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ABSTRACT

Several studies have suggested that the majority of iron (Fe)
and zinc (Zn) in wheat grains are associated with phytate, but
a nuanced approach to unravel important tissue-level variation
in element speciation within the grain is lacking. Here, we pres-
ent spatially resolved Fe-speciation data obtained directly from
different grain tissues using the newly developed synchrotron-
based technique of X-ray absorption near-edge spectroscopy
imaging, coupling this with high-definitionμ-X-ray fluorescence
microscopy to map the co-localization of essential elements. In
the aleurone, phosphorus (P) is co-localized with Fe and Zn,
and X-ray absorption near-edge structure imaging confirmed
that Fe is chelated by phytate in this tissue layer. In the crease
tissues, Zn is also positively related to P distribution, albeit less
so than in the aleurone. Speciation analysis suggests that Fe is
bound to nicotianamine rather than phytate in the nucellar pro-
jection, and that more complex Fe structures may also be pres-
ent. In the embryo, high Zn concentrations are present in the
root and shoot primordium, co-occurring with sulfur and pre-
sumably bound to thiol groups. Overall, Fe is mainly concen-
trated in the scutellum and co-localized with P. This high
resolution imaging and speciation analysis reveals the complex-
ity of the physiological processes responsible for element accu-
mulation and bioaccessibility.

Key-words: Aleurone; crease region; embryo; nutrient
elements.

INTRODUCTION

Iron (Fe) deficiency is the most common and widespread
nutritional disorder in the world. It affects a large number of
children and women in developing countries but is also preva-
lent in Western countries. Globally, anaemia affects 1.6 billion
people, and thus about 25% of the world’s population

[World Health Organization (WHO), 2008, 2015]. WHO lists
the 50% reduction of anaemia in women of reproductive
age as one of the most important global targets for 2025
(www.who.org). Zinc (Zn) deficiency causes a variety of disor-
ders such as impaired immune function, increased morbidity
from diarrhoea, pneumonia and child stunting (Brown et al.
2009; Prasad 2009). An estimated 17% of the world’s popula-
tion risk inadequate zinc intake (Wessells & Brown 2012).

As a staple food, wheat plays a particularly important role in
daily energy supply. It accounts for more than 25% of the calo-
ric intake in developing countries and an estimated intake of as
much as 50% inWestAsian countries (Cakmak 2008). As such,
it also is one of the major pathways through which humans
acquire nutrient elements like Fe and Zn. Nevertheless,
cereal-based diets supply only about 0.7–1.4mg Fe daily and
are insufficient to meet Fe requirements in women and many
men (Baynes & Bothwell 1990). Therefore, it has been sug-
gested that, in developing countries, biofortification strategies
would focus on the staple foods that dominate people’s diet
(Graham et al. 2007; Pfeiffer & McClafferty 2007).

From the outside to the inside, wheat grains consist of the
pericarp, the seed coat (testa), the nucellar epidermis, the aleu-
rone layer and the starchy endosperm (Fig. 1). The embryo is
located on the dorsal side of the wheat grain. The elongated
pericarp cells (80–300μm long and 12–50μm wide) make up
about 4–6% of the wheat grain, are devoid of cytoplasm at ma-
turity and have lignified cell walls (Bradbury et al. 1956b;
Bechtel et al. 2009). The pericarp is a multilayered tissue and
from the outside to the inside comprises the epidermis, the hy-
podermis, the intermediate cells, the cross cells and the tube
cells (Bradbury et al. 1956b; Bechtel et al. 2009). The seed coat
(testa) makes up about 0.5 to 0.7% of the wheat grain by
weight (Shetlar et al. 1947). It consists of three layers: a thick
outer cuticle, a colour layer (pigment strand) and a thin inner
cuticle (Bechtel et al. 2009; Delcour & Hoseney 2010). The nu-
cellar epidermis, also called hyaline layer, is situated between
the aleurone layer and the seed coat and accounts for about
1.4% of the wheat grain (Shetlar et al. 1947). The aleurone,
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which represents 5–8% of the wheat grain mass, consists of a
single layer of living cubic cells (37–65μm by 25–75μm) con-
taining vacuoles (granular globoids) filled with reserves
(Tanaka et al. 1974; Morrison et al. 1975; Barron et al. 2007;
Bechtel et al. 2009; Brouns et al. 2012; Moore et al. 2012).
Essentially, mature starchy endosperm is the largest tissue of
wheat grains (about 80 to 85%). The starchy endosperm
cells contain starch granules, which are embedded in a
continuous protein matrix (Bradbury et al. 1956c; Delcour &
Hoseney 2010). The embryo consists of twomain parts: the scu-
tellum, which functions as storage organ, and the embryonic
axis, which contains the shoot and root primordia and develops
into the seedling during germination. The scutellum and em-
bryonic axis each make up about 1.5% on average of the dry
matter of the wheat grain (Dubois et al. 1960; Barron et al.
2007). The scutellum lies between the embryonic axis and the
starchy endosperm (Bradbury et al. 1956a; Evers & Millar
2002; Bechtel et al. 2009).

During wheat grain maturation, most nutrient elements are
transported mainly via the phloem. They pass into the grain
through specialized cells in the crease region (Borg et al.
2009; White 2012). Elements like calcium (Ca) and manganese
(Mn) have low mobility in the phloem (White 2012). They en-
ter the grain through the vascular system of the pericarp, which
may have a direct xylem supply. It is equally possible that they
reach the pericarp vasculature through the phloem as a result
of xylem discontinuity in the grain stalk (O’Brien et al. 1985;
Pearson et al. 1995; White 2012). Nutrient elements reach the
nucellar projection by crossing the crease vascular parenchyma
and the pigment strand (Fig. 1). The nucellar projection origi-
nates from the same tissue as the nucellar epidermis in the
outer kernel layers (Bechtel et al. 2009; Dornez et al. 2011).
Next, the elements move from the nucellar projection to the
apoplast through the vascular bundle (transfer cells). From
here, they are taken up by the modified aleurone cells
(Fig. 1) and distributed to the aleurone layer, the starchy

Figure 1. Section of a wheat grain bisected transversely in a central plane stained with acid fuchsin–calcofluor showing the cellular structure of
different tissues within the (A) aleurone layer, (B) starchy endosperm and (C) crease region. Proteins appear red, cell walls rich in β-glucan appear
light blue, and lignified cell walls of the seed coat appear yellowish brown (adapted from Dornez et al. 2011 with permission from Elsevier).
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endosperm and the embryo (Borg et al. 2009; Tauris et al. 2009).
However, an in-depth understanding of element transport and
accumulation in wheat grains is still lacking.
Most wheat for human consumption is roller milled to

produce white flour (starchy endosperm) with simulta-
neous removal of the embryo and the bran (including
the pericarp, seed coat, nucellar epidermis and aleurone)
(Delcour & Hoseney 2010). The starchy endosperm is rel-
atively poor in micronutrients. These are much more
abundant throughout the bran and germ tissues of the
wheat grain (Liu et al. 2008; Tang et al. 2008; Delcour &
Hoseney 2010; De Brier et al. 2015). However, in the
aleurone, elements such as Fe, Zn, Ca, Mn, magnesium
and copper (Cu) occur as phytates, the main storage
form of phosphorus (P) in cereal grains (Jacobsen &
Slotfeldt-Ellingsen 1983; Lott et al. 1985; Eeckhout & De
Paepe 1994; De Brier et al. 2015). As a result, the nutrient
elements in the bran have low bioaccessibility and,
hence, are poorly available for intestinal uptake by
humans (Lopez et al. 2002). The phytates are present as
granules embedded in protein-rich globoid structures
(Moore et al. 2012).
For nutrient elements, concentration, speciation and spatial

distribution are important. Concentrations and speciation vary
with the wheat tissue examined. Recently, size-exclusion chro-
matography, coupled with inductively coupled plasma mass
spectrometry, has been used to determine the speciation of
Fe and Zn in barley embryo (Hordeum vulgare L.) (Persson
et al. 2009), rice flour (Lee et al. 2011) and wheat (flour and
whole meal) (Eagling et al. 2014; Xue et al. 2014). Eagling
et al. (2014) found that 85% of the extractable Fe and Zn in
wheat flour is bound to nicotianamine (NA)/deoxymugineic
acid. However, this technique provides no information on the
speciation of Fe and Zn at tissue level. In contrast,
synchrotron-based techniques are powerful for unravelling ele-
ment distribution and speciation patterns in biological samples
without the need of extractions, even including in vivo studies
(Weekley et al. 2013). X-ray fluorescence microscopy (XFM)
is used for element distribution imaging, whilst laterally re-
solved X-ray absorption near-edge structure spectroscopy
(μ-XANES or XANES imaging) can be used to investigate
element distribution and speciation. μ-XFM allows high-
definition mapping of elements of whole grain sections with
high lateral resolution without losing elemental detection
(Lombi et al. 2009; Takahashi et al. 2009; Lombi et al. 2011c;
De Brier et al. 2015). However, in spite of the importance of
wheat as a staple food, only a few studies have mapped the dis-
tribution of elements in wheat grains and/or determined their
speciation. Singh et al. (2013) reported the distribution pattern
of Fe by XFM and μ-particle-induced X-ray emission and its
speciation by XANES in whole wheat grains. They found evi-
dence for the presence of oxygen, P and sulfur (S) in the local
chemical environment of Fe in wheat grains. However, they
did not yield element distribution information at the tissue
level. Singh et al. (2014) subsequently performed micro-
imaging of nutrient elements in the different tissues of wheat
grains, but the Fe speciation was only inferred from co-
localization with P. Neal et al. (2013) focused on the chelation

of Zn and Fe with phytate in wild-type and ferritin-expressing
wheat grains, and although they found Fe phytate in
ferritin-expressing wheat grains, there was also evidence of a
structure lacking P.

The spatial differences in Fe-speciation within wheat
grains are still not completely unravelled. In the present
study, the associations of micronutrient elements with
their possible ligands (P and S) in nutrient-dense regions
such as the aleurone, crease and embryo were investi-
gated by high-definition lateral resolution element imaging
using deliberate over-sampling to enhance lateral resolu-
tion. The speciation of Fe was not only determined from
the co-localization results, it was also investigated directly
using the newly available method of XANES imaging
(Etschmann et al. 2014). The spatially resolved XANES
imaging analyses focused on the aleurone cells, the main
storage tissue of nutrient elements and the crease region,
which is of importance regarding element transport. To-
gether, this information on the distribution of Fe and its
possible ligands and the structural identification and spa-
tial distribution of Fe species paves the way to a better
understanding of the physiological processes responsible
for Fe accumulation in wheat grains and to allow more
targeted biotechnology approaches to improve the nutri-
ent status of crop plants. The further development of
biofortified wheat will lead to a more sustainable way of
increasing nutrient intake than supplementation. Increas-
ing the Zn and Fe concentrations of wheat grains can rea-
sonably be expected to improve human health and is an
important global challenge. These findings may also shed
light on micronutrient bioaccessibility in processed wheat.

MATERIALS AND METHODS

Materials

Wheat grains (cv. Akteur, harvest 2012, E-type winter
wheat exhibiting excellent bread making properties, mois-
ture content 14.8%) were supplied by Dossche Mills
(Deinze, Belgium). The concentrations of P, Fe, Zn, Cu
and Mn in intact wheat grains were determined in six repli-
cates by digesting accurately weighed samples (0.1 g) with
2.00mL of ultrapure HNO3 for 4 h followed by dilution to
10.0mL of Milli-Q water (18.2U; Milli-Q Plus, Merck
Millipore, Darmstadt, Germany). Target elements were
subsequently analysed by inductively coupled plasma mass
spectrometry (Agilent 7700x, Santa Clara, CA, USA). A
reference wheat flour sample with certified element compo-
sition was included: NIST1567 Wheat (National Institute of
Standards and Technology, Gaithersburg, MD, USA). All
elements reported were recovered within 10% of the certi-
fied values. The total concentrations, in mg of the
element/kg dry matter (±standard deviation, n= 6),
were 3800 ± 160 (P), 37 ± 2 (Fe), 30 ± 3 (Mn), 25 ± 2 (Zn)
and 3.8 ± 0.3 (Cu). The overall concentrations are similar
to the concentrations detected at X-ray fluorescence micros-
copy at Australian Synchrotron in rice (Lombi et al. 2009)
and barley (Lombi et al. 2011c).
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Imaging of element distribution

Longitudinal and transverse cross sections (80μm thick) of the
middle part of the wheat grains were made using the technique
described in Lombi et al. (2009). Briefly, the wheat grains were
glued to a plastic support and sliced using a vibrating diamond
blade (GFD Gesellschaft für Diamantprodukte, Ulm, Ger-
many) microtome to obtain a flat surface (Microm HM 650
Vibratome, Thermo Scientific, Walldorf, Germany). A piece
of Kapton polyimide film was then pressed on the surface of
the residual grain, with the diamond blade of the microtome
cutting underneath. In this way, sections were directly obtained
on the Kapton tape without the need for embedding. The use
of thin sections is necessary to reduce the distortion of the
elemental maps caused by the penetrating nature of theX-rays,
as the output is translated into a 2D compression of the
illuminated sample volume (Lombi et al. 2011b).

Elemental X-ray fluorescence maps were collected using
the XFM undulator beamline at the Australian Synchro-
tron (Paterson et al. 2011). Laterally resolved elemental
maps were collected using the XFM beamline equipped
with a Si(111) monochromator and Kirkpatrick–Baez mir-
rors focusing the beam to a spot size of approximately
3 × 2 μm (horizontal × vertical). An incident beam energy
of 10 keV was used, and the X-ray fluorescence (XRF)
signal was collected using a 384-element Maia detector
system which collects a full XRF spectrum for each image
pixel. The samples were analysed continuously on-the-fly
in the horizontal direction with pixels of 4.0μm
(transverse cross sections), 2.0μm (longitudinal embryo
section) or 0.4 μm (very high resolution maps through
deliberate oversampling). The pixel (4.0μm, 2.0 μm or
0.4 μm) transit time was approximately 5.20ms, 2.60ms
or 0.52ms, respectively. The full XRF spectra were then
analysed using GEOPIXE (Ryan 2000). This software uses
dynamic analysis to subtract the background fluorescence
signal and resolves overlapping peaks to generate element
concentration maps. Using this technique, the concentra-
tion distributions of K, Ca, Fe, Zn, Cu and Mn were
mapped. Using the X-ray cross section of Ebel et al.
(2003), the fundamental parameter database of Elam
et al. (2002) extended with the particle-induced X-ray
emission data (Ryan et al. 2005), and corrections for
self-absorption, absorption in air and the efficiency re-
sponse of the detector obtained using standard metal
(Mn, Pt) foils, semi-quantitative values for the different
elements, were calculated. In total, we analysed eight
cross sections and three longitudinal sections originating
from 11 independently sectioned wheat grains. We here
show representative results of high-quality cross and lon-
gitudinal sections.

As the earlier version of theMaia detector used in this study
cannot detect lower than 4keV or elements lighter than
potassium (K) we used a Vortex-EM detector (Hitachi High-
Technologies Science America, Inc., Los Angeles, CA, USA)
to collect the fluorescence signal of elements such as P and S.
Small rectangular areas were mapped at the regions of interest
using an incident energy of 10 keV and placing the Vortex

detector orthogonally to the incident beam. To avoid self-
absorption artefacts, especially in the case of P, the boundary
of the grain furthest from the detector was scanned 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 2μm in the vertical and horizontal directions, re-
spectively. The dwell time for the Vortex detector is substan-
tially larger than for the Maia. Furthermore, the sensitivity of
X-ray fluorescence mapping drops rapidly with decreasing
atomic number; therefore, increased integration times are re-
quired when measuring light elements such as P. Therefore,
only two regions were selected from one representative cross
section and one region from one representative longitudinal
section. Elemental distributions were refined by fitting the fluo-
rescence spectrum obtained at each location using the MAPS
package (Stefan Vogt, Advanced Photon Source, Chicago,
USA).

Fe X-ray absorption near-edge structure imaging

X-ray absorption near-edge structure imaging is a recently
developed technique that decreases the risk of beam dam-
age during speciation analysis (Lombi et al. 2011a;
Etschmann et al. 2014). In essence, a highly sensitive fluo-
rescence detector is used to rapidly collect ‘stacks’ of
XRF maps, from which a XANES spectrum can potentially
be extracted for each and every pixel. To date, this tech-
nique has only been used in plant science to investigate
As and Se speciation in roots at toxic concentrations
(Kopittke et al. 2014; Wang et al. 2015), and to the best of
our knowledge, this is the first time that XANES imaging
has been used to investigate the speciation of an essential
element in edible grains. In this study, laterally resolved
XANES stacks were obtained by scanning the entire area
of interest 89 times whilst progressively decreasing the inci-
dent X-ray energy from 7370 to 7062 eV across the Fe
K-edge. Two different areas of interest from one represen-
tative cross section were scanned. This approach has the
advantage, in comparison to ‘point’ or μ-XANES, of pro-
viding comprehensive speciation distribution data whilst
minimizing operator bias, as the selection of individual
points of interest for spectral analysis is not required.
The very high sensitivity of the Maia detector also greatly
decreases the residence time of the beam at each pixel
(i.e. 348ms/pixel for XANES imaging in this study versus
a typical 20min acquisition time for μ-XANES). This latter
aspect is important in terms of reducing the risk of beam
damage; this is a particularly significant issue in case of
redox sensitive elements such as Fe. The GEOPIXE ‘energy
association’ module was used to identify and select areas
for XANES imaging. Specifically, pixel populations were
selected where the speciation varied and the concentration
ratios between two energies for each pixel were compared.
The XANES spectra were extracted from pixels within the
selected areas in the stack series and subsequently back-
ground and baseline corrected using ATHENA v. 0.8.061
(Ravel & Newville 2005). For these data, linear
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combination fitting (LCF) was performed, and the combi-
nation of standards yielding the lowest residual parameter
was chosen as the most likely set of components. The
weighting factors were constrained between 0 and 1, and
the combined species weightings were forced to sum to 1.
In the case of the LCF method, the R-factor and reduced
chi-square obtained are statistical parameters for the good-
ness of the fit. The R-factors are 0.000673, 0.000677 and
0.001970, and the reduced chi-squares are 0.0005457,
0.000518 and 0.0015660 for the aleurone, nucellar projec-
tion and modified aleurone, respectively. The LCF ap-
proach is not free from uncertainties and limitations. Its
correctness is affected by the choice of standards that are
used in the fitting procedure; in addition, minor species
present (e.g. representing <10% of the total) should be
considered with caution (Grafe et al. 2014). The following
standards were used in the fitting procedure: sulfate Fe2+,
NA Fe2+, phytate Fe2+, cysteine Fe2+, citrate Fe2+, phytate
Fe3+, NA Fe3+, cysteine Fe3+, citrate Fe2+, ferritin Fe3+

and FeO(OH). The standards were prepared in a N2-filled
anaerobic chamber using degassed water. Ferrous and
ferric solutions were mixed with the various ligands

(in a molar ratio of 1:1.1), and the pH was adjusted to 6
to ensure complete complexation of the Fe. Thin strips of
filter paper were then dipped into the solutions to absorb
the standard compounds/complexes. These paper strips
were then wrapped in 4 μm ultralene film to protect
them from oxygen and scanned as described in the
preceding texts.

RESULTS AND DISCUSSION

X-ray fluorescence microscopy of elements in
wheat grains

In wheat grains, nutrient elements are not homogeneously
distributed (Mazzolini et al. 1985; Liu et al. 2008; Neal et al.
2013; Singh et al. 2013; Singh et al. 2014). Large gradients in
their distribution exist between and within the different tis-
sues. The aleurone, the crease region and the embryo are
particularly micronutrient dense (Figs. 2 and 5). Compared
with these tissues, there is a much less Fe and Zn in the outer
bran tissues and starchy endosperm (Figs. 2 and 5). Hence,
the distributions of these elements within the aleurone,

Figure 2. Elemental maps of a wheat grain bisected transversely in a central plane (1, pericarp; 2, aleurone; 3, starchy endosperm; 4, modified
aleurone cells; 5, pigment strand and 6, nucellar projection) with a lateral resolution of 4 × 4 μmand (A) a detail picture of the individual aleurone cells
and (B) crease region with very high lateral resolution (pixel size of 0.4 × 0.4 μmby oversampling). The color scale represents different concentrations,
with black and white corresponding to the lowest and highest concentration, respectively.
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crease region and embryo tissues were investigated in detail.
The overall concentrations of Fe and Zn (cf. supra) are in
line with earlier published concentrations (17 to 75mg
Fe/kg and 5 to 46mg Zn/kg; Rengel et al. 1999; Piironen
et al. 2009; Cakmak et al. 2010).

Aleurone

Figures 2 and S1 show the distributions of Fe and Zn in a ma-
ture wheat grain cross section obtained using XFM. Individual
aleurone cells can be clearly distinguished in the elemental
maps. The very high-resolution XFM images of the aleurone

(Fig. 2A) reveal the spherical phytate globoids to which Fe
and Zn are confined.

In wheat, most of the nutrient elements are chelated to phy-
tate, which make them unavailable for intestinal uptake by
humans and monogastric animals (Lopez et al. 2002). To gain
more insight into their chemical speciation, the spatial associa-
tions of Fe, Mn, Cu and Zn with their possible ligands P
(phytate; Eeckhout & De Paepe 1994) and S (cysteine and es-
pecially methionine; Li et al. 2010) were examined. Figure 3B
shows line scans across the bran tissues of mature wheat grains,
representing the average concentrations of the vertical areas
indicated by the box in the elemental map (Figs. 3A and S2).
P distribution is highly localized to a region ranging between

Figure 3. X-ray fluorescence microscopy of the mature wheat grain. Tri-colour map (A) of Mn (manganese; red), P (phosphorus; green) and S
(sulfur; blue) distribution in the aleurone tissue. Element concentration profiles (B) of P, S, iron (Fe), Mn, copper (Cu) and zinc (Zn) from selected
area (orange box). The data were obtained by using the transect function in GEOPIXE over an area 140μmwide starting at the outer side. The letters in
the figure and profiles indicate the pericarp (P), aleurone (AL) and endosperm (E).
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30 and 75μm from the outer side of the grain (Fig. 3B), which
corresponds to the aleurone. In contrast, S is mainly present in
the outer endosperm and only in small levels in the aleurone.
The concentration of S in the endosperm is five times higher
than that in the aleurone. Among all the elements investigated,
Mn was most strongly localized in the outer parts of the grain
(pericarp and testa) with the highest concentrations 20 to
50μm from the edge of the grain. As Mn does not co-localize
with P in the outermost bran tissues (10 to 40μm), it is presum-
ably not bound to phytate in the inner pericarp and testa.
Cu, Fe and Zn were mainly localized in the same band
(about 30 to 85μm) which again corresponds to the aleurone
layer. These cations co-localize with P and may be bound to
phytate.

Crease region

Whilst Singh et al. (2014) observed large differences in element
distribution in the crease tissues, higher resolution imaging
coupled with speciation analysis are needed to better under-
stand element translocation and accumulation. In the crease re-
gion (Fig. 2B), the individual cells of the nucellar projection
and transfer cells are difficult to distinguish, whilst the cells in
the modified aleurone (i.e. the aleurone surrounding the
crease) can be clearly identified. Based on the element distribu-
tion, the different tissues in the crease region can be
differentiated.
Figure 4B gives an overview of the concentrations of P, S,

Fe, Cu, Mn and Zn in the crease region, computed from the
averages of the vertical areas indicated by the box in the el-
emental map (Figs. 4A and S3). The large differences in con-
centrations between the endosperm and the crease tissues
(Figs. 2 and 4B) indicate that physical and/or physiological
barriers limit transport from the crease to the endosperm.
These differ for the different elements because large gradi-
ents in concentrations of the elements are present in the
crease region. P is below the detection limit in the nucellar
projection (about 180 to 240 μm; Fig. 4B) but dominates in
the modified aleurone cells (100 to 150 μm and 280 to
330 μm) in the crease. The concentration of P in the modified
aleurone cells is about 50% of that in the aleurone cells,
which implies that P is transported relatively efficiently to
the aleurone cells. S concentration is highest in the nucellar
projection. Slightly lower S concentrations were measured
in the other parts of the crease. These concentrations were
comparable to those in the aleurone and starchy endosperm
(Fig. 4B). Fe and Cu are present in much higher concentra-
tions in the nucellar projection than in the aleurone
(Figs. 2B and 4B). Fe and P show distinctly different pat-
terns, and these are in line with the results of Singh et al.
(2014). These data suggest that Fe is not phytate-bound in
this region. In contrast, Fe and S are distributed similarly.
Singh et al. (2013) suggested that Fe may be bound to S-rich
protein in the nucellar projection. Zn distribution is partially
associated with P. The modified aleurone cells contain high
levels of Zn, whereas Zn is below the detection limit in the
nucellar projection. In contrast, the concentration of Zn in
the modified aleurone cells is about four times higher than

in the aleurone cells. Zn is also present in relatively high con-
centrations in the pigment strand situated between the nu-
cellar epidermis and the modified aleurone cells. Our XFM
results also show a high concentration of Zn in transfer cells
(Fig. 2B). Tauris et al. (2009) found that many genes coding
for Zn transporters in developing barley (H. vulgare L.)
grains are present in the transfer cells. These transfer cells
probably contain vacuoles in which Zn is stored before fur-
ther transport occurs (Wang et al. 2011). Mn accumulates
only in relatively low concentrations in the modified aleu-
rone cells and is mainly present in the pigment strand.

Embryo tissue

Very few studies have investigated the distribution of elements
in the wheat embryo; this is possibly a result of the spatial com-
plexity of the embryo tissue and the lack of sensitivity of analyt-
ical methods. Lombi et al. (2009, 2011c) showed that XFM can
reveal the spatial distribution of elements in rice and barley
embryos with high sensitivity. In this study, the distribution of
Mn, K, andZn in the wheat embryo ismappedwith high lateral
resolution (2μm, Figs. 5A and S4). Large elemental gradients
are present in the embryo (Fig. 5A and Table 1). Zn is the pre-
dominant micronutrient in the shoot primordium, whereas the
root primordium contains the highest concentrations of both
Zn and Mn. Fe is largely absent in the root and shoot
primordia, whilst the scutellum is rich in Fe and Mn (Fig. S5
and Table 1). This is in agreement with Mazzolini et al.
(1985), who observed that the highest Mn level occurs in the
outer perimeter of the root primordium, and that the scutellum
is the main storage place for Fe accumulation (Mazzolini et al.
1985). However, the beam size used in their study did not
yield high-resolution distribution maps for all elements
investigated. Figure 5B shows the distribution of Zn, Mn
and P in the wheat embryo tissues. P accumulates in the
scutellum but is below the detection limit in the aleurone
cells, the shoot and root primordia (Fig. 5B). In contrast, S
occurs in the shoot and root primordia but not in the scutellum
(Fig. 5C). Figure 5A–C was collected from the same longi-
tudinal section. As Fe co-localizes with P, it is probably
chelated by phytate. Zn and Mn are more prominently pre-
sent in the shoot, particularly in the root primordium. They
co-localize with S but not with P, which is low in these
tissues. In barley grains, Zn is probably bound to the thiol
groups of proteins and not chelated by phytate in the embryo
(Persson et al. 2009).

The element distribution in the aleurone cells surrounding
the embryo differs from that in the regular aleurone cells.
The concentration of Zn in the former aleurone cells is twice
as high as that of Fe (Table 1). Moreover, the highest concen-
tration of Cu in the embryo tissue is in the aleurone cells.

In rice and barley, similar micronutrient distributions have
been observed, with highMn andZn concentrations in the root
primordium and Zn being the most abundant micronutrient in
the shoot primordium (Takahashi et al. 2009; Lombi et al.
2011c). These results indicate that Mn and Zn have a similar
abundance in the embryo. Zn and Mn are probably bound to
S-containing amino acids (Persson et al. 2009). In meristematic
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Figure 4. X-ray fluorescence microscopy of the mature wheat grain. Tri-colour map (A) of P (red), Fe (green), and S (blue) distribution in the crease
region. Element concentration profiles (B) of P, S, Fe, Mn, Cu and Zn from selected area (orange box). The data were obtained by using the transect
function in GEOPIXE over an area 420μm wide. The letters in the figure and profiles indicate the individual cells of the endosperm (E), aleurone (AL),
pigment strand (PS) and nucellar projection (NP).
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tissues, Zn may play a role in protein synthesis and membrane
structure (Cakmak 2008). Proteins in the embryos of maize,
rice and wheat are mostly storage proteins, particularly 7S
globulin (Shewry & Halford 2002).

Speciation of iron in the aleurone and crease
regions using fluorescence-XANES imaging

Iron is present in plants as different chemical species. This
influences its bioaccessibility and its nutritional value
(Hurrell et al. 2004; Zheng et al. 2010). Determining the

Figure 5. Tri-colour map (A) ofMn (red), K (potassium, green) andZn (blue) distribution in a longitudinal section of the embryo and scutellum of a
mature wheat grain with 1, aleurone; 2, scutellum; 3, radicula (root primordium); 4, calyptra (root cap); and 5, shoot primordium and with lateral
resolution of 2 × 2 μm. Tri-colour map (B) of Mn (red), P (green) and Zn (blue) distribution in the embryo. X-ray fluorescence microscopy elemental
map of S (C) present in the wheat embryo. The colour scale represents different concentrations, with black and white corresponding to the lowest and
highest concentration, respectively.

Table 1. Concentrations (mg/kg) of Mn, Fe, Cu and Zn in the tissues
of the wheat (Triticum aestivum L.) embryo

Element
Root
primordium

Shoot
primordium Scutellum Aleurone

Mn 562 (±103) 155 (±46) 288 (±32) 136 (±15)
Fe 182 (±20) 134 (±24) 275 (±51) 206 (±24)
Cu 25 (±2) 22 (±1) 28 (±2) 57 (±17)
Zn 271 (±30) 205 (±30) 110 (±24) 403 (±63)

Means and standard deviations of three analytical results of embryonic
tissues of three independently sectioned wheat grains are given.
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speciation of Fe within the different mature wheat grain tissues
is therefore important. Based on the Fe K-edge XANES mea-
surements on intact whole grains, Singh et al. (2013) suggested
that about 80% of the Fe is present in ferric form, and the re-
mainder is in ferrous form. However, these authors did not
present any information at tissue level, and their XANES
spectra have a high noise-to-signal ratio. In our study, the oxi-
dation state of Fe and the type of Fe ligands (specific bonding
environments) in different wheat tissues were studied using
XANES (Fig. S6). Each different Fe species is characterized
by a different Fe K-edge XANES spectrum (Fig. 6 – spectra
of standards). In general, for the ferric compounds, the princi-
pal peak (white line) of the Fe K-edge is about 2.5 to 3.0 eV
higher than for the ferrous compounds (i.e. a shift from about
7129 to 7132eV). Furthermore, both ferrous and ferric
phytates exhibit a shoulder feature at 7135eV. In addition,
the energy position of the inflection point of the absorption
edge (the maximum point of the first derivative of the K-edge
spectrum) increases from about 7122 to 7128 eV with increas-
ing average Fe oxidation state which is in agreement with
Prietzel et al. (2007). Figure 6 shows that the XANES spectra
of Fe differ between the aleurone cells, modified aleurone cells
and nucellar projection. TheXANES spectrum of the aleurone
cells has an inflection point at 7123 eV, a principal peak at about
7130eV (Table S1) and a shoulder at higher energies. This sug-
gests that ferrous Fe-phytate occurs in the aleurone cells. The

shoulder at higher energies is also present in the spectrum of
the modified aleurone cells, but the lower-energy feature is less
prominent than it is for the aleurone cells. The modified aleu-
rone cells have a Fe K-edge at 7131 eVand an inflection point
at 7126 eV (Table S1), indicating that both ferrous and ferric
Fe-phytates co-occur. In the nucellar projection, the principal
FeK-edge peak is at 7132 eV, and the inflection point of the ab-
sorption edge is at 7126 eV, indicating the presence of ferric Fe
(Table S1). The shoulder at higher energies, observed in both
the aleurone and modified aleurone cells spectra, is absent in
this Fe-spectrum, possibly suggesting that it does not contain
Fe-phytate.

To further unravel the speciation of Fe, the Fe-XANES
spectra of the grains were analysed by LCF using the
XANES spectra of standard compounds. Figure 6 only
shows the relevant standards (cf. infra). The linear combina-
tion fitting analysis can be used to indicate the relative
amount of major species in the samples. On the basis of
this analysis, two-thirds of the Fe in the aleurone cells
was assigned to phytate Fe2+ (0.67 ± 0.01) and one-third
to citrate or citrate-like Fe2+ (0.33 ± 0.01), whilst the
modified aleurone cells were indicated to contain
almost equal contributions of phytate Fe3+ (0.57 ± 0.02) and
phytate Fe2+ (0.43 ± 0.02). These contributions (± standard
deviations) of each standard spectrum to the fit are based
on spectra of at least four different regions (Fig. S6). In the
aleurone cells, Fe is mainly chelated not only by phytate
but also by citrate (or citrate-like ligands). In the modified
aleurone cells, LCF indicates that both ferrous and ferric
Fe are chelated by phytate, and this is reflected in the co-
occurrence of Fe and P in these tissues (cf. supra). During
transport from the modified aleurone cells to the aleurone
cells or starchy endosperm, Fe is probably chelated by
citrate. Although we incorporated the major Fe species oc-
curring in plant material as standards for the LCF analysis,
the small feature after the white line in the fitted curves of al-
eurone and modified aleurone, which is not present in the
experimental data, indicated that another Fe species may oc-
cur in these tissues. The LCF analysis showed that the best fit
was obtained for a combination of citrate Fe2+ (0.08), NA
Fe3+ (0.24) and FeO(OH) (0.68) in the nucellar projection.
The XANES spectrum of the nucellar projection was ex-
tracted from one area (Fig. S6). Because of the poor solubil-
ity of Fe ions, translocation inside the plant occurs with
chelating molecules like citrate, NA and deoxymugineic acid
(Bashir et al. 2010; Kobayashi & Nishizawa 2012). In the
phloem, Fe is probably chelated to NA during transport
(Briat et al. 2007). The LCF results show that Fe is not only
bound to organic chelators in the nucellar projection but
may also contain more complex Fe species (possibly
inorganic). This is in contrast to the aleurone, which is the
principal element-storage region of the mature grain.
Although S and Fe co-localize in the nucellar projection,
our LCF results indicate that Fe is probably not bound to
cysteine in this tissue. Our results for the nucellar projection
should be carefully interpreted because the chemical struc-
ture of the chelating molecules could not be unequivocally
identified.

Figure 6. Fe X-ray absorption near-edge spectroscopy spectra from
reference Fe compound standards [citrate Fe2+, phytate Fe2+,
nicotianamine (NA) Fe3+, phytate Fe3+, cysteine Fe3+, FeO(OH)] and
cross mature wheat grain sections. The dotted lines give the linear
combination fitting results.
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CONCLUSIONS

In conclusion, this study imaged the gradients in elemental
distribution in detail among bran tissues, crease region and
embryo. Table 2 summarizes the distribution and speciation
of Fe throughout these tissues. Of all the elements studied,
Mn is mainly concentrated in the testa. The other elements
are mostly localized in the aleurone. Strong similarities
were observed in the distribution of Fe and Zn and P in
the bran tissues, indicating that Fe and Zn are confined to
the spherical phytate globoids in the aleurone, and this is
in line with the XANES Fe speciation results. Phytates
serve as a source of P for the synthesis of membrane lipids
and nucleic acids for the grain during germination and also
functions as storage sites for divalent elements such as mag-
nesium, Ca, Fe and Zn, thereby acting as major cation traps
for eliminating excessive cellular concentrations of these el-
ements (Hawkesford et al. 2012). The chelation of Fe by
phytate suppresses Fe-catalysed oxidative reactions and,
hence, the generation of cellular free radicals which are ex-
tremely toxic to plants. Thus, phytate structures preserve
the viability of the seed as potent antioxidants during dor-
mancy (Graf & Eaton 1990; Takahashi et al. 2009). In the
crease region, Mn and Zn are present in the pigment strand,
but the highest concentrations of Zn occur in the modified
aleurone cells. In contrast, Fe and Cu predominantly occur
in the nucellar projection and are not co-located with P. El-
ements enter the wheat grain during maturation through the
different tissues of the crease region. Our results show the
various barriers which limit elemental transport in wheat
grain tissues. Fe is chelated by phytate in the modified aleu-
rone cells but not in the nucellar projection. Because most
cation-phytate chelates are highly insoluble at the pH of a
plant cell, Fe is most probably chelated by small molecules
such as NA during transport from the plant to the grain.
Therefore, Fe is not chelated by phytate in the vascular tis-
sues. Large elemental gradients are also present in the em-
bryo. Fe co-localizes with P in the scutellum, whilst Zn
and Mn are primarily present in the shoot and especially
root primordium, probably bound to thiol groups of pro-
teins. In such highly metabolically active root and shoot tis-
sues, during germination, Zn ions are most probably used

for protein synthesis, membrane function, cell elongation
and tolerance to environmental stress. These results are rel-
evant to further research investigating ways to enhance the
bioaccessibility of nutrient elements by plant breeding,
biofortification and/or processing. Moreover, the results
form a knowledge platform for identifying transporters
and chelating compounds that may be involved in transport
and deposition of nutrient elements in the wheat grain.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Table S1.Energy positions of the inflection point of the absorp-
tion edge and the white line of Iron (Fe) K-edge X-ray absorp-
tion near-edge spectroscopy spectra acquired for different
reference Fe-compound standards and wheat grain tissues.
Figure S1. Fe map of a wheat grain bisected transversely in a
central plane with a lateral resolution of 4 × 4μm. The colour
scale represents different concentrations, with black and white
corresponding to the lowest and highest concentrations, re-
spectively.
Figure S2. Elemental maps of a wheat grain bisected trans-
versely in a central plane with focus on aleurone tissue with a
lateral resolution of 1 × 2μm. The colour scale represents dif-
ferent concentrations, with black and white corresponding to
the lowest and highest concentrations, respectively.
Figure S3. Elemental maps of a wheat grain bisected trans-
versely in a central plane with focus on crease region with a lat-
eral resolution of 1 × 2μm. The colour scale represents
different concentrations, with black and white corresponding
to the lowest and highest concentration, respectively.
Figure S4. Tri-colour map of Mn (red), K (green) and Zn
(blue) distribution in a longitudinal section of the embryo and
scutellum of a mature wheat grain.
Figure S5. Femap of longitudinal section of wheat embryowith
a lateral resolution of 2 × 2μm. The colour scale represents dif-
ferent concentrations, with black and white corresponding to
the lowest and highest concentration, respectively.
Figure S6. Fe maps of a wheat grain bisected transversely in a
central plane with a lateral resolution of 2 × 2μm. The regions
of (A) aleurone cells, (B) modified aleurone cells and (C) nu-
cellar projection that were selected for extraction of the X-
ray absorption near-edge spectroscopy spectra are indicated
by the green shapes. The colour scale represents different con-
centrations, with black and white corresponding to the lowest
and highest concentration, respectively.
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