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ARTICLE INFO ABSTRACT

Keywords: Sorghum is an important source of dietary iron (Fe) and zinc (Zn) in parts of Africa and India, but there is a need
S(l)rghu'nf grz?in to increase their concentrations to meet dietary requirements. Grains of a genetically biofortified sorghum line
Biofortification (Parbhani Shakti) had higher concentrations of Fe and Zn than a control line (M35-1). Analysis at the tissue level
Nano,SIM_S by histochemical staining and at the cellular level using NanoSIMS showed that both minerals are concentrated
Localisation . . . . . . .

Iron in the aleurone layer and in the scutellum of the embryo, with Zn also being concentrated in the embryonic axis.
Zine However, NanoSIMS showed that “hot spots” of *°Fe* and ®*Zn™ were also present in the sub-aleurone and

starchy endosperm cells. Most of these hot spots also contained 3'P'°0* indicating that the Fe and Zn are present
as phytates, as in the aleurone and scutellum cells. Low concentrations of *°Fe™ and ®4Zn™ were also observed in
the protein matrix of these cells.

1. Introduction

Deficiencies of mineral micronutrients are a major challenge for
improving global health. It has been estimated that 40% of women and
children have anaemia while zinc deficiency affects between 15% and
50% of the population in Sub-Saharan Africa and South Asia (Ritchie
and Roser, 2017). Although mineral deficiencies are particularly prev-
alent in the developing world, they also occur in developed countries.
For example, iron deficiency anaemia is estimated to affect 7-9% of
women aged 19-64 in the UK (Scientific Advisory Committee on
Nutrition, 2010).

Cereals provide between 20% and 60% of the daily calories in diets
of various countries, being higher in the developing world (https://o
urworldindata.org/diet-compositions#diet-compositions-by-food-gro
ups), and are also major sources of mineral micronutrients. Sorghum is a
minor cereal in terms of global production, with the total annual yields
averaging about 59 million tonnes out of a total of around 2950 million
tonnes of all cereals during the period 2017 to 2019 (www.fao.
org/faostat/en/#data/QC). This represents only about 0.2% of total
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cereal production making it fifth in order (after maize, wheat, rice and
barley). However, it is an important staple crop in parts of Africa,
particularly in West Africa, which account for about 50% and over 20%
of world production, respectively, and in India. Hence sorghum is an
important source of mineral micronutrients in these areas.

The contents of minerals in cereals grain vary with the environment,
and particularly with the mineral availability in the soil. However, in
broad terms the concentrations of iron and zinc in sorghum grain are
generally about 30 ppm (mg/kg dry weight) and 20 ppm (mg/kg dry
weight), respectively, which are similar to the concentrations in wheat
grain (Zhao et al., 2009), and current biofortification strategies are
aimed at increasing these concentrations to 60 mg/kg dry weight Fe and
32 mg/kg dry weight Zn (Guild and Stangoulis, 2021).

However, the contributions of cereals to the mineral status of pop-
ulations are not only affected by the total concentrations in the grain,
but also by their locations within the grain (and hence how their con-
centrations are affected by processing) and their chemical forms (and
hence their bioavailability). In particular, iron and zinc are known to be
concentrated in the outer layers of the grain and in the embryo,
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particularly the aleurone layer (which constitutes the outer layer of the
starchy endosperm) and the scutellum (the single cotyledon of the em-
bryo) (Balk et al., 2018). Furthermore, the minerals in these two tissues
are largely present as salts of phytic acid (inositol hexakisphosphate)
which have low solubility and hence low bioavailability (Gupta et al.,
2015, Das et al., 2012).

A range of approaches, which vary widely in their resolution and
sensitivity, have been used to determine the locations of minerals in the
tissues and cells of cereal grains. Histochemical staining (Balk et al.,
2018), proton microprobe analysis (Mazzolini et al., 1985),
Laser-Ablation Inductively Coupled Plasma-Optical Emission Spec-
trometry (LA-ICP-MS) (Wang et al., 2011; Wan et al., 2022), X-ray
fluorescence (Lombi et al., 2011; Neal et al., 2013; De Brier et al., 2015)
and Proton-Induced X-ray Emission (micro-PIXE) (Singh et al., 2013;
Kruger et al., 2014; Minnis-Ndimba et al., 2015) have all been used to
determine location at the tissue level. These technologies have the
advantage of allowing the analysis of sections of whole grain but may
not give clear resolution at the single cell level. This limitation may be
crucial when it is necessary to discriminate between adjacent cells which
differ in their mineral contents, for example, between the aleurone cells
and adjacent sub-aleurone starchy endosperm cells of wheat (Neal et al.,
2013), sorghum (Ndimba et al., 2017) and pearl millet (Kruger et al.,
2014; Minnis-Ndimba et al., 2015).

High resolution Secondary Ion Mass Spectrometry (NanoSIMS) is
ideal for such detailed analyses as it combines high spatial resolution
(down to 50 nm), high sensitivity (ppm and ppb for some elements) and
the ability to detect a wide range of trace elements and isotopes
(Kopittke et al., 2020). Hence, it allows minerals to be precisely located
within individual cells and tissues. During NanoSIMS analysis, the
sample surface is bombarded with a high-energy primary ion beam
which causes sputtering of the surface and ejection of atoms and small
molecules. Some of this sputtered material becomes ionised: these are
referred to as ‘secondary ions’ and are collected, detected, and analysed
by mass in a double focusing mass spectrometer. Up to seven ions can be
detected at one time allowing the identification of minerals which are
co-located, such as phosphorus and minerals present as phytates.

We therefore combined analyses by histochemical staining and
NanoSIMS to determine the locations of Fe and Zn within the tissues and
cells of mature grain of two sorghum lines, M35-1 which contains
normal levels of Fe and Zn and Parbhani Shakti (14001) which is a
biofortified line containing higher levels of both minerals.

2. Materials and methods
2.1. Material

The biofortified line Parbhani Shakti (= ICSR 14001) is not geneti-
cally modified but was produced through progeny selection from a high
Fe and Zn landrace accession (IS 26962) from India. Earlier work (Kotla
etal., 2019) showed greater variation for grain Fe than Zn in sorghum. A
genetic map was therefore constructed with 2088 markers (1148 DArTs,
927 DArTSeqs and 13 SSRs) covering 1355.52 c¢cM with an average
marker interval of 0.6 cM. Eleven QTLs (individual) and 3 QTLs (across)
environments for Fe and Zn were identified.

Parbhani Shakti is a caudatum type line with medium sized flat white
grains with a beak, is tolerant to grain moulds and is adapted to culti-
vation in rainy, post-rainy and summer seasons. It has up to 40% higher
content of grain Fe and 25-30% higher content of grain Zn than con-
ventional cultivars such as M35-1 which is a durra type selected from a
local landrace. M35-1 has round, white and lustrous (shiny) grains, is
resistant to shoot fly and charcoal rot and is drought tolerant and
therefore adapted for cultivation in the post-rainy season. The 1000-
grain weights of the two cultivars are comparable (33-40 g) but the
grain yield of Parbhana Shakti is about 15-20% lower than that of M35-
1 when grown under similar conditions. M35-1 was released for culti-
vation in 1969 and is the most popular sorghum variety cultivated for
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food and fodder use in India while Parbhani Shakti was released for in
2018 and is increasing in popularity.

Parbhani Shakti (14001) and M35-1 were grown in field trials at
ICRISAT (Patancheru, Telangana, India) without agronomic fortification
and in the glasshouse at Rothamsted Research. Grain from the glass-
house was used to determine mineral amount and histochemical loca-
tion in developing and mature grain and from the field for NanoSIMS
analysis.

2.2. Mineral analysis by ICP-OES

Grain samples were washed with deionised water, dried in an oven at
80 °C for 24 h and milled in a titanium centrifugal mill to avoid
contamination. Weighed aliquots were digested using a mixture of nitric
acid and perchloric acid (85:15 V/V) in open tube digestion blocks,
followed by a programmed heating digestion: 60 °C for 180 min, 100 °C
for 60 min, 120 °C for 60 min, 175 °C for 90 min and 50 °C until dry. The
acids are removed by volatilisation and the residue dissolved in nitric
acid (5% V/V). The elements were detected with Optima 7300 DV
Inductively Coupled Plasma - Optical Emission Spectrometer (ICP-OES).
The analysis was strictly monitored using certified external standards
alongside in-house standard materials. Standards and check samples
were monitored and recorded using Shewhart Control Graphs and
computer-based quality control packages.

2.3. Histochemical staining of seeds

Longitudinal and transverse sections of mature grains (38DPA) were
cut with a razor blade and stained in 500 mg/L dithizone in methanol for
30 min for Zn localisation or in 2% potassium ferrocyanide (II) in 2%
HCI for 40 min (Perls’ method) for Fe localisation. The tissue was
washed in deionised water until the background was clean and photo-
graphed using a Leica MA205 camera.

2.4. NanoSIMS analysis

The dry grains were imbibed in deionised water at 4 °C for 8 h and
transverse slices of the grain (0.1 mm thick, see Fig. 3 for positions) were
infiltrated with 0.5 M MES-KOH pH 5.4, and frozen using a high-
pressure freezer (HPM 100 from Leica Microsystems, UK). Samples
were transferred to tubes containing frozen 100% (v/v) ethanol in liquid
nitrogen and placed in an automatic freeze substitution system (EM AFS
from Leica Microsystems, UK). Samples were sequentially warmed over
5 days to —30 °C, then to 4 °C for 48 h and finally to room temperature.
The samples were processed through increasing concentrations of LR
White resin (Agar Scientific UK, R1281) and embedded at 58 °C for
16-20 h in a nitrogen-rich environment. Sections (1 pm) of the resin
blocks were cut with a Reichert-Jung ultramicrotome and dried at 40 °C
onto platinum-coated Thermanox coverslips for NanoSIMS.

NanoSIMS analysis was performed with a Cameca NanoSIMS 50L
(CAMECA, France) as described by Hoppe et al. (2013). A16 keV O™ ion
beam with a current between 30 and 40 pA and a beam size of
approximately 600 nm (L1 = 1100-1200 bits, D1 = 2 (300 pm aperture)
was focused onto the sample and rastered over the surface to generate
positive secondary ions. The L1 lens was used to increase the beam
current and counts and reduce analysis time, but this resulted in a lower
spatial resolution than can typically be achieved with the NanoSIMS
(100 nm). The entrance slit was set to position 2 (25 pm width), and the
aperture slit to position 1 (350 pm width). The detectors were aligned to
simultaneously detect 2Na™, 28sit, 4°ca™, 31p'60™, S6Fe*, %4zZn* and
667+

Regions of interest were selected using the charge-coupled device
(CCD) camera on the NanoSIMS. The samples were coated with 40 nm of
platinum (Pt) prior to loading into the instrument to minimise sample
charging. The Pt was removed by repeatedly scanning a defocused O™
beam (D1 = 0) over an area of 70 x 70 pm with a total dose of 1 x 10'8
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ions/cm™2. Following implantation, ion images were acquired using a
focused beam over an area of 50 x 50 pm with 256 x 256 pixels and
dwell time of 5000 pm per pixel. Several hundred images of each region
of interest were acquired and summed together to improve the statistics.

Data processing was conducted with FIJI software using the Open-
MIMS plugin (Harvard, Cambridge, MA, USA). Image processing
included drift correction and summing of images.

2.5. Statistical analysis

Statistical analyses of the concentrations and contents of Fe and Zn
per grain were performed using Genstat (20th edition). One-way
ANOVA (analysis of variance) was used with blocked structure. Signif-
icant differences between the two lines were tested using LSD (least
significant differences of means) (5% level) with P value of less than
0.05.

3. Results
3.1. Grain mineral content

Analysis of mature grains of the two lines showed that the contents of
both Fe and zinc Zn were higher in Parbhani Shakti when expressed on a
dry weight (Fig. 1A) or per grain (Fig. 1B) basis. The thousand grain
weight (TGW) of Parbhani Skakti was slightly less than that of M35-1
(Fig. 1C).

3.2. Histochemical staining

The locations of Fe and Zn in the grain were initially determined by
histochemical staining of sections of the grain at 38 days DPA (physio-
logical maturity), using potassium ferrocyanide for Fe (Fig. 2 a,b,e and f)
and dithizone for Zn (Fig. 2 ¢,d,g and h). This showed that both minerals
are concentrated in the embryos, but that they differ in their distribution
within this organ. In particular, whereas Fe is concentrated in the
scutellum (single cotyledon, labelled SC in Fig. 2 panel a), Zn is also
concentrated in the embryonic axis. This comprises the shoot (SP in
panel a) and root (RP in panel a) primordia which develop to form the
shoot and root, respectively, on germination. Zn was also clearly stained
in the aleurone layer (AL in panel a) (the outer layer of endosperm cells)
but only traces of Fe were detected. This difference may be due to the
relative sensitivities of the two stains, as both Fe and Zn are known to be
located in the aleurone layers of other cereals (Lombi et al., 2011; Neal
et al., 2013). Neither stain labelled the cells of the starchy endosperm
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Fig. 2. Localisation of Fe and Zn in physiologically mature (38DPA) grains with
Prussian blue and dithizone staining respectively.

RP: root primordium, SP: shoot primordium, SEN: starch endosperm, SC:
scutellum, AL: aleurone layer. Scale bars represent 500 pM. a-d, M35-1; e-h,
Parbhani Shakti; a, c, e, g, longitudinal sections; b, d, f, h, transverse sections.
The analysis was carried out on glasshouse grown grain. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

(SEN in panel a), which is the major storage tissue in the grain. It is also

notable that no differences were observed in the localisation of Fe and
Zn in the Parbhani Shakti and M35-1 lines.

C

TGW (g)

Zn Fe

Fig. 1. The concentrations (mg/kg dry matter weight) (A) and contents (g) per grain (B) of Zn and Fe in milled whole grains of M35-1 and Parbhani Shakti. C, TGW

(thousand grain weight, g).

Data are from three 5g replicate samples of grain. The error bars show standard errors. The asterisks (*) indicated significant differences (P < 0.05) between the two
lines detected by one-way ANOVA. The least significance difference (LSD) values (5%) are 6.039 and 10.600 for Zn and Fe concentrations, respectively, 0.056 and
0.368 for Zn and Fe contents per grain respectively, and 1.147 for TGW (thousand grain weight).
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Histochemical staining is not sufficiently quantitative or precise to
give high resolution data on the precise locations of minerals at the cell
and sub-cellular levels. Therefore, more detailed analyses using Nano-
SIMS were carried out.

3.3. NanoSIMS analysis

Analyses were made on transverse sections from two mature grains
of each cultivar, cutting through the aleurone layer, starchy endosperm
and scutellum. The sections imaged with optical microscopy are shown
in the left-hand panels of Figs. 3-5. The regions selected for analysis are
indicated with red circles on the whole grain sections (left-hand panels)
and the specific regions which were imaged are marked red squares on
the optical microscope images in the right-hand panels.

NanoSIMS allows up to 7 secondary ions to be detected simulta-
neously. In the current study an oxygen O~ ion beam was used to detect
2Nat, 28sit, cat, 31p10+, SOFet, %4zZn* and ®°Zn™. Iron consists of
four stable isotopes with >Fe™ accounting for 91.75% of the total atoms
while Zinc comprises five stable isotopes with ®4Zn* and ®6Zn* ac-
counting for 49.2% and 27.7%, respectively, of the total. It can be
assumed that 3'P'%0% is mainly derived from phytates, phytic acid
having six phosphate groups (formula C¢H;8024P¢) (Moore et al., 2010)
while #°Ca™ is included to show the cell walls. Because only positive ions
were detected it was not possible to detect 12C'*N~ which has been used
to show protein-rich regions (Moore et al., 2010).

Images for 4Zn™, %Fe™, 3P0 and *°Ca* from the aleurone layer,
starchy endosperm and scutellum are shown in Figs. 3-5.

Fig. 3 shows NanoSIMS images from the outer part of the endosperm:
the aleurone layer (Al in panel a) and sub-aleurone cells (SA in panel a).
The thick cell walls of the aleurone cells are clearly shown by the
location of elevated “°Ca™ signal (arrow in panel a) and the aleurone
granules within these cells by 3'P®0" (arrow 1 in panel n). These
granules are also enriched in *®Fe* and ®*Zn* (cf. arrow 1 in panels n, o
and p), although the relative signals of the ions vary between the

Aleurone layer
Y

M35-1

Parbhani
Shakti

High

Journal of Cereal Science 107 (2022) 103531

sections, with Parbhani Shakti showing higher °Fe™ in these granules.
This is consistent with the enrichment of Fe in this genotype. Deposits of
all three elements (*'P1°0™, >Fe* and ®4Zn™) are also present in the sub-
aleurone cells adjacent to the aleurone layer (arrow 2 in panels n, o and
p), particularly in M35-1 where they are concentrated in the outer re-
gion of the sub-aleurone cells, adjacent to the aleurone layer (arrows in
panels b, ¢ and d), with at least some deposits containing *°Fe™ but not
31p160* and ®4Zn™ (arrow in panel g). More diffuse signals for *°Fe™*
and ®*Zn™ were also observed in the protein-rich matrix of the sub-
aleurone cells.

Fig. 4 shows NanoSIMS images from the starchy endosperm tissue of
the two lines. This is the major storage tissue of the grain and the cells
are larger with thin walls (arrow in panel a) and packed with starch
granules (which are clearly seen in the optical sections on the right hand
panels). Hot spots of 3'P160*, 56Fe* and %4Zn* are observed in all sec-
tions, many of which contain all three minerals (cf arrows in panels b, ¢
and d). However, more diffuse low levels of >°Fe* and ®Zn * are also
observed in the protein matrix between starch granules.

Fig. 5 shows NanoSIMS images from the scutellum. This is the single
cotyledon of the seed and acts as the storage tissue of the embryo.
However, unlike the starchy endosperm, the scutellum remains alive in
the mature grain and contributes to the digestion of the starchy endo-
sperm and absorption of the nutrients released during germination. It
therefore has a similar physiological role to the aleurone layer which it
resembles in composition (lacking starch granules but with high con-
tents of protein, oil and minerals). The NanoSIMS analysis showed large
numbers of deposits with elevated levels of 3'P1°0*, >Fe* and %*Zn*.
Most of these deposits also contained all three minerals (arrows in panels
b, c and d and j, k and 1) although not all had an equal distribution of
these elements.

4. Discussion

We have compared the distribution of Fe and Zn in grain of

56 Fe* 64Zn+

Optical

AN

Fig. 3. NanoSIMS analysis of the distributions of *“°Ca™, 3!P1°0*, °Fe*, ®*zn* ions in aleurone and sub-aleurone cells in transverse sections of two mature grains of

sorghum lines M35-1 and Parbhani Shakti.

The areas selected for scanning are indicated on the whole grain sections in the left-hand panels and the optical microscope images in the right-hand panels. The scale

bar shown in panel p is 20 pm and applies to all NanoSIMS images in panels a—p.

Concentrations of ions are represented by a false colour scale. The arrows are discussed in the text. The analysis was carried out on field-grown grain. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Starchy Endosperm
fps

Parbhani
Shakti

Fig. 4. NanoSIMS analysis of the distribution of “°Ca*, *'P'60™, %Fe*, 4Zn" ions in starchy endosperm cells in transverse sections of two mature grains of sorghum
lines M35-1 and Parbhani Shakti.

The areas selected for scanning are indicated on the whole grain sections in the left-hand panels and the optical microscope images in the right-hand panels. The scale
bar shown in panel p is 20 pm and applies to all NanoSIMS images in panels a—p.

Concentrations of ions are represented by a false colour scale. The arrows are discussed in the text. The analysis was carried out on field-grown grain. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Scutellum 40Cq+ 31p16Q+ S6Fa+

Parbhani
Shakti

High

Low

Fig. 5. NanoSIMS analysis of the distribution of “°Ca*, 3'P'°0", °Fe*, 64Zn * ions in scutellum cells in transverse sections of two mature grains of sorghum lines
M35-1 and Parbhani Shakti.

The areas selected for scanning are indicated on the whole grain sections in the left-hand panels and the optical microscope images in the right-hand panels. The scale
bar shown in panel p is 20 pm and applies to all NanoSIMS images in panels a—p.

Concentrations of ions are represented by a false colour scale. The arrows are discussed in the text. The analysis was carried out on field-grown grain. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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biofortified and conventional lines of sorghum. The biofortified line was
developed by genetic improvement, by exploiting variation in mineral
content in sorghum. An alternative strategy to increase the zinc content
of cereal grain is agronomic fortification, by applying zinc as fertiliser to
the soil or foliar tissues (reviewed by Prasad et al., 2014). This is a less
attractive strategy for delivering improved mineral nutrition to rural
communities but could result in further increases if combined with ge-
netic biofortification.

The locations of Fe and Zn in the grains of wheat, barley and rice
have been studied at the tissue level using a range of approaches,
including proton microprobe analysis (Mazzolini et al., 1985), histo-
chemical staining (Cakmak et al., 2010), XRF microscopy (Lombi et al.,
2011; Singh et al., 2013; Neal et al., 2013; Kyriacou et al., 2014; De Brier
etal., 2015), Micro-PIXIE (Singh et al., 2013; Pongrac et al., 2013; 2020)
and LA ICP-MS (Wang et al., 2011; Wan et al., 2022). Despite the vari-
ation in analytical approaches and genotypes studied the results have
been remarkably consistent, showing that both Fe and Zn are concen-
trated in the aleurone and the scutellum of the embryo, with Zn also
being concentrated in the embryonic axis, with little evidence of loca-
tion outside these tissues. However, analysis at the sub-cellular level
using NanoSIMS showed “hot spots” of Fe in the sub-aleurone and
starchy endosperm cells of rice and wheat (Moore et al., 2011; Kyriacou
et al., 2014; Sheraz et al., 2021). Unlike the Fe deposits in the aleurone
cells these were not co-located with phosphate, indicating that the iron
was not present as phytates.

Sorghum and millets have been studied in less detail but MicoPIXIE
of sorgum, pearl millet and finger millet show similar distributions at the
tissue level to temperate cereals, with both Fe and Zn being concentrated
in the bran (principally the aleurone layer) and embryo, and Zn being
present in the embryonic axis as well as the scutellum (Kruger et al.,
2014; Minnis-Ndimba et al., 2015; Ndimba et al., 2017). However, the
application of high resolution NanoSIMS in the present study shows that
the situation is more complex. Although all three minerals are concen-
trated in the aleurone cells they are also present at lower abundances in
the starchy endosperm and scutellum. Furthermore, most of the deposits
contain all three minerals, indicating that the Fe and Zn are also present
as phytates in these tissues. However, >Fe* and ®4Zn"* were also present
in the protein matrix of these cells, where their distributions were more
diffuse and not associated with 3!p!60*,

No clear differences are observed between the distributions of Fe and
Zn in the biofortified and conventional lines. This is consistent with LA-
ICP-MS analyses of biofortified wheat which showed that the contents of
Fe and Zn were higher but the distribution within the grain did not differ
from conventional control lines (Wan et al., 2022). The distribution and
form of the minerals has implications for grain processing and human
health.

In many countries, including the South Asia, sorghum is consumed as
a whole grain, milled into flour which is used to produce either un-
leavened flat bread (such as roti) or other products. However, in parts of
Africa pearling (removal of pericarp layer) is practiced. This should be
discouraged because it can lead to loss of minerals. The precise effects of
pearling/decortification on the concentrations of minerals in the bio-
fortified and conventional lines will also depend on the extent to which
the aleurone and sub-aleurone layers are removed, with substantial
losses occurring in both types if these layers are fully removed. However,
the bioavailability of the minerals is unlikely to differ between the
biofortified and conventional lines, irrespective of the extent of
decortification.
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