other species increased with Ca exposure. The production of Zn-containing
biogenic calcite and other Zn compounds through the trichomes is a novel mechanism involved in Zn detoxification. This
study illustrates the potential of laterally resolved x-ray synchrotron radiation techniques to study biomineralization and metal
homeostasis processes in plants.

Smoking of tobacco (Nicotiana tabacum) leaves is one
of the principal routes of exposure to heavy metals.
Metals contained in tobacco leaves originate from root
uptake and transfer to the shoots and also from
deposition of aerosol particles on the leaves (Fleisher
and Parungo, 1974). Efforts have been made to min-
imize toxic metal contents in the leaves (Lugon-
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Moulin et al., 2004). However, this is not the case for
counterfeit tobacco products, which contain higher
concentrations of metals than their genuine equiva-
lents (Stephens et al., 2005). Besides its primary appli-
cation for leaf production, tobacco is also a candidate
for phytoextraction. Although this plant species is not
a hyperaccumulator, it has several advantages, includ-
ing a high biomass, moderate soil requirements, fast
growth rate, and ease of harvesting. For this particular
application, research is conducted with the aim of
enhancing metal accumulation in the shoots (Song
et al., 2003).

Little is known about the mechanisms of metals
accumulation and detoxification in tobacco. The expo-
sure of plants to high concentrations of metals gener-
ally induces a stress, whose visible symptoms include
an inhibition of root elongation, a decrease in shoot
growth, leaf chlorosis, and necrosis of the tissues. This
stress is generated by the perturbation of cell metab-
olism by metals, mostly due to the inactivation of
proteins by adventitious binding. Plants have devel-
oped various mechanisms to tolerate heavy metals in
their tissues (Kiipper and Kroneck, 2005). One of the
most important mechanisms is the sequestration of
heavy metals in specific subcellular compartments of
particular tissues, whose nature depends on the plant
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species. Recently, we showed that the trichomes of
tobacco exposed to Cd** and Ca®* produced calcium
(Ca)/cadmium (Cd)-containing grains (Choi et al.,
2001, 2004; Choi and Harada, 2005). Other effects of
Cd exposure were a retardation of plant growth and a
2-fold increase of the number of trichomes in compar-
ison with untreated plants. Also, an increased concen-
tration of Ca in the nutrient medium had a protective
effect toward Cd toxicity and enhanced the production
of the grains.

Trichomes are specialized unicellular or multicellu-
lar structures derived from the epidermal cell layer,
which may have various functions depending on the
plant species and organ (Rodriguez et al., 1983; Wagner
et al., 2004). Tobacco has multicellular glandular tri-
chomes of two types, the so-called long and short
trichomes. The long trichomes are known to excrete
various alkaloids, including nicotine, whereas the short
ones excrete terpenoids (resins; Hallahan et al., 2000)
and defensive proteins (Shepherd et al., 2005). The Ca/
Cd-containing grains were 20 to 150 um in diameter
and formed on head cells of both the short and long
trichomes. They consisted in aggregates of micrometer-
sized particles. Scanning electron microscopy coupled
with energy dispersive x-ray fluorescence (SEM-EDX)
analysis indicated the presence of minor amounts of
magnesium (Mg), phosphorus (P), sulfur (S), and
manganese (Mn), in addition to major amounts of Ca
and Cd. Thus, these studies revealed a new function of
tobacco trichomes: the excretion of Cd in the form of
particles.

Other epidermal structures, the salt glands of Armeria
maritima (Neumann et al., 1995), Avicennia marina
(MacFarlane and Burchett, 1999), and Silene vulgaris
(Bringezu et al., 1999), have been shown to excrete Ca/
metal-containing grains. In contrast, nonglandular tri-
chomes of several hyperaccumulating plants, including
Arabidopsis halleri (Kiipper et al., 2000; Zhao et al., 2000;
Sarret et al., 2002) and Alyssum sp. (Broadhurst et al.,
2004), and nonhyperaccumulating plants, including
Brassica juncea (Salt et al., 1995), Arabidopsis thaliana
(Ager et al., 2003; Dominguez-Solis et al., 2004), pump-
kin (Cucurbita moschata; Iwasaki and Matsumura, 1999),
and waterlily (Nymphaea sp.; Lavid et al., 2001), have
been shown to sequester metals without apparent ex-
cretion. Trichomes of calcicolous plants also store large
amounts of Ca. DeSilva et al. (1996) suggested that this
could be a strategy to avoid the interference with
stomatal functioning.

The mechanism of metal accumulation and excre-
tion by trichomes and the binding environment of
metals in these structures and their exudates are
largely unknown. The aim of this work is to clarify
several open questions that arose from our previous
studies on tobacco and to extend it to zinc (Zn). The
cation Cd*" is frequently associated with Ca®" in the
environment because of their similar ionic radii. Does
the production of Ca/metal grains occur for a cationic
metal of different size from Cd*", such as Zn*"? If so,
what is the influence of Ca®" supply on the metal
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uptake, translocation, and formation of the grains?
Then, what is the mineralogical nature of the excreted
Zn-containing grains, and what is the binding envi-
ronment of Zn in the grains? This information is
important because the chemical form of metals (inner
or outer sphere complexes, coprecipitates with other
metals, etc.) determines their mobility and their pos-
sible release in the environment. The most common
biomineral formed by plants is CaC,0, mono- and
dihydrate. However, various forms of CaCOj;, includ-
ing amorphous CaCO;, calcite, aragonite, and vaterite,
are also synthesized by plants (Arnott and Pautard,
1970; Setoguchi et al., 1989). Another unknown is the
mechanism of formation of the grains, which are
generally larger than the trichome cells themselves.
And, finally, what is the relative importance of metal
excretion and accumulation in the leaf tissues?

To address these questions, tobacco plants were
grown in hydroponics and in vitro in the presence of
various concentrations of Ca and Zn. The effect of Ca
on the short-term (24 h) and long-term (2 and 5 weeks)
accumulation of Zn and on the production of the
grains was studied. The endogenous accumulation of
Zn in the top cells of trichomes was visualized under
confocal laser scanning microscopy (CLSM) after la-
beling with Zinquin. The density of the trichomes
was estimated by examining fresh leaves by variable
pressure scanning electron microscopy (VP-SEM), and
isolated grains were examined by variable pressure
and standard scanning electron microscopy coupled
with microanalysis (VP-SEM-EDX and SEM-EDX) and
by a combination of three synchrotron-based tech-
niques with a lateral resolution of a few micrometers.
Specifically, the distribution of Ca and Zn in the grains
was imaged by micro x-ray fluorescence (uXRF), crys-
talline phases were identified by micro x-ray dif-
fraction (uXRD), and the binding environment of Zn
was determined by Zn K-edge micro-extended x-ray
absorption fine structure (WEXAFS) spectroscopy.

RESULTS

Growth Retardation and Zn Accumulation
in Tobacco Plants Treated with a Toxic Level
of Zn in Hydroponic Culture

Seed-derived tobacco plants were grown on hydro-
ponic culture containing a high level of Zn (0.25 mm)
and with and without supplement of 3 mm of Ca
(Table I; Fig. 1). The Zn toxicity was monitored by the
growth of shoots and roots and by chlorophyll con-
tents (Table II). After 2 and 5 weeks of toxic Zn treat-
ment, both shoot and root growth were severely affected,
and the chlorophyll content was markedly reduced.
The growth inhibition was more severe for roots than
for shoots, especially after 5 weeks of exposure. The
supplementation with 3 mm Ca suppressed the growth
inhibition effect but did not restore chlorophyll level.
These results suggest that Ca alleviates some (but not
all) of the toxic effects of Zn.

Plant Physiol. Vol. 141, 2006



Excretion of Zinc by Tobacco Trichomes

Table 1. Culture conditions and investigations

Total Ca Total Zn .
Culture Name of the L L Duration of - .
Conditions Treatment Concentration in  Concentration in Exposure Investigations Grain Name
the Substrate the Substrate
mm mm
Hydroponic =~ Control 0.28 0.08 X 107 24 h, 2 and Zn contents in shoots; root and shoot
5 weeks growth and chlorophyll content
(2 and 5 weeks only); CLSM
(2 weeks only)
Hydroponic  Zn 0.28 0.25 24 h, 2 and Zn contents in shoots; root and shoot Zn1, Zn2
5 weeks growth and chlorophyll content
(2 and 5 weeks only); CLSM
(2 weeks only); SEM-EDX,
uXRD, uXRF, and Zn wEXAFS
on isolated grains (5 weeks only)
Hydroponic Zn + Ca 3.28 0.25 24 h, 2 and Zn contents in shoots; root and shoot ZnCa1, ZnCa2,
5 weeks growth and chlorophyll content ZnCa3, ZnCa4
(2 and 5 weeks only); SEM-EDX,
uXRD, uXRF, and Zn pEXAFS
on isolated grains (5 weeks only)
Hydroponic Ca 3.28 0.08 X 107> 5 weeks SEM-EDX, uXRD, and uXRF on Cal, Ca2
isolated grains
In vitro In vitro-control 3 0.03 3 weeks Shoot growth; size and number
of grains; SEM-EDX on isolated
grains; trichome density
In vitro In vitro-Zn 3 1 3 weeks Shoot growth; size and number of
grains; SEM-EDX on isolated grains;
trichome density
In vitro In vitro-Zn + Ca 30 1 3 weeks Shoot growth; size and number of

grains; SEM-EDX on isolated grains;
trichome density

The analysis of total Zn content showed that the
Ca supplement reduced the Zn accumulation in
shoots after 24 h of Zn treatment (Table II). At the
opposite, Zn accumulation was increased after 2 to 5
weeks of the same Zn + Ca treatment. Consequently,
the protective effect of Ca cannot be explained by a
competition between Ca and Zn resulting in a reduced
Zn uptake.
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Growth and Trichome Density and Grain Production
in Tobacco Plants Cultured in Vitro

Growth retardation of tobacco plants cultured
in vitro was similar to ex vitro culture in hydroponic
medium. However, Zn accumulation of in vitro
plants was lower (Tables II and III), although the
in vitro growing medium contained higher Zn
concentration than the hydroponic medium.

Figure 1. Tobacco plants grown for 2 weeks (A-C)
and 5 weeks (D-F) in hydroponic medium containing
0.08 uM Zn and 0.28 mm Ca (control), 0.25 mm Zn
and 0.28 mm Ca (Zn), and 0.25 mm Zn and 3.28 mm
Ca (Zn + Ca). Bars: Ato C, 3.5 cm; D and E, 2.8 cm.
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Table Il. Plant growth, leaf chlorophyll contents, and Zn accumulation in shoots of tobacco grown under three conditions (culture conditions

detailed in Table 1)

Each value is the mean of three measurements on three different plants plus or minus the sp.

Chlorophyll Contents

Treatment Height of Shoot Root Length 2 Weeks 5 Weeks Zn Accumulation in Shoot
2 Weeks 5 Weeks 2 Weeks 5 Weeks  Chlorophyll a  Chlorophyll b Chlorophyll a  Chlorophyll b 24 h 2 Weeks 5 Weeks
cm cm mg g” Fw ng g” DW
Control 748 046 113 +182 96*16 204 +09 1.18=*+ 0211 0.34 +0.060 0.94 =0.049 0.29 +0.038 21.5* 35 36.2 * 6.4 50.8 + 9.3
Zn 246 £ 023 431 +037 62*+16 64*10 067 *0.055 0.22=*0.031 0.26 +0.028 0.08 = 0.008 326.4 +33.5 1,511.7 =31.6 2,309.0 + 526.5
Zn+ Ca 426 *037 637 +0.67 89=*1.0 100=0.7 0.66=0.103 0.21 £ 0.040 0.33 £0.063 0.10 = 0.022 1757 £ 28.2 2,783.9 = 107.6 2,398.4 * 182.4

This difference may result from a lower Zn bio-
availability, respiration, and transpiration rates in
vitro.

In vitro plants were used for counting the number of
trichomes and isolating the grains because leaves of
tobacco plants cultured ex vitro were more easily sub-
jected to bacterial attack and contamination from aerosol
particles. Leaves of the plants treated with or without Zn
for 3 weeks were observed under VP-SEM (Table III; Fig.
2). There was no difference in trichome density for the
mature leaves. At the opposite, the young leaves of
plants exposed to Zn and Zn + Ca showed a more than
2-fold increase of the density of long and short trichome
relative to the control (Fig. 2, A-C). No difference of leaf
size was observed between the various treatments, so
this increase was real. This suggests a possible role of Zn
in the trichome development. Figure 2B showed that the
length and the volume of the trichomes were increased
upon Zn treatment, although epidermal cells
and stomatal opening looked smaller that those of
control. A number of grains were observed on the top
of both short and long trichomes, as seen in Figure 2C
(arrows). For each treatment, the grains were collected
and observed by VP-SEM (Table III; Fig. 2, D-F). Their
number and their mean size increased in the following
order: in vitro-Zn-Ca treatment > in vitro-Zn > in vitro-
control (Table IIL; Fig. 2, D-F). We showed previously
that exposure to 30 mm Ca without Zn (Ca treatment)
did not enhance the production of the grains but stim-
ulated the formation of intracellular Ca-containing crys-
tals in leaves (Choi and Harada, 2005).

The same general trends in trichome density and
grain production were observed on plants grown
hydroponically. The amount of Zn excreted per plant
was estimated based on the number and size of grains
per shoot and their Zn content calculated using the
ZAF (atomic number, absorption, fluorescence correc-
tion) method (Goldstein et al., 1981). We found 4.1 and
11.0 ug of Zn per plant under the in vitro-Zn and
in vitro-Zn + Ca treatment, respectively, which corre-
sponds to 9.2% and 16.9% of total Zn in the leaves,
respectively. Note that these values reflect the grains
present on the leaves after 3 weeks of exposure, not the
total amount of Zn excreted during the experiment.

Confocal Imaging of Zn Accumulation in Trichome Cells
after Zinquin Labeling

Tobacco plants were grown hydroponically with
0.25 mMm Zn + 0.28 mMm Ca (Zn treatment) and 0.08 um
Zn + 0.28 mm Ca (control) for 2 weeks. Zn distribution
on the leaf surfaces was investigated by CLSM after
treatment with Zinquin (Fig. 3). Zinquin ethyl ester is a
lipo-soluble fluorescence dye that has been used to
detect intracellular Zn ions in animal cells (Coyle
et al.,, 1994). This study shows that it can be used on
plant cells too. For control plants, a faint fluorescence
was detected in the trichomes (Fig. 3, A and C). For
Zn-treated plants, Zn was preferentially accumulated
in head cells of both short and long trichomes (Fig. 3,
B and D). Extracellular crystals were not present on the
top of the trichomes observed by CLSM because they

Table lll. Shoot growth parameters and Zn content, number of trichomes, and grain production by the leaves of tobacco plants cultured in vitro
for 3 weeks under three conditions (culture conditions given in Table I)

Each value is the mean of three individual measurements plus or minus sb. The number of trichomes and grain production were determined by

VP-SEM observations.

No. of Trichomes Grain Production and Zn Excretion

Height of Shoot Dry Zn Accumulation per cm” of Leaf per Plant
Treatment . .
Shoot Weight in Shoot Short Long No. of Size of Excreted  Excreted
Trichome  Trichome Grains Grains Zn® Zn®
cm mg ugg ' DW um g %
In vitro-control 8.7 £056 171 £ 123 91.7 122 21 *37 14£23 127 £ 34 26 £ 11.2 - -
In vitro-Zn 4.4 *0.33 80 * 6.5 564.0 £ 362 56*73 38=*42 784 £ 216 57 = 12.8 4.1 9.2
Invitro-Zn + Ca 6.4 = 0.45 97 = 9.3 675.0 £33.5 43 £57 25*63 1,223 £245 86 % 13.2 11.0 16.9

“Excreted Zn was calculated based on the number and size of excreted grains (Zn content was 2% in Zn grain, 1% in Zn + Ca grain, as estimated

by ZAF method).

bPercentage of excreted Zn was calculated based on Zn amount in shoot.
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Figure 2. VP-SEM observation of the third leaf from the top (A-C) and
of isolated grains (D-F) of tobacco grown in vitro for 3 weeks in a
medium containing 0.03 mm Zn and 3 mm Ca (control), 1T mm Zn and
3 mm Ca (Zn), and T mm Zn and 30 mm Ca (Zn + Ca). Bars: A to C,
150 um; D and E, 200 um.

fell off during the Zinquin treatment. Fluorescence
was also detected in the epidermal surfaces of the
leaves but was always less dense than in the trichome
cells (data not shown).

Zn Distribution Analysis by uXRF Spectrum

The distribution of Ca and Zn in the leaves of
tobacco exposed to 0.25 mMm Zn + 3.28 mMm Ca (Zn +
Ca treatment) was imaged by synchrotron-based
uXRF (Fig. 4). Zn was systematically more concen-
trated in veins and trichomes, with the short trichomes
being about 5 times richer than the long trichomes.
Short trichomes were also rich in Ca but in the same
proportion as Zn (i.e. the Ca K_:Zn K, ratio equaled
about 1 in the two types of trichomes). No grains were
observed at the top of the trichomes because they fell
off during the sample preparation, such as freeze-
drying and mounting and its rastering under the x-ray
beam, but some were still detected as Zn hot-spots on
the leaf surfaces.

Morphology, Chemical Composition, and Solubility
of the Grains

Some grains present on the surface of a fresh leaf
from a Zn-treated plant were studied by VP-SEM-EDX
(Fig. 5A), and other grains produced under various

Plant Physiol. Vol. 141, 2006
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conditions (in vitro and hydroponic culture with var-
ious Ca and Zn concentrations; Table I) were collected
and studied by VP-SEM-EDX and SEM-EDX (Fig. 5,
B-H). The size of the grains varied from 10 um to
150 um in diameter for all treatments. A variety of
globular to crystal-like shapes were observed. In most
cases, grains consisted in aggregates of small (<1 um)
particles, as previously observed for Cd**-treated
plants (Choi et al., 2001, 2004). The globular grains
generally were made of concentric layers (e.g. Fig. 5E).
No particular relationship could be established be-
tween the grain morphology and the type of treatment.

Ca was always the major element, even for plants
grown on 0.28 mM Ca. In contrast, Zn was not detected
in the grains when its concentration in the nutrient
solution was low (Ca treatment, 0.08 uM Zn + 3.28 mMm
Ca). In grains from the Zn + Ca-treated plants (0.25 mm
Zn + 3.28 mm Ca), the Zn K, fluorescence peak was
small (Zn concentration ranged from 1-5 weight [wt]
%, as estimated by the ZAF method), and it was
occasionally more intense (Zn concentration ranged
from 2—40 wt %) in grains from the Zn-treated plants
(0.28 mm Ca + 0.25 mm Zn). Minor elements included
oxygen (O), Mg, silicon (Si), P, S, chlorine (Cl), potassium
(K), and Mn (carbon [C] could not be measured because
the grains were coated with C). No particular relation-
ship could be established between the concentration of
the minor elements and the type of treatment, except
for Mn that was not detected in grains from the Zn + Ca

Control

Figure 3. Distribution of Zn in long (A and B) and short (C and D)
trichomes of tobacco obtained by confocal microscopy using Zinquin
florescent dye. Insets in A and B show optical microscope images.
Plants were grown in hydropony in control (0.08 um Zn and 0.28 mm
Ca) and Zn treatment (0.25 mm Zn and 0.28 mm Ca) for 2 weeks. The Zn
signal is faint and almost evenly distributed in the trichomes of control
plants, whereas the trichomes of Zn-treated plants (particularly the long
ones) show a high concentration of Zn in the head cells. Bars: A and B,
70 um; C and D, 86 um.
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short trichomes§ —

Long trichomes

Yok %

Figure 4. Distribution of Ca and Zn determined by uXRF in a freeze-
dried leaf of tobacco exposed to 0.25 mm ZnSO,, + 3.28 mm CaCl, for
5 weeks (Zn + Ca treatment). The long trichomes are rich in Ca,
whereas the short trichomes are rich in Ca and Zn. The veins are richer
in Zn than the leaf tissues. Bar = 300 um.

treatment. There was no morphological or composi-
tional difference between grains observed directly on
the leaves using VP-SEM and grains isolated by water
extraction or using toothpicks. The solubility of the
grains in water was tested in a wide range of pH. They
were insoluble between pH 4 and 12.5 and soluble in
acidic conditions; they were dissolved within 10 min at
pH 3 and within 2 min at pH 2. Therefore, the structure
and the composition of the grains are supposed to be
preserved during the water extraction.

MXRD Analysis of the Grains

The grains produced by tobacco plants grown in
hydroponics under the three treatments (Ca, Zn, and
Zn + Ca) were also analyzed by uXRD (Fig. 6). Five to
10 grains per type of treatment were examined. For
each grain, uXRD patterns from a 16 X 7 um? spot of
the Ca-richest region (Ca treatment) or the Zn-richest
region (Zn and Zn + Ca treatment) and of the whole
grain were recorded. The point and average patterns
were the same, except that the Debye rings for the
second were less intense and longer (i.e. more powder
like). Therefore, either the Ca- and Zn-richest regions
are representative of the structural composition of the
entire grains, or the other regions contain amorphous
material. Figure 6, A and B, shows the two-dimensional
uXRD patterns for two grains produced under the Ca
treatment (grains Cal and Ca2). The diameter of these
grains is about 50 um. Bragg reflections for grain Cal
consist of portions of Debye rings, indicating that
the grain is composed of submicrometric crystals
(Manceau et al., 2002). The intensities along each ring
(constant Bragg angle) were integrated to obtain the
one-dimensional XRD pattern presented in Figure 6C.
The XRD peaks are slightly shifted to higher angles
(i.e. smaller d values) relative to those of calcite
(CaCO;), indicating smaller unit cell parameters. The
refined parameters werea = 4.929 A and c = 16.754 A,
compared to a = 4.9896 and ¢ = 17.0610 A for pure
calcite (Supplemental Table I). The contraction of the
unit cell is likely due to the substitution of smaller
cations for Ca. Based on uXRF analyses, Mn is a
possible substituent for Ca. This particular grain was
not analyzed by SEM-EDX, so the presence of light
elements (Z < 20) could not be tested. However, Mg
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was frequently detected by SEM-EDX in other grains
from the same treatment (Fig. 5F; data not shown).
As divalent Mn (0.67 A) and Mg _(0.72 A) have a
smaller ionic radius than Ca®* (1.00 A; Shannon, 1976),
these two impurities are good candidate species for
substitution at the Ca site. Assuming the presence of
only one substitutional atom, the stoichiometry of the
Cal grain was calculated from the experimental a and
c unit cell parameters using the Vegard law (West,
1984). Briefly, this approach allows the determination
of the composition of a binary solid solution from the
linear regression between the composition and the
unit cell parameters of the two pure end-members.
Two independent calculations were performed with
either a or c. The difference in the stoichiometry
coefficients obtained by the two calculations was be-
low 0.02 atom for all grains. For the Mg substitution,
the end-members were calcite and magnesite
(MgCO,), and the calculated formula for grain Cal
was Cajg,Mg ;,CO;. For the Mn substitution, the end-
members were calcite and rhodocrosite (MnCO,), and
the calculated formula was Ca;,sMn,,;CO;. As the
two impurities may be present in the grain, the pro-
posed formula is Ca g g4 - 09M8j0.161 - xMN (025 C O3/
with X varying from 0 to 1. Whewellite ((]ZaC2O4, i—IZO)
was also detected in grain Cal. This mineral has
several XRD peaks at the same position as those
from the substituted calcite crystallites, but the peak
at Q = 1.058 A~! (d = 5.94 A) is characteristic of this
species, thereby allowing its unambiguous identifica-
tion (Fig. 6C). This peak appears as a spotty feature on
the two-dimensional pattern (labeled W in Fig. 6A),
which indicates that whewellite is coarsel;/ crystalline
at the scale of the x-ray probe (16 X 7 um®). One XRD
reflection was attributed to vaterite. This latter mineral
was more definitely identified in another experiment,
in which tobacco was exposed to Cd** (data not
shown).

The uXRD pattern for grain Ca2 is spotty (Fig. 6B),
which is indicative of coarse crystals. Most of x-ray
reflections correspond to substituted calcite and have an
intermediate position between those of pure calcite and
grain Cal (inset in Fig. 6C for the Bragg reflection 113),
which suggests a lower degree of substitution relative to
grain Cal. The average structural formula of this grain
was calculated following the same procedure as for
grain Cal, but, because of the smaller number of dif-
fraction peaks, only the a parameter was refined (Sup-
plemental Table I). Calculation yielded Cayg
0050M8l0000 — xMN(140CO5, with X varying from 0
to 1. Fewer peaks, attributed to whewellite, weddellite
(CaC,0,, 2 H)O), and vaterite (CaCO,), also were
detected (Fig. 6C).

Figure 7 shows uXRD data for two grains produced
under the Zn + Ca treatment (0.25 mMm Zn + 3.28 mMm
Ca). These grains were rich in Ca and Zn, with the two
elements being heterogeneously distributed within the
grains (average Zn:Ca K, ratio = 7.5 and 1 for grains
ZnCal and ZnCa2, respectively. The uXRD pattern for
grain ZnCal exhibits discontinuous rings as well as

Plant Physiol. Vol. 141, 2006
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Figure 5. A, Representative VP-SEM image and EDX spectrum of a grain present at the top of a trichome of tobacco plant grown
in hydroponic culture under Zn treatment. B to H, VP-SEM (B-E) and SEM (F-H) images and EDX spectra of grains produced by
tobacco plants grown in vitro (B—E) and hydroponically (F-H) under the various conditions listed in Table I. B and C, In vitro-
control; D, in vitro-Zn; E, in vitro-Zn + Ca; F, Ca; G, Zn + Ca; H, Zn. EDX spectra were recorded at 20 kV.

isolated spots (Fig. 7C). As for grains Cal and Ca2, the
incomplete rings correspond to substituted calcite. Zn
is a likely substitute atom but not Mn because it was
not detected in this grain (Fig. 7B). The presence of Mg
was not tested by SEM-EDX but is possible. The
chemical formula of this grain calculated with smith-
sonite (ZnCO;) as Zn end-member and magnesite as
Mg end-member is CaO.M(M%,Zn)O_wCO?, (Supple-
mental Table I). Mg*" and Zn** have similar ionic
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radii (0.72 and 0.75 A; Shannon, 1976) and, conse-
quently, undergo similar reduction of the crystal lattice
parameters. The isolated spots were attributed to
whewellite. The uXRD pattern for grain ZnCa2 ex-
hibited also incomplete Debye rings (data not shown).
All peaks were attributed to Ca, o,(Mg,Zn), ,3CO; crys-
tals. The lower degree of substitution of calcite in grain
ZnCa2 compared to grain ZnCal is reflected in the
uXRD pattern by a smaller shift of its peaks relative to
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Figure 6. A and B, uXRD patterns and uXRF spectra for grains Cal (A) and Ca2 (B) produced by the trichomes of a tobacco plant
exposed to 3.28 mm Ca for 5 weeks (Ca treatment). The picture in A shows the grain mounted at the tip of a glass capillary. C,
One-dimensional XRD patterns of the two grains. Grain Cal contains polycrystalline substituted calcite particles (SC) of
estimated composition Cag g4 — .090M80.1601 — xMN0.255CO3, With X varying from 0 to 1, and coarse whewellite crystals (W,
CaC,0,, H,0). Grain Ca2 contains polycrystalline calcite particles (SC) of estimated composition Ca g1 _ ¢.05xM80.001 —
xMN (g 14 CO;, with X varying from 0 to 1, and whewellite (W, CaC,0,, H,0), weddellite (Wd, CaC,0,, 2 H,0), and vaterite (V,
CaCO,) coarse crystals. The shift to lower d values (higher Q values) of the diffraction peaks for grain Ca1 relative to grain Ca2
indicates that the former contains more impurities (i.e. higher substitution degree). Inset, Enlargement of the 113 reflections of the
two grains. The peak position of pure calcite is indicated by a vertical bar.

calcite (inset in Fig. 7D for the Bragg reflections 110

and 113).

Another form of CaCO,, aragonite, was identified in
grain ZnCa3 from the Zn + Ca treatment (Fig. 8).

This grain also contained Zn-substituted -calcite
(Cagg3Zn; ;;CO;). The continuous Debye rings ob-
served in Figure 8A correspond to aragonite, and
the incomplete rings and speckles correspond to
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Figure 7. A, Ca and Zn distributions for grain ZnCal produced by tobacco exposed to 0.25 mm Zn + 3.28 mm Ca for 5 weeks.
B, uXRF spectrum of the same grain recorded at an incident energy of 17 keV on the Zn-richest spot. C, uXRD pattern of the
whole grain. D, One-dimensional XRD patterns for grains ZnCal and ZnCa2 produced in the same conditions. Grain ZnCat
contains substituted calcite [unlabeled peaks, Ca, 4,(Mg,Zn),;,CO;] and whewellite (W, CaC,0,, H,0), and ZnCa2 contains
substituted calcite [all peaks, Ca, 4,(Mg,Zn), ,CO5] only. Similar to grains Ca1 and Ca2, the higher the degree of substitution, the
larger is the shift of the XRD peaks toward the low d values (or high Q values) relative to pure calcite (inset).
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Figure 8. A, Two-dimensional XRD pattern for grain ZnCa3 produced by tobacco exposed to 0.25 mm Zn + 3.28 mm Ca for
5 weeks. B, EDX spectrum recorded at 20 kV. C, One-dimensional XRD pattern. Arrowed peaks correspond to substituted calcite
[Ca, ¢3(Mg,Zn), ,,CO,1, peaks noted by a dashed line correspond to substituted calcite and aragonite, and all other peaks

correspond to aragonite. Inset, SEM image of the grain.

substituted calcite. Thus, aragonite occurs as nano-
particles, whereas substituted calcite occurs as submi-
crometric crystals. Another grain (ZnCa4) contained
Cay 5,71 15CO; (Supplemental Table I; Supplemental
Fig. 1). For ZnCa3 and ZnCa4, Zn was the only
substitute atom because neither Mg nor Mn was
detected by uXRF and SEM-EDX (Figs. 8B and 5G
for the EDX spectra; uXRF spectra not shown).
Several grains produced under the Zn treatment
contained (Mg,Zn)-substituted calcite (e.g. grain Zn1;
Supplemental Table I; Supplemental Fig. 2), and other
grains (e.g. grain Zn2; Fig. 5H) did not produce hkl
reflections, although they also contained Zn and Ca.
The amorphous nature of these grains was confirmed
by Zn-EXAFS (see below) and by Ca-x-ray absorption
near-edge structure spectroscopy (data not shown).
In conclusion, submicrometer-sized calcite crystals
substituted by Zn, Mg, and Mn were the most frequent
mineral species. Other minerals identified include, by
decreasing order of abundance, whewellite (always
coarsely crystalline), weddellite, aragonite, and vater-
ite. ZnC,0O, was never detected. Zn-containing grains
were also analyzed by Zn K-edge wEXAFS spec-
troscopy to confirm the presence of Zn-substituted
calcite, to gain more insight on the nature of the amor-
phous or poorly crystallized Zn species, and to deter-
mine the proportions of all Zn phases in case of mixture.

Zn K-Edge nEXAFS Analysis of the Grains

Figure 9 shows the Zn uEXAFS spectra of the Zn-
richest regions for the grains. Spectra with several
frequencies (e.g. ZnCal and ZnCa?2) are indicative of a
long-range ordered Zn-binding environment, such as
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that in a mineral structure, whereas spectra dominated
by a single frequency (e.g. Zn2) are indicative of a
short-range ordered Zn environment. Spectra ZnCa3,
ZnCa4, and Znl are somehow intermediate between
the two previous sets of spectra, suggesting a mixture
of Zn species. Data analysis was done by linear com-
bination fits using an extended database of Zn refer-
ence compounds containing Zn-bearing and Zn-sorbed
minerals, Zn precipitates, and Zn complexed to simple
organic acids and complex biopolymers (Sarret et al.,
2004; Guiné et al.,, 2006). One- to three-component
simulations were tested. All spectra were reproduced
correctly with two components (Fig. 9; Table IV).
Adding a third one did not improve the fit quality
significantly, as indicated by the normalized sum-
squares residual parameter (NSS) because its value
decreased by less than 10% upon adding a third
component.

Spectra ZnCal and ZnCa2 show a marked similarity
to that of Zn-substituted calcite, the major difference
being a smaller amplitude of the unknowns. Accord-
ingly, the best one-component fits for these two sam-
ples were obtained with Zn-substituted calcite (Table
IV; dashed lines for ZnCal in Fig. 9). The wave
frequencies and overall shapes of the unknowns
were satisfactorily reproduced by this model com-
pound but not the amplitude at low k. Adding a
second component greatly improved the simulations.
Fits of equivalent quality were obtained with either
Zn-humic acid complex (Zn-organic acids in Table IV)
or Zn-sorbed hydroxylapatite (Zn-sorbed phosphate)
as second component. Zn complexes with simple
organic acids (oxalate, citrate, malate, etc.) were
tested also but did not provide satisfactory fits. The
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Figure 9. Zn bulk EXAFS spectra for selected Zn reference compounds,
and Zn uEXAFS spectra for grains produced by tobacco exposed for
5 weeks to 0.25 mm Zn + 3.28 mm Ca (ZnCal, ZnCa2, ZnCa3, and
ZnCa4) and to 0.25 mm Zn (Zn1 and Zn2). Solid line, Experimental
data; dashed line, one-component fit (for ZnCa1 only); dotted line, two-
component fit.

Zn-humic acid complex reference was used as a proxy
for Zn bonded to multiple functional groups, includ-
ing carboxyl, hydroxyl, and phenol groups. This com-
ponent species may correspond to organic compounds
excreted by the trichomes. Crystalline Zn phosphate
compounds, including Zn phosphate tetrahydrate
(hopeite and parahopeite) and Zn phosphate dihy-
drate, did not provide good fits to the data. For
technical reasons, grains ZnCal and ZnCa2 were not
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analyzed by SEM-EDX; consequently, the presence of
P could not be verified by chemical analysis. However,
this element was frequently detected in grains from
the three treatments, as shown for the Ca treatment in
Figure 5F. Therefore, Zn-organics and Zn phosphate
forms are equally probable species in grains ZnCal
and ZnCa2. The presence of Zn in calcite is consistent
with uXRD results for the two grains. Note that calcite
grains may also contain Mg since this element was
often detected by SEM-EDX.

Spectra ZnCa3, ZnCa4, and Znl were simulated
correctly by a mixture of Zn-substituted calcite and
Zn-organic acids (NSS = 7.2,7.9, and 4.8, respectively;
Table IV). The fractional amount of Zn-substituted
calcite (15%—-23%) is lower than that in grains ZnCal
and ZnCa?2 (40%-53%), in agreement with the spectral
differences of the two sets of grains (see above).
Simulations with Zn-sorbed phosphate instead of
Zn-organic acids were much weaker (NSS = 0.136,
0.120, and 0.098, respectively). This result is consistent
with the absence of P in ZnCa4 and Znl (Fig. 5G;
Supplemental Fig. 2B), and its trace amounts in ZnCa3
(Fig. 8B). Again, the occurrence of Zn-substituted
calcite in grains ZnCa3, ZnCa4, and Znl1 is consistent
with uXRD results.

The incorporation of Zn in the aragonite crystallites
from grain ZnCa3 was not tested because of the lack of
Zn-substituted aragonite reference. However, this spe-
cies is unlikely, or at most minor, for two reasons. First,
uXRD data showed that this carbonate species is not
substituted, in contrast to calcite. Second, the EXAFS
spectrum of Zn-substituted aragonite would be differ-
ent from that of Zn-substituted calcite because these
two carbonate polymorphs do not have the same
structure. The fact that the sum of the contributions
from individual reference spectra to all sample spectra
(except ZnCa4) is 100% = 10% adds further credibility
to the determined speciation. The lower sum for
ZnCa4 (i.e. 80%) probably results from an overabsorp-
tion effect (Manceau et al., 2002). This effect decreases
the amplitude of the measured signal without modi-
fying the relative contributions of the component
spectra.

Spectrum Zn2 was reproduced best with a combi-
nation of Zn-sorbed silica and Zn-organic acids. The
presence of Si was confirmed by SEM-EDX (Fig. 5H).
Zn-sorbed phosphate also provided a good fit to the
data (NSS = 2.9), but this model was rejected because
the grain did not contain P. The absence of Zn-
substituted calcite in this grain is consistent with the
lack of diffraction peaks on the uXRD pattern.

In conclusion, the EXAFS analysis engenders confi-
dence in the presence of Zn-substituted calcite thanks
to the unique spectral signature of this species and to
the consistency in the interpretations of the spectro-
scopic and diffraction data. In addition, this species is
logically more abundant in the Zn + Ca treatment than
in the Zn treatment. EXAFS spectroscopy is less sen-
sitive to Zn-sorbed silica, Zn-sorbed phosphate, and
Zn-organic acids as a result of the short-range order of
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Table IV. wWEXAFS and wXRD results

Proportion of Zn
Species (%) Determined
by Linear Combination Fitting

Elements Detected by Minerals Identified

Grain the LEXAFS Spectra Sum  NSS SEM-EI)J()éFaand/or by sXRD
Zn-Substituted  Zn-Organic  Zn-Sorbed Zn-Sorbed a
Calcite Acids Silica Phosphate
%
Grains from the Ca treatment®
Cal Ca, Mn (elements lighter Subst. calcite
than Ca not analyzed) (Cags - 0.00M80.1601 — xyMN
0250C03), whewellite
(CaC,0,, H,0)
Ca2 Ca, Mn (elements lighter Subst. calcite
than Ca not analyzed) (Ca.91 - 0.05xM80.0001 - %)
Mn g 145 CO3), whewellite
(CaC,0,, H,0), weddellite
(CaC,0,, 2 H,0), vaterite (CaCO,)
Grains from the Ca + Zn treatment®
ZnCal 53 - - 53 23.6° Zn, Ca (elements lighter ~ Subst. calcite
than Ca not analyzed) (Cay 54(Mg,Zn), 1,COy),
whewellite (CaC,0,, H,0)
40 50 - - 90 8.9
44 - - 49 93 95
ZnCa2 59 - - - 59 18.9 Zn, Ca (elements lighter ~ Subst. calcite
than Ca not analyzed) (Cay.95(Mg,Zn); 46CO;)
50 39 - - 89 11.3¢
53 — — 38 91 11.7
ZnCa3 22 78 - - 100 7.2¢ Zn, Ca, Si, O Subst. calcite
(Cay 932n4,4;CO;),
aragonite (CaCOs,)
ZnCa4 23 57 - - 80 7.9 Zn, Ca, Si, O Subst. calcite
(Cay 577 15C03)
Grains from the Zn treatment®
Zn1 15 73 - - 88 4.8Y Zn, Ca, K, Cl, Si, Mg, O Subst. calcite (Ca, ,(Mg,Zn) sCO5)
Zn2 - 37 79 - 115 2.79 Zn, Ca, K, Cl, Si, Mg, O

4Carbon could not be analyzed because the grains were coated with this element.
“Ca and Zn concentrations given in Table I.

xR 1 x(1* X 100.

PResidual between fit and experimental data: NSS = 3, [k x(k) —
dSimulations shown in Figure 9.

Zn, multiplicity of Zn-binding environments, and
presence of light elements (C, Si, and P) in the second
coordination sphere of Zn in these species. Despite
these difficulties, their occurrence suggested by EX-
AFS data is supported by the detection of Si and P by
SEM-EDX and by the fact that tobacco trichomes
excrete organic compounds.

DISCUSSION

The positive effect of Ca on metal tolerance shown
here has been observed in other plant species (Chen
et al., 2000; Samecka-Cymerman and Kempers, 2001).
Generally, this effect is attributed to a modification of
the speciation of the metal in the nutrient solution
and its competition with Ca for the plant uptake. In
this study, increasing the Ca supply inhibited the Zn
uptake after 24 h but not after 2 and 5 weeks of
exposure. Consequently, the positive effect of Ca on
Zn tolerance results from a cooperative and not an
inhibition mechanism between the two elements. Ca
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and Zn supplements increased the density of the
trichomes and led to the production of Ca/Zn-
containing grains (Table III; Fig. 2, C and F), suggest-
ing that this excretion is a way to eliminate the excess
of Zn from the plant tissues.

The mineralogical analysis of the grains showed that
they contained calcium carbonates (primarily Zn-
substituted calcite and, secondarily, vaterite and ara-
gonite) and CaC,0O, mono- and dihydrate. CaC,0, is a
rather common mineral in higher plants. In tobacco, it
has been found in the vacuoles of specialized leaf cells,
called idioblasts (Bouropoulos et al., 2001), and its pres-
ence in the trichome cells has been suggested (Wagner
et al., 2004). This mineral has been shown to sequester
heavy metals in some higher plants (Mazen, 2004, and
refs. therein) and lichens (Sarret et al., 1998, and refs.
therein). This study shows that this is not the case in
the grains excreted by tobacco trichomes. CaCO, is less
usual in plants. Cystoliths, which are calcified bodies
formed in specialized cells called lithocysts, have been
described in some plants (Setoguchi et al., 1989). These
structures consist predominantly of amorphous CaCO,,
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along with subordinate amounts of calcite and vaterite,
and their function is unclear. This study reports the
formation of several types of CaCO, by tobacco and
the sequestration of Zn specifically in calcite. Other
chemical forms of Zn found in the grains were Zn-
organic acids, Zn-sorbed silica, and Zn-sorbed phos-
phate. Si is not a component of the nutrient solution.
This element might come from glass vessels used to
prepare the solutions. The proportion of Zn-
substituted calcite relative to the other forms increased
with Ca concentration in the nutrient medium.

Although the mechanism of formation of the grains
remains unclear, some speculations can be offered.
Considering the diameter of the grains (10-150 um)
and the diameter of the trichome plasmodesmata of
tobacco (Waigmann et al., 1997), they are obviously
formed externally. However, Zn and Ca are bioaccu-
mulated within the trichomes before their exudation
as shown by uXRF, and more precisely in the top cells
for Zn, as shown by CLSM (Ca not studied by CLSM).
The fact that each grain is heterogeneous in chemical
composition and consists in an aggregate of submi-
crometer-sized particles might be due to an excretion
of Ca, Zn, and the other elements in liquid form, fol-
lowed by precipitation in contact with air. The pre-
dominance of calcite relative to the other CaCO,
polymorphs further supports this hypothesis. Indeed,
in a supersaturated solution of Ca®*"and CO,*~, amor-
phous CaCO; precipitates first, then transforms to
vaterite, and finally to calcite, which is the most
thermodynamically stable CaCO, polymorph (Ogino
et al., 1990). In the presence of Mg * the formation of
aragonite is favored at the expense of calcite. There-
fore, following the definition of Lowenstam and Wei-
ner (1989), the crystallization process seems to be
biologically induced rather than biologically con-
trolled.

In the perspective of metal exposure through smok-
ing, an enhanced excretion of metal-containing grains
during the plant growth and the removal of the grains
during the cigarette manufacturing process might help
to decrease the Zn and Cd content in the tobacco prod-
ucts. Studies on the genetics of trichome differentia-
tion and excretion (Hallahan et al., 2000; Wagner et al.,
2004) should contribute to better understand, and pos-
sibly enhance, metal excretion through the trichomes.
In contrast, in the perspective of phytoextraction, the
production and the release of metal-containing grains
to the soil should be avoided to optimize the metal
content in the harvested shoots. In this study, Zn se-
questered amount in the grains of in vitro plants
represented 9.2% and 16.9% in Zn- and Zn + Ca-treated
plants, respectively, as estimated from the number and
chemical composition of the grains. To estimate more
realistically the proportion of excreted Zn, one should
monitor the production and composition of the grains
during the whole growth period and consider the total
content of Zn in leaf at the time of the harvest.

Finally, this study illustrates the potential of micro-
focused x-ray techniques in the fields of biominerali-
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zation and bioremediation. When combined with
molecular biology and biochemical tools, these tech-
niques should provide key information on the strate-
gies developed by plants to cope with metal toxicity
and maintain metals homeostasis.

MATERIALS AND METHODS
Plant Cultures

The culture conditions and the experimental techniques are listed in Table
1. For the hydroponic cultures, seeds were germinated on solid medium-filled
PCR tubes and transferred after 3 weeks to 1.5-L pots (three plants per pot)
filled with one-tenth-strength Hoagland medium. Fe was supplied as N,N-di-
(2-hydroxybenzoyl)-ethylendiamine N,N’-di-acetic acid (5 um; Weber et al.,
2004). To avoid insect attack and dust contamination, plants were grown at
22°C in a closed culture box in a growth chamber with 16-h-light/8-h-dark
cycle. After 3 weeks in the Hoagland medium, plants were maintained in this
medium containing 0.08 um ZnSO, and 0.28 mm CaCl, (control medium) or
transferred to a medium containing 0.25 mm ZnSO, and 0.28 mm CaCl, (Zn
treatment) or 0.25 mm ZnSO, and 3.28 mm CaCl, (Zn + Ca treatment; Table I).
After 2 or 5 weeks, shoots and roots were harvested separately. The height of
the shoots and the root length were measured. Aliquots of shoots were freeze-
dried, weighted, and digested in 10 mL of 60% nitric acid by a microwave
system (uPREP-A; MLS GmbH) applying the following gradient program: 2.5
min, 700 W, 75°C, 15 bar; 8 min, 500 W, 130°C, 25 bar; 12 min, 1,000 W, 200°C,
45 bar; and 24 min, 1,000 W, 200°C, 45 bar. Zn concentrations in the digests
were measured by inductively coupled plasma-atomic emission spectrometry
with a Perkin-Elmer OPTIMA 300DV. Chlorophyll was extracted with 80%
acetone and measured spectrophotometrically as described by Delfine et al.
(1999). Each analysis was done on three replicates.

For the short-term (24-h) exposure, plants were precultured in the Hoagland
medium for 5 weeks and transferred to the control, Zn, and Zn + Ca media
(Table I). After 24 h, plants were harvested and analyzed as describe above.

For in vitro culture, seed-derived plants at about 5-cm height were trans-
ferred in 300-mL glass culture bottles containing one-third-strength Mura-
shige and Skoog medium solidified with 0.7% agar and 1% Suc and exposed to
0.03 mm ZnSO, and 3 mm CaCl, (in vitro-control), 1 mm ZnSO, and 3 mm CaCl,
(in vitro-Zn treatment), and 1 mm ZnSO, and 30 mm Ca (in vitro-Zn + Ca
treatment; Table I). Plants were cultivated in a growth room at 25°C under a
16-h photoperiod (35 umol m 2 s~! white fluorescent tubes). Trichome den-
sities were determined under VP-SEM (S-3500N; Hitachi) by counting the
short and long trichomes on the third leaf from the top and dividing these
numbers by the leaf area. To collect the grains, plants were plunged in pure
water in 50-mL tubes and vortexed for a few seconds. The supernatant was
carefully removed, and the grains were collected at the bottom with a pipette.
Another isolation procedure was tested: grains were carefully collected using
toothpicks under a stereomicroscope (Olympus SZX11-ST). Thereafter, grains
were dried in vacuo (Speed Vac SC100; Savant Instruments), counted under
VP-SEM (S-3500N; Hitachi), and analyzed chemically by EDX. To test the
solubility of isolated grains, solutions with wide range of pH (2.0, 3.0, 4.0, 5.0,
7.0, 9.0, and 12.5) were prepared by adjusting the pH of ultrapure water with
HCI or NaOH. Isolated grains were put in water drops on the slide glass and
then observed the time-lapse solubility under light microscope.

Also, ex vitro hydroponic culture of tobacco plants was undertaken to check
that the production of Ca/Zn-containing grains was not an artifact of in vitro
conditions and to obtain grains for morphological, mineralogical, and spectro-
scopic characterization. After 5 weeks of hydroponic culture in the control, Zn,
Zn + Ca, and Ca media (Table I), grains were collected using the water
extraction procedure and kept under dry atmosphere prior to analyses. Leaf
segments were also harvested and directly observed under VP-SEM-EDX or
plunged in liquid nitrogen and freeze-dried for elemental mapping by uXRE.

VP-SEM-EDX and SEM-EDX

Hydrated leaves and isolated grains from the in vitro and hydroponic
cultures were glued on an aluminum stub, then mounted in a chamber stage
after cooling to —20°C and observed by VP-SEM-EDX using a Hitachi S-3500N
fitted with a Horiba EMAX-7000 x-ray detector (Kuboki and Wada, 1995). The
chamber pressure was 30 Pa and the accelerating voltage 15 kV. Isolated grains
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from the hydroponic cultures were also analyzed by SEM-EDX using a JEOL
JSM 840A microscope fitted with a Kevex Si (Li) x-ray detector. The grains
were attached on a C stub with C tape and coated with C. The analyses were
performed under vacuum at an accelerating voltage of 15 kV.

CLSM

For visualization of intracellular Zn, leaf segments of plants grown in
hydropony in 0.25 mm Zn + 0.28 mm Ca control (Zn treatment) and 0.08 um
Zn + 0.28 mm Ca (control) for 2 weeks were immersed in 1 X PBS buffer
(137 mm NaCl, 2.68 mm KCl, 8.1 mv Na,HPO,, 1.47 mm KH,PO,, pH 7.4)
containing 25 um Zinquin ethyl ester ([ethyl (2-methyl-8-p-toluenesulphona-
mido-6-quinolyloxy) acetate]; Biotium) for 1 h at 25°C. Leaf segments were
washed once with PBS buffer and mounted on glass slides and examined
with a CLSM system (LSM510 META NLO; Carl Zeiss) with Plan-Neofluar
10X (0.3 NA) or 20 X (0.5 NA) water-immersion lens. Zinquin florescence
was determined at an excitation wavelength of 368 nm with an UV Ar laser
(80 mW) at an emission wavelength of 490 nm. Confocal fluorescence and
concurrent differential interference contrast images were taken, and digital
images were processed using AxioCam HR with LSM 5 images software.

puXRE, uXRD, and pEXAFS

The experiments were performed on beamline 10.3.2 of the Advanced Light
Source, Berkeley, CA (Marcus et al., 2004). For the uXRF and uEXAFS mea-
surements, the beam was focused down to5 X 5 um and the x-ray fluorescence
was measured with a seven-element Ge detector. For the uXRD measurements,
the diffraction patterns were recorded with a 1,024 X 1,024 pixels CCD camera
at 17 keV incident x-ray energy with a 16 X 7 um? beam size. Isolated tobacco
grains were mounted at the top of a glass capillary (0.2 mm in diameter), and the
capillary fixed on a motorized x-y-z stage. The grains were cooled to 150 K with
a Cryostream cooler (Oxford 611) during measurements to minimize any
potential beam damage. First, a uXRD pattern of the whole grain was recorded
by scanning it under the beam while acquiring the data. Then, a point uXRD
pattern, a uXRF spectrum, and a Zn K-edge EXAFS spectrum (if Zn present)
were recorded successively on the Ca- and Zn-richest spots. uXRF elemental
maps from the freeze-dried leaf segments were recorded at room temperature
in mounting the sample directly on the x-y-z stage.

XRD and EXAFS Data Treatment

The two-dimensional XRD patterns were calibrated using an alumina
standard and integrated to one-dimensional patterns for peak assignment
with the JCPDS database (http://www.icdd.com). The stoichiometry of the
Mg-, Mn-, and Zn-substituted crystals was estimated by refining the unit cell
parameters a and c over the [10-33] ° 26 angular range ([1.3-4.0] A interval)
using the Ufit software (M. Evain, 1992), and then by applying the Vegard law
(West, 1984) using calcite and magnesite (MgCO;) as end-members for the
Ca-Mg solid solution; calcite and rhodocrosite (MnCO,) as end-members for
the Ca-Mn solid solution; and calcite and smithsonite (ZnCO;) as end-
members for the Ca-Zn solid solution.

EXAFS spectra were extracted using the standard procedure and then
simulated by linear combinations of reference spectra from an extended
spectral library (Sarret et al., 2004; Guiné et al., 2006). The spectrum for Zn-
substituted calcite was provided by R.J. Reeder (Reeder et al., 1999; Elzinga
and Reeder, 2002). Zn-sorbed silica was prepared by adding 40 mg of
Zn(NO;), 4 H,0 (2.55 mm Zn) to a suspension containing 0.5 g of silica
(aerosil 200; Degussa) pre-equilibrated at pH 6.0, stirring the suspension for 2h
at pH 6.0, centrifugating it, and freeze-drying the solid phase. The final Zn
content was 2 wt %. The Zn-humic acid and Zn-reacted hydroxylapatite
references were described previously (Sarret et al., 1997; Panfili et al., 2005).
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