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Abstract

Malnutrition and associated health problems are partly related to minerals and vitamins deficien-
cies where anemia and stunting are the major diseases affecting nearly half of pregnant women
and about 20% children under age of five, respectively in developing countries. Despite the signif-
icant progress made in recent decades, prevalence of stunting in Ethiopia remains high (44%,
among children) that necessitate the country yet to make significant investment in nutrition and
health. Strategies designed to overcome the problem range from micronutrient rich foods sup-
plement to complementing foods with vegetables and fruits. However, such strategies are expen-
sive as well as not sustainable to reach the poor households of developing countries. The persis-
tence of the problem calls for agriculture based alternative solutions such as agronomic bioforti-
fication and micronutrients biofortification through plant breeding. Utilization of crop wild rela-
tives, local landraces and old cultivars are proved to contain sufficient grain micronutrients and
their utilization in breeding programs can solve the deficiency of micronutrients such as zinc and
iron. Similarly, agronomic biofortification could improve grain Zn and Fe contents in several folds.
Application methods and crop developmental stages during which fortification applied signifi-
cantly determine the efficiency of fortification. Foliar application at heading and milking stages
could accumulate very high Zn and Fe in cereal grains. The synergistic effect of genetic and agro-
nomic fortification could also be utilized to produce Zn and Fe rich food crops. Hence, linking
agriculture with nutrition and health could offer equitable, effective, sustainable and cheap solu-
tions to micronutrients malnutrition and their deficiency related health problems.
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1. Introduction

There is growing interest in the role of micronutrients (essential trace elements and vitamins) in optimizing
health, and in prevention or treatment of disease [1]. Micronutrients play crucial roles in human nutrition, in-
cluding the prevention and treatment of various diseases and conditions, as well as the optimization of physical
and mental functioning. Globally, in Asia, Africa and Latin America countries, deficiency for micronutrients
such as iron, zinc, folic acid and beta-carotene is the most prevalent, affecting over 2 billion people [2]; of which
the highest prevalence is reported in sub-Saharan Africa [3]. For these reasons, understanding micronutrients is
critical for anyone seeking to maintain or improve the nutritional security which in turn ensures health security.
The essential micronutrients, which are obtained from daily dietary intake, are important to keep active meta-
bolic processes in human [4]. Micronutrients rich staple foods have potential to tackle micronutrients deficiency
and offer a sustainable solution to the nutrition and health problems [5]. Major source of calories intake basical-
ly comes from cereals, pulses and animal products, particularly in developing countries, but most of the cereal
crops are deficient or with suboptimal content of micronutrients. Furthermore, the cultural processes through
which cereals have to go before consumption, such as de-hulling and milling, reduce their content [6]-[8].

1.1. Micronutrients Deficiency and Associate Socioeconomic Risks

People from a poorer background, who basically deprived off fresh fruits and vegetables, have a poorer intake of
nutrients as a result of a complex interaction between social and economic circumstances [1]. Such groups of
people usually include children and women, who can benefit from some form of micronutrient supplement to
improve their dietary intake. Studies confirm that these groups in developing countries are subjected to risks as-
sociated with deficiencies in micronutrients [4] [9] [10]. Among mineral micronutrients required for healthy life,
zinc is often deficient in human and animals diets [4]. This deficiency in zinc could result in impaired immune
function, children’s stunted growth and adverse pregnancy outcome in women [9]. Likewise the absence of iron
also leads to numerous physiological diseases like anemia and neurodegenerative diseases [10]. Zinc deficiency
may deter normal growth. About 20% of children under age of five can be subjected to the deficiency of zinc,
iron and other important minerals and vitamins [11]. According to FAO [3], this figure is even worse in Ethiopia
because more than 50% of children and 25% of women clinically tested anemic due to iron deficiency; and Ku-
mera et al. [12] reported 57.4% of Zn deficiency among pregnant women, who attended antenatal care at Gond-
er hospital, Ethiopia.

1.2. Prevalence of Micronutrient Deficiency in Ethiopia

Micronutrients deficiency and associated health risks are highly prevailing in Ethiopia, as various studies con-
firm [13]-[15]. It has been revealed that the bioavailability Zn and Fe in the dietary intake of more than 50% of
women of childbearing age [16] is questionable. The associated problems to deficiency in micronutrients include
anemia (Fe deficiency), goiter (iodine deficiency), and stunted growth of children. Iron deficiency anemia (IDA)
is among the major public health and nutritional problems identified in Ethiopia. According to Ethiopian Demo-
graphic and Health Survey [13], many women at reproductive age (16.6% - 30.4%) were tested positive for
anemia. The survey conducted on pregnant women also reported a high (30.6%) level of anemia prevalence [17].
IDA is defined as a level of hemoglobin less than 11 g-dl™* and is serious in pregnant women because it de-
creases hemoglobin ability to carry oxygen during pregnancy [18].

Malnutrition partly associated with micronutrients has been affecting children under age of five. According to
DHS [13], the prevalence is more in rural areas (45%) than urban areas (35%), probably due to supplementary
nutrient provision to urban children. Figure 1 presents the regional distribution of stunting in children of Ethi-
opia associated to malnutrition. The prevalence observed higher in Amhara, Tigray, Afar and Benishangul-
Gumuz presumably associated with the degradation of agricultural lands. The stunting provenance mainly asso-
ciated with Zn, Fe and other micronutrients deficiency in their daily meal [12] [13]. Zn deficiency could also be
expressed in several diseases such as dermatitis, diarrhea, alopecia and loss of appetite and intestinal parasitic
infection [12] [83]. The prevalence of zinc deficiency among pregnant women was 57.4% [12]. Cognizant to the
intensity of the problem at the grass root level, this review will therefore consider the potential of biofortifica-
tion in improving micronutrients concentration in cereal crops, and discuss the contribution of biofortification to
the issue of addressing nutritional security of agrarian communities. The review will focus only on Zinc and iron
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Figure 1. Stunting of children under five aged by regions of Ethiopia
(Source: DHS 2011).

mineral nutrients, for which states, have been clearly reported and on which we started testing for durum wheat
through agronomic foliar fortification.

2. Factors Aggravating Micronutrients Deficiency
2.1. Reliance on Few Crops

Modernization of agriculture does not only affect the diversity of crops but also the diversity of nutrition. Crop
production geared towards high yielding cereal crops mainly wheat, maize and rice could significantly reduce
the production of nutritionally richer grains [4] [82]. This reliance on few crops is the major reason for wide-
spread of Zn and Fe deficiencies [19]-[21]. Exploiting genetic diversities from crop wild relatives, landraces and
old cultivars in crops breeding programs is suggested to improve the micronutrients content of modern varieties.

2.2. Soil Factors

Selective application of particular fertilizers for increased crop productivity and restoration of heavily degraded
soils could limit bioavailability of certain micronutrients through fixation. For instance, high level of available
phosphorous in the soil is usually ended up with zinc deficiency [22] [23]. An important point other than con-
centration per se in Fe and Zn in grains is their bioavailability [24].

2.3. Action of Anti-Nutritional Compounds

The efficiency of micronutrients absorption from a diet depends upon the amounts consumed (decreases with an
increase in amounts consumed) and the presence of dietary phytate [25] [26]. Phytate forms insoluble complexes,
for instance with Zn, that cannot be digested or absorbed because of the absence of intestinal phytate enzymes in
humans [27]. Bindra et al. [28] concluded that diets with phytate-to-Zn molar ratios above 15 are associated
with Zn deficiency in humans. If we consider for example wheat, the main source of human daily calories, its
zinc and iron contents usually decrease because of its richness in ant-nutritional compounds such as phytic acid
and phenols [4].

2.4. Food Processing Cultural Practices

Cultural practices such as de-hulling, milling, fermenting and cooking are applied cultural practices to cereals
before they are consumed. These cultural practices are usually practiced to improve the texture and flavor of the
final food produced. However, these cultural practices are also known to remove the important minerals, vita-
mins and other micronutrients thus resulting in marked reduction of their concentration in the processed food [4]
[6]-[8]. According to Ozturk et al. [29], aleurne layer and embryo of wheat seeds contain ten-fold Zn concentra-
tion compared to its endosperm concentration. Hence, removing of the Zn-rich layer during processing will re-
sult in significant reduction Zn content in the final food.
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3. Biofortification to Ensure Nutritional Security

The concern of nutritional security has gain momentum in the world at the same pace as food security. To en-
sure nutritional security, linkage of agriculture to nutrition and revisiting policy formulation in agriculture, nutri-
tion and health is needed [30]. This has motivated crop experts to search out sustainable ways of improving nu-
tritional contents of their crops. Among agronomic managements, grain biofortification is proved to improve the
concentration of micronutrients in cereal grains [24] [31] [32]. Biofortification is defined as “the process of im-
proving the concentration of essential minerals in the edible portion of staple food cops through agronomic
practices as well as genetic selection” [42]. Biofortification can avoid the problem of micronutrient malnutrition
by increasing the crop micronutrient concentration through improving their amount and bioavailability in the
edible portion of the crops. The benefits of these nutritionally enriched/dense crops will be sustainable with little
further investment [33]. Where micronutrients are deficient and associated health risks are high biofortification
of cereal crops with the deficient micronutrient is perceived as cost effective, easily accessible and sustainable
way of combating the problem.

4. Sustainable Approaches to Ensure Nutritional Security

‘Nutrition Security’, is an access to adequate nutritional status in terms of protein, energy, vitamins, and miner-
als for all household members at all times [34] and thus in principle it is more than food security [35]. This
means that access to food does not guarantee nutritional security. Important components of nutritional security
such as the daily intake of micronutrients are usually missed either unknowingly or due to lack of access. As in-
dicated above, the problem aggravates in rural communities of developing countries, whose major sources of
daily calories of mineral and protein is dependent on crop commodities such as cereals. Hence, improving the
nutritional content of their agricultural produces could be the best and sustainable way of ensuring nutritional
security [33] [36] [37].

5. Biofortification Produces Micronutrients Denser Grains

The solution for the globally widespread problem of essential micronutrients deficiency was sought by different
expertise including physicians and nutritionists through food enrichments by the essential micronutrients [9]
[38]. Salt fortification with Fe and iodine [39], cereal-based traditional foods enrichment with vitamins and
minerals both at home and factories [30] [71] and improving dietary composition by adding meat, fruits and
vegetables [40] are among implemented solutions. These solutions, however, basically targets the beneficiaries
in urban and per-urban areas and left out the rural majority, particularly, in developing countries [41]. Besides the
approaches are labor demanding [24] and costly to be afforded by the poor [4]. These limitations forced agro-
nomists, soil scientists and breeders to think of a strategy that is cost and labor effective and sustainable to tackle
the problem of micronutrients deficiency. Biofortification become an important science to produce Zn and Fe
denser cereal grains. This approach was proved to improve the content of selected micronutrients in staple food
crops such as rice, wheat, maize and pearl millet [24] [30] [33] [36] [37]. Biofortification ensures nutritional se-
curity in two practical ways. The first is by ensuring the enrichment of bio-available micronutrient into the edi-
ble portion of the plant through genetic engineering as well as breeding [42] and second by improving the con-
centration of the deficient micronutrient of a crop through fertilizer application [5], which is termed as “agro-
nomic fortification”. We provide a brief discussion on success story of this technology in this review paper.

5.1. Genetic Biofortification

It involves both traditional breeding as well as modern biotechnology application to improve the nutritional
content of crops. Several projects, such as African biofortified Sorghum, have attempted genetic biofortification
to develop crop varieties capable of producing grains denser in Zn and other micronutrients [43]. In rice, Fe
content enhancement was achieved by improving the uptake from soil and by increasing its absorption and sto-
rage [44]-[46]. Improving nutritional quality of staple crops through genetic biofortification is implicitly reaches
the poor because staple foods predominate in the diets of the poor and after the one-time investment to develop
seeds that fortify themselves, recurrent costs are low, and germplasm can be shared internationally [47].

The success of genetic fortification depends on crop types and varieties under consideration. The responses to
applied Zn and Fe containing fertilizers and their efficiency in accumulating the micronutrients in crop grains
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could greatly vary from crop to crop and variety to variety within crop. For instance, Conti et al. [48] reported
that durum wheat varieties tend to accumulate more Zn and Fe than bread wheat varieties. This feature tends to
hold true for cadmium as well. The findings of different scholars indicate that old crop cultivars, wild relatives
and landraces have displayed wider variation in translocating micronutrients than the modern varieties of wheat
[18] [49] [50]. Table 1 presents the range of Zn content (mg/kg) of the different crops at different advancement
level under natural condition. For wheat, it was noticed that grain in Zn concentration greatly varies for durum
and bread wheat. This variation also associates with the status of improvement of each ploidy. The wider range
(Table 1 and Table 2) for the value of Zn and Fe could be associated with the fertility status of the soil [60] and
nutrient uptake potential of each variety [61] [62], and the precipitation or adsorption of Zn with various soil
components, depending on the pH and redox potential [31] and previous crop grown [63].

Although plant breeding is the most sustainable solution to the problem, developing new micronutrient-rich
plant genotypes is a protracted process and its effectiveness can be limited by the low amount of readily availa-
ble pools of micronutrients in soil solution [37] and micronutrients rich crops developed through this approach
are subjected to resistance of adoption in a sense that the products are genetically modified in several countries
[64]. Moreover, developing crops through breeding needs fairly long time and combining high yield with high
Zn or Fe concentration in grain needs still more time [24]; and also achieving high Fe levels in grains through
breeding is not easy due to its lower bioavailability [19]. Because of these limitations, an alternative approach
that increases micronutrients concentration in grains within a short period of time is essential.

5.2. Agronomic Biofortification

The concentration of essential micronutrients in cereal grains can be agronomically managed. The management

Table 1. The variation for Zinc grain concentration of various crop genotypes, documented in various studies.

Crop type and status of improvement Grain [Zn] (mg/kg)  Literature

Tetraploid wheat

Durum wheat 17.0-28.0 Cakmak et al. [51]

Old cultivars 33.7-414 Ficco et al. [49]

Modern varieties 28.5-46.3 Ficco et al. [49]

Advance lines 29.1-40.9 Ficco et al. (2009)

Landraces 44.9 -49.8 Monasterio and Graham [52]

Hexaploid wheat Zhao et al. [53]; Abrar et al. [54]

Bread wheat 8.0-61.0 Cakmak et al. [55]

Advance lines 29.0-395 Velu et al. [50]

Old cultivars 38.1 Abrar et al. [54]

Wild emmer wheat 39.0-115 Gomer-Becerra et al. [70]

Maize 15.0-47.0 Ortiz-Monasterio et al. [20], Valéria et al. [57];
Teff 11.0 Amede et al. [56]

Sorghum” 1.12-7.58 Badigannavar et al. [58], Kayode et al. [59]

"unit of measurement is mg 100 g~%; [ ] represents concentration.

Table 2. The variation of grain iron concentration in various crop genotypes, documented in various studies.

Crop type and status of improvement Grain [Fe] (mg/kg)  Literature Sources
) (Cakmak et al., [21]; Zhang et al. [32]; Velu et al. [79];
Durum wheat 230-730 Gao et al. [80]; Narwal et al. [81]
Durum (landrace) 38.5-47.9 Abrar et al. [54]; Monasterio and Graham, [52]
Bread wheat 475 Abrar et al. [54]
Maize 11.0-39.0 Valéria et al. [57]; Ortiz-Monasterio et al. [20]
Teff 115 Amede et al. [56]
Sorghum” 1.1-9.54 Badigannavar et al. [58]; Kayode et al. [59]

"unit of measurement is mg 100 g%, [ ] represents concentration.
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of Zn and Fe, the most globally emerged deficient micronutrients, are become the concern for agronomists and
soil scientists and each are devising mechanisms of alleviation of their deficiencies. Agronomic biofortification
is perceived as a best approach of linking agriculture with nutrition and health [24] [30]. Agronomic fortification
of cereal crops can be cost effective and sustainable way of agricultural approach to combat micronutrient mal-
nutrition problem, particularly for agrarian communities.

6. Determinants of Agronomic Fortification Efficiency
6.1. Application Methods

The effectiveness of agronomic fortification is dependent on application methods. The various methods of Zn
application may differentially influence yield and grain Zn concentration [19] [32]. So far, application methods
such as soil application (during planting), seed dressing and foliar application were tested for their effectiveness
in increasing Zn and Fe concentration in the grain [37] [65]-[67]. Soil based application tends to increase grain
yield rather than its micronutrient content [68]. Foliar application was found to be more effective in increasing
grain Zn and Fe concentration in different crops. In wheat, soil based application of Zn was reported to be less
effective in increasing grain compared to the foliar application, which remarkably increase grain Zn concentra-
tion [32] [69]. For instance, Yilmaz et al. [67] reported three-fold increase of grain Zn concentration in durum
wheat because of foliar application. Figure 2 summarizes result reported by similar authors for the two wheat
ploidy (durum and bread).

The figure clearly depicts that i) the evaluated methods of Zn application gave different result and ii) durum
wheat responded well than bread wheat. Mao [66] has also reported a positive grain in grain Zn concentration
due to foliar application of Zinc sulfate in winter wheat. In his study, a 10 mg-kg™* of grain Zn concentration
was obtained solely from application method. Zn concentration in grain is, however, not linearly associated with
either soil or foliar application of Zn but could also be influenced by initial Zn content of the soil and dosage of
applied Zn [69]. Their trial demonstrated that grain Zn concentration of durum wheat varies with the initial
amount of Zn available in the soil whereby supplementary Zn application had positive impact on Zn deficient
soil (Figure 3).

For iron, similar situations were reported by scholars. Narwal et al. [68] observed that foliar application of
Fe?* was more effective than soil application to improve grain Fe concentration in wheat. The found that foliar
application has increased grain iron concentration from 1.0 to 2.3 mg/kg. Grain Fe concentration is not only af-
fected by the application method but also by sources of iron fertilizers [72] and application dose [73]. For in-
stance, the findings of Ghafari and Razmjoo [73] indicated that increasing iron application dose up to 8g per lit-
ter could not only increase grain iron concentration in durum wheat but also its grain carbohydrate and protein
contents, which are important quality parameters for durum wheat. The positive effect on iron fertilization on
durum wheat protein content was also reported by Zeidan et al. [74]. Thus, the application of micronutrients
could also improve the market acceptance of commercial crops like durum wheat and can ensure economic ben-
efit of farming communities besides nutritional security.
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Figure 3. Changes in grain zinc concentrations of durum wheat after soil and foliar application of zinc sulfate (a) and appli-
cation of increasing amount of zinc to soil (b) from field experiments (Source: Cakmak et al. [69]).

6.2. Crop Developmental Stages

We have seen that foliar application is more effective in improving grains micronutrient content than soil appli-
cation even though the combination of soil plus foliar works better for some crops. Nevertheless, the effective-
ness of foliar application is quite dictated by crop developmental stage for accumulation of micronutrients in the
grain. Hence, the knowledge of crop developmental stages during which foliar application of micronutrients re-
sult in higher grain accumulation is very crucial. Application of Zn during reproductive stages at heading and
early milk stage [69] and at milky dough stage [75] were reported to accumulate greater amount of grain zinc
than its application at booting and stem elongation stages of the crop. Figure 4 presents the effect of crop deve-
lopmental stages on the effect of foliarly applied ZnSO.7HO on the amount of Zn concentration in the grain of
two wheat varieties, Konya and Adana. The figure depicts that Zn concentration in the grain is the function of
both varieties and application time.

The figure demonstrates that the knowledge of crop growth stage at which micronutrients should be foliarly
applied is fundamental to obtain Zn reach grain. For Fe, similar effect was reported in various literatures. For in-
stance, Maralian [76] reported a 64.4% increase in grain Fe concentration due to foliar application over the con-
trol. The effectiveness of foliar application during milking stage of crops could probably associated with the
easy remobilization of micronutrients due to active photo-assimilates allocation to reproductive sink organs.
Their strength in competition for available resources would be high compared to other organs. In line with this,
Ozturk et al. [29] noticed that wheat crop mobilize higher amount of zinc during milk stage compared to its mo-
bilization during other stages. Haslett et al. [77] also reported that vascular (phloem) mobility of Zn is stronger
for foliar application during reproductive stages.

7. Genetic and Agronomic Biofortification Could Exhibit Synergetic Effect

The benefits in increasing Zn and Fe in grain of crops from genetic and agronomic biofortifications were pre-
sented in the above sections. But, can we further capitalize on this benefit by combining the two approaches to
further enhance micronutrients accumulation in grains? Various previous findings suggest the possibility of fur-
ther micronutrients enrichment in grains from combination of the two agricultural approaches. For instance,
Mathpal et al. [65] observed very notable differences between two wheat cultivars in their grain Zn accumula-
tion (Figure 5).

The nutrients accumulation capacity of genotypes greatly varies where landraces and old cultivars are more
efficient that modern crop varieties (Table 1 and Table 2). The success of improving mineral nutrient through
agronomic fortification is determined by the available genetic variation in a given crop varieties. So selecting
crops that are genetically efficient in accumulating micronutrients in their grain would make agronomic fortifi-
cation more successful [78]. The selection of right varieties coupled with application of the right fertilizer type
using appropriate application method could enhance the concentration of targeted micronutrient in edible parts
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of several crops [58] [66]. This implies that genetic and agronomic biofortifications could synergistically im-
prove grain concentration of different micronutrients (Figure 5). This actually requires the knowledge of genetic
potential of crop under consideration to respond to the applied fertilizer and accumulate the desired amount of
micronutrients in its grain. The review clearly demonstrated that biofortfication could improve Zn and Fe con-
centrations in grains of various cereal crops. For instance, Cakmak et al. [69] indicated that Zn foliar application
at different development stages improved Zn concentration in wheat grain from 23% to 34% over untreated
plots. Similar study showed that foliar application of Zn could also improved grain Fe concentration. Breeding
for micronutrients could also increase grain concentration of Zn and Fe in many staple crops. For instance, Mo-
nasterio and Graham [52] have screened wheat lines having 41% more Zn and 30% more Fe grain concentration
from their breeding program designed to breed for trace elements.

8. Conclusion

Mineral micronutrients associated malnutrition and related health problems are major concern of national and
international health care organizations. Despite due attention was given to this problem by physicians and nutri-
tionists, the problem still remains among the major risk factor to some social groups particularly children and
pregnant women. This review clearly demonstrated that biofortification, either genetic or agronomic, could pro-
vide cheap and sustainable solution to micronutrients deficiency problems. Biofortification is a pragmatic, inex-
pensive and an easy method of micronutrient delivery especially for smallholder households in low income
countries such as Ethiopia. The effectiveness of Zn and Fe concentration in cereal crops is highly influenced by
application method and application time with reference to crop development stage. Foliar application during
post-anthesis stages, i.e. heading and milking stages, was proved to efficiently accumulate mineral micronu-
trients in the grain. The synergistic effect of genetic and agronomic biofortification could also be exploited to
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sufficiently accumulate micronutrients in grain of major cereal crops to alleviate mineral nutrients related mal-
nutrition and associated health risk. Hence, linking agriculture with nutrition and health could offer equitable,
effective, sustainable and cheap solutions to micronutrients malnutrition and their deficiency related health
problems. Gearing future research towards agronomic and genetic biofortification could potentially solve health
problems associated with micronutrients deficiency in sustainable way and could also be most affordable ap-
proach for the majority of rural communities in developing countries.
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