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Abstract: To elucidate the effect of soil conditions on the
in planta distribution of inorganic elements, an alumin-
ium (Al)-tolerant plant, Hydrangea macrophylla, was cul-
tivated with the addition of Al ion to soils. Freeze-dried
stems from the plants were analysed by time-of-flight
secondary ion mass spectrometry (dry-TOF-SIMS). Freeze-
fixed stems of the plants were analysed by cryo-TOF-SIMS.
The inorganic metal content was quantified by induc-
tively coupled plasma atomic absorption spectrometry
(ICP-AES). The dry- and cryo-TOF-SIMS mapping analyses
showed that in the native sample, inorganic elements are
mainly localised in the cortex and pith. Al-treatment [i.e.
AlL(SO,), administration to the soil] altered the distribu-
tion and content of inorganic metals. The actual amount
of inorganic elements quantified by ICP-AES showed that
Al-treatment on the soil increased the amounts of Na, Mg,
Al and Ca and decreased that of K in the stem. The second-
ary ion counts of inorganic elements in freeze-dried and
-fixed samples, determined by dry-/cryo-TOF-SIMS meas-
urements, showed similar variations as that observed
with ICP-AES measurements. These results are interpreted
as that Al-treatment altered the distribution and amount
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Introduction

Aluminium (Al) toxicity is a major growth-limiting factor
in plants worldwide, especially in acid soils (Siegel 1985;
Horst 1995; Kochian 1995; Matsumoto 2000; Samac and
Tesfaye 2003; Kochian et al. 2004; Ma 2007). Because
acidic soils comprise up to 40% of the world’s poten-
tially arable lands (Vonuexkull and Mutert 1995), an
important task in agricultural and plant physiological
research is breeding of crops tolerant to Al-toxicity (Horst
1995; Kochian 1995; Ma et al. 1997, 2001; Matsumoto
2000; Samac and Tesfaye 2003; Kochian et al. 2004; Ma
2007; Famoso et al. 2010). Al ions in acidic soils rapidly
inhibit root-cell elongation and reduce root surface area,
which impedes most nutrient accumulation (Kochian
1995; Rufty et al. 1995; Matsumoto 2000; Rout et al. 2001;
Kochian et al. 2004; Ma 2007). In addition, owing to
direct Al interference with the efficiency of membrane-
transport mechanisms, other inorganic elements such as
Ca and Mg also showed lowered internal concentrations
in the plant, thereby affecting plant growth (Siegel 1985;
Horst 1995; Kochian 1995; Matsumoto 2000; Samac and
Tesfaye 2003; Kochian et al. 2004; Ma 2007). Despite Al
phytotoxicity, some plant species such as Fagopyrum
esculentum (Moench) (Shen et al. 2006), Camellia sinen-
sis (L.) Kuntze (Hajiboland et al. 2013), Hydrangea mac-
rophylla (Thunb.) Ser. (Ma et al. 1997, 2001; Toyama-Kato
etal. 2003; Ito et al. 2009), Melastoma malabathricum (L.)
(Watanabe et al. 2008a,b) and Arbor aluminosa (Schmitt
et al. 2016) can accumulate Al at high concentrations
without showing any signs of toxicity. Several of these
species growing in acid soil can accumulate Al up to
concentrations >1000 mg kg™ on a dry-weight (DW) basis
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(Ma et al. 1997; Hajiboland et al. 2013; Schmitt et al. 2016).
However, to our knowledge, limited studies have exam-
ined the microscopic distribution of inorganic elements
in plant species affected by Al-rich conditions.

Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) is an analytical technique that has high mass and
spatial resolution and provides information on the chemi-
cal features of the surfaces of untreated solid samples
(Vickerman and Briggs 2001). It is also a powerful tool
to visualise the distribution of chemical components in
plant tissues (Aoki et al. 2016a, 2017). A significant advan-
tage of TOF-SIMS over other techniques is its ability to
detect molecular or fragment ions of target chemicals and
to subsequently visualise their distribution on the sample
surface under microscopic lateral resolution. The possibil-
ity of a semi-quantitative evaluation of target chemicals
was also investigated in the complementary use of quanti-
tative analyses (Zheng et al. 2014a,b, 2016).

The mapping of inorganic metals such as Na, Ca, Mg
and Al in dry samples of plants by using TOF-SIMS has
been reported (Martin et al. 2004; Tokareva et al. 2007;
Saito et al. 2008, 2014). However, during the drying
process, as part of the sample preparation, some altera-
tions could occur because of the movement, draining
or change in the water-soluble chemicals. The frozen-
hydrated plant tissue has the potential to allow biological
material to be examined in conditions very similar to the
living state; therefore, it is of considerable interest in the
field of plant science. Previously, the cryo-TOF-SIMS tech-
nique has been used successfully to visualise the inor-
ganic and organic chemicals in freeze-fixed biomaterials
with microscopic resolution (Tyler et al. 2006; Metzner
et al. 2008, 2010a,b; lijima et al. 2011; Kuroda et al. 2013;
Aoki et al. 2016b, 2017; Jyske et al. 2016).

Hydrangea macrophylla is an Al-tolerant shrub that
can accumulate up to 3000 mg kg™ Al in the leaves (DW)
(Ma et al. 1997) and approximately 100 mg kg fresh weight
in the sepals (Toyama-Kato et al. 2003; Ito et al. 2009). The
distribution and concentration of inorganic elements in
the stem of the species is important for physiology and
environmental science. The difference in the distribution
of inorganic elements influenced by Al-treatment might
help to better understand the Al-tolerance mechanism
and reveal the transportation mechanism of inorganic ele-
ments in Al-tolerant plants.

In the present study, H. macrophylla samples were
cultivated with or without AIZ(SO[‘)3 administration, and
the effect of the Al-treatment was investigated. The cellu-
lar distributions of inorganic elements in freeze-dried and
-fixed stems of H. macrophylla were visualised by dry- and
cryo-TOF-SIMS, respectively. Their actual amounts were
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quantified by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES).

Materials and methods

Material preparation: A cutting of H. macrophylla cv. Narumi blue was
donated by Okumura Seika-en, Toyoake, Japan and placed on sand.
After the root elongated, plants were transferred to pots containing a
combination soil (Mikawa Micron Co. Ltd., Toyohashi, Japan) for hydran-
geas: AjisaiB1 (pH 4.95+0.12) for Al-treatment and HydrangeaPink (pH
5.29+0.35) for the control (no-treatment). The plants were grown in a
greenhouse at Nagoya University (Nagoya, Japan) under the following
general conditions: water was absorbed from the bottom of the pot for
30 min daily and the day temperature was controlled around 25°C and
that of the night was around 10°C, from July 2014 to May 2015. Half the
plants were treated with 500 ml 0.1% (w/v) AL(SO,), aqueous solution
(Matsunaka 2004) once a month and the others were untreated. Small
portions of the stems (approximately 10 mm length, 5 mm diameter)
from the native and Al-treated samples were excised speedily with a
sharp razor blade and immediately frozen in liquid Freon R22 (DuPont)
at -160°C (on June 17, 2015) and stored at —80°C.

Optical microscopy: Thin transverse sections (5 um thick) were
prepared according to the previously reported method for prepar-
ing hard tissue sections (Kawamoto and Kawamoto 2014). The sec-
tions were stained with safranin and astra blue, or toluidine blue. In
plant histochemical staining (Maacz and Vagas 1961), safranin and
astra blue are usually sensitive to lignin and polysaccharide, respec-
tively. Toluidine blue, a metachromatic dye, can stain lignified cell
walls blue or green, and unlignified cell walls purple (O’Brien et al.
1964). The prepared sections were observed by optical microscopy
equipped with polarisers (BX50; Olympus Corp., Tokyo, Japan).

Dry-TOF-SIMS: For each type of sample (native and Al-treated), four
frozen sample blocks from three individuals were cut to form a clean
and even surface using a sliding microtome (REM-710, Yamato Kohki
Industrial Co., Ltd., Saitama, Japan). Then, the samples were freeze-
dried, fixed to the sample holder and submitted to dry-TOF-SIMS
measurements.

Dry-TOF-SIMS measurements were performed using a TRIFT
Il spectrometer (ULVAC-PHI, Inc., Kanagawa, Japan). Positive ion
spectra were collected under the following conditions: primary ion,
22 keV Au* at a current of 5 nA; pulse width, 13 ns for unbunched
image analysis and 1.8 ns for bunched spectrum analysis. The meas-
ured surface areas were 400 x 400 um? and approx. 5x10° total ion
counts were obtained with an acquisition time of 10 min for each
image. A low-energy pulsed electron gun (30.0 eV) was used for sur-
face charge compensation. All square images obtained had 256 x 256
pixels and each pixel corresponded to 1.56 x 1.56 um? Obtained TOF-
SIMS images were connected using WinCadence 5.1.2.8 (ULVAC-PHI
Inc.) and MatLab R2014a (The MathWorks, Inc., Natick, MA, USA)
with PLS Toolbox 7.5.2 (Eigenvector Research, Inc., Manson, WA,
USA), and the colour scale was changed by Image]J software (National
Institutes of Health, Bethesda, MD, USA).

Cryo-TOF-SIMS: Two frozen sample blocks of native and Al-treated
samples were simultaneously attached to the sample holder with
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ice to compare their results under the same conditions. The samples
were cut to form a clean and even surface using a sliding microtome
at -30°C in the glove box displaced by cooled nitrogen gas. The sam-
ple holder was transferred to the cryo-TOF-SIMS by a cryo-vacuum
transfer shuttle. The details of the cryo-TOF-SIMS system have been
reported previously (Kuroda et al. 2013; Masumi et al. 2014).

The measurement conditions were similar to that of dry-TOF-
SIMS and approximately 7 x 10° total ion counts were obtained with
an acquisition time of 10 min. The sample stage temperature was
maintained at lower than -120°C within the measurements. After the
measurements, the sample blocks were used for the preparation of
sections for the microscopic observations. Therefore, the sections
for microscopic observations were obtained from the same sample
blocks for cryo-TOF-SIMS measurements. The observed surfaces for
cryo-TOF-SIMS and optical microscopy were nearly the same position
in the stem but not the same as each other.

ICP-AES: Approximately 20 mg of native and Al-treated samples
were analysed using ICP-AES measurements according to earlier
reported methods (Yoshida and Negishi 2013; Mori et al. 2014). Liquid
N, was added to the frozen samples, then the tissues were crushed
using a mortar and pestle, then immersed into 60% HNO, aq. at RT
for 16 h. The sample suspension was subsequently treated by the
wet ashing method under the following conditions: 105°C for 2 h,
160°C for 16 h with 30% H,0, aq. After filtration, the resultant sample
solutions were analysed using an ICP instrument (Vista-Pro, Seiko
Instruments/Varian Instruments). The concentration of each inor-
ganic metal was quantified using a calibration curve for the standard
solution (ICP multi-element standard solution IV, Merck, Germany).
Three different frozen blocks were used for an individual. Each type
of native and Al-treated sample was collected from three individuals.
The resultant data set (n=9 for native and Al-treated samples) was
used to calculate mean and standard deviation (SD).

Results and discussion

Tissue assignments at the transverse surface
of the stem of H. macrophylla

The typical stem tissues, mainly the cortex, phloem,
cambium, xylem and pith are shown in the transverse sec-
tions stained with safranin and astra blue (Figure 1a and c)
or with toluidine blue (Figure 1b). The observed transverse
sections were not the same as that for the TOF-SIMS meas-
urements; nonetheless, tissue assignments are essential
for the advanced evaluation of the in planta distribution
of inorganic elements. The lignified xylem is narrow, and
the almost unlignified cortex and pith are wide (Figure 1).
The secondary xylem comprises three types of cells: wood
fibres, vessel elements and ray cells (Figure 1a). The
primary xylem is located between the secondary xylem
and pith (Figure 1b).

In the pith of the stained sections, some spot-like
appearances with dark colouration were observed
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(Figure 1c, arrow). They exhibited extraordinary high bire-
fringence and had a needle-like shape (Figure 1d, arrow).
Accordingly, these spot-like appearances in the pith are
crystals and will be further discussed with the TOF-SIMS
results.

TOF-SIMS spectrum

Figure 2a shows the positive cryo-TOF-SIMS spectrum
obtained from the transverse surface of freeze-fixed stem
of H. macrophylla. Enlarged ion peaks of each inorganic
element Na, Mg, Al, K and Ca are also observed (Figure 2b).
As shown in Figure 2b, inorganic elements are distinctly
separated in the spectrum obtained in a bunched spec-
trum mode measurement.

Regarding the multivalent ions, the Ca? ion at m/z
19.98 was slightly observed and the intensity was <2% of
Ca*ions at m/z 39.96. The Mg? ion at m/z 11.99 was indis-
tinguishable because of overlapping with the C*ion at m/z
12.00. There were no distinct ion peaks at m/z 13.49 (Al*)
and m/z 8.99 (AI*>).

In this study, a bunched spectrum mode measurement
was selected to visualise these inorganic metals because
the secondary ion count of Al was low and difficult to sep-
arate the m/z 26.98 (Al'*) ion from the next organic ion of
m/z 27.02 (C,H,) in image mode measurements.

Distribution of inorganic elements
in the freeze-dried stem

Figure 3 shows typical dry-TOF-SIMS total ion images
in an image (a and b) and bunched spectrum (c and d)
mode. Distributions of each inorganic element (e-n)
from the bark to pith of both native and Al-treated
samples are visualised in a bunched spectrum mode. In
the figure, the images on the left side are of the native
sample and that on the right are of the Al-treated sample.
The annotation of “Max” means the maximum ion count
in a pixel in the image. Each image colour scale was
independent.

In the total ion images in an image mode (Figure 3a
and b), the tissues of the stem are clearly illustrated. The
cortex and pith are wide, whereas the xylem with wood
fibres, vessel elements, and ray cells is narrow, which is
consistent with the results of optical microscopic obser-
vations (Figure 1a and b). The boundaries and intracel-
lular details were ambiguous in the bunched spectrum
mode images (Figure 3c and d); however, the tissues were
distinguishable.
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Figure 1: Optical microscopic images of the transverse section of the stem of Hydrangea macrophylla stained by (a, c) safranin and astra
blue and (b) toluidine blue, (d) was obtained under polarised light, (c) and (d) shown the same position.

Scale bars are 200 um.

In the native sample, Na was localised mainly in the
outer cortex and pith (Figure 3e). After Al-treatment, the
Na content of inner cortex increased (Figure 3f). Similar
results were observed for Mg (Figure 3g and h) and Ca
(Figure 3m and n) distribution.

Al was observed mainly in the inner part of the xylem
and outer part of pith in the native sample (Figure 3i). After
Al-treatment, Al was distributed more widely, mainly from
the inner part of the cortex to xylem (Figure 3j). Al distri-
butions were not similar to that of the other inorganic ele-
ments in both sample types.

K was found in all areas from the cortex to the pith
in the native sample (Figure 3Kk). After Al-treatment, the K
distribution in xylem decreased (Figure 31).

The results of dry-TOF-SIMS measurements using
freeze-dried samples generally indicated Na, Mg, Al and
Ca were found in wide regions in the stem of H. macro-
phylla after the Al-treatment. However, K in the xylem
decreased. These results suggest that Al-treatment can
alter distribution of not only Al but also other inor-
ganic elements (Na, Mg, K and Ca) in the stem of
H. macrophylla.
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Figure 2: (a) Positive cryo-TOF-SIMS spectrum of the transverse
surface of freeze-fixed Hydrangea macrophylla.

The spectrum is obtained from the Al-treated sample in a bunched
spectrum mode. (b) Enlarged ion peaks of inorganic elements: Na,
Mg, Al, Kand Ca.

Distribution of inorganic elements in the
freeze-fixed stem

Figure 4 shows the cryo-TOF-SIMS total ion images in an
image mode (a and b) and in a bunched spectrum mode (c
and d). In the total ion images in an image mode (Figure
4a and b), the tissues of the stem are clearly illustrated
compared with that of dry-TOF-SIMS. The most important
differences should be the intracellular regions. The intra-
cellular regions are vacant in dry-TOF-SIMS but filled in
cryo-TOF-SIMS. Distributions of each inorganic element
(e-n) from the bark to pith of both native and Al-treated
samples are visualised in a bunched spectrum mode. In
the figure, the images on the left side are of the native
sample and that on the right are of the Al-treated sample.

In the native sample, Na was localised mainly in the
middle part of the cortex, cambium and outer part of the
pith (Figure 4e). After Al-treatment, the Na content of inner
part of cortex and xylem increased (Figure 4f). Mg showed
a similar alteration and was detected more frequently in
the inner region of the stem after the Al-treatment (Figure
4g and h).

In the inner part of cortex, specific cells showed a
high Al content (Figure 4i and j). This phenomenon was
not suggested by dry-TOF-SIMS. The possible reason is
that the high Al-containing cells in the cortex are limited
and the actual amount was relatively low. As a result of the
drying process, the focused Al might be scattered. After
Al-treatment, Al was more widely distributed (Figure 4j)
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and the cells containing high levels of Al were still
detected.

K was found from the cortex to the outer part of pith
in the native sample (Figure 4Kk). The highest ion counts
were found in the cambial region. After Al-treatment, the
highest ion count was observed widely in the outer cortex.
The K content in the xylem increased relative to that of the
control after Al-treatment. However, the colour scale was
independent for each image. Regarding the colour altera-
tion in the cortex (green to yellow/red) and xylem (blue to
green) after Al-treatment, the relative increment of K detec-
tion might be larger in the cortex than that in the xylem.

The Ca content in the xylem, which was mainly local-
ised in the cortex and pith in the native sample (Figure 4m),
was rather low. It was distributed narrowly in the inner
cortex and pith in the Al-treated sample (Figure 4n). In
the pith, a spot-like appearance with a high Ca concentra-
tion was detected (Figure 4n). This indicates the presence
of calcium oxalate crystals, which commonly appear in
living cells in plant tissues (Franceschi and Nakata 2005).
This observation confirmed the results of optical micros-
copy (Figure 1c and d).

In comparison with the dry-TOF-SIMS results, gener-
ally, the cell and tissue specific distribution of inorganic
elements was visualised in greater detail by cryo-TOF-
SIMS using frozen-hydrated samples. The alteration ten-
dency obtained by cryo-TOF-SIMS generally agreed with
that suggested by dry-TOF-SIMS. Briefly, Na, Mg, Al and
Ca were distributed more in the inner part of the stem
after Al-treatment than that of the control. After the Al-
treatment, the K distribution might be spread. The differ-
ence between dry- and cryo-TOF-SIMS measurements will
be discussed further with the quantitative ICP-AES results.

Concentration of inorganic elements in the
stem of Hydrangea macrophylla

Secondary ion counts in TOF-SIMS measurements strongly
depend on the ionisation efficiency of the target chemicals
(Vickerman and Briggs 2001). Therefore, the ion counts
are not in direct proportion to the actual abundance. In
consideration of this point, the actual concentration of
inorganic elements was quantified by ICP-AES. The quan-
tification result was compared with the secondary ion
counts in dry- and cryo-TOF-SIMS.

The relative intensities of each inorganic element (Na,
Mg, Al, K and Ca) normalised to total ions in dry-TOF-SIMS
are shown in Figure 5a. The results of four surfaces were
used to calculate mean and SD in Figure 5a. Regarding
cryo-TOF-SIMS, the combined cryo-TOF-SIMS images were
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Figure 3: Dry-TOF-SIMS ion images of the transverse surface of freeze-dried stem of Hydrangea macrophylla.

The images on the left are of the native sample and those on the right are of the Al-treated sample. Scale bar is 200 um. Maximum counts
per pixel are shown in each image as “Max”. (a) Total ion, image mode, Max 1799,(b) total ion, image mode, Max 1065,(c) total ion, spectrum
mode, Max 744,(d) total ion, spectrum mode, Max 381, (e) Na*, Max 37, (f) Na*, Max 32, (g) Mg*, Max 6, (h) Mg*, Max 6, (i) Al*, Max 5, (j) Al*,

Max 3, (k) K*, Max 75, (I) K*, Max 58,(m) Ca*, Max 12 and (n) Ca*, Max 6.

divided to four regions of interest (ROIs). For the calcula-
tion, each image having 256 pixels in height was divided
into 64 pixels in height. The relative intensity of each
inorganic element normalised to total ions from every ROI
was calculated and shown in Figure 5b. In dry- and cryo-
TOF-SIMS measurements, the relative intensities of Mg, Al
and Ca were <0.5% and the value was tenfold in Figure 5a
and b (shown with 10x magnification). The bulk concen-
trations of inorganic elements in the stems of native and
Al-treated samples were quantified by ICP-AES and are
summarised in Figure 5c.

In TOF-SIMS, generally, the secondary ion yield of
inorganic metals tends to be related to the elements’
preference to gain or lose electrons. Previous research
revealed that alkali metals (electropositive elements)
readily form positive ions (Heide 2014). It was also
reported that the secondary ion yields of alkali metals
are one order of magnitude higher than that of alkaline-
earth and other metals (Heide 2014). This could explain
the lower sensitivity of Mg, Al and Ca than that of Na and
K in both dry- and cryo-TOF-SIMS measurements (Figure
5a and b).
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Figure 4: Cryo-TOF-SIMS ion images of the transverse surface of freeze-fixed stem of Hydrangea macrophylia.

The images on the left are of the native sample and those on the right are of the Al-treated sample. Scale bar is 200 um. Maximum counts
per pixel are shown in each image as “Max”. (a) Total ion, image mode, Max 608, (b) total ion, image mode, Max 945, (c) total ion, spectrum
mode, Max 495, (d) total ion, spectrum mode, Max 499, (e) Na*, Max 29, (f) Na*, Max 33, (g) Mg*, Max 10, (h) Mg*, Max 10, (i) Al*, Max 6,

() Al*, Max 8, (k) K*, Max 63, (1) K*, Max 46, (m) Ca*, Max 9 and (n) Ca*, Max 27.

In the dry-TOF-SIMS measurement (Figure 5a), after
Al-treatment, the relative intensities of Na, Mg and Ca
significantly increased (P <0.05) and that of Al increased
moderately (P <0.1). However, the relative intensities of K
significantly decreased (P<0.05). In the cryo-TOF-SIMS
measurements (Figure 5b), the relative intensities of Na,
Al and Ca significantly increased, and that of K decreased
moderately after Al-treatment. Unexpectedly, the relative
intensities of Mg showed almost no difference. Regarding
the quantity by ICP-AES, the concentration of Na, Mg, Al
and Ca significantly increased and that of K decreased
moderately after Al-treatment (Figure 5c).

From these results, the alterations of inorganic ele-
ments by Al-treatment were generally consistent between
dry-TOF-SIMS and ICP-AES measurements: the concen-
trations of Na, Mg, Al and Ca increased and that of K
decreased after Al-treatment. As for the cryo-TOF-SIMS,
although the alteration of Na, Al, K and Ca showed a
similar tendency with that of dry-TOF-SIMS, the relative
intensity of Mg was different. Cryo-TOF-SIMS measure-
ments showed a detailed distribution of inorganic metals
in frozen-hydrated samples; nevertheless, the results
should be confirmed further regarding the measurement
characteristics.
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Figure 5: Relative ion intensity of inorganic elements at the trans-
verse surface of (a) freeze-dried stem and (b) freeze-fixed stem of
Hydrangea macrophylla evaluated by dry-TOF-SIMS (n=4) and cryo-
TOF-SIMS (n =4 as ROI), respectively.

The relative intensities of Mg, Al and Ca were tenfold (x 10). (c) The
contents of inorganic elements in the stem of H. macrophylla evalu-
ated by ICP-AES (n=9). FW, fresh weight. **P<0.05; *P<0.1.

The difference between dry- and cryo-TOF-SIMS meas-
urements should come from their measurement character-
istics, i.e. the meaning of the measured surface is different
between freeze-dried and frozen-hydrated samples. In
this study, dry-TOF-SIMS was used for surface measure-
ments as a result of the concentration of the intracellular
content; however, cryo-TOF-SIMS measured only the spe-
cific transverse surface of the cell in the freeze-fixed state.
Therefore, the intracellular variation of the target chemi-
cals should be considered in the future.
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Owing to the direct interference of Al with the effi-
ciency of membrane-transport mechanisms, some inor-
ganic elements (such as Mg and Ca) showed lower internal
concentrations in Al-sensitive plants, thereby affect-
ing plant growth (Siegel 1985; Horst 1995; Kochian 1995;
Matsumoto 2000; Samac and Tesfaye 2003; Kochian et al.
2004; Ma 2007). The results of the present study showed
that the absorption of most inorganic elements (such as
Na, Mg, Al and Ca) increased under the influence of Al-
treatment in the Al-tolerant plant H. macrophylla, which
is in disagreement with Al-sensitive plants.

We have previously identified three candidate-genes
in H. hydrangea involving in Al accumulation (Negishi
et al. 2012, 2013). Expression level of HmVALT, a tonoplast
localised Al-transporter gene, and HmPALT2, a plasma-
membrane localised Al-transporter gene increased with
Al-treatment (unpublished data). Furthermore, HmPALT2
can transport Fe, Ni, Co, Cd and As (III) as an influx
transporter and Zn as an efflux one (Negishi et al. 2013).
The characters of these candidate-genes affecting the
inorganic metal transportation might affect the mineral
balance of the tissue.

Conclusions

The distribution and quantification of inorganic ele-
ments (Na, Mg, Al, K and Ca) in freeze-dried and -fixed
stems of native and Al-treated H. macrophylla were
successfully measured by dry-/cryo-TOF-SIMS and ICP-
AES. The observed difference between the native and
Al-treated samples indicated that the distribution and
concentration of various inorganic elements are affected
by Al-treatment and suggests flexible inorganic trans-
portation and storage mechanisms in the Al-tolerant
plant H. macrophylla. The results of both TOF-SIMS
and ICP-AES are generally consistent with each other,
which shows the possibility of semi-quantitative visu-
alisation of the in planta distribution of inorganic ele-
ments within a nearly living state. However, although
the detection sensitivity and not averaged surface char-
acter in the measurements should be considered, the
TOF-SIMS measurements are a powerful tool for future
studies of the transportation and storage mechanisms of
inorganic elements in planta.
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