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Quantitative studies of the distribution pattern of metals in plant tissues provide important information
on the potential of metal-accumulator plants for remediation and amelioration of contaminated soils. We
used laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) as well as staining with
dimethylglyoxime (DMG) to investigate the distribution pattern of nickel (Ni) in root cross-sections of the
Ni-hyperaccumulator plant Berkheya coddii Rossler. Plants were grown in rhizoboxes containing soil with

Keywords: 125 mgkg~! Ni. Roots were embedded in resin and cut into sections for LA-ICP-MS analysis. For DMG-
Berkheya coddii .. . . . . .
Cortex staining analysis, fresh root cross-sections were prepared using a microtome. LA-ICP-MS revealed higher

Ni concentrations in the cortex (374 + 66 mg kg~!) than in the stele (210 + 48 mg kg~!) of the investigated
roots. The distribution pattern agreed well with those found by DMG-staining. Higher concentrations of
Ni were found in the stele compared to the cortex of roots of the control plants not exposed to elevated
soil Ni using both techniques. Our results indicate that an active uptake or ion selection mechanism exists

Dimethylglyoxime
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Root cross-section

Stele for B. coddii in the absence of available Ni in the rhizosphere.
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1. Introduction

Hyperaccumulator plants may offer a sustainable treatment
option for the remediation of metal-contaminated sites (mining
activity, refinery emissions, waste disposal, fossil fuel combustion,
and agricultural application of pesticides and biosolids) and also
an opportunity to mine naturally metal-rich soils i.e., phytomin-
ing of ultramafic soils (Brooks et al., 1998; Angle et al., 2001; Li et
al., 2003). Berkheya coddii Rossler is a Ni-hyperaccumulator plant
that has attracted particular attention because of its high Ni con-
centration and rapid biomass production. Robinson et al. (1997)
reported an annual biomass production of 22tha~! and up to 1%
(w:w) Ni in the above-ground biomass. The combination of these
two traits is rare and makes this plant suitable for the remedia-
tion of Ni-contaminated soils by means of phytoextraction. Even

Abbreviations: LA-ICP-MS, laser ablation combined with inductively coupled
plasma mass spectrometry; DMG, dimethylglyoxime; ICP-OES, inductively coupled
plasma optical emission spectrometry; XRF, X-ray fluorescence.
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though some aspects of metal uptake by hyperaccumulator plants
are already known (Kramer et al., 1996; Hall, 2002), these mecha-
nisms might be different among different plants. Unravelling these
mechanisms and interactions is necessary in order to improve phy-
toextraction and phytomining techniques of Ni from contaminated
and naturally-rich soils (McNear et al., 2005).

The highest Ni concentration occurs in the shoots of hyperac-
cumulators. Therefore, shoots and particularly leaf tissue has been
the subject of previous investigations (Robinson et al., 2003; Bhatia
et al., 2004; Budka et al., 2005; Berazain et al., 2007; de la Fuente
et al., 2007; Tappero et al., 2007; Moradi et al., 2009). Proton or
nuclear microprobe analyses of B. coddii collected from native South
African ultramafic soils showed that Ni was concentrated in the
mesophyll and epidermis of the leaves (Mesjasz-Przybylowicz et
al,, 2001). Although roots are the prime site of uptake of metals, the
distribution of Ni in root tissues of B. coddii has rarely been investi-
gated. Most research regarding Ni hyperaccumulation and uptake
has been carried out on Ni hyperaccumulator plants of the fam-
ily Brassicaceae and it is unclear whether other hyperaccumulators
have the same uptake mechanism and distribution pattern as the
Brassicaceae family (Robinson et al., 2003).

Methods currently used for spatial localisation of metals within
biological tissues are primarily micro analytical techniques based
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on X-ray emission in response to irradiation with photons or
charged particles, including micro-PIXE (micro proton-induced
X-ray emission spectroscopy; also known as nuclear micro-
probe), EDXS (energy dispersive X-ray spectroscopy), Synchrotron
X-ray, and Laser-Ablation Inductively-Coupled-Plasma Mass-
Spectrometry (LA-ICP-MS) techniques. These methods simultane-
ously measure and map elemental contents. The choice of suitable
analytical method often depends on the investigation level, sam-
pling resolution, detection limit, and accessibility of the technique.
Despite the fact that EDXS is a reliable and well-established tech-
nique for highly spatially resolved elemental analysis of biological
tissues, it has alimited analytical depth and its concentration detec-
tion limit (>100-1000mgkg~1) is insufficient (Ma et al., 2005;
Lobinski et al., 2006). Therefore, it has mainly been applied to cer-
tain tissues of metal hyperaccumulator plants highly concentrated
in metals (Robinson et al., 2003; Broadhurst et al., 2004; Berazain et
al., 2007). While micro-PIXE and synchrotron X-ray provide higher
analytical sensitivities and penetration than EDXS (Przybylowicz
et al.,, 2001; Lobinski et al., 2006; Fahrni, 2007), their application
is limited by accessibility to a proton-beam facility. Laser micro-
probe mass analysis (LAMMA) showed its potential quite early for
analysing thin sections for elemental distribution (Eeckhaoudt et
al,, 1992). Time of flight SIMS (secondary ion mass spectrometry)
was used to study metal distribution between soil, rhizosphere
and roots (Martin et al., 2004) and recently, cryo-time-of-flight
secondary ion mass spectrometry was applied for element and
isotope-specific imaging to monitor transport pathways and pro-
cesses in the xylem using supplementary sodium and tracers for
potassium and rubidium (Metzner et al., 2008). LA-ICP-MS has
been suitably applied to determine simultaneously a large num-
ber of elements with relatively high detection limits, in the range
of pgkg1, in geological and metallurgical samples (Russo et al.,
2002; Hattendorf et al., 2003; Kylander et al., 2007). Recently, LA-
ICP-MS was applied successfully to reveal the pattern of copper
and zinc in growth zones of cucumber roots (Shi et al., 2009). The
spatial resolution of LA-ICP-MS is still insufficient to map the cellu-
lar and sub-cellular element distribution, but it benefits from high
analytical sensitivity, possibility of isotope ratio measurements,
and tracking elemental fluxes by isotope labeling (Pickhardt et
al,, 2005). Therefore, its application to biological specimens at the
tissues-level is emerging (Kindness et al., 2003; Becker et al., 2005;
Ulrich et al., 2007; Becker et al., 2008; Kaiser et al., 2008; Shi et al.,
20009).

Histochemical staining methods are applied to reveal the ele-
mental distribution for localisation of trace elements within tissues.
In particular, dimethylglyoxime (DMG) has been used frequently as
histochemical stain for localisation of Ni within tissues of hyperac-
cumulator plants (Heath et al., 1997; Mizuno et al., 2003; Bhatia
et al., 2004; Budka et al., 2005). This method has the potential for
qualitative studies of Ni distribution in plant tissues because of its
ease of application, low cost of materials and facilities. Although
there is usually a risk of artifacts and redistribution of metals inside
cells depending on the investigation level and the specific stain-
ing procedure used (Bhatia et al., 2004), however, these problems
may be alleviated by strict preparation protocols (Gramlich et al.,
2007).Suchredistribution of metals at the tissue level is less signifi-
cant than at the sub-cellular level (Budka et al., 2005). Nevertheless,
any fixation, sectioning and drying should be performed under low
temperature (Budka et al., 2005).

The aim of this study was to map Ni distribution in the root
cross-sections of B. coddii in order to get a better understanding
of its uptake mechanism. We investigated the semi-quantitative
spatial distribution of Ni in the root tissues of the hyperaccumulator
plant B. coddii using LA-ICP-MS. The distribution pattern and the
semi-quantitative Ni concentrations determined by means of this
technique were compared to the results of the qualitative method,

DMG-staining, and bulk analysis by ICP-OES. The advantages and
disadvantages of both techniques are discussed in detail.

2. Materials and methods
2.1. Rhizobox experiment and sampling

Seedlings of B. coddii were grown for three weeks in perlite
before transferred to rhizoboxes with a height of 60 cm, a width
of 15cm and a breadth of 1 c¢m in the main rooting compartment.
Dessureault-Rompre et al. (2006) give a detailed description of
these boxes. The narrow breadth facilitated sampling of undis-
turbed roots for the impregnation in resin. Three rhizoboxes were
filled with a sandy soil spiked with 125 mg kg~! Ni, and three with
the same unspiked soil as a control. Selected physical and chemical
properties of the soil are described in Table 1. We sprayed nickel
solution on the soil and stirred the soil well to obtain maximum
homogeneity for the spiked soil. The rhizoboxes were irrigated
with Hoagland’s nutrient solution (Hoagland and Arnon, 1938).
The soil water content was maintained near field capacity (25%)
by adding 150-200 ml of solution per week. After transplanting,
the rhizoboxes were kept in a climate chamber for 8 weeks with a
daily light cycle of 16 h light/8 h darkness, constant humidity (75%)
and controlled temperature (16/23 °C night/day).

The boxes were dismantled carefully in the 8th week. First,
undisturbed soil samples containing roots were taken using sam-
plers with dimensions of 2cm x 2cm x 5cm. The samplers were
made of aluminum with sharp edges. They could be inserted into
the soil easily and soil samples could be taken with least distur-
bance. These samples were impregnated in resin and analysed
using LA-ICP-MS. We carefully separated the remaining roots from
the soil and divided them into groups of the same age and diame-
ter. These samples were used for ICP-OES analysis, DMG-staining as
well as LA-ICP-MS analysis (impregnated in resin). The separated
root samples were washed carefully with deionised water.

For LA-ICP-MS analysis, the soil samples containing undisturbed
roots and as well as the separated root samples were first frozen
using liquid nitrogen, freeze-dried and then impregnated under
vacuum with an epoxy resin (LR White; London Resin Company
Limited, Berkshire, GB). This procedure was performed in order to
minimize possible Ni migration during sample preparation. After
freeze drying, mobilization can be neglected since no electrolyte
solution is available for migration. Heat curing under vacuum was
used, with a temperature of 50 °C for a period of 24 h. Subsequently,
the samples were cut into sections with height of 15 mm by means
of a diamond saw (Accutom-50; Struers, Ballerup, DK). The sur-
faces were left unpolished to avoid smearing. Resin blanks were
prepared and subsequently analysed in the same way as the root
cross-sections. We found no traces of Ni or other metals in the blank
samples.

For the ICP-OES measurement, the roots were washed with
deionised water and dried at 65 °C for 48 h prior to digestion with
15 mI HNO3 (65%) at 150°C for 1 h (excluding the heat-up and cool-
down time) in Teflon tubes on a heating block (DigiPREP MS, SCP
Science, QC, Canada). The digests were checked to be clear and fully
digested, then diluted to 20 ml with nanopure water and analysed
for Ni, Ca, Mg, and Fe using ICP-OES (Vista-MPX Varian, Australia).
We digested and analysed a certified reference material from the
Community Bureau of Reference BCR (No. 62, Olea europaea) using
ICP-OES for quality assurance. Since there was no plant reference
material with high enough Ni contents available, we used a stan-
dard addition and obtained recoveries in the range of 88-97% for Ni
in the certified reference plant materials compared to the certified
and reported values by the Community Bureau of Reference BCR.
The detection limit in the extracts was established as 1 ugL~1.
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Table 1
Selected soil physical and chemical properties.
pH CEC (cmol(+) kg1) EC(dSm™1) Clay:Silt:Sand (%) 0OC (%) Ni concentration (mgkg=") Origin
6.4 12 0.12 5:8:87 3.0 18.6+4.3 Eiken, Switzerland

Samples of the control and Ni-spiked soils were ground using
a Retsch RS1 grinder with a tungsten carbide ball and ring,
pressed into pellets and analysed by X-ray fluorescence (X-Lab
2000, Spectro, Kleve, Germany) for major elements, including Ca,
Mg, Fe, and Ni. The analytical quality of the XRF measurements
was routinely controlled by use of a certified standard sample
(D133, MCACAL).

2.2. LA-ICP-MS analysis

The LA-ICP-MS system consisted of a 193 nm neodymium-
doped yttrium aluminum garnet laser (New Wave Research,
Huntingdon, UK) for sampling and a quadrupole inductively cou-
pled plasma mass spectrometer (ICP-Q-MS, ELAN 6100 DRC-e,
PerkinElmer, Ontario, Canada), for analysing the ablated sample.
The ablation cell was coupled via a 50-cm PFA-tubing to the ICP-
torch. Argon was used as carrier gas

The surfaces of the cross-sections were pre-ablated to elimi-
nate possible contamination caused by the cutting process. For the
pre-ablation, we used line scan mode (ablating along a line) with
a laser beam diameter of 120 pum, a laser fluence of 6Jcm~2 and
a scan speed of 20 ums~! ablating a depth of about 5 um. After
pre-ablation, the samples were scanned using a laser fluence of
15]J cm~2 at a frequency of 10 Hz, a laser beam diameter of 75 um
and a scan speed of 5 ums~1. The frequency of the laser was kept
at 10 Hz. This leads to a spatial resolution of about 75 pm x 10 pm.
The sampling depth was about 10 wm and varied with the density
of the tissue. This variation was overcome by using a homogenously
occurring element (e.g. carbon) as internal normalization standard
leading thus to a gravimetrical measurement quantity in pgg!
instead of a volumetric quantity in g cm~3. The resulting inhomo-
geneities of the ablation conditions due to tissue density variation
are considered in the uncertainty calculation. Depending on the
diameter of the root cross-section, each cross-section was ablated
five or six times along parallel patterns to cover the entire root
cross-section area.

An element with a known concentration that is homogeneously
distributed in reference material and the samples is used for inter-
nal normalization of the signal to correct for any differences in
ablation rates (Longerich et al., 1996, 1997). Thus, a response fac-
tor (Cromwell and Arrowsmith, 1995; Motelica-Hieno and Donard,
2001; Resano et al., 2005) for each analyte relative to the internal
standard in the reference material can be calculated. The response
factor reflects sensitivity differences between the analyte, E, and
the element used as internal standard. Assuming that the response
factor is the same for reference material and the sample, the con-
centration of an element E in the sample can be calculated as
follows:

I C I
CSarn(E) = (M) ClSSam ( lSRef) ) (1)
Iissam Cisref IgRet

where Cissam is the independently measured concentration of the
internal standard in the sample, Cgref/Cisref iS the ratio of the con-
centrations of analyte E and internal standard IS in the certified
reference material, and Igsam/Iis sam and [isref/Igref are the intensity
ratios measured in sample and reference material, respectively.
We used the response factor given in the Elan DRC-e software
to calculate the concentrations in the samples. The concentration
of analyte, E, is calculated using the relative sensitivity coefficient

(RSC) from the ELAN DRC-e ICP-MS:

(Iesam /Iissam )Cissam
C E)= 2
Sam( ) RSCICP—MS ( )

Multiple isotopes per element were measured if accessible for
each element to monitor possible interferences. Generally, we used
carbon as the internal standard since it is the major element present
in the root matrix (Prohaska et al., 1998). Nonetheless, the use of
carbon showed limitations in the used setup which were: (i) the rel-
atively high background signal of carbon and (ii) the low sensitivity
of C of the quadrupole ICP-MS. Major reason for the latter is the fact
that the Elan does not apply an extraction voltage to the generated
ions. Thus, we observed a significant diffusion of the light carbon
ions and a signal to noise ratio, which is not satisfactory for small
signals (i.e., resulting from small spot diameters). Nonetheless, we
observed at larger spot sizes (<100 wm) that the signals at mass 42
and 44 are evenly distributed along with the C signal with a relative
standard deviation (RSD) across the single root surfaces of less than
8%.Both masses refer to Ca and since the ratios of these masses cor-
respond to the natural abundances, interferences can be excluded.
Therefore, we used finally #4Ca as internal standard for the analysis
of Ni, Mg, and Fe. The uncertainty of the relative variation of the
elemental content (semi-quantitative data) is about 10% whereas
the quantitative data has an uncertainty of about 25%. Uncertain-
ties were calculated according to EURACHEM using a dedicated
software (Gum Workbench Pro, Metrodata, Danish Technological
institute, Danmark). Total Ca of the roots was determined using
ICP-OES.

2.3. DMG staining and image processing

The risk of artifacts from Ni redistribution in the course of the
staining procedure depends on the solvent and the time between
DMG application and imaging. We tested various solvents that pre-
vious studies have proposed, on plant samples that were prepared
using similar method. Based on these preliminary tests, we selected
a DMG solution containing 1g DMG and 0.18 g KOH dissolved in
100 ml of 0.025M Na;B407, 10 H,0 solution (Merck, Darmstadet,
Germany). This solution gave the best staining quality while pre-
serving plant structure (Gramlich et al., 2007). Comparing various
sample preparation methods and immersion times, the procedure
that gave the best results was as follows: A droplet of 30 wl of
the DMG solution was applied to freshly cut root cross sections of
150 pwm thickness. Immediately after adding the droplet, the cross
section was imaged using light microscopy and photographed using
a digital camera (Canon Power Shot A640).

Principal component analysis was used to separate the signal
originating from the dye (DMG-Ni stain) from the rest of the image
in order to obtain a qualitative measure of DMG-Ni stain in the
root cross-section. Inspections of collocation histograms for the
color channel combinations Red-Green (RG), Red-Blue (RB), and
Green-Blue (GB) showed that the RG combination was the best
suited for this separation. For the principal component analysis,
we followed the procedure explained by Jain (1989) and known
as Karhunen-Loewe transformation. The procedure uses the eigen-
vector matrix derived from the covariance matrix of the two color
channels as a linear transformation matrix for the two channels
to obtain the independent basis images. The basis image corre-
sponding to the greater eigenvalue contains the information of the
DMG-Ni stain.
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Fig. 1. Laser image of a cross-section through a B. coddii root and surrounding soil (a) and Ni and Fe concentration profiles along a scan-line across the cross-section (b). The

soil was spiked with 125 mgkg~! Ni.

Image analysis was carried out using MATLAB (Matlab, 2007). All
the images were slightly smoothed using a median filter of 3 x 3.
All statistical comparisons were done using analysis of variance
ANOVA, while the confidence coefficient was set at 0.05.

3. Results
3.1. Analysis using LA-ICP-MS scan-lines

Fig. 1a shows a laser image with two adjacent laser scan-lines
passing through the cross-section of a B. coddii root grown in the
soil containing 125 mgkg~! Ni. The cortex and the stele of the root
are clearly visible. The Ni concentration along one of the two laser
lines is shown in Fig. 1b. The nickel concentration varied from 100
to 1800mgkg~! in the soil adjacent to the root due to the het-
erogeneous distribution of soil particles and pores. The average
concentration was higher inside the roots and less variable than in
the soil. We used the Fe: Ni ratio to locate the epidermis. Inside the
root, the iron concentration dropped to a value below 100 mg kg !,
while the Ni concentration stayed above the average value of the
soil Ni concentration. In addition, we observed an increase of the Fe
concentration near the epidermis before it started to decline inside
the root. Similar Fe peaks were monitored adjacent to the epider-
mis of the roots that had been washed in deionised water before
being embedded in resin. The iron can be attributed to residual soil
micro particulates attached to the surface. Some soil particles may
not be removable because of the roughness of the root surface and
micro particles may remain trapped in root fractures while grow-
ing (Tinker and Nye, 2000). The minimum Ni concentration within
the root was measured in the stele in the centre of the root. The Ni

concentration averaged around 500 mgkg~! in the cortex and less
than 300 mg kg~ in the stele.

3.2. Analysis of DMG-stained root cross-sections

Fig. 2 shows a cross-section of a root grown in the soil containing
125 mg kg~! Ni, with almost the same diameter as the root in Fig. 1.
The root in Fig. 2a was freshly cut and stained with DMG. The red
area shows where the Ni-DMG complexes were located in the root.
Fig. 2a shows that the cortex was stained more intensively than the
stele. Within the cortex, the red intensity was higherin the apoplas-
tic space within and around the cell walls than in the cytoplasm.
Transformation of the image by Karhunen-Loewe transformation
resulted in Fig. 2b. The red intensity in this image qualitatively
corresponds to the intensity of Ni-DMG complex. The overall Ni
profiles were similar in both Fig. 2c and Fig. 1c. In other words, the
average Ni concentration and red intensity were higher in the cor-
tex than in the stele. The stele had the lowest Ni concentration and
red intensity while the epidermis had the highest Ni concentration
and red intensity. However, there was a sharp contrast between
the red intensity of cortex and stele in Fig. 2c. Conversely, the Ni
concentration profile in laser cross-section (Fig. 1c) was less homo-
geneous and the difference in average Ni concentration between
the cortex and the stele was not as sharp as in Fig. 2 c.

3.3. Two-dimensional map of Ni in root cross-section

Seven parallel laser scan-lines were recorded from a root cross-
section of the 125mgkg~" Ni treatment to cover the entire root
cross-section area. Fig. 3 shows an example of a 2-dimensional
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Fig. 2. Microscopic image of a root cross-section of Ni-hyperaccumulator plant B.
coddii grown in the Ni-spiked soil and stained with DMG solution (a), the same image
after processing using Karhunen-Loewe transformation to separate the dye signal
from the rest of the image (b) and the resulting red intensity profile along the root
cross-section (c). The red intensity is a qualitative indicator of the DMG-Ni complex.

map of the Ni concentration of the root cross-section calcu-
lated from these scan-lines. The nickel concentrations varied from
100-500mgkg~!. The highest concentrations of Ni occurred in
small spots that were distributed heterogeneously within the cor-
tex. The stele showed a more homogenous distribution of Ni pattern
and had lower concentration of Ni than the cortex. This observation
was reproducible throughout five measured root cross sections.

Likewise, six laser scan-lines were recorded from a cross-section
of a root grown in the control soil. The resulting 2-D map of Ni
concentration is shown in Fig. 4. Unlike the roots in the spiked soil,
the highest concentration of Ni appeared in the stele. The average
Ni concentration was around 50 mgkg~! compared to 22 mgkg~!
in the cortex. Similar trend was observed for all five replicates.

3.4. Comparing LA-ICP-MS and DMG staining results

Fig. 5 shows a comparison between the Ni concentrations
measured by means of LA-ICP-MS and the red intensities of the
DMG-staining for both control and Ni-treated roots. Five replicates
for each treatment were used to calculate the average and stan-
dard deviation of the Ni concentration and red intensity of various
tissues of the roots. The cortex was divided equally into the outer
and inner cortex, while the overall average of the stele was calcu-
lated. The background refers to either the resin around the roots
in laser ablation experiment or an open area without any sam-
ple in DMG-staining experiment. Root diameters ranged from 1 to
1.5mm.
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Fig. 3. Semi-quantitative Ni map of the root cross-section of Ni-hyperaccumulator
plant B. coddii grown on the soil spiked with 125 mgkg~! Ni. The image was slightly
smoothed to reduce the noise.

LA-ICP-MS measurements of roots of the Ni-spiked treatment
(Fig. 5a) showed no significant difference (based on analysis of
variance, ANOVA) between the outer and inner cortex (373 +63
and 375+ 70mgkg!, respectively), while the Ni concentrations of
the stele was significantly lower (210 +48 mgkg~1). In the DMG-
stained roots of the same treatment (Fig. 5b), however, the red
intensity decreased from the outer to the inner cortex. While there
was no significant difference between the inner cortex and the
stele, they both had significant lower intensities than the outer
cortex. Again, the stele had higher intensities than the background.

In contrast to the Ni-spiked treatment, the roots grown in the
control soil (Fig. 5c), had higher Ni concentrations in the stele
(32+7mgkg-1) than in the cortex, while there was no signifi-
cant difference between the outer and inner cortex (1945 and
17+3mgkg!, respectively). There was no significant difference
between the cortex and the stele for the red intensity in the
DMG-stained roots from the control soil. However, the control
samples had significantly higher red intensities than the back-
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Fig. 4. Semi-quantitative Ni map of the root cross-section of Ni-hyperaccumulator
plant B. coddii grown on the control soil. The image was slightly smoothed to reduce
the noise.
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Fig. 5. Average Ni concentrations (measured using LA-ICP-MS) in different root tissues of the Ni-hyperaccumulator B. coddii grown on the soil spiked with 125 mgkg~! Ni (a)
and unspiked soil (c) and the qualitative red intensity of DMG staining method for the corresponding tissues in spiked soil (b) and unspiked soil (d). The error bars represent
standard deviations; bars with different letters were significantly different at the 0.05 level.

ground (Fig. 5d). A higher Ni background was measured in the
resin adjacent to the roots grown in the Ni-spiked soil compared
to the control soil (5+2 and 27 +22mgkg~!, respectively). This
effect can be explained by Ni in the soil particles attached to the
roots.

3.5. Total Ni content in roots measured by LA-ICP-MS, ICP-OES
and XRF

Table 2 summarizes the results of the elemental analysis of
the soil and roots using XRF, ICP-OES and LA-ICP-MS. The values
obtained by LA-ICP-MS were weighted by the area contribution of
each tissue to the root cross-section area. All results show high
variation and thus a large standard deviation. This is due to hetero-
geneity of the sample material. There was no significant difference

(ANOVA at 0.05 level) between the Ni values for roots grown in
the control soil measured by the three different techniques. How-
ever the results for ICP-OES measurements were extremely variable
(29.2 £27). This can be explained mainly by unsatisfactory sepa-
ration of soil particles from the roots prior to digestion and is in
accordance with our observation of the Ni background in the resin
adjacent to the root surface. Similar to the control soil, there was
no significant difference between the LA-ICP-MS and the ICP-OES
values for the Ni-spiked root (ANOVA at 0.05 level). LA-ICP-MS gave
significantly smaller values for Fe compared to ICP-OES. This may
have been caused again by incomplete separation of soil particles
from the roots prior to digestion and subsequent ICP-OES analysis,
as well. The Mg concentration in the roots was in good agreement
for both ICP-OES and LA-ICP-MS and the results overlapped within
the standard deviation.

Table 2
Elemental concentrations (mgkg~") of the roots and soil using various techniques. Values in parenthesis show standard deviations from the mean.
XRF ICP-OES LA-ICP-MS*
Ni Soil 18.6 (4.3) “n.q. n.g.
Control Root n.g. 2292 (27) 2222 (5.4)
. Soil 113.8 (29) n.q. n.q.
ik Root nq. 2465.1(70.1) 23332 (60)
Fe G I Soil 14180 (548) n.q. n.q.
DTS Root nq. 180.3 (67) 1242 (44)
Lo Soil 14330(320) n.g. n.qg.
e Root nq. 21436 (38) b323(53.7)
Mg Soil 4260 (170) n.q. n.q.
Control Root n.g. 219545 (841) 22243 (393)
Lo Soil 4560 (216) n.q. n.q.
kRl Root nq. 321153 (1121) 32940 (270)

"Averages were calculated based on the area contribution of each tissue for roots. “n.q.: not quantified. "*In each row, different letters represent significance at 0.05 level.



30 A.B. Moradi et al. / Environmental and Experimental Botany 69 (2010) 24-31

4. Discussion

We obtained a similar pattern of Ni distribution in the root tissue
using two independent techniques. This indicates that either redis-
tribution did not greatly affect our results, or the redistribution was
the same for both methods, which is unlikely. Bhatia et al. (2004)
reported that DMG application lead to Ni redistribution inside the
plant tissue. The staining procedure they used involved soaking the
plant tissue in DMG solution (1% solution in 95% ethanol) over night.
Ethanol is very damaging to the tissue and increases the risk of Ni
redistribution especially if applied for a rather long time. Our proce-
dure included no ethanol and the time given to the DMG solution
to react with Ni in the tissue was less than half a minute before
the image was taken. Such a short exposure time reduces both
the downward penetration and lateral redistribution of DMG-Ni
complex in the tissue. Although such redistributions might be sig-
nificant at the cellular and sub-cellular level, but it is unlikely to be
considerable at the tissue level.

DMG staining provided qualitative data on the distribution of
Ni in the root cross-sections. DMG might not be able to stain some
tightly bound (or more likely) occluded Ni in some tissues; never-
theless, it represents the biologically active Ni. DMG strongly bonds
to Ni. Its log stability constant is reported to be 17.2 which is compa-
rable to strong complexing agents such as EDTA with log stability
constant of 18.4 (Saito and Moffett, 2001). Therefore, it could be
used to differentiate between different types of Ni in biological
tissues.

LA-ICP-MS method provided semi-quantitative data on the dis-
tribution of metals within the root cross-sections of B. coddii. The
spatial resolution of the data was sufficient for root studies at tis-
sue level. The laser scan-lines gave a resolution of 75 pm x 10 pm.
The spatial resolution was fine in the direction of the scan-lines, but
coarse in the perpendicular direction because of the scan width. The
width was selected in order to receive sufficient signal intensities.
Nonetheless, narrower scan lines can be a significant improvement
in lateral resolution but this also means the need for combina-
tion with ICP-MS instruments with higher sensitivity. Moreover,
matrix artifacts due to resin embedding could challenge the accu-
racy and precision of the technique at resolutions finer than tissue
level. Staining the root cross-section with DMG revealed a compa-
rable pattern of Ni distribution in the root cross-sections (compare
Figs. 1 and 2). Although the DMG-staining had a higher spatial reso-
lution in all directions than LA-ICP-MS, it provided only qualitative
information.

Both techniques showed that the Ni concentration was higher
in the cortex of roots grown in the Ni-spiked soil than in the stele.
The DMG-staining experiment showed that the concentrations of
Ni decreased from the outer cortex towards the inner cortex and
the stele. Similar result was reported by Mesjasz-Przybylowicz et
al.(2007)in the roots of another Ni hyperaccumulator plant, Senecio
coronatur. The DMG-staining experiment revealed that the Ni was
more concentrated in the apoplastic area than in the cytoplasm. As
supported by other investigations (Gramlich et al., 2007; Redjala et
al.,, 2009), this proves that apoplastic pathway is the main means of
Ni transport in the cortex. The role of the endodermis is to provide
a barrier to the apoplastic pathway (Marschner, 1995). This affects
the passage of all solutes including Ni. Our results are consistent
with what is known about the endodermis. This information could
not be obtained by LA-ICP-MS because of the spatial resolution we
chose and the physical shrinkage of the tissue that resulted from
sample preparation.

Two-dimensional map of Ni concentration obtained by LA-ICP-
MS method showed small spots of high Ni concentration in the
root cross-sections from the Ni-spiked soil. These spots were ran-
domly distributed in the cortex. We hypothesize that they are either
caused by co-precipitation of Ni with phosphate in the apoplast as

has been reported for other hyperaccumulator plants (Zhao et al.,
2000), or they are some artifacts created during sample fixation
process.

As has been shown in previous studies (Puschenreiter et al.,
2005; Moradi et al., 2010), abundant presence of Ni in the rhizo-
sphere, mass flow of water, and free movement in the apoplastic
pathway can explain high concentration of Ni in the cortex. Con-
sidering the Ni content of ultramafic soils, where B. coddii is native
(Morrey et al., 1992), thisis likely to be the case inits native environ-
ment. On the other hand, Ni concentration was found to be higher
in the stele than in the cortex of the roots in control soil with low
Ni concentration. The difference in Ni concentration of cortex and
stele indicates active uptake or at least a selection mechanism for Ni
ions in the latter case, since the uptake occurred against the concen-
tration gradient. Therefore, nickel needs to pass through ion pumps
or selective channels, which requires metabolic energy.

5. Conclusions

The semi-quantitative two-dimensional Ni distribution pattern
in the root cross-sections of the Ni hyperaccumulator plant B. coddii
obtained using LA-ICP-MS method were supported qualitatively by
DMG-staining technique showing a greater concentration of Ni in
the cortex of the Ni-spiked roots than in the stele, while the oppo-
site pattern was observed for the control roots. Obtaining similar
Ni distribution patterns using two independent methods (including
sample preparation) indicates that possible artifacts due to redis-
tribution of Ni within the root tissue during sample preparation
were inconsequent. DMG-staining proved to be a fast and low-cost
method for qualitative studying of Ni distribution in plant tissues.
The result underlines that direct analysis of roots and rhizosphere
areas show a great potential in gaining a better understanding of the
Ni concentration gradient in the rhizosphere of B. coddii to unravel
more information regarding uptake of Ni and its distribution inside
the roots.
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