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Summary

e Low concentration of zinc (Zn) in the endosperm of cereals is a major factor contributing to
Zn deficiency in human populations. We have investigated how combined Zn and nitrogen
(N) fertilization affects the speciation and localization of Zn in durum wheat (Triticum
durum).

e Zn-binding proteins were analysed with liquid chromatography ICP-MS and Orbitrap MS?,
respectively. Laser ablation ICP-MS with simultaneous Zn, sulphur (S) and phosphorus (P)
detection was used for bioimaging of Zn and its potential ligands.

e Increasing the Zn and N supply had a major impact on the Zn concentration in the
endosperm, reaching concentrations higher than current breeding targets. The S concentra-
tion also increased, but S was only partly co-localized with Zn. The mutual Zn and S enrich-
ment was reflected in substantially more Zn bound to small cysteine-rich proteins (apparent
size 10-30 kDa), whereas the response of larger proteins (apparent size > 50 kDa) was only
modest. Most of the Zn-responsive proteins were associated with redox- and stress-related
processes.

e This study offers a methodological platform to deepen the understanding of processes
behind endosperm Zn enrichment. Novel information is provided on how the localization and

speciation of Zn is modified during Zn biofortification of grains.

Introduction

Zinc (Zn) deficiency is one of the main threats to human health,
affecting ¢. 30% of the world’s population (Hotz & Brown,
2001; Gibson etal, 2008; Bouis & Welch, 2010; White &
Broadley, 2011; Gibson, 2012). The deficiency is particularly
pronounced in human populations depending on cereal and
legume-based diets due to the inherent low concentration and
bioavailability of Zn in these food staples (Gibson, 2012). The
main strategies to alleviate Zn deficiency embrace supplementa-
tion, food fortification and biofortification (Garcia-Banuelos
etal., 2014). Biofortification, both via genetically improved crops
or by agronomic strategies, aims at increasing the Zn content of
edible plant parts and is considered to be the most long-term sus-
tainable and cost-efficient strategy to combat Zn malnutrition
(Bouis & Welch, 2010). However, in order to reach the full
potential of biofortification with essential micronutrients,
improved understanding of the processes involved in transport,
storage and bioavailability of these elements in the various tissue
compartments of the cereal grain is required (Garcia-Banuelos
etal., 2014).

© 2016 The Authors
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The Zn concentration in whole wheat grains is typically ¢
25 ugg " DW but can be considerably higher following Zn fer-
tilization, especially in combination with an adequate nitrogen
(N) supply, both under glasshouse (Kutman eral, 2010) and
field conditions (Cakmak ezal, 2010a). The latter reflects the
fact that there is a positive correlation between grain protein and
the content of not only Zn, but also other important micronutri-
ents such as iron (Fe) and manganese (Mn) (Zhao ez al., 2009;
Cakmak ez al., 2010b; Kutman ez al., 2010). Increases in grain Fe
by increasing the N nutritional status of plants have been also
shown in wheat (Aciksoz ezal., 2011).

It is a well-established fact that cereal grains, including wheat,
have a heterogeneous distribution of essential trace elements
(Lombi etal., 2011; Kyriacou et al., 2014). Their concentrations
are typically much higher in the outer parts of the grain than in
the core endosperm, although in rice and barley Zn appears to be
less strictly confined to the outer layers than, for example, Fe and
Mn (Hansen et al., 2009; Lombi et al, 2011). Nevertheless, the
losses of Zn in wheat upon milling are typically 30-40%
(Kutman eral, 2011) and efficient loading of essental trace
elements into the core endosperm is therefore crucial.
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In the aleurone cells and embryo, Zn and other micronutrients
are largely co-localized with inositol hexakisphosphate-6 (InsPg;
phytic acid). This has been taken as evidence that Zn-InsPg com-
plexes are the main molecular species of Zn in cereal grains (Lott
etal., 2000; Gibson ezal., 2010). The inhibitory effect of InsPg
on Zn adsorption in the human gut has promoted this assump-
tion (Hunt, 2003; Lonnerdal ezal, 2006). However, several
recent studies have shown that Zn in cereal grains is associated
with proteins rather than with phytic acid (Persson ez al., 2009;
Kutman ezal., 2010; Lombi ezal., 2011; Kyriacou ez al., 2014).
This is especially the case in the endosperm which has a very low
concentration of phytic acid (Velu ez al., 2014).

A range of state-of-the art analytical techniques have been
employed to investigate the localization and speciation of Zn and
other essential trace elements in cereal grains. However, analytical
limitations caused by inadequate sensitivity have restricted the
progress with respect to ion loading and speciation in the
endosperm. X-ray fluorescence and absorption techniques have
been used to study Fe and Zn coordination in aleurone cells of
barley and wheat (Lombi ez al., 2011; Neal ez al., 2013); however,
the detection limits for Fe and Zn did not allow for analysis of this
coordination in the endosperm. Moore eral. (2012) used high-
resolution nano-secondary ion mass spectrometry (nano-SIMS)
to show how Fe and phosphorus (P) were localized in the aleu-
rone and in the outer endosperm (i.e. the subaleurone) of mature
wheat grains. Unfortunately, Zn has an inherently low sensitivity
in nano-SIMS and was for this reason not included in this analysis
(Moore eral., 2012). Wheat grains were recently investigated by
X-ray fluorescence microscopy (XRF), showing an enrichment in
endosperm Zn concentrations upon foliar fertilization (Ajiboye
eral., 2015). Compared with X-ray based techniques, state-of-
the-art laser ablation-inductively coupled plasma-mass spectrom-
etry (LA-ICP-MS) has slightly lower resolution, but offers higher
sensitivity and also allows for isotope ratio measurements without
compromising the multi-elemental capacity (Becker ez al., 2008).
By using LA-ICP-MS it has been shown in grains of wheat plants
grown under field conditions that Zn is transported into
endosperm through the crease phloem (Cakmak ez al., 2010a).

The identity of the quantitatively most important Zn-binding
ligands, including proteins, remains unclear. Molecular speciation
analysis, using hyphenation of liquid chromatography (LC) with
ICP-MS techniques (LC-ICP-MS), has been employed previously
to show that nicotianamine (NA) and deoxymugeinic acid (DMA)
were the main Zn-binding ligands in the endosperm of grains
from rice plants overexpressing nicotianamine synthase (/NVAS)
genes (Lee ez al., 2009, 2011). However, no intact Zn—NA or Zn—
DMA complexes have so far been identified in the endosperm of
wild-type plants. Moreover, a range of other proteins and enzymes
that potentially may bind Zn (DuPont ez al., 2005; Vensel ezal.,
2005) have been identified in cereal grain tissues, but 77 vivo con-
firmation of their existence as metal-complexes (metalloproteins)
has never been achieved experimentally.

The objective of the present study was to analyse and quantify
the combined effects of Zn and N fertilization on the molecular
speciation and tissue compartmentation of Zn. Durum wheat
grains were used as the biological case, and were analysed by the

New Phytologist (2016) 211: 1255-1265
www.newphytologist.com

New
Phytologist

combined use of LA-ICP-MS, LC-ICP-MS and Q-Exactive
Orbitrap MS®. Along with detailed whole-grain bioimaging of
Zn, S and P — the latter two elements being proxies for proteins
and phytic acid, respectively — we have identified a group of puta-
tive Zn-binding proteins in the endosperm, which respond to
combined Zn and N fertilization treatments.

Materials and Methods

Soil and plant materials

Durum wheat (77iticum durum L. cv Balcali 2000) plants were
grown in soil-filled pots (3.1 kg soil per pot) in a glasshouse at
Sabanci University (Istanbul, Turkey). The soil was from a semi-
arid region of Central Anatolia (Sultanonu, Eskisehir), and was
severely Zn-deficient, calcareous (18% calcium carbonate) and
with a high pH (pH =8.0 in MilliQ water; Milli-Q Plus, Milli-
pore). It had a clayey texture and was very low in organic matter
(1.5%). acid (DTPA)-
extractable Zn concentration was 0.13 mg kgfl, which is consid-
ered to be below the critical threshold for plant-available Zn. The
plants were supplied with two different concentrations of N (low

The diethylenetriaminepentaacetic

and high) via soil applications and three different concentrations
of Zn (low, medium and high) via soil and foliar applications.
The experiment had a completely randomized design with three
pot replicates per treatment. Before sowing, 100 mg P kg ™" soil
as KH,PO4 and 25 mg S kg_1 soil as K,SO4 were added to each
pot. Each pot also received different concentrations of N as Ca
(NO3),4H,0: 50 mgN kgf1 soil for the low-N (LN) and
100 mg N kgf1 soil for the high-N (HN) treatments. The high-
N plants received three additional N applications, each amount-
ing to 100 mgN kg™ " soil, at the booting, anthesis and milk
stages. Consequently, the low-N and high-N plants were in total
supplied with 50 and 400 mg N kg™ soil, respectively.

Zn was added as ZnSO47H,0, as follows: 0.5 mgZn kg71
soil for the low-Zn (LZn) and 5.0 mgZn kgf1 soil for the
medium-Zn (MZn) treatments. Plants in the high-Zn treatment
(HZn) also received 5.0 mgZn kg*1 soil as in the MZn treat-
ment, but additionally were supplied with Zn by foliar applica-
tion (0.2% w/v ZnSO4*7H,0 and 0.01% w/v Tween-20) at the
booting, anthesis and milk stages. The total supply of S was .
27.5 and 25.25 mg S in the MZn and LZn treatments, respec-
tively, whereas the HZn treatments received more S from the
foliar applications than both the LZn and the MZn treatments.

The dried grains were weighed before the embryo was removed
with a scalpel. The rest of the grain was polished by shaking with
sand in 2-ml Eppendorf tubes mounted in racks on a MM301
Retsch mixer mill (Retsch, Haan, Germany). Each tube con-
tained five grains and 600 mg of acid-washed quartz sand. The
polishing removed ¢. 25% of the dry matter from the embryo-
free grains. The abraded material, consisting of the outer grain
layers, was collected together with the sand. Tubes filled only
with sand were included in order to make sure that no plastic was
abraded from the inside of the Eppendorf tube. This was not the
case. Finally, the remaining part of the grain, the endosperm, was
collected; this fraction was also used for the speciation analyses.

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust



New
Phytologist

Analysis of total element concentrations by ICP-OES and
ICP-MS

Grain samples (0.3-0.4 g) were digested by using 2 ml of 3%
hydrogen peroxide (H,0O,) and 5 ml of 65% HNOj per sample
in a closed-vessel microwave system (MarsExpress; CEM Corp.,
Matthews, NC, USA). Inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, Vista-Pro Axial; Varian Pty Lid,
Mulgrave, Vic., Australia) was used to determine the Zn, Fe, P
and S concentrations in the digests. The total N concentration of
grain samples was measured by using a LECO TruSpec C/N
Analyzer (Leco Corp., St Joseph, MI, USA).

The separated grain tissues (embryo, endosperm and outer
layers) were digested with 70% HNOj in a microwave oven. The
digests were analysed on an ICP-MS (Agilent 7500ce, Agilent
Technologies, Manchester, UK) equipped with a micro-flow
nebulizer (Burgener AriMist HP, Analytical West Inc., Corona,
CA, USA), an octopole reaction system (ORS) and a mass flow
controller enabling He/O, flow rates from 0.1 to 1 ml min~ .
Addition of oxygen (0.5 ml min~") allowed simultaneous analysis
of 328 (as “8SO"), *°Fe (as "*FeO"), >'P (as “’PO"), ®°Zn, **Cu,
>>Mn and °°Ni, as described in Persson et/ (2009). An HPLC
(UltiMate 3000, Thermo Fisher Scientific) was used as auto sam-
pler, injecting 50 pl per sample and using nitric acid (3.5%) as
mobile phase. All sample batches included the use of certified
durum wheat reference material (Reference Material 8430;
National Institute of Standards and Technology (NIST),
Gaithersburg, MD, USA). All dilutions, solutions and wash pro-
cedures were made with Milli-Q element water.

LA-ICP-MS analysis of grains

Individual grains were embedded in Spurr’s resin, which was
prepared according to the following procedure: 2.5 g of vinyl-
cyclohexene (ERL) was weighed directly in a 10-ml glass vial.
Then, 6.5 g of nonenyl succinic anhydride (NSL) was added
followed by 1.5g of diglycidyl ether of polypropyleneglycol
DER 736 (DER). These chemicals were briefly mixed before
0.1 g of dimethylaminoethanol (DMAE) was added. The resin
was poured into a rubber mould, where the position of the
individual grains was fixed with a needle, followed by drying
at 60°C for 3d. When hardened, the grains were sliced on a
microtome.

The LA-ICP-MS analyses were conducted with a nanosecond
LA unit (NWR 193; New Wave Research, Fremont, CA, USA)
equipped with an ArF excimer laser source operating at 193 nm
using the following settings: energy: 5.8Jcm ™, scan speed:
80 ums~ ', repetition rate: 60 Hz and spot size 35 um. The ele-
mental detection was conducted on an Agilent 7500ce ICP-MS
operated in standard (no gas) mode. The key parameters on the
ICP-MS were: RF power: 1500V, sample depth: 5.5 mm and
carrier gas flow: 1.0 Imin~'. The isotopes analysed were '>C
(int.time 0.01 s), *'P (int.time 0.02 ), **S (int.time 0.1 5), >Mn
(int. time 0.05 s), *°Fe (int. time 0.1 s), ®>*Cu (int.time 0.1 s) and
7Zn (int.time 0.1 s). Six grains, each representing the different
treatments, were aligned so that each line scan traversed all the

© 2016 The Authors
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grains. Hence, any change or drift in ICP-MS sensitivity affected
all the treatments in the same way.

SEC-ICP-MS analysis

For speciation analyses, 100 mg of endosperm powder was
extracted using a pestle in an acid-washed mortar containing
200 mg of acid-washed quartz sand and 2 ml of 100 mM ammo-
nium acetate (pH 7.5). All extractions were performed on ice for
30 min; homogenizing the extracts every 5 min. The crude extract
was centrifuged at 10 000 g for 25 min at 4°C and the supernatant
was decanted and filtered, first through a 0.45 pm filter (Millipore)
and then through a 100 kDa ultra filter (Amicon 100; Millipore).

The analytical Size Exclusion Chromatography (SEC) column
was a Biobasic SEC 120 (300 x 7.8; 5 pm particle size, 120 A
pore size; Thermo Fisher Scientific, Waltham, MA, USA)
mounted with a pre-column (Biobasic SEC 120 pre-column;
Thermo Fisher Scientific). The Biobasic SEC column was com-
posed of deactivated 5 pum silica coated with a hydro-link poly-
mer to reduce the impacts of secondary ionic or hydrophobic
interactions. All liquid chromatography was performed on an
HPLC (UltiMate 3000) equipped with a DAD detector. All con-
nections were of PEEK material with an internal diameter of
150 pm (nanoViper, Dionex; Thermo Fisher Scientific). For
molecular speciation analyses, the outlet from the DAD detector
was connected to an ICP-MS (Agilent 7500ce ICP-MS; Agilent
Technologies) operated in oxygen mode, as described earlier. The
SEC-column was size-calibrated with the following mixture of
standard metallo-proteins; ferritin (Fe) (382 kDa), superoxide
dismutase (Cu/Zn) (32 kDa), myoglobin (Fe) (17 kDa) and vita-
min B12 (Co) (cyanocobalamin; 1.3 kDa), all purchased from
Sigma-Aldrich.

Protein identification

Ten micrograms of sample, lyophilized from ammonium acetate,
was dissolved in urea (8 M) and 50 mM Tris-HCl (pH 8.0).
Reduction with DTT was carried out for 45 min at room tem-
perature, at a final concentration of 40 mM. This was followed
by alkylation with freshly dissolved iodoacetamide for 1h at
room temperature in the dark at a final concentration of 80 mM.
The urea concentration was lowered to 1.6 M with 10 mM
NH4HCOj; buffer, and 0.2 pg Trypsin was added, followed by
incubation at 37°C overnight. Hereafter, the sample was acidified
by adding trifluoroacetic acid (TFA) to 0.2% (v/v).

Stage Tip columns were made using DL-10 Diamond tips
(Gilson Inc., Middleton, WI, USA) and C18 3M Empore Solid
phase Extraction Disks (Sigma-Aldrich). The column was equili-
brated with 0.1% TFA and the peptides loaded and washed with
0.1% TFA followed by elution with 80% acetonitrile (ACN),
0.1% TFA. Eluted peptides were then dried in a vacuum cen-
trifuge and redissolved in 0.5% formic acid, giving a peptide con-
centration of 0.1 pg pl "

Peptides (0.5 pug) were separated on a nanolLC column
(Acclaim  PepMap 100 pre-column, 2cm x 75pum 1D,
nanoViper, C18, 3 um, 100 A pore size) combined with an

New Phytologist (2016) 211: 1255-1265
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Easy-spray column (15 cm x 50 pm ID, PepMap C18, >2 pum
particles, 100 A pore size analytical column, Thermo Fisher
Scientific) using a 60 min gradient prepared from Solvent A
(0.1% FA) and B (80% ACN in 0.1% FA), at a flow rate of
300 nl min~" on an EASY nanoLC1000 coupled to a Q Exactive
Orbitrap mass spectrometer (Thermo Fisher Scientific). The gra-
dient was ramped from 5 to 50% of solvent B in 40 min and then
increased to 100% of solvent B for 10 min. The Q Exactive was
operated in data dependent mode with 10 MS? spectra for every
full scan. The obtained MS? spectra were processed using XCAL-
1BUR v.2.0 (Thermo Fisher Scientific), analysed and searched
using MascotT DAEMON v.2.2.0 (Matrix Science) in the NCBInr
green plants protein database. The applied search parameters
were: one missed trypsin cleavage; allowed modifications: car-
bamidomethylated cysteine (fixed); oxidation of methionine (par-
tial); peptide mass and MS® tolerances were 5 ppm and 0.4 Da
respectively.

Proteins in the SEC-fractions were accepted as reliable identifi-
cations if they met one of the following two criteria: detection of
at least two top rank peptides with 2<0.05 of which at least one
was of first time use; a single top ranking peptide of first time use
with 2<0.01 and a minimum peptide length of 10 amino acids.
For target P predictions of cellular location (Emanuelsson ez al.,
2000), only results with reliability classes 1 and 2 were included,
where C indicates sequences containing a chloroplast transit pep-
tide, M a mitochondrial targeting peptide, S a signal peptide and
_ indicates any other location.

Proteins meeting these criteria in the size-separated Zn-
binding fractions (from the SEC-ICP-MS analysis) were consid-
ered Zn-relevant if they had been associated previously with one
of the following properties: Zn-binding capacity, activation or
inhibition by Zn, part of a Zn-regulated redox system, or
response to oxidative/heavy metal stress or involved in Zn hyper-
accumulation.

Results

Plant responses to changes in N and Zn supply

The responses to Zn application were very strong in both the LN
and HN treatments, leading to a six- and seven-fold higher whole
grain Zn concentration in the HZn-LN and HZn-HN treat-
ments compared with the respective LZn treatments (2<0.001;
Fig. 1). Grain Zn concentration increased strongly with N supply
in the MZn and HZn treatments (2<0.005 and P<0.001,
respectively), but not in the LZn treatment (7> 0.05). On aver-
age, grains had 33-43% higher Zn concentration in the HN
treatments compared with the LN treatments. Grain yield and
number of grains per plant were positively affected by application
of Zn in combination with N (< 0.001), whereas grain weight
was affected by N supply only (on average there was a 27%
increase from LN to HN; Supporting Information Table S1).

Zn application also had a positive effect on the grain S concen-
tration, but only in combination with a high N supply
(P<0.001; Fig. 1). Comparison of the treatments HN-MZn vs

New Phytologist (2016) 211: 1255-1265
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Fig. 1 Zinc (Zn) and sulfur (S) concentrations in whole grains harvested
from durum wheat plants supplied with different combinations of Zn and
nitrogen (N). LN, low-N supply; HN, high-N supply; LZn, low-Zn supply;
MZn, medium-Zn supply; HZn, high-Zn supply. The data were analysed
using two-way ANOVA and the bars represent means + SD (n =3).
Letters above columns indicate statistically significant (P <0.05)
differences between the LN and HN treatments (first letter, A or B) and
between the LZn, MZn and HZn treatments within the same N treatment
(second letter; a, b or ¢).

LN-MZn and HN-HZn vs LN-HZn both showed ¢ 73%
increase in S concentration (£<0.001).

The grain N concentration increased, as expected, with N sup-
ply, but was not affected by concomitant Zn provision (> 0.05;
Table S1). The P concentration also increased with N supply,
being ¢ 20% higher in the HN compared with the LN treat-
ments, but was not affected by the Zn treatments; hence, no
P : Zn antagonism was observed (2> 0.05; Table S2).

Tissue separation and Zn analysis

The durum wheat grains were mechanically separated into three
distinct tissue types: embryo, bran and endosperm. Each fraction
was weighed, digested and the elemental composition analysed
by ICP-MS. Less than 2% of the material was lost in the separa-
tion process (data not shown). The recoveries for Zn were also
acceptable, as they were within £ 10% of the total Zn in each
grain (Table 1).

The MZn and HZn treatments had a very strong impact on
endosperm Zn, resulting in 5.5- (LN) to 7.5-fold (HN) higher
Zn concentration relative to the LZn treatments. The N supply
also had a strong impact on the endosperm Zn concentrations,
leading to 90% higher endosperm Zn concentration in the HN—
MZn than in the LN-MZn treatment (< 0.005). In the HZn
treatments (with either LN or HN), the corresponding increase
in endosperm Zn concentration in going from LN to HN was
63% (P<0.001; Table 1). The endosperm concentration of Zn
was not affected by N application in the LZn treatment
(£>0.05). The Zn concentrations in the bran and embryo
showed similar strong responses to both of the Zn treatments
and the N treatment, as was the case for the endosperm

(Table 1).

© 2016 The Authors
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Table 1 Zinc concentrations in embryo, bran and endosperm tissues from
wheat grain

Endosperm Bran Embryo

(hgZng '  (ngZng™’ (hgZng"

DW) DW) DW)

Recovery

Treatment Mean SD Mean SD Mean SD (%)
LN-LZn 65 03" 114 18" 674 153" 893
LN-MZn 162 04°° 248 20" 1412 3.1% 946
LN-HZn 362 2.0° 653 14.0° 1931 264" 103.2
HN-LZn 7.7  4.4M 9.8 07% 405 3.7 812
HN-MZn 308 6.2% 662 12.8% 1546 1.7%° 9938
HN-HZn 59.0 5.28% 1241 31.6% 2432 17.3% 100.7

Data were analysed using a two-way ANOVA and are presented as

means + SD (n = 3). The recovery was calculated as the zinc (Zn) concen-
tration multiplied with the DW for each of the three tissue fractions, added
together and displayed as a percentage of the whole grain. Letters indicate
statistically significant (P <0.05) differences between the low- and high-
nitrogen (N) treatments (first letter, A or B) and between the low-,
medium- and high-Zn treatments within the same N treatment (second
letter; a, b or ¢). LN, low-N supply; HN, high-N supply; LZn, low-Zn sup-
ply; MZn, medium-Zn supply; HZn, high-Zn supply.

Multi-elemental compartmentation analysis

In order to provide a more detailed picture of the elemental dis-
tribution in the grains, LA-ICP-MS was used for multi-elemental
bioimaging. P and S were used as proxies of the ligand type

@ I i
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Fig.2 (a) Distribution of ®Zn in cross-sections of durum wheat grains
harvested from plants supplied with different combinations of zinc (Zn)
and nitrogen (N). Elemental images were obtained using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS). The log ion
intensity is displayed as a heat map where the red colour represents the
highest intensity and the purple colour the weakest intensity. (b) The red
line represents a line scan across all the six grains, corresponding to the
white, dotted line in (a), where each grain represent one of the six N/Zn
treatments. LN, low-N supply; HN, high-N supply; LZn, low-Zn supply;
MZn, medium-Zn supply; HZn, high-Zn supply. The solid, black lines
represent the mean of five line scans taken from the area represented by
the dotted line in (a).
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because these elements are components of inositol phosphates
(InsP,-InsPs) and Cys/Met containing proteins, respectively. The
crease region had the strongest ®°Zn intensity in all treatments,
followed by the outer layers (pericarp), including the aleurone
layer (Fig.2a). In all cases the core endosperm had the lowest
Zn ion intensities out of the three tissue types. Zn supply
increased the ®°Zn signal in all dssue types, including the
endosperm (Fig. 2a).

A line scan extending from the outer bran layer on the left
(ventral) side to the outer bran layer on the right (dorsal) side of a
grain, crossing the mineral-dense aleurone layer, the protein-rich
subaleurone layer and the starchy endosperm tissues, revealed the
existence of steep Zn gradients (Fig. 2b). In all treatments, the
7Zn signal decreased five- to 10-fold immediately adjacent to
the bran layers.

The endosperm Zn enrichment of grains from the MZn and
HZn treatments was observed mainly in the first third of the line
scan (Fig. 2b). Thus, the endosperm Zn concentration was sys-
tematically higher in the ventral (crease) side of the grain com-
pared with the dorsal side (left-hand vs right-hand side in Fig. 2a,
b). The Zn enrichment of the ventral endosperm relative to the
dorsal was as high as 60% in the HZn grains. By contrast, the
outer grain layers contained on average a Zn concentration at the
dorsal side twice that of the ventral side (for each individual grain
compare the final Zn intensity on the right-hand side of the line
scan with the initial Zn intensity on the left-hand side in Fig. 2b).
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Fig. 3 (a) Distribution of 3*S in cross-sections of durum wheat grains
harvested from plants supplied with different combinations of zinc (Zn)
and nitrogen (N). Elemental images were obtained using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS). The ion
intensity is displayed as a heat map where the red colour represents the
highest intensity and the purple colour the weakest intensity. (b) The red
line represents a line scan across all the six grains, corresponding to the
white, dotted line in (a), where each grain represents one of the six N/Zn
treatments. LN, low-N supply; HN, high-N supply; LZn, low-Zn supply;
MZn, medium-Zn supply; HZn, high-Zn supply. The solid, black lines
represent the mean of five line scans taken from the area represented by
the dotted line in (a).
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The application of ZnSOy in the Zn treatments did not affect
the grain S concentration in the LN treatments. However, in the
HN treatments a substantial increase in the grain S concentration
occurred (Figs 1, 3a), and just like for Zn, the ventral side of
the endosperm contained substantially more S than the dorsal
side of the HN grains (Fig. 3b). In contrast to Zn, the S content
of the ventral outer layers was higher than the dorsal outer
layers, especially in the HN-MZn and HN-HZn treatments
(Fig. 3b).

A comparison of the ®Zn, >'P and *!S distribution in the
HN-HZn grain revealed that the strongest ®°Zn signal occurred
in the aleurone layer and co-lozalized with that of 3p (Fig. 4).
The *'P signal was strictly confined to the aleurone layer with a
very steep gradient towards the endosperm. Zinc, however, was
not solely confined to the aleurone layer, but was present
throughout the endosperm where it peaked in the first third of
the ventral endosperm (Fig. 2b). The S signal was strongest just
inside the aleurone layer, representing the protein-rich subaleu-
rone layer. There was no clear correlation between Zn and S in
the subaleurone layer; however, co-localization and mutual
enrichment of Zn and S was seen in the ventral endosperm at c.
1300-1700 pm (Fig. 4).

Zn speciation in the endosperm

Extraction of endosperm tissue with a dilute salt buffer yielded
the albumin and globulin proteins, which contained 22-26% of
the total endosperm Zn (data not shown). Size separation of the
biomolecules in this extract revealed two major Zn-binding frac-
tions appearing after 380-500 s (Zn#1) and 580-630 s (Zn#2)
in the chromatograms, corresponding to two distinct protein
fractions with apparent molecular masses of 50—100 kDa and
10-30 kDa, respectively (Fig. 5a). In both Zn fractions,
co-clution with S was evident, but substantially more Zn in the
Zn#2 fraction co-eluted with S than in the Zn#1 fraction
(Fig. 5a,b). Neither Zn#1 nor Zn#2 showed any co-elution with

Aleurone | Subaleurone Starchy endosperm Subaleurone | Aleurone

«
N
S

r 6e+6

31

IS
L
lon intensity of *'P (counts s™%)

r 4et+b6

w
L

[ 2e+6

Log ion intensity of ®Zn and > (counts s™)

Fig.4 Laser ablation-inductively coupled plasma-mass spectrometry (LA-
ICP-MS) line scans showing the ®6Zn, 3*S and 3'P signals from one side of
the grain to the other. This particular grain was harvested from durum
wheat plants supplied with high concentrations of zinc (Zn) and nitrogen
(N) (HN-HZn treatment).
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P, which mainly eluted after 500s (data not shown), that is,
between the two Zn fractions (Fig. 5a). Hence, there were no
indications of Zn being associated with InsPs or any other
P-containing ligands in the soluble part of the endosperm.

The Zn treatments had a profound effect on the Zn and S sig-
nals in the Zn#2 fraction (Fig. 5a,b). In the HN-HZn treatment,
Zn#2 was 7.5-fold higher than in the HN-LZn treatment
(Fig. 5a). The corresponding S signal was approximately four-
fold higher. In the LN treatments the increases in Zn and S in
response to the increasing Zn supply were four-fold and 1.5-fold,
respectively.

The strong impact of the combined N/Zn treatment on total
endosperm Zn concentrations (Table 1) was mainly reflected in
marked changes in the Zn#2 fraction, whereas the Zn#1 fraction
was much less affected (Fig. 5a). Thus, there was 74% more Zn
and ¢ 2.5-times more S in the Zn#2 endosperm fraction from
HN-HZn plants compared with LN-HZn plants. Hence, the
ratio between Zn and S changed markedly, resulting in 34%
more S per Zn. The effect of HN and HZn supply on Zn and S
in the Zn#2 fraction was also reflected in the UV signals

(Fig. 5¢).

Identification of Zn-containing proteins

The peak shapes of the two Zn fractions extracted from the
endosperm were irregular, indicating that the fractions con-
tained several different Zn-binding proteins (Fig. 5a—c). The
identity of these putatively Zn-binding proteins in the HN-
HZn grains was analysed with LC-Orbitrap based mass spec-
trometry. Indeed, a total of 218 proteins were identified consis-
tently across biological replicates and analytical runs in the two
Zn-binding fractions (161 proteins in Zn#1, and 57 proteins in
Zn#2; Tables S3, S4). Out of these, 27 proteins in Zn#1 and
14 in Zn#2 were considered of special interest with respect to
Zn; that is, they have previously been reported to be either Zn-
containing, Zn-regulated and/or Zn-responsive proteins (Tables
S5, S6).

Most of the Zn-related proteins in Zn#1 belonged to the C/N
metabolism group, of which some were well-known Zn-binding
proteins. The stress/redox group was the second largest group,
again with a few well-known Zn-containing enzymes, for exam-
ple Cu/Zn superoxide dismutase (Tables S3, S5).

Out of the 57 proteins identified in Zn#2, 32 were proteins
related to pathogen defence, mainly belonging to the group of
alpha amylase inhibitors and nonspecific lipid transfer pro-
teins. The redox/stress group was the second largest group,
accounting for ¢. 25% of the identified proteins (Tables S4, S6).
Fourteen of the Zn#2 proteins were considered to be Zn-related,
but there were only a few proteins with documented Zn-binding
properties (i.e. hydroxyacylglutathione hydrolase (glyoxalase II),
protein disulphide isomerase (PDI), enolase and chitinase).
Clearly, the largest group within the Zn-related proteins was the
stress/redox group. In this group, Glutaredoxin, Cys-1 peroxire-
doxin, thioredoxin also were identified, which are all cysteine-rich
proteins involved in Zn- and S-related redox processes

(Table S6).
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Fig.5 Speciation chromatograms showing
the distribution of (a) ®Zn and (b) sulphur (S)
(analysed as *850) containing compounds in
dilute salt buffer extracts of endosperm from
durum wheat grains. Grains were harvested
from plants supplied with six different
combinations of Zn and N and analysed by
size exclusion chromatography-inductively
coupled plasma-mass spectrometry (SEC-
ICP-MS). (c) Chromatogram from the same
analysis, showing the UV signal at 254 nm
(representing total protein) in grains from
plants receiving low-N/low-Zn and high-N/
high-Zn supply. Zn#1 corresponds to
molecular weights of 50-100 kDa and Zn#2
corresponds to molecular weights

10-30 kDa.

Discussion

Agronomic biofortification strategies like the one presented in
this project may increase not only the zinc (Zn) concentration in
the whole grains but also in the endosperm. The achieved Zn
concentrations in the endosperm (Table 1) were more than twice

© 2016 The Authors
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the breeding targets of 33 ugg™' DW set up by HarvestPlus
(Bouis & Welch, 2010). Furthermore, the efficiency of Zn

enrichment of the endosperm was clearly higher in combination
with a high nitrogen (N) supply as documented by the fact that
the polished grains in the high-N—-medium-Zn (HN-MZn) and
HN-high-Zn (HZn) treatments had 90 and 63% higher
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endosperm concentration than the corresponding low-N (LN)
treated plants (Table 1; see also Kutman ez al., 2010). In agree-
ment with these data, Kutman ez /. (2011) reported up to seven-
fold increases in endosperm Zn concentrations upon Zn fertiliza-
tion and up to 80% increases upon higher N supply (comparing
the same Zn treatment, but different N supply). The underlying
biology of the strong interactions between N and Zn in terms of
storage capacity for Zn in the endosperm remains largely
unknown. However, endosperm proteins are considered as the
major sink for Zn, due to the low concentrations of phytate in
the endosperm (Cakmak ez al., 2010b; Velu ez al., 2014).

Zn loading to the grain

Using stable isotope labelled Zn, Pearson ezal. (1996) showed
that Zn was delivered to the endosperm through the crease tissue
during grain filling. Transport of Zn through the crease phloem
into the endosperm of wheat grain has also been demonstrated by
ablation-inductively coupled plasma-mass spectrometry (LA-
ICP-MS) (Cakmak ez al, 2010a). The transfer of Zn from the
vascular bundles to the crease tissue, and from the transfer cells
into the modified aleurone cells of the maternal endosperm tis-
sue, seem to be the major bottlenecks for Zn enrichment (Pear-
son etal, 1996; Wang eral, 2011; Ajiboye etal, 2015).
Especially upon foliar application during late grain filling, Zn
seems to accumulate in the crease region, possibly as a result of
these bottlenecks for Zn transfer from crease to endosperm, via
the endosperm cavity (Ajiboye ez al., 2015). Our results support
this observation, albeit with less pronounced Zn accumulation in
the vascular bundles and in the nucellar projection (Fig. S1). The
presence of nicotianamine (NA) as Zn-binding ligand may facili-
tate transport into the endosperm (Lee ez al., 2009; Wirth ez al.,
2009; Zheng et al., 2010). In support of this, YSL (yellow stripe
like) and NAS (nicotianamine synthase) genes are highly
expressed both in the transfer cells and in the modified aleurone
cells in barley (Tauris ezal., 2009). In the present work we did
not observe strong co-localization of Zn and sulfur (S) in any of
the tissues in the grain filling region, suggesting that the role of S-
rich proteins is insignificant with respect to Zn unloading from
the maternal dssues (Fig. S1).

Internal Zn transfer

Another putative bottleneck for endosperm enrichment is the
transfer of Zn from the aleurone cells into the subaleurone and
starchy endosperm. In all cereals, the Zn-concentration gradient
between aleurone and endosperm is very steep (Liang eral.,
2008; Hansen eral, 2009, 2012; Persson eral., 2009; Lombi
etal., 2011), which in theory would make Zn transfer easy if it
was a matter of simple diffusion. However, once inside the aleu-
rone cells, Zn may be loaded into the vacuoles by transporters
such as ZIF1, CAXla or VIT1_2 (Becher etal, 2004; Tauris
etal., 2009). Zn inside aleurone cells may also be scavenged by a
range of insoluble ligands, including proteins and phytic acid.
The transfer from aleurone to endosperm is still largely
unknown, but expression of YSLY in the barley endosperm
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(Tauris etal., 2009) may indicate a role for NA in this transfer
process. Certainly, changes in the total amount of endosperm
proteins (e.g. through N fertilization) will affect the pool size and
activity of ligands (e.g. NA and proteins) and transporters with a
corresponding impact on transfer of Zn from aleurone into the
endosperm.

The endosperm Zn concentrations measured after mechanical
separation of grains showed a strong positive impact of Zn appli-
cation (5.6 and 7.7 higher Zn concentration in HZn treatments
compared with LZn at LN and HN, respectively) as well as N
application (63-90% higher endosperm Zn concentration in the
HN compared with the LN treatment at HZn and MZn, respec-
tively; Table 1). The corresponding effects recorded based on the
LA-ICP-MS images were less pronounced, showing only a three-
fold effect of Zn application and a 42-53% increase after N
application (Fig. 2b). This apparent discrepancy between the
results obtained by mechanical tissue separation and LA-ICP-MS
likely reflects imperfect mechanical separation of the tissues,
causing contamination of the endosperm with both bran and
crease tissue material. In addition, the spike position may have
an effect on the nutrient concentration of individual grains,
which may contribute to the observed differences, because the
mechanical separations included five grains against only one in
the LA-ICP-MS analysis (Liu ez al., 2006). Based on these obser-
vations, data obtained by mechanical tissue separation should be
interpreted with great caution (Bityutskii ez /., 2002). Neverthe-
less, the endosperm remaining after the mechanical removal of
the bran still resembles the part of the grain that is actually con-
sumed.

It has been suggested that a high N supply may drive the syn-
thesis of NA and membrane-bound transport proteins, facilitat-
ing endosperm Zn loading (Cakmak ezal, 2010b). However,
this remains speculative. A high supply of N alone cannot
enrich the grains with Zn, as seen in Fig. 1 and Table S1, where
it is also shown that the HN-LZn has ¢. 80% higher N concen-
tration than the LN-LZn, but with similar Zn concentration.
This is in close agreement with previous findings (Kutman
etal., 2010). Instead, upon endosperm loading, chelation of Zn
is a necessity in order to prevent potentially toxic side reactions.
Zinc acts as an electron acceptor, hence forming covalent bonds
with S, N and oxygen donors which are found mainly in cys-
teine (Cys), histidine (His), aspartic acid (Asn) and glutamic
acid (Glu) (Broadley eral., 2007). The increased sulfur concen-
tration in the HN-MZn and HN-HZn treatments suggests
that certain S-containing, Cys-rich proteins are important for
endosperm loading and storage of Zn. During cultivation, the
MZn/HZn plants received more S than the LZn plants (see the
Materials and Methods section). However, the resulting increase
in grain S concentration in both the HN-MZn and the HN-
HZn was substantially higher than what could be deduced from
differences in S-treatments, which underlines the synergism
between Zn, N and S enrichment. Increases in sulfate uptake by
increasing Zn applications or increasing tissue Zn concentra-
tions have been shown previously, supporting the findings in
the present study (Coolong & Randle, 2003; Stuiver etal,
2014).
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Water-insoluble Zn

The examined water-soluble fraction accounted for 22-26% of
the total endosperm Zn. The water-insoluble components of the
endosperm, embracing 74—78% of the total endosperm Zn, con-
sist of ligands found in gluten proteins, starch and InsPg com-
plexes. Apart from the possibility of precipitated InsPs:Zn
complexes, the water-insoluble fraction may of course also con-
tain proteins which are crucial for efficient Zn loading and stor-
age in the endosperm. He ez al. (2013) showed that wheat grains
have a decreasing total protein concentration towards the core
endosperm. Such a gradient concurs with our LA-ICP-MS analy-
sis, showing decreasing S signals from the subaleurone towards
the core endosperm (Fig. 3a,b). Along with the decreasing pro-
tein gradient, the protein composition also seems to change, the
subaleurone being dominated by low molecular weight glutenin
subunits (LMW-GS), o- and o-gliadins, whereas the core
endosperm is rather dominated by high molecular weight
glutenin subunits (HMW-GS) and y-gliadins (He ezal, 2013).
Hence, because relatively more Zn accumulated in the core
endosperm than in the subaleurone (Fig. 4), this suggests that a
larger fraction of Zn in the insoluble fraction may be bound to
HMW glutenin proteins and y-gliadins, rather than to LMW-
GS and o- and o-gliadins.

Zn storage and homeostasis

In the speciation analysis, only the Zn#2 fraction responded
strongly to the combined Zn/N treatments (Fig. 5a—c). This
dynamic fraction was dominated by LMW defence proteins (al-
pha amylase inhibitors, related to pathogen defence) and proteins
involved in stress and redox reactions, but only very few of these
proteins have previously been assigned as Zn-binding metallopro-
teins (Tables S4, S6). In this fraction, which ideally should only
contain proteins with apparent masses from 10 to 30 kDa, we
also found several proteins exceeding this range in molecular
weights. This observation reflects one of the inherent weaknesses
with SEC, as it does not measure size per se but rather the shape
(the hydrodynamic cross-section) of proteins or protein-
complexes. Thus, structured or aggregated proteins appear larger
than their true molecular mass whereas ionic or hydrophobic
intractions with the stationary phase of the column will retain
metalloproteins and lead to underestimation of molecular
weights (Kirkwood ezal, 2013). Therefore, accurate molecular
weight estimations of the Zn-binding proteins using SEC cannot
be expected, as underlined by the LC-MS™ based protein identi-
fications in the Zn#1 and Zn#2 SEC fractions, which show that
several proteins either appear smaller or larger than their true
masses.

One of the best characterized Zn-binding proteins in Zn#2 is
hydroxyacylgluthathione hydrolase, also known as glyoxalase II;
which is a Cys-rich 29 kDa Zn-binding enzyme, active in detoxi-
fication of the toxic metabolite methylglyoxal. Glyoxalase uses
glutathione as a coenzyme for the conversion of toxic methylgly-
oxal to nontoxic D-lactic acid. It has been reported previously that
overexpression of the glyoxalase system in Arabidopsis thaliana
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confers tolerance to high Zn concentrations (Singla-Pareek ez al.,
2006), and in barley grains it has been shown that glyoxalase II is
present during all developmental stages (Finnie ez al., 2002).

Another candidate is protein disulphide isomerase (PDI), a
56 kDa protein which has been reported as Zn binding (Solovyov
& Gilbert, 2004), and was reported to be upregulated in the Zn
hyperaccumulators Noccaea caerulescens (Schneider et al., 2013)
and A. halleri (Talke et al., 2006). Enolase (48.6 kDa) and chiti-
nase (28 kDa) have also been reported as Zn binding, but this is
not well documented (Lebioda ezal., 1991; Taylor ez al., 1996).
In Zn#2, we also identified the globulin 3 storage protein
(66 kDa), which belongs to the Cupin 1 superfamily. This pro-
tein putatively binds Zn (Shu ezal, 2008); however, further
experimental documentation of this process is needed.

Many of the redox active proteins in Zn#2 may exert an influ-
ence on Zn binding via their cysteine groups (Giles ez al., 2003;
Broadley et al., 2007; Maret & Krezel, 2007). Many of these pro-
teins have been reported to confer the ability to release tightly
bound Zn from metallothioneins (MTs) or from other Zn-
binding proteins (Maret & Krezel, 2007). No MTs were identi-
fied in the current study, nor in other proteomic studies of wheat
endosperm (Vensel eral, 2005), and hence their role in Zn
homeostasis in the endosperm remains elusive (Tauris ezal,
2009; Husted ez al., 2011; Hegelund ez al., 2012). Nevertheless,
the increase of S in the Zn#2 fraction, together with the changes
in Zn/S ratios, may indicate that some Zn-related stress/redox
proteins are important for the higher Zn-binding capacity seen in
the HN-HZn and HN-MZn treatments. Whether or not these
proteins in fact act as transient Zn-binding proteins or if they
simply appear as a response to Zn-related oxidative stress cannot
be concluded here, because none of them have yet been isolated
and tested for their individual Zn-binding features. Also their
respective quantitative role in Zn speciation deserves further
investigation.

The results of this study indicate a critical role of N and S
nutrition in deposition and speciation of Zn in the endosperm of
durum wheat. The findings presented will be highly useful in
designing breeding programmes and in creating genetically engi-
neered plants aimed for improving endosperm Zn concentrations
in cereals.
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