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Cereal crops accumulate low levels of iron (Fe) of which only a small fraction (5e10%) is bioavailable in
human diets. Extensive co-localization of Fe in outer grain tissues with phytic acid, a strong chelator of
metal ions, results in the formation of insoluble complexes that cannot be digested by humans. Here we
describe the use of synchrotron X-ray fluorescence microscopy (XFM) and high resolution secondary ion
mass spectrometry (NanoSIMS) to map the distribution of Fe, zinc (Zn), phosphorus (P) and other ele-
ments in the aleurone and subaleurone layers of mature grain from wild-type and an Fe-enriched line of
rice (Oryza sativa L.). The results obtained from both XFM and NanoSIMS indicated that most Fe was co-
localized with P (indicative of phytic acid) in the aleurone layer but that a small amount of Fe, often
present as “hotspots”, extended further into the subaleurone and outer endosperm in a pattern that was
not co-localized with P. We hypothesize that Fe in subaleurone and outer endosperm layers of rice grain
could be bound to low molecular weight chelators such as nicotianamine and/or deoxymugineic acid.

Crown Copyright � 2014 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Rice is the staple food for billions of people in developing
countries of South Asia, Sub-Saharan Africa and Latin America and
contributes more than 50% of total caloric intake in many of these
countries (Khush, 2005). The concentration and bioavailability of
iron (Fe) is generally low in rice grain and, as a result, rice-based
diets often result in human Fe deficiency. Iron deficiency is the
most common micronutrient deficiency in the world and affects
more than two billion people. Symptoms of Fe deficiency include
impaired immune function and mental development in children,
increased risk of child and maternal mortality, and Fe-deficiency
anaemia. Whilst Fe supplements and fortification of
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manufactured rice products with Fe fortificants, such as ferrous
sulphate, have traditionally been used to increase Fe intakes in rice
diets, the development of biofortified rice with increased Fe accu-
mulation in polished grain presents a more sustainable and
economical means of increasing Fe intakes in rice-based diets over
the long term (Bouis et al., 2011).

Iron homeostasis is tightly controlled in plants throughout
germination, vegetative growth and reproductive cycles. Excess Fe
can result in Fe toxicity through the formation of hydroxyl radicals
in the presence of free ferrous ions during the Fenton reaction. It is
therefore important that Fe remains complexed to chelating agents
e nicotianamine (NA), deoxymugineic acid (DMA), ferritin, citrate
and phytate e in plant tissues to avoid toxicity and maintain
cellular iron homeostasis. In vegetative tissues, iron complexes are
often sequestered into chloroplasts, as is the case for Fe-ferritin, or
into vacuoles, as is the case with Fe-phytate (Regvar et al., 2011).
Within rice grain, protein storage vacuoles (PSVs) of the embryo
and aleurone are important storage sites for Fe, nutrients and en-
zymes required for germination. Iron-phytate complexes have been
found to be present as globoids in the PSV of embryo, scutellum and
rights reserved.
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DMA deoxymugineic acid
Fe iron
NanoSIMS high resolution secondary ion mass spectrometry
Mn manganese
NA nicotianamine
OsNAS Oryza sativa nicotianamine synthase
P phosphorus
PSV protein storage vacuole
WT wild-type
XFM X-ray fluorescence microscopy
XRF X-ray fluorescence
Zn zinc
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provascular tissues of the rice grain, with levels increasing during
grain development (Wada and Lott, 1997; Yoshida et al., 1999).
While Fe is relatively abundant throughout the aleurone, scutellum
and embryonic tissues of rice grain, little Fe is present in the
endosperm (Hansen et al., 2012).

Several different techniques have been employed to examine the
distribution of Fe in rice grain. Histochemical stains such as Perl’s
Prussian Blue have demonstrated Fe localisation in outer grain tis-
sues believed to comprise the aleurone layer (Choi et al., 2007;
Prom-u-thai et al., 2003) but the semi-quantitative colourimetric
stains are not sufficiently sensitive to detect the low Fe concentra-
tions present in endosperm. Synchrotron X-ray fluorescence mi-
croscopy (XFM) is amore sensitive analytical technique that enables
fine mapping of Fe and other micronutrients across the entire grain
surface (Lombi et al., 2009; Takahashi et al., 2009). Several studies
employing this technique have demonstrated that Fe is present in
outer layers of rice endosperm albeit at low concentrations (Iwai
et al., 2012; Meharg et al., 2008). In the outer endosperm tissues
of rice, Fe does not appear to co-localize with P and is therefore
unlikely to be bound to phytate (Johnson et al., 2011).

High resolution secondary ion mass spectrometry (NanoSIMS)
has emerged as a highly sensitive technique for the localisation of
trace elements in biological samples at cellular and subcellular
scales (Moore et al., 2012). NanoSIMS is capable of simultaneous
high lateral resolution, high mass resolution and high sensitivity
analysis allowing subcellular localisation of elements and has been
used to determine the localisation of arsenic in rice grain (Moore
et al., 2010), high-resolution imaging of nickel distribution in leaf
tissue of the hyperaccumulator species Alyssum lesbiacum (Smart
et al., 2010), in situ mapping of nitrogen uptake in the rhizo-
sphere (Clode et al., 2009) and Fe localisation in wheat grain
(Moore et al., 2012). Here we describe the use of XFM and Nano-
SIMS to map the distribution of Fe, zinc (Zn) and other nutritionally
relevant elements in the aleurone and subaleurone layers of grain
from wild-type and an iron-enriched line of rice, to further inves-
tigate Fe localization within grain tissues.

2. Materials and methods

2.1. Plant material

Rice (Oryza sativa L. ssp. japonica cv. Nipponbare) plants inwild-
type (WT) and an OsNAS2 overexpressing background were
germinated on moist filter paper before transfer to 15 cm (1 L ca-
pacity) containers of University of California (UC) potting mix in a
glasshousemaintained at 28 �C day, 24 �C night,12 h light/dark. The
OsNAS2 overexpressing line (OE-OsNAS2D) came from the Oryza
sativa nicotianamine synthase (OsNAS) gene overexpression
collection described in Johnson et al. (2011) and contains the rice
OsNAS2 coding sequence (LOC_Os03g19420; encoding the OsNAS2
enzyme which catalyses trimerization of S-adenosyl methionine to
form one molecule of NA) driven by a 0.7 kb dual CaMV 35S
constitutive promoter. At harvest, unpolished grain from both WT
and the OE-OsNAS2D plants was analysed by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) to determine
elemental concentrations. WT unpolished grain contained
23 mg g�1 DW Fe and 38 mg g�1 DW Zn while OE-OsNAS2D unpo-
lished grain contained 81 mg g�1 DW Fe and 95 mg g�1 DW Zn. Grain
samples from these plants were subsequently used for XFM and
NanoSIMS experiments as described below.

2.2. Synchrotron X-ray fluorescence microscopy (XFM)

Longitudinal sections (70 mm thick) of the rice grains were
prepared using a vibrating blade microtome (Leica VT1000 S) as
described in (Lombi et al., 2009). Two longitudinal sections each of
WT and OsNAS2D grain were analysed using a 96-element proto-
type Maia detector at the X-ray Fluorescence Microscopy (XFM)
beamline at the Australian Synchrotron (Paterson et al., 2011). The
results of this whole-grain investigation are already reported in
Johnson et al. (2011). Here we provide tri-colour elemental maps
showing the distribution of Mn, Fe and Zn which was used as a
guide to select areas to be investigated inmore detail using a Vortex
detector at the same beamline. The Vortex detector allows the
collection of the fluorescence signal of lighter elements such as P.
The Maia detector is unable to analyse elements lighter than K and
therefore the localisation of the aleurone layer, which can be
evinced by looking at the P distribution, could not be determined
accurately at a whole-scale level. Rectangular areas of approxi-
mately 40 � 170 mm were mapped at the grain edge using an
incident energy of 10 KeV and placing the Vortex detector
orthogonally to the incident beam. To avoid self absorption arte-
facts, especially in the case of P, we scanned the boundary of the
grain that was farther from the detector so that the amount of grain
material between the volume illuminated by the beam and the
detector was constant. The elemental maps were collected using a
dwell time per pixel of 1 s and step sizes of 1 and 2 mm in the
vertical and horizontal direction, respectively. The dwell time for
the Vortex detector is substantially larger than for the Maia. This is
due to the fact that the Vortex detector subtends around one-
quarter of the solid angle when compared to the Maia-96 detec-
tor and presently operates in step-scan mode at the XFM beamline,
with the net result that the minimum dwell time per pixel is 10e
100 times longer than the Maia detector. Furthermore, the sensi-
tivity of X-ray fluorescence mapping drops quite rapidly with
decreasing atomic number, and so measurements of light elements
such as P require these increased integration times. Elemental
distributions were refined by fitting the fluorescence spectrum
obtained at each location using the MAPS package (Vogt, 2003).

2.3. NanoSIMS analysis

Rice grains were desiccated in a vacuum of approximately
10�2 mbar for 1 week to remove any moisture that had been
absorbed during seed storage and to also prevent seed shrinkage in
the ultra-high vacuum of the NanoSIMS. Whole grains were then
mounted in London Resin White (London Resin Company, Basing-
stoke, UK) in 10 mm steel rings which fit into the NanoSIMS
holders. The LRWhite did not infiltrate the grain; it simply held the
grain in the ring. The rice grain was positioned so that it could be
transversely sectioned with half of the grain left protruding from
the top of the ring. As Fe was the element of interest in this study
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and there was a need to prevent contamination, a razor blade was
not used to create a flat surface for analysis (as has been used
previously (Moore et al., 2010)) and instead the grainwas sectioned
using a zirconia ceramic knife so that the grain was level with the
top of the holder taking care not to scratch the steel ring which
could have also caused contamination. The sample was coated with
10 nm of Pt to prevent charging during SIMS analysis.

A CAMECA NanoSIMS 50 (CAMECA, France) was used to perform
high-resolution SIMS analysis. The coaxial optics of the NanoSIMS
means that the detected ions must have opposite polarity to the
primary ion beam. Whilst 56Feþ under O� bombardment gives the
highest Fe signal it is not possible to simultaneously detect ions
such as 12C14N�, 32S� and 31P16O� which can be used indicate
where the Fe is located relative to the aleurone layer and hence the
Csþ beamwas used. The Csþ beam also gives the highest resolution
and hence Fe was detected using the 56Fe16O� ion as described
previously (Moore et al., 2012). A finely focused 16 keV Csþ primary
ion beamwith a current of 2e2.5 pA and diameter of approximately
100 nm was scanned over the surface of the sample and the
negative secondary ions were collected and analysed using a dou-
ble focussing mass spectrometer. Ion maps were acquired for 16O�

(not shown), 12C14N�, 32S�, 31P16O� and 56Fe16O� and the secondary
electron (SE) image. As the bulk concentration of Fe in these sam-
ples was low, the detector for 56Fe16O� was carefully aligned on a
polished steel sample. It was necessary to remove the Pt coating
from the area of interest and implant Csþ ions to bring the sample
to steady state before chemical imaging. This was achieved by
continuously scanning the area of interest with a large, defocused
Fig. 1. Tri-colour XFM elemental map of Mn (red), Fe (green) and Zn (blue) distribution in a W
in B represents the area used to obtain the elemental maps of Mn, P, Fe and Zn presented
referred to the web version of this article.)
beam to implant a dose of about 1.3 � 1017 Csþ ions cm�2. Images
were acquired with a dwell time of 60 ms at a resolution of 256 x
256 pixels. To improve the counts of 56Fe16O�, several sequential
images from the same area were acquired, corrected for drift using
ImageJ with the OpenMIMS plugin (Harvard) and summed
together. NanoSIMS maps are presented in an arbitrary linear
colour scale, with red and yellow regions indicating higher con-
centration and blue and black indicating lower concentration.
Colour overlay images and line scans were also created using
ImageJ with the OpenMIMS plugin. We investigated both longitu-
dinal and transverse grain sections in the NanoSIMS analyses, and
took images from around all edges, but did not observe differences
in any of the images indicating that there was no difference in Fe
accumulation between the dorsal and ventral sides of the grain.

3. Results and discussion

3.1. Embryo and aleurone

The XFM tri-colour maps for manganese (Mn), Fe and Zn re-
ported in Figs. 1A and 2A indicate that the overall distribution of
these micronutrients in WT and OE-OsNAS2D grain is similar even
though the intensity of the Fe signal is substantially higher in OE-
OsNAS2D grain. Iron and Zn are clearly co-localized in the scutellum
and inmost other regions of the embryo. This distribution is similar
to that reported for rice by Takahashi et al. (2009) and for barley by
Lombi et al. (2011). These results therefore support a common
mechanism of Fe and Zn accumulation in these organs, possibly
T longitudinal grain section (A), and enlarged view of the outer grain (B). The rectangle
in C. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 2. Tri-colour XFM elemental map of Mn (red), Fe (green) and Zn (blue) distribution in a OE-OsNAS2D longitudinal grain section (A), and enlarged view of the outer grain (B). The
rectangle in B represents the area used to obtain the elemental maps of Mn, P, Fe and Zn presented in C. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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mediated by nicotianamine (NA) or deoxymugineic acid (DMA)
(Nozoye et al., 2007). Interestingly, NA and DMA are also known to
complex Mn (von Wirén et al., 1999), which in our grain samples
appears distributed in other parts of the embryo with Zn. These
results therefore suggest that multiple mechanisms may be
responsible for the distribution of these micronutrients within the
rice embryo.

Enlarged XFM elemental maps of areas on the margin of rice
grains (Figs. 1B and 2B) clearly demonstrate that Mn, Fe and Zn are
localized to this part of the grain. Manganese and Fe are confined to
the outermost part of the grain. These results, obtained with the
Maia detector, are also evident in the maps obtained with the
Vortex detector (Figs. 1C and 2C) and are similar to those reported
by Hansen et al. (2012) who, using a physical polishing technique
coupled with ICP-MS, quantified elemental concentrations as a
function of polishing time. Principal component analysis of the data
collected by Hansen et al. (2012) indicated that Mn, P and Fe
grouped very closely in relation to their removal by polishing.
However, our microscale investigation reveals that some differ-
ences exist in the distribution of these elements in the outer part of
the grains. Manganese appears to be the first element encountered
in scans moving toward the centre of the grains suggesting that this
element is much more represented than Fe and P in the in the
tegmen/pericarp region. Both sets of XFM images show that Mn
and Fe distributions also overlap in the aleurone region, distin-
guishable by the presence of P, which is known to be present in
phytin globoids in this tissue. The presence of phytin globoids in the
aleurone cells is evident in the NanoSIMS images (Fig. 3) which
reveal the subcellular distribution of P and Fe in this tissue. It
should be noted that the ‘ring’ structure observed for the phytin
globoids in the 31P16O� images is due to an artefact of ion beam
milling as explained by Moore et al. (2010). NanoSIMS also
confirmed significant co-localization of Fe and P in the aleurone.
Line scans for 31P16O� and 56Fe16O� across the aleurone cells of WT
grain (Fig. 3A, arrows 1 and 2), and reported in Figs. 4 and 5, reveal
good agreement between Fe and P distribution in the aleurone of
WT, although some aleurone Fe occurs in regions of low P (arrow 2).
A line scan for 31P16O� and 56Fe16O� across the aleurone cells of OE-
OsNAS2D grain (arrow in Fig. 3B) and reported in Fig. 6 reveals
similar co-localization of Fe and P distribution in the aleurone re-
gion. Additional line scans of WT and OE-OsNAS2D grain confirmed
the Fe and P co-localization trend in aleurone (Supplementary
Fig. 1). The same accumulation of Fe in phytin globoids was
recently reported in the aleurone of wheat grains by Moore et al.
(2012) using the same technique.

3.2. Subaleurone and endosperm

The results from the XFM investigation using the Maia detector
indicate that, at the whole grain level, more Fe is accumulated in
the outer parts of OE-OsNAS2D grain relative to WT grain and
thereby agree with findings described in Johnson et al. (2011). Zinc
is distributed in both the subaleurone region and in the endosperm
as previously reported by several authors (Hansen et al., 2012).

The data collected with the Vortex detector of a small area on
the margin of the grains (Figs. 1C and 2C) clearly show that in both



Fig. 3. NanoSIMS ion maps of the outer part of WT (A) and OE-OsNAS2D (B) rice grain showing the distribution of 12C14N�, 32S�, 31P16O�, 56Fe16O�, and the secondary electron (SE)
signal and two-colour map showing the location of Fe and P in the aleurone and subaleurone region. Arrows 1 and 2 in panel A show the areas used to generate line scans for Fe and
P reported in Figs. 4 and 5, respectively. The arrow in panel B shows the area used to generate the line scan for Fe and P reported in Fig. 6.

Fig. 4. Line scan for 56Fe16O� and 31P16O� ions across the aleurone and subaleurone regions of WT grain as indicated by arrow 1 in Fig. 3A.
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Fig. 5. Line scan for 56Fe16O� and 31P16O� ions across the aleurone and subaleurone regions of WT grain as indicated by arrow 2 in Fig. 3A.
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rice samples Fe distribution only partially overlaps with the P dis-
tribution, indicating that Fe is also present in the subaleurone layer.
The Vortex detector data also reveal that the OE-OsNAS2D grain
(Fig. 2C) has a higher intensity of the Fe signal, and more areas with
higher Fe count, relative to WT grain (Fig. 1C). Observing Figs. 1C
and 2C in detail it is apparent that the distribution of Fe in the
subaleurone layer is far from homogeneous, with many localized
Fig. 6. Line scan for 56Fe16O� and 31P16O� ions across the aleurone and subale
areas of high concentration. However, it is difficult to understand
the nature of this heterogeneity on the basis of the XFM images
alone. This is because the lateral resolution of the X-ray fluores-
cence (XRF) technique employed here (approximately 1e2 mm)
does not directly translate into spatial resolution because the X-ray
fluorescence signal originates from the entire column of sample
illuminated by the microbeam. As the rice sections used in this
urone regions of OE-OsNAS2D grain as indicated by the arrow in Fig. 3B.
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experiment were approximately 70 mm thick, it should be consid-
ered that the Fe distributions reported in Figs. 1C and 2C are a 2D
representation of a volume of samples having a thickness of 70 mm.
In this regard, the complementarity of XFM and the NanoSIMS
technique becomes apparent not only in view of the ability to
investigate different elements at a different scale but also in view of
the surface (NanoSIMS) vs penetrating (XRF) nature of these tech-
niques. The high magnification NanoSIMS ion maps reported in
Fig. 3 identified distinct Fe hotspots measuring 1e2 mm in the
subaleurone region in both the WT and transgenic grains that,
unlike in the aleurone, did not co-localize with P. This information,
when the penetrating nature of the XRF technique is taken into
consideration, is entirely consistent with the XFM data. Line scans
for 31P16O� and 56Fe16O� across the subaleurone cells of WT grain
(Fig. 3A, arrows 1 and 2) and reported in Figs. 4 and 5 reveal the
heterogeneous nature of these Fe hotspots in low P regions of the
subaleurone. A line scan for 31P16O� and 56Fe16O� across the sub-
aleurone cells of OE-OsNAS2D grain (arrow in Fig. 3B) and reported
in Fig. 6 also revealed similar Fe hotpots in low P regions of the
subaleurone.

This striking Fe distribution has, to our knowledge, not been
previously reported. Wirth et al. (2009), using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) and
micro X-ray fluorescence spectrometry to analyse elemental dis-
tribution in wild-type rice grain, observed homogenous distribu-
tion of Fe throughout the grain with highest Fe accumulation in
aleurone regions. While Fe hotspots were not readily observed in
wild-type grain, their study did report distinct Fe hotspots in
endosperm of an Fe-enriched line with constitutive NAS and
endosperm-specific ferritin gene expression, however, the under-
lying reasons for this heterogenous Fe distribution were unknown.
The XFM and NanoSIMS analyses reported here are of higher res-
olution than those of Wirth et al. (2009), and this may explain why
Fe hotspots in wild-type rice grain were uncovered in our study.
Moore et al. (2012), who conducted a similar study inwheat grains,
observed Fe homogeneously distributed in the cytoplasm sur-
rounding starch grains and in the nucleous but did not report the
presence of localized high Fe concentrations in the endosperm. It
should be noted here that the study conducted by Moore et al.
(2012) used immature grains (16 days post-anthesis). Therefore, it
cannot be excluded that the Fe hotspots observed in our study are
the result of the maturation process and may also be present in
matured wheat grains. Because these high density Fe regions are
present in both theWTand OE-OsNAS2D grain, we hypothesise that
NA may be involved. As reported in Johnson et al. (2011), the OE-
OsNAS2D grain has approximately 10-fold more NA, relative to WT
grain, yet the subcellular distribution pattern of Fe does not appear
to have changed. However, other hypotheses cannot be excluded.
For instance, Balmer et al. (2006) reported the presence of Fe-
ferritin in wheat amliloplasts. The origin of these localized Fe ac-
cumulations should be further investigated. There is also the pos-
sibility that DMA, a structurally similar metal-binding metabolite
within the NA biosynthetic pathway, could be complexed with Fe
within the grain.

4. Conclusions

This two-pronged study using XFM and NanoSIMS technology to
probe Fe localization at the tissue and subcellular levels clearly
demonstrates that a portion of Fe in both WT and Fe-biofortified
rice grain is accumulated in the subaleurone/outer endosperm
layers in a manner that is not associated with phytic acid (P). We
hypothesize that Fe within these layers may be bound to the metal
cation chelator NA, particularly as the Fe localization profile was
similar in grain from both WT and an Fe-biofortified variety of rice
that contains approximately 10-fold more NA in grain tissues (the
Fe signal and count was however higher in the Fe-biofortified
grain). While the Fe hotspots that we observed have not been re-
ported previously, the suggestion that NA may complex to Fe as
well as Zn in rice grain has been reported by other groups, partic-
ularly those working with overexpression of OsNAS genes to bio-
fortify rice grain with Fe and Zn. Lee et al. (2009) reported that
activation tagging of the OsNAS3 gene in rice led to significant in-
creases in Fe, Zn and Cu concentrations of grain, relative to wild-
type, and a seven-fold increase in the amount of Fe bound to a
low molecular mass compound that they hypothesized to be NA.
Interestingly, that study found no difference between WT and the
OsNAS3 activation tagged grain with regards to the amount of Fe
that was bound to phytic acid. Similar work involving activation
tagging of the OsNAS2 gene (Lee et al., 2011) led to increased con-
centrations of Zn in grain and the increased Zn was found to be
complexed to both NA and DMA. Most recently, several studies
have highlighted the importance of NA as an Fe and Zn ligand in a
wide variety of biological systems and processes such as Zn
hyperaccumulation in Arabidopsis halleri and Noccaea caerulescens
(Deinlein et al., 2012; Schneider et al., 2012), Fe and Zn homeostasis
in Arabidopsis thaliana (Haydon et al., 2012) and Fe transport, pollen
development and pollen tube growth in Arabidopsis thaliana
(Schuler et al., 2012). The multispectroscopic analyses described
here indicate a heterogeneous distribution of Fe that is not asso-
ciated with phytic acid within subaleurone and outer endosperm
layers of rice grain yet the significance of the observed hotspots, as
well as the identity of ligand(s) bound to Fe in these hotspots,
currently remains unknown and requires further investigation.
Elucidation of the mechanism(s) underlying Fe hotspots in rice
grain could potentially identify new strategies to increase the
amount of bioavailable Fe in this major staple food.
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