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INTRODUCTION

Humans require sufficient amounts of at least 18 mineral elements for their
normal development and well-being (White, 2016a). These include the ma-
cronutrients, nitrogen, phosphorus, sulphur, calcium, magnesium, potassium,
sodium and chlorine, which are required in amounts greater than 100 mg d/,
and the micronutrients, zinc, iron, fluorine, manganese, COpper, iodine, se-
lenium, molybdenum, chromium and cobalt, which are required in smaller
amounts (White, 2016a).

Edible crops supply the mineral nutrients to the diets of most people
(White et al., 2013b; White, 2016a). Unfortunately, it is estimated that the
diets of about 2 billion people lack sufficient iron, 1.1 billion lack sufhcient
zinc, 3.5 billion lack sufficient calcium, 1.9 billion lack sufficient iodine, 1
billion lack sufficient selenium, and 14 million lack sufficient magnesium
(White, 2016a). Dietary deficiencies of mineral nutrients in human diets can
be addressed in a variety of ways. These include: (1) dietary diversification, to
create a ‘balanced’ diet with sufficient mineral nutrients, (2) the distribution
of mineral supplements, such as pills and tonics that contain the mineral
nutrients lacking in people’s diets, (3) food fortification, through the addi-
tion of mineral nutrients to cooking ingredients, such as salt and flour, or
to processed foods, and (4) the biofortification of edible crops (White and
Broadley, 2009; White, 2016a). Biofortification is defined as the process of
increasing the bioavailable concentration of a nutrient in the edible portion of
crop plants through agronomic intervention or genetic selection (White and
Broadley, 2005). Biofortification is particularly effective where the resources
or infrastructures for other interventions are unavailable and, since bioforti-
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fication is often used in regions where the availability of mineral nutrients
limits crop production, it has the added benefit of increasing crop yields and
farmers’ income (Cakmak, 2009; White and Broadley, 2009; Stein, 2010).
Bread wheat (77iticum aestivum L.) is the staple food for about 35% of
the world’s population and provides approximately 20% of the calories con-
sumed by humans worldwide (Cakmak and Kutman, 2018). However, the
concentrations of mineral nutrients in wheat grain, as in the grain of other
cereals, are relatively small when compared to the concentration of mineral
nutrients in other edible crops, and reliance on cereal-based diets contribu-
tes to mineral malnutrition of humans (White and Broadley, 2005, 2009).
Despite this, because large amounts of wheat grain are consumed, increasing
the concentrations of mineral nutrients in wheat grain can increase the die-
tary delivery of mineral nutrients to humans and help alleviate the health is-
sues associated with mineral malnutrition (Cakmak, 2008; Bouis and Welch,
2010). This paper focuses on strategies to biofortify bread wheat with two
mineral nutrients commonly lacking in human diets: zinc (Zn) and selenium

(Se).

BIOFORTIFYING BREAD WHEAT WITH ZINC

Adults require between 8-13 mg Zn day” for adequate nutrition (White,
2016a). In the UK, as in other European countries, about 25% of the zinc in
human diets is delivered by cereal products (White, 2016a). It is estimated
that about 9% of the UK population has dietary intakes of zinc less than the
UK Lower Reference Nutrient Intake (LRNTI), which is the intake considered
likely to be sufficient to meet the needs of only 2.5% of the population (Bates
etal., 2014). Worldwide, about 1.1 billion people lack sufficient zinc in their
diets (Kumssa et al., 2015). The international HarvestPlus Program (htep://
www. harvestplus.org) has suggested a target concentration of 38 mg Zn kg
dry matter (DM) in wheat grain to alleviate widespread zinc malnutrition
(Bouis and Welch, 2010).

Human diets with insufficient zinc often collocate with soils that have low
zinc phytoavailability (Cakmak et al., 2017). These soils include calcareous
or alkaline soils, which comprise 25-30% of the world’s agricultural land
(Broadley et al., 2007; White et al., 2013a). About half the cereal-growing
areas in the world have soils with low zinc phytoavailability (Cakmak, 2008;
Cakmak and Kutman, 2018). If sufficient zinc is present in these soils, edible
crops with greater zinc concentrations can be produced by increasing soil
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zinc phytoavailability by applying acidifying fertilisers, such as urea, ammo-
nium salts or elemental sulphur, or by cultivating varieties that secrete more
protons, phytosiderophores, organic acids and enzymes that degrade orga-
nic chelates of these elements or that interact better with beneficial micro-
organisms to effect this (Cakmak, 2008; White et al., 2013a). Alternatively,
Zn-fertilisers can be applied to crops (Cakmak, 2008; White and Broadley,
2009, 2011; Velu et al., 2014; Cakmak and Kutman, 2018). The application
of Zn-fertilisers to increase crop production and grain zinc concentrations in
bread wheat was initially demonstrated in Anatolia, Turkey (Cakmak, 2004),
and has since been employed elsewhere in the world (Cakmak et al., 2017;
Cakmak and Kutman, 2018).

Zinc fertilisers can be applied either to foliage or to the soil, but it is ge-
nerally observed that applying Zn-fertilisers to foliage is more effective than
applying Zn-fertilisers to the soil for biofortifying grain of bread wheat with
zinc (Cakmak, 2008; Zhang et al., 2012ab; Zou et al., 2012; Barunawati et
al., 2013; Prasad et al., 2014; Velu et al., 2014; Cakmak and Kutman, 2018).
It has also been observed that greater N-fertiliser applications, either to the
soil or to foliage, can increase grain zinc concentrations, provided there is
sufficient zinc supply to the crop (Shi et al., 2010; Xue et al., 2012, 2016;
Li et al., 2015; Liu et al., 2018; Pascoalino et al., 2018). It is likely that this
reflects the close correlation between protein and zinc concentrations in grain
(Cakmak, 2008; Zhao et al., 2009; Cakmak et al., 2010; Velu et al., 2014). In
addition to inorganic Zn-fertilisers, composts and manures can also be used
to increase soil zinc concentrations, and appropriate crop rotations, inter-
cropping, or the introduction of beneficial soil microorganisms can increase
zinc phytoavailability in soils (White and Broadley, 2009; Prasad et al., 2014;
Brooker et al., 2015; Pellegrino et al., 2015; Coccina et al., 2019).

There is considerable genetic variation in the zinc concentration of wheat
grain (e.g. Graham et al., 1999, Cakmak, 2008; White and Broadley, 2009,
2011; Zhao et al., 2009; Velu et al., 2014, 2017; Pascoalino et al., 2018) and
varieties with seed zinc concentrations approaching the HarvestPlus target
value have been achieved by conventional breeding strategies, provided plants
have access to sufficient phytoavailable Zn in the soil (Bouis and Salzman,
2017). Several chromosomal loci (QTLs, quantitative trait loci) have been
identified that affect grain zinc concentration in wheat (Velu et al., 2014,
2017; Liu et al., 2019). Among these is a gene encoding a NAC transcrip-
tion factor (NAM-B1, GPC-B1) that accelerates senescence and increases
nutrient remobilization from leaves to grain (Velu et al., 2014, 2017; Tabbita
et al., 2017). It is expected that knowledge of allelic variation in genes un-
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derlying QTL will enable the design of molecular markers for breeding wheat
varieties with greater potential for Zn biofortification.

The amount of zinc delivered to the diet from biofortified wheat grain
is influenced greatly by its processing. Since zinc is located mainly in the
embryo and aleurone layer of the seed, much can be lost during milling or
polishing of grains (Cakmak, 2008; Shi et al., 2010; Velu et al., 2014; Cic-
colini et al., 2017). In addition, the bioavailability of zinc in human diets is
influenced by the presence of antinutrients, such as fibre, tannins and phyta-
te, and promoter substances, such as inulin, ascorbic acid and various amino
and carboxylic acids, in food (White and Broadley, 2009; White, 2016a).
Although much of the zinc in wheat grain is associated with phytate, there
appears to be genetic variation in the concentrations of both antinutrients
and promoter substances in wheat grain (White and Broadley, 2009; Velu et
al., 2014) and there has been some effort to generate low-phytic acid (/pa)
mutants and identify and breed wheat genotypes with reduced seed phytate
concentrations (Raboy, 2009; White and Broadley, 2009). The application
of foliar N-fertilisers also appears to reduce phytate concentrations in cereal
grain (Li et al., 2015). In addition, to this genetic strategy to improve zinc
bioavailability in food, some processing techniques, such as soaking, malting
and fermentation, can reduce phytate concentrations in seeds and improve
zinc bioavailability in the human diet (Kumar et al., 2010).

BIOFORTIFYING BREAD WHEAT WITH SELENIUM

Recommended selenium intakes for humans range from 25-75 ug d!, de-
pending upon age, gender and authority (Fairweather-Tait et al., 2011). The
concentrations of selenium in edible crops receiving no Se-fertiliser often cor-
relate directly with selenium phytoavailability in the soils on which they are
grown (lhnat, 1989; Garvin et al., 2006; Fairweather-Tait et al., 2011; Lee
et al., 2011; Garrett et al., 2013; Joy et al., 2015; Lazo-Vélez et al., 2015;
Kumssa et al., 2017). Soils with insufficient selenium to produce edible crops
with selenium concentrations adequate for human nutrition occur worldwi-
de (White and Broadley, 2009; White, 2016b). However, dietary selenium
deficiencies can be addressed effectively through the application of Se-fertili-
sers to edible crops (White, 2016b; Banuelos et al., 2017).

The natural soils of many countries in Northern Europe, including Fin-
land and the United Kingdom, lack sufficient selenium to produce selenium-
rich grain (Broadley et al., 2006; Fairweather-Tait et al., 2011; Lazo-Vélez
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et al., 2015). The mandatory inclusion of selenium into inorganic fertili-
sers to address selenium deficiencies in Finnish diets increased the selenium
concentrations in produce and improved the selenium status of the Finnish
population (Alfthan et al., 2015). In the United Kingdom, about 26% of the
selenium in human diets is delivered by cereal products (Fairweather-Tait et
al., 2011; White, 2016a) and methods have been developed to deliver appro-
ximately 20% of the UK Reference Nutrient Intake, the mean population in-
take required to protect 97.5% of the population from deficiency (UK-RNI
= 60 ug d™' for females and 75 pg d”! for males), in two slices of Se-biofortified
bread (Broadley et al., 2010; Hart et al., 2011). Bread and cereal products
also provide much of the selenium in peoples’ diets in many other countries
(Lazo-Vélez et al., 2015).

Selenium fertilisers can be applied either to foliage or to the soil. Althou-
gh the application of Se-fertilisers to foliage is generally more efficient in
increasing concentrations in produce than applications of Se-fertilisers to the
soil (Ros et al., 2016), application of Se-fertilisers to soil is recommended
because it poses less risk of phytotoxicity (Lyons et al., 2005b; Bafiuelos et
al., 2017). In general, there is a linear relationship between the amount of Se-
fertiliser applied to a non-seleniferous soil and the selenium concentrations in
wheat grain (Broadley et al., 2010). The application of soluble selenate salts,
such as sodium selenate and potassium selenate, is generally more effective
in increasing grain selenium concentrations than the application of selenite
salts or less soluble selenate salts, such as barium selenate, although the latter
provides a longer lasting selenium source (Broadley et al., 2006, 2010; Ros et
al., 2016). The addition of Se-rich organic material to soils can also be used a
selenium source to biofortify crops and provides phytoavailable selenium for
several years after its application (Bafuelos et al., 2017).

Genetic variation in the selenium concentration of wheat grain has been
reported in a number of studies (Garvin et al., 2006; Murphy et al., 2008;
Rodriguez et al., 2011; Pu et al., 2014), although this is not always obser-
ved (White 2016). It has been suggested that the lack of genetic variation
observed might be a consequence of large environmental effects on grain
selenium concentration (Lyons et al., 2005b; Garvin et al., 2006; Zhao et
al., 2009; Lee et al., 2011; Nelson et al., 2011; White, 2016). In addition,
there appears to be a negative relationship between grain selenium concentra-
tion and grain yield among bread wheat cultivars (Zhao et al., 2007; Fan et
al., 2008; Murphy et al., 2008), although, again, this is not always observed
(Lyons et al., 2005b; Zhao et al., 2009; Nelson et al., 2011). Chromosomal
loci (QTLs) influencing grain selenium concentration have been identified
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in crosses between Chinese wheat varieties (Pu et al 2014, 2018; Wang et al.,
2017), but no genes affecting grain selenium concentrations have yet been
identified.

Relatively little selenium is lost during food preparation (Lyons et al.
2005b). However, although selenium is fairly evenly distributed throughout
the grain, the selenium concentrations in wholemeal flour are slightly grea-
ter than white flour made from the same grain (Lyons et al., 2005a; Moore
et al., 2010; Hart et al., 2011; Lazo-Vélez et al., 2015). No genetic varia-
tion in the distribution of selenium within wheat grain has been reported
(Lyons et al., 2005a). Selenomethionine (SeMet) is the main selenium species
in wheat grain, which also contains smaller concentrations of selenocystei-
ne (SeCys), selenomethylselenocysteine (SeMeSeCys), selenohomolanthio-
nine (SeHLan), selenite, selenate and other selenium species (Lyons et al.,
2005a; Hart et al., 2011; Lazo-Vélez et al., 2015; Duncan et al., 2017). Se-
lenomethionine (SeMet) is an effective selenium source for human nutrition
(Fairweather-Tait et al., 2011; Hart et al., 2011).
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RIASSUNTO

Gli esseri umani hanno bisogno di sufficienti quantita di almeno 18 elementi minerali
per il loro normale sviluppo e benessere. Le colture agrarie forniscono questi elementi
con la dieta. Sfortunatamente, si ritiene che molte persone non dispongano di quantita
sufficienti di nutrienti minerali nella loro dieta. Le carenze alimentari di nutrienti mi-
nerali potrebbero essere affrontate attraverso una varieta di approcci tra cui (1) la diver-
sificazione dietetica, per creare una dieta “equilibrata” con sufficienti nutrienti minerali,
(2) Tutilizzazione di integratori minerali, come pillole e tonici che contengono il nu-
triente minerale carente nella dieta, (3) la fortificazione alimentare, attraverso I'aggiunta
di nutrienti minerali agli ingredienti per cucinare, come sale e farina, o agli alimend
trasformati e (4) la biofortificazione delle colture. La biofortificazione ¢ definita come il
processo di aumento della concentrazione biodisponibile di un nutriente nella porzione
commestibile delle piante coltivate attraverso I'intervento agronomico o la selezione ge-
netica. Questo discorso si concentrera sulle strategie per biofortificare le colture comme-
stibili con due nutrienti minerali comunemente carenti nella dieta: zinco e selenio. Sara
usato il frumento come esempio principale. Nel discorso saranno descritti innanzitutto i
ruoli di questi nutrienti minerali nella fisiologia umana e le quantita richieste nella dieta.
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Inoltre, sard mostrato che le carenze di questi nutrienti nella dieta sono spesso correlate
alla limitata disponibilitd di questi elementi nel suolo e che I'applicazione di fertilizzanti
fogliari o del suolo contenenti questi elementi pud essere utilizzata per biofortificare le
colture commestibili con zinco e selenio. Saranno descritti la variabilitd genetica nelle
capacita delle colture di accumulare zinco e selenio nelle loro porzioni commestibili ed
i loci cromosomici che potrebbero essere utilizzati per il miglioramento genetico assisti-
to del frumento per un maggiore accumulo di zinco e selenio. Infine, saranno presi in
considerazione gli effetti degli antinutrienti, come il fitato, ¢ la posizione dei nutrienti
di zinco e selenio nella granella di frumento sulla biodisponibilita di questi nutrienti nei
prodotti alimentari.

ABSTRACT

It is thought that the diets of over half the humans in the world lack sufficient mineral
nutrients for their normal development and well-being. One strategy to address this is to
increase the bioavailable concentrations of mineral nutrients in edible crops. Since bread
wheat (77iticum aestivum L.) is the staple food for about one in three people, increasing
the concentrations of mineral nutrients in wheat grain could help alleviate mineral mal-
nutrition and improve human health. This paper focuses on strategies to biofortify grain
of bread wheat with two mineral nutrients commonly lacking in human diets: zinc and
selenium. It is observed that applying Zn-fertilisers, either to soil or, more effectively,
to foliage, can increase grain zinc concentrations and that there is appreciable genetic
variation in grain zinc concentrations. Similarly, the application of Se-fertilisers to soil
or to foliage can increase grain selenium concentrations and, although the effects of the
environment on grain selenium concentrations are large, there is also genetic variation
in grain selenium concentrations. Thus, the application of fertilisers containing zinc and
selenium to varieties that can accumulate these elements in their grain efficiently could
increase the delivery of these mineral nutrients to peoples’ diets to improve their health.
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