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Introduction — Micronutrient
Deficiencies

22.1

You can trace every sickness, every disease and every ailment
to a mineral deficiency

(Dr. Linus Pauling, Nobel Laureate 1954)

Cereal crops underpin the food supply for peasant farmers in
developing countries, a situation that has persisted since the
green revolution of the decades of the 1960s and 1970s
greatly increased their productivity; indeed yields more
than doubled. Ever since, the modern high-yielding,
disease-resistant cereals that also show greater tolerance to
environmental stresses like drought and heat have dominated
the diets of subsistence farmers and urban poor alike. It was
known that cereals are less dense in some nutrients impor-
tant to health and vigour than crops they in part replaced,
like pulses, but the consequences of that were not immedi-
ately apparent. However, the incidence of iron deficiency in
humans grew through the 1980s and by 1990 was becoming
a matter of real concern to nutritionists (Graham et al. 2007).
Throughout this period the international consortium of agri-
cultural scientists was naturally concentrated on increasing
the yield, with little attention being devoted to the issue of
nutritional quality (micronutrient density) of produced
crops. Exhausted from the years of cultivation, soils slowly
become more deficient in most essential nutrients, including
micronutrients. Consequently, more and more people in
developing country populations, who were entirely depen-
dent on these soils for their food production, began to have
inadequate mineral and vitamin intakes, leading to malnutri-
tion and poor health. Later still, we became aware that a
large number of people was affected by four other micronu-
trient deficiencies, those of iodine, vitamin A, zinc and
selenium (WHO 1995).

Micronutrient deficiencies still remain a major public
health problem in many countries worldwide, with more
than two billion people suffering from one or more micronu-
trient deficiencies (WHO 2012).
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As anticipated, deficiencies of micronutrients are highly
prevalent in places where cereals with low nutritional
quality are the main diet (Cakmak 2009; Subramanian and
Jagan 2008).

The World Health Organization (WHO 2011) has
estimated that nearly 3.7 billion people are Fe deficient,
with two billion of these so severely deficient in Fe that
they can be described as being anemic. In addition, it is
estimated that two billion people globally are at high risk of
I deficiency (WHO 2009); 35 % of all children (1-5 years
old) suffer from Zn or Fe deficiencies, 190 million preschool-
aged children and 19 million pregnant women are at risk of
subclinical vitamin A deficiency (WHO 2009). In many areas
of the world, poor dietary quality and micronutrient
deficiencies are more widespread problems than low energy
intake (Stewart et al. 2010), with devastating consequences:
19 % of all deaths before the age of 5 years can be attributed
to vitamin A, Zn, Fe and/or I deficiency (Prentice et al. 2008).

Micronutrient deficiencies are currently identified as the
main contributors to the global burden of disease. The
human and economic costs are enormous, falling hardest
on the very poor, especially women and children (Bryce
et al. 2008). The interaction of poverty, poor health and
poor nutrition has a multiplier effect on the general
wellbeing of the population and also adds significantly
towards keeping a population in a downward trend of pov-
erty and nutritional insecurity (Stewart et al. 2010). There-
fore, the problem of resolving the micronutrient deficiencies
becomes a major challenge for the entire scientific
community.

This chapter addresses the impact of micronutrient
deficiencies in agricultural soils and crops on the nutritional
health of humans. Initially, the most common mineral
deficiencies of soils and crops are discussed. The second
part gives an explanation of the biological roles of most
important micronutrients in humans, with particular empha-
sis on the impact of micronutrient deficiencies on human
health. Finally, the last part of this chapter discusses the
agricultural interventions that could be deployed to decrease
the number of people suffering from micronutrient
deficiencies, both in developing and developed countries.

22.2 Micronutrient Deficiencies in Soils and
Crops

The micronutrients of most practical interest here are iron,
zinc, copper, manganese, boron, molybdenum, nickel, cobalt
and selenium, there being a second group (chlorine, sodium,
aluminium, silicon, vanadium) that may be essential or ben-
eficial in some particular situations. We will concentrate on
the first group as those in the second group are only rarely
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deficient in agriculturally important soils to an extent that
is of economic significance.

Unlike humans and animals, plants can synthesize all the
organic molecules, such as amino acids and vitamins that
they require; that is they need only minerals, air and water.
We include boron in our priority group because it is so
widely deficient in agricultural soils and so highly effective
as a remedial fertilizer. It is important to production in its
own right; its requirements for humans become secondary
because its essentiality is still under investigation and
deemed by some to be not fully proven. The comprehensive
work of Sillanpaa (1990), that not only used soil and plant
analysis but field experiments with several crops, has given
us an appreciation of the extent of these micronutrient
deficiencies in agriculturally important soils, especially in
developing countries: while he found Zn was deficient in
half of the major agricultural soils and boron deficient in a
third, the deficiencies of copper, molybdenum and manga-
nese were all of small and similar extent (10-15 %), and all
three together adversely affected a total of ~40 % of all soils
in the study (Sillanpaa 1990). Most curiously, although Fe
deficiency is widespread in humans (on one occasion
estimated by WHO in 2005 to affect five billion people, at
least to some degree) it is deficient in only about 3 % of all
productive soils of the survey. As a broad generalization, a
deficiency of at least one micronutrient is probable for most
soils and multiple deficiencies are not uncommon because
of the similar soil-pH effects on the availability of most of
the cations.

Whereas we can generalize that micronutrient
concentrations in plants reflect those in the soils they are
growing in, this does not take us very far. In reality, plant
species differ dramatically in their inherent abilities to
extract each nutrient from a given soil. These and varietal
differences operate within each target species such that plant
breeding within a species can greatly increase the adaptation
to a deficient soil (Graham 1984). Whether plant breeding is
focused on a specific trait or simply on pursuing potential
yield empirically, a nutrient efficiency trait is a common
basis for yield improvement, especially providing a capacity
to extract nutrient from deeper soil horizons that cannot
be economically treated with fertilizers.

Formal studies of micronutrient efficiency traits have
shown that copper efficiency appears in cereals to be due
to a single major gene (Graham et al. 1987); in Mn deficient
soils growing durum wheat breeders’ lines, we found the
trait involved one gene with major effect operative per
genome (Khabaz-Saberi et al. 2002), whereas in Zn-deficient
cereal growing soils, the trait was polygenic, yet it can be
usefully manipulated in breeding programs using molecular
markers that have been developed (Blair et al. 2009; Genc
et al. 2009; Lonergan et al. 2009).
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Further, these micronutrient efficiency traits are
composed of both uptake efficiency traits and seed loading
traits (Wissuwa et al. 2008; Genc et al. 2009). Grains with
high micronutrient concentrations produce more vigorous
seedlings when planted in deficient soils and this early
advantage almost invariably manifests itself in significantly
higher grain yield. In an example from Bangladesh,
micronutrient-enhanced seeds from fertilizer-treated mother
plants resulted in 24 % higher grain yields averaged over
4 years (Duxbury et al. 2009).

The chemistry of the micronutrient cations Fe, Cu, Mn,
Ni and Co in soils is largely dominated by pH and texture:
the lower the pH, the more soluble and available they are to
plant roots, but below pH 4.5-5, the effect of H ions on
plant membrane integrity counters the advantage of higher
solubility of micronutrient cations in soil, so deficiencies in
the plant are more likely under extreme soil acidity. The
higher the content of clay, the more strongly micronutrient
cations are held by soil colloids, countering leaching, but on
the other hand, decreasing by adsorption the movement
laterally towards the roots for absorption into the plant. All
these and many other soil factors make assessing the avail-
ability of micronutrients in soil for plant growth quite diffi-
cult to the extent that in the writer’s opinion, nutrient
availability, and fertilizer requirements, are best assessed
by analysing the growing plant, especially actively growing
leaves, and comparing the results to plant analysis standards
that have been set by exhaustive experimentation (see Reuter
and Robinson 1997). This approach usually identifies the
most limiting nutrient and when treated, other limitations
may be explored. At pH 5 and lower, root activity is itself
adversely affected so the optimal pH for availability of these
nutrients to plants is commonly in the intermediate range
around 5.5-7. Acidity in soil can be decreased with applica-
tion of lime or dolomite. On the other hand if salinity is not
severe, many cereal crops can obtain sufficient of these
micronutrients from soils in the alkaline range, a common
condition in cereal cropping soils of lower rainfall regions.

22.2.1 Remediation of Soils by Fertilizer Use

Micronutrients can be used as fertilizers to increase soil
concentrations to a level that results in adequate uptake by
plant roots, so removing this constraint to productivity.
Micronutrients can be applied separately or combined with
organic manures or one or more macronutrients such as
nitrogen, phosphorus, potassium, calcium, magnesium and
sulphur. Fertilizers may be applied to the soil or in aqueous
solution, much diluted and often repeated, to the leaves of
the plants themselves.

The use of fertilizers containing some combination of
macronutrients and micronutrients is standard practice in
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highly productive agriculture but most competent studies
in subsistence farming systems show they can be equally
highly effective. The limitation for poor farmers is the cost.
This can be addressed to some extent by first diagnosing the
limiting nutrients in order to decrease the overall cost of the
optimal fertilizer mix. This is a complicated task for the
experienced professional agronomist. Diagnosis of nutrient
needs is therefore more often than not prohibitive in cost or
availability of expertise to subsistence agriculture. Conse-
quently, the best compromise may be a complete nutrient
mix containing macronutrients and micronutrients in ratios
derived from an extensive literature of agronomic experi-
ence in comparable environments, crops and soils. Small
areas should be treated with small amounts of a complete
mixture (at small cost) and the results assessed for the
economic advantage of scaling up the area treated for the
following crop. If promising, professional support should be
found to help in fine-tuning the mixture for maximal returns
on the investment.

22.3 Biological Functions of Micronutrients

UNICEF (1998) defined micronutrients as nutrients (domi-
nantly vitamins and minerals) that are only needed by the
human body in minute amounts. Micronutrients are required
by humans for a vast range of physiological functions; they
play leading roles in the production of enzymes, hormones
and other substances, helping to regulate growth, develop-
ment and the functioning of the immune and reproductive
systems. While it is argued that at least 51 different nutrients
are needed in adequate amounts by human beings (Welch
2008), only a few of these elements are needed in such small
amounts that they are known as micronutrients (chromium,
manganese, iron, cobalt, copper, zinc, selenium, molybde-
num, and fluorine). For some other elements, clinical
symptoms have been observed with low concentrations in
the diet, but the possible essential function is not known. On
the other hand, micronutrients defined as nutrients with
public health importance include the following: zinc, iodine,
iron, selenium, copper, vitamins A, E, C, D, B2, B6, B12 and
folate. Humans suffer primarily from deficiencies of iron,
zinc, iodine, selenium and Vitamin A (WHO 2009).

The text below provides a concise review of the main
biological functions of some of the essential micronutrients
in humans. More information on the issue can be found in
Chaps. 6 and 7.

22.3.1 Zinc (Zn)

Zinc (Zn) is one of the most important trace elements in the
human body, with an average amount in the adult body
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between 1.4 and 2.3 g Zn (Calesnick and Dinan 1988). Zinc
is found in all body tissues and fluids in relatively high
concentrations, with 85 % of the whole body Zn in muscle
and bone, 11 % in the skin and the liver and the remaining in
all the other tissues (Kawashima et al. 2001).

Zinc has been identified to bind with 925 proteins in
humans, and as such, it can be deemed the most important
metabolic promoter among the known essential nutrients. It
is involved in almost all processes and metabolic pathways,
and is necessary for a wide range of biochemical, immuno-
logical and clinical functions (Hotz and Brown 2004). Zinc
is needed for nucleic acid metabolism and protein synthesis,
cellular differentiation and replication as well as glucose
metabolism and insulin secretion (Vallee and Falchuk
1993). Additionally, Zn promotes the synthesis of
metallothionenin, a protein found in intestinal mucosa,
liver, and kidneys that is necessary for normal heavy metal
metabolism (Hotz and Brown 2004). Metallothioneins play a
key role in Zn-related cell homeostasis due to their high
affinity for Zn, which is in turn relevant against oxidative
stress and immune responses, including natural killer (NK)
cell activity and ageing.

Zinc is essential as a catalytic, structural and regulatory
ion. Several genes have been recognised as potential
candidates for regulation by Zn: genes involved in the regu-
lation of redox state, fatty acid metabolism, signal transduc-
tion and platelet activation.

Zinc serves as a structural component that allows for the
coordinate binding of amino acids, mainly cysteine and
histidine residues in the protein chain, to form a finger like
structure.

Zinc is an important element in preventing free radical
formation, in protecting biological structures from damage
and in regulating the immune functions. More specifically,
Zn is an essential element for thymic functions by means of
a Zn-dependent thymic hormone called thymulin required
for T-cell maturation and differentiation (Mocchegiani et al.
2000).

22.3.2 Iron (Fe)

The human body contains approximately 3-5 g of Fe
(45-55 mg/kg of body weight in adult women and men,
respectively). The majority of body Fe (~60-70 %) is
utilized within hemoglobin in circulating red blood cells
(Andrews 1999). Approximately 20-30 % of body Fe is
stored in hepatocytes and in reticuloendothelial
macrophages, to a large extent within ferritin and its degra-
dation product hemosiderin. The remaining body Fe is pri-
marily localized in myoglobin, cytochromes, and Fe
containing enzymes. A healthy individual absorbs daily
1-2 mg of Fe from the diet.
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Iron is a key element in the creation of hemoglobin and
myoglobin in humans; necessary for various biochemical
pathways and enzyme systems including energy metabo-
lism, cell division, neurotransmitter production, collagen
formation and immune system function (Edison et al.
2008). Iron plays an essential role in oxygen transport,
oxidative metabolism, and cellular growth. On the other
hand, too much of it can be toxic to cells, as it can catalyse
the creation of reactive oxygen species through the Fenton
reaction. Therefore, it is essential that Fe uptake and storage
at both cellular and whole body levels are precisely
regulated. For the maintenance of body Fe homeostasis,
there must be effective communication between the main
sites of Fe utilization (e.g., the erythroid marrow), storage
(e.g., the liver and reticuloendothelial system) and the pri-
mary site of absorption in the small intestine (Steele et al.
2005). Due to the different Fe requirements within the body,
a number of ‘regulators’ of Fe homeostasis has been
hypothesized: dietary regulator (or mucosal block regulator),
stores regulator, erythropoietic regulator, inflammatory reg-
ulator, etc. (Edison et al. 2008). However, the latest data are
showing that the various regulators may not be necessarily
different and could represent differential responses mediated
by the same molecules (Hentze et al. 2004). A molecule that
could have a central regulatory role in Fe metabolism,
secreted by the liver and excreted by the kidneys is hepcidin.
It is a small peptide, which acts as a functional target for all
other regulators (Edison et al. 2008).

In order to better understand how systemic Fe homeosta-
sis is maintained, it is necessary to look at the movement of
Fe among various tissues and organs of the human body
(Fig. 22.1).

The bloodstream carries Fe bound to transferrin around
the body; most of it is integrated into hemoglobin by devel-
oping erythrocytes in the bone marrow. Old or damaged
erythrocytes are removed from the bloodstream by the
macrophages, and the Fe is recycled back to plasma trans-
ferrin. Iron is needed in all tissues for their metabolic needs,
and as it is not actively excreted, the amount of Fe in the
body must be controlled at the point of absorption in the
small intestine.

Dietary Fe is absorbed by the body through the small
intestine in quantities equal to the amounts of lost Fe from
the body, so establishing the body’s Fe homeostasis. Iron
flux from intestinal enterocyte to the bloodstream is
modulated by a liver-derived peptide, hepcidin. Hepcidin
expression is influenced by systemic stimuli such as the
rate of erythropoiesis, Fe stores, hypoxia, oxidative stress
and inflammation.

Hepcidin is the major regulatory point of Fe homeostasis
and its expression is determined by the complex interplay of
various factors, and depending on the specific situation, one
of several stimuli will predominate (Prasad 1991).
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Fig. 22.1 Main routes of iron
transport between various tissues
and organs including the likely 7
role of zinc in iron homeostasis.
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Stimuli can signal through multiple pathways to regulate a pivotal role in reducing hydrogen peroxide (H,O,) and
hepcidin expression, and the interaction between positive lipid peroxides to harmless products thus reducing the prop-
and negative stimuli is critical in determining the net agation of damaging reactive oxygen species (ROS)
hepcidin level (Darshan and Anderson 2009). Since hepcidin ~ (Gromer et al. 2005). As antioxidants, the GPxs help main-
expression is mostly restricted to the liver, it is highly likely tain membrane integrity, protect prostacylin production, and
that the hepatocyte is the site of action of the regulatory limit the propagation of oxidative damage to lipids,
stimulus. Current data would suggest that Fe levels as such lipoproteins, and deoxyribonucleic acid (DNA). Selenium
do not play a primary role in this process, but rather that an is essential for testosterone biosynthesis and the formation
additional signal is involved. Recent research, summarized and normal development of spermatozoa. Evidence is
in Graham et al. (2012) provides evidence that Zn accumulating that elevated dietary levels of Se may be
concentrations in the body may have a crucial role in Fe protective against colorectal and prostate cancer (Clark
homeostasis (more about Fe uptake in the human body, Fe et al. 1996) and against heart disease (Liu 2003). It also
transporters and Fe homeostasis mechanism can be found in  appears that Se may reverse the accelerated decline in
Chaps. 6 and 7). immune response in the elderly (Rayman 2000). Besides

antioxidant and anti-cancer action, Se also has a positive
role in detoxification of heavy metals (Rayman 2000).

22.3.3 Selenium (Se)

Selenium was first discovered in 1817; however it was not 22.3.4 Copper (Cu)

until 1957 that Schwarz and Foltz confirmed Se as an essen-

tial nutrient necessary for normal growth and reproductionin  Copper is a relatively scarce metal in humans with an aver-
animals and humans. There is less than 1 mg of Se in the age concentration of 1.4-2.1 mg/kg in healthy individuals
human body, most of it in the liver, kidneys and pancreas (Milne 1998). It is normally bound to proteins or to organic
(Haas 2001). At least 25 different selenoproteins and a compounds and is not found as free Cu ions. Nearly two
variety of subsequent isoforms exist in the human body thirds of the body’s Cu is found in the skeleton and muscles
(Gromer et al. 2005) and they exert multiple actions on (Turnlund et al. 1998).

endocrine, immune, and inflammatory functions. Of partic- Most enzymes employ Cu in electron transfer reactions;
ular importance to reproduction and pregnancy are the six enzymes involved in energy production (cytochrome
antioxidant glutathione peroxidases (GPxs), which play oxidase) and in the protection of cells from free radical
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damage (superoxide dismutase). Copper in ceruloplasmin
has a well documented role in oxidising Fe before it is
transported in the plasma (Lonnerdal and Uauy 1998).

Copper is also involved with an enzyme that stren-
gthens connective tissue (lysyl oxidase) and in brain
neurotransmitters (dopamine hydroxylase and peptidyl
alpha amidating monoxygenase).

The few Cu containing proteins found in the cytoplasm
are involved in protection and detoxification of Cu and in the
cellular response to Cu levels. Most features of severe Cu
deficiency can be explained by a failure of one or more of
these Cu dependent enzymes.

22.3.5 lodine (I)

Iodine is an essential element found in trace amounts in the
human body (15-20 mg). It is stored almost entirely within
the thyroid gland (Zimmermann 2011). According to
Australian Nutrition Foundation (2003), I is defined as a
chemical element that is required for growth and survival.
Iodine functions as a component of thyroid hormones
(triiodothyronine, T3 and thyroxine, T4) which play a vital
role in the regulation of metabolic processes such as growth
and energy expenditure (Zimmermann 2011). Iodine is also
essential to the normal development of the foetal nervous
system. It regulates the effect of oestrogen on breast tissue,
and it may protect against the effects of radioactivity. Addi-
tionally, the extra-thyroidal I has other functions; it removes
toxic chemicals and biological toxins, suppresses autoimmu-
nity, strengthens the T-cell adaptive immune system and
protects against abnormal growth of bacteria in the stomach,
Helicobacter pylori in particular (Miller 2006).

22.3.6 Vitamin B12 - Cobalt (Co)

The importance of cobalt (in the form of vitamin B12) for
humans was discovered in 1948 (Rickes et al. 1948), while
the full chemical structure of B12 was not identified until the
1960s. Vitamin B12 is the only vitamin synthesized solely
by certain microorganisms (algae, yeast), many of which are
abundant in soils, and the only vitamin containing a metal
ion, Co (Carmel 2007).

B12 owes its chemical name ‘cobalamin’ to the Co at the
centre of its molecular structure. Vitamin B12 can be stored
in the body for extended amounts of time, even for years. It
is primarily stored in the liver; other places are the heart,
spleen, brain, kidneys, bones, and muscles (Seatharam and
Alpers 1982).

Two forms of vitamin B12 are used in the human body,
methylcobalamin and 5-deoxyadenosyl cobalamin.
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Cobalamin is a cofactor for only two enzymes,
methionine synthase and L-methylmalonyl-CoA mutase
(Carmel 2007). Proper functioning of methionine synthase
is needed for methylation of DNA which is important in
cancer prevention. Inadequate function of methionine
synthase can lead to an accumulation of homocysteine,
which has been associated with increased risk of cardiovas-
cular diseases. 5-deoxyadenosylcobalamin is required by the
enzyme that catalyzes the conversion of L-methylmalonyl-
CoA to succinyl-CoA, a substance required for the synthesis
of haemoglobin, which is perhaps the most well known
function of vitamin B12. Additionally, vitamin B12 is
involved in the development of nerve cells; it is required for
growth and repair of cells and for the proper movement of
carbohydrates and fats through the body (Seatharam and
Alpers 1982).

22.3.7 Vitamin B9 (Folic Acid)

Folic acid is named after the Latin word, “folium” for leaf.
Synonyms for folic acid are vitamin B9, folacin,
pteroylglutamate, pteroylmonoglutamate, and folate. Folic
acid is composed of three parts; pteridine connected to para-
aminobenzoic acid (PABA), which forms pteroic acid.
Finally, pteroic acid is connected to glutamic acid to form
folic acid. These compounds must be present for activation
of folic acid (Hathcock 1997). Folic acid helps in the metab-
olism of several amino acids such as histidine, glycine,
serine, and methionine. This vitamin is essential for cell
division, production of DNA and RNA, and assists in the
prevention of changes in DNA. Folate is essential for the
formation of red and white blood cells in the bone marrow
and for their maturation and is a single carbon carrier in the
formation of heme. Folic acid is also involved in the synthe-
sis of neuromediators which play a key role in the metabo-
lism of the brain and nerve tissues (De Walle and De Jong-
Van Den Berg 2002).

22.3.8 Manganese (Mn)

Manganese is essential for life. The human body contains
approximately 20 mg of Mn most of which is found in the
liver, bones, and kidneys. Manganese serves two primary
biochemical functions in the body, it activates specific
enzymes, and it is a constituent of several metalloenzymes
(Davis and Greger 1992). The enzymes Mn activates include
hydrolases, decarboxylases, kinases, and transferases.

The manganese metalloenzymes include arginase, pyru-
vate carboxylase, glutamine synthetase, and Mn superoxide
dismutase. Manganese functions with vitamin K in the
formation of prothrombin. It participates in numerous
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biochemical functions in the body including steroid and
sulfomucopolysacchride biosynthesis, carbohydrate and
lipid metabolism, and bone, blood clot, and protein forma-
tion (Friedman et al. 1987). Manganese is also essential for
normal brain function, possibly through its role in biogenic
amine metabolism (Bowman 2011).

22.4 Impact of Micronutrient Deficiencies on

Human Health

22.4.1 Development of a Micronutrient
Deficiency

Micronutrient deficiency occurs when needs and losses
exceed dietary intake. A number of factors contribute to
needs including normal metabolism, growth and develop-
ment, pregnancy and lactation, and disease state (Gibson
2005). Loss of nutrients can also be part of normal physio-
logical processes (e.g. menstruation, skin exfoliation) and it
can be highly accelerated during disease and infections
(Gibson 2005). Before we discuss the negative effects
associated with deficits of individual micronutrients, it is
important to identify various ways by which a mineral defi-
ciency can arise.

Primarily, a micronutrient deficiency occurs as a conse-
quence of an insufficient dietary intake of an essential nutri-
ent. Diets of people living in developing countries are mostly
based on plant foods with low concentrations of important
micronutrients. Consumption of animal-protein foods such
as meat, poultry and fish is often small, because of eco-
nomic, cultural and/or religious constraints. As a result, the
amount of micronutrients accessible for absorption from
such diets is low, and is probably the main cause of micro-
nutrient deficiencies.

A secondary, or conditioned, deficiency may occur even
if the dietary content of the essential nutrient appears to be
adequate (Keen et al. 2003). Conditioned deficiencies occur
through several mechanisms (Fig. 22.2).

PRIMARY MICRONUTRIENT DEFICIENCY

Fig. 22.2 Factors contributing to the development of a nutritional
deficiency. Primary micronutrient deficiency is due to the inadequate
dietary intake of a particular nutrient, while secondary micronutrient
deficiency is caused by various factors
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1. Genetic factors may be responsible for increased
requirements of particular nutrients. For example,
individuals with acrodermatitis enteropathica require a
large amount of Zn in their diet because of a genetic
defect in Zn absorption (Wang et al. 2002), whereas
people with Menkes disease suffer from copper defi-
ciency resulting from defects in the intracellular traffick-
ing of this element (Keen 1998).

2. Interactions between the essential nutrients may also
result in conditioned deficiencies. For example, dietary
binding factors, including phytate and polyphenols, can
create a complex with essential nutrients in the gut and
consequently limit their absorption.

It is well known that Fe and Zn deficiencies occur in
individuals who consume phytate-rich diets (Hambidge
2000).

In the research literature phytic acid and phytate are terms
that are often used as synonyms, which can lead to
misunderstandings. To explain, phytic acid is a free
acid, a hexa phosphorous acid ester of the 6-hydroxyl
group cyclic alcohol myo-inositol that has an essential
characteristic for certain microorganisms. The correct
chemical term for phytic acid is myo-inositol 1,2,3,4,5,6
hexakis dihydrogen phosphate. Phytates are the salts of
phytic acid. The international abbreviation PA stands for
both phytic acid and for phytate. The antinutritive effect
of phytic acid is based on its molecular structure. At
complete dissociation, the six phosphate groups of phytic
acid carry twelve negative charges which, in weak acidic
to neutral pH conditions, bind various di- and tri-valent
cations (Ca, Mg, Fe, Zn, Cu, Mn) into a stable complex
(Fig. 22.3).

“0=P=%}N-c-c-0 protein

Fig. 22.3 Structure of phytic acid showing six phosphorous acid
molecules bound to a phytic acid molecule, with negative charges
binding divalent cations (Modified from Sohail and Roland 1999)
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The formation of insoluble phytate mineral complexes in
the intestinal tract prevents mineral absorption, and thus
reduces the bioavailability of essential minerals (Elkhalil
et al. 2011).

Zinc appears to be the trace element whose availability is
the most influenced by phytic acid (Rimbach et al. 2008).
Similarly, non-heme Fe is poorly absorbed in presence of
phytates which irreversibly bind Fe in the gastrointestinal
lumen, making it unavailable for absorption.

In addition, a number of studies over the years showed a
1215 fold decrease in the absorption of Fe and Zn in the
presence of phytate (Egli et al. 2004; Bohn et al. 2004).
A negative effect of phytate on absorption of other
nutrients (manganese, calcium, copper) has also been
observed (Lonnerdal et al. 1989).

Polyphenols, mostly present in the outer layer of the
cereal grain, have also been shown to have inhibitory
effect on absorption of certain micronutrients.
Polyphenols are thought to act through the formation of
complexes between the hydroxyl groups of the phenolic
compounds and mineral molecules. Generally, the extent
of inhibition varies inversely with the condensed poly-
phenol content (Elkhalil et al. 2011).

3. Mineral-mineral interaction can happen in a variety of
ways. If the metabolism of one nutrient is dependent on
the metabolism of another, a deficit of one may influence
the availability of the other. Another interaction may
occur when minerals share a common transport site or
transport ligand (e.g. the absorption of Fe and metals
close to Fe).

The presence of competing metals in the diet can have a
marked effect on their absorption.

For example, zinc and cadmium are very strong
antagonists of copper absorption (Danzeisen, et al.
2002). A number of studies over the years showed that
absorption of metals close to Fe (e.g. cobalt, nickel,
manganese and cadmium) is enhanced in Fe deficient
subjects (Lynch 1997). Lead absorption is increased in
Fe-deficient human subjects (Lynch 1997). The enhanced
absorption of Mn and Co in Fe deficient rats can be
inhibited competitively by Fe, and vice versa. Prolonged
or excessive supplementation of the diet with zinc can
lead to copper deficiency, very probably due to the Zn
stimulated induction in the intestinal mucosa, mechanism
not clear (Lynch 1997). Large doses of Fe may also
reduce copper absorption, which has been demonstrated
in children suffering from severe protein malnutrition
(Kwashiokor) in Peru (Anderson 1981).

4. A fourth mechanism by which a conditioned deficiency
can arise is through an effect of drugs or chemicals on the
metabolism of the nutrient. Examples are diuretics that
increase urinary loss of some nutrients. The increased
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turnover of folic and ascorbic acid, which occurs via
oxidative damage secondary to smoking, is an example
of how one toxin can induce essential nutrient
deficiencies (Van Wersch et al. 2002).

5. A fifth mechanism by which a conditioned deficiency
arises is through stressor-induced physiological changes
in micronutrient metabolism. For instance, diabetes, renal
diseases, hypertension modify the metabolism of some
minerals, including Zn, Fe and copper (Keen 1996), pos-
sibly because of the induction by stress of an acute phase
response. Inflammatory bowel disease often leads to
deficiencies of vitamin A, K, D, Zn and Fe, while patients
with asthma have lower concentrations of Zn and Se;
higher Cu concentrations, and higher Cu/Zn and Cu/Se
ratios (Goh and Morain 2003).

22.4.2 The Consequences of Deficiency of
Individual Micronutrients on Human
Health

22.4.2.1 Zinc Deficiency in Humans

The first cases of human Zn deficiency were described in
early 1960s, in male adolescent dwarfs from the Middle East
consuming plant-based diets (Prasad et al. 1963). Since that
time, Zn deficiency has been identified in many other regions
of the world. During the past 50 years, it has become evident
that deficiency of Zn in humans is quite prevalent, and today
it affects over two billion people in the developing world
(WHO 2011). In 2002 Zn deficiency was incorporated
as a major risk factor to the global and regional burden
of disease, along with Fe, vitamin A and I deficiency
(WHO 2002).

Zinc binds with 925 proteins in humans. Because Zn
interacts with so many proteins Zn deficiency in humans
is manifested in a wide range of symptoms, from acute,
life-threatening problems to mild subclinical or marginal
disorders which may only vaguely disturb well being
(Walsh et al. 1994). The acute problems are often seen in
profoundly ill patients treated in hospitals, whereas subclin-
ical problems may be so indistinct that they often stay
unrecognised (Prasad 2003).

The clinical manifestations of severely Zn deficient
subjects include bullous pustular dermatitis, diarrhoea, alo-
pecia, mental disturbances, and intercurrent infections due to
cell-mediated immune disorders. Growth retardation, male
hypo-gonadism, skin changes, poor appetite, anorexia, men-
tal lethargy, abnormal dark adaptation, and delayed wound
healing are usual manifestations of moderate deficiency of
Zn (Barceloux, 1999). Systemic intestinal inflammation
associated with Zn deficiency can lead to Fe deficiency
anemia (Roy 2010).
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Most recently, mild Zn deficiency has been shown to
cause colitis in rats via impairment in the immune response
(Iwaya et al. 2011), which shows a critical role of Zn in
controlling inflammatory reactions in the intestine.

Additionally, a mild or marginal deficiency of Zn
in humans is characterized by neurosensory changes,
oligospermia in males, decreased serum testosterone in
males, hyperammonemia, decreased serum thymulin activ-
ity, decreased IL-2 production, decreased natural Kkiller
cell activity, alterations in T cell subpopulations (Beck
et al. 1997 ), impaired neuropsychological functions, and
decreased ethanol clearance (Prasad 2002).

Zinc deficiency is associated with many diseases, for
example, malabsorption syndrome, chronic liver disease,
chronic renal disease, sickle cell disease, diabetes, malig-
nancy, and other chronic illnesses (Prasad 2003). In these
conditions, deficiencies of other micronutrients such as
vitamins and other trace elements are often seen, which
means that deficiency of one micronutrient rarely occurs in
isolation.

22.4.2.2 Iron Deficiency in Humans

The human population is surprisingly Fe-deficient despite
the earth and its rocks and soils being quite rich in Fe. The
World Health Organisation (1995, 2005, 2011) on its
website estimated in 2005 the global incidence of Fe defi-
ciency to be between four and five billion people, and the
current website identifies two billion severely deficient, that
is, anemic. It appears that more than half the total problem is
dietary in origin.

Total body Fe (measured by ferritin), transport Fe
(measured by transferrin saturation), serum Fe, and other
hematologic and biochemical markers are used to describe
the degrees of Fe deficiency. Iron depletion refers to the
earliest stage of diminishing Fe stores in the setting of
insufficient Fe supply. Iron deficiency (without anemia)
develops as these Fe stores are depleted further and begin
to impair hemoglobin synthesis. Finally, Fe deficiency
anemia results when the Fe supply is insufficient to maintain
normal levels of hemoglobin.

Iron deficiency anemia is most severe and widespread
among growing children and pre-menopausal women,
because adult males even in old age resist anemia despite
poor diets in resource-poor countries (Markle et al. 2007).
Common symptoms of Fe deficiency are: tiredness, lethargy,
shortness of breath (dyspnoea) and palpitations (irregular
heartbeat).

Most Fe-deficient women and children are debilitated to
some degree in both physical and mental work capacity.

Iron deficiency anemia results in increased child and
maternal mortality, slower child development, delayed cog-
nitive development in children and adolescents and
decreased work productivity (Andrews 1999).
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22.4.2.3 Selenium Deficiency in Humans

Selenium is an important trace element that has heightened
interest because of its antioxidant and anticancer properties.
Selenium deficiency has been mainly identified in people
inhabiting geographical regions notable for low soil sele-
nium content, such as volcanic regions (Poland, former
Yugoslavia, China, and Russia). Deficiency symptoms for
Se are difficult to determine and controversial in the research
literature. Intake of Se that is borderline or only mildly
deficient has not been connected with specific symptoms.
With prolonged and severe deficiency, symptoms usually
centre around two of the body areas, the heart and the joints
(Diplock 1992). Keshan disease is a well known example of
an endemic cardiomyopathy that has been observed in chil-
dren, adolescents and pregnant women in the Keshan region
of China, a place where Se levels in soil and food are
extremely low (Lederer 1986). Similarly, Kachin-Beck dis-
ease is an osteoarthropathy reported to occur in Se-deficient
populations (Navarro-Alarcon and Lopez-Martinez 2008).
Deficient Se intake may also contribute to carcinogenesis,
possibly due to the failure of GSH-Px to scavenge free
radicals efficiently (Rayman 2000). Finally, numerous
reports associate Se deficiency with several reproductive
and obstetric complications including male and female infer-
tility, miscarriage, preeclampsia, foetal growth restriction,
preterm labor, gestational diabetes, and obstetric cholestasis
(Sager 2006).

22.4.3 Copper (Cu) Deficiency in Humans

Copper has been recognized as an essential nutrient since the
1920s; however the first good evidence of a nutritional
Cu deficiency was provided by studies on malnourished
Peruvian children (6 months to 3 years) in the 1960s
(Cartwright and Wintrobe 1964).

Disruptions in Cu homeostasis have implications in a
number of diseases, and deficiencies in Cu absorption have
a number of negative effects.

Unfortunately, most research into Cu deficiency has
focused on acute, severe deficiency, which is relatively
rare in humans on typical, varied diets. Marginal, chronic
deficiency, however, is much more common. The determi-
nation of Cu needs and symptoms of marginal deficiency are
complicated by the fact that while Cu deficiency doesn’t
necessarily lower the level of Cu-dependent enzymes, it
does significantly lower their activity (Turnlund 1998).

Copper enzymes are widely distributed within the body;
they perform several diverse functions (Cartwright and
Wintrobe 1964) including transport of oxygen and electrons,
catalysis in oxidation-reduction reactions and the protection
of the cell against damaging oxygen radicals. At least ten
enzymes are known to be dependent upon Cu for their
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function. Inadequate Cu uptake during development
interferes with the activity of cuproenzymes that leads to
increased oxidative stress, decreased availability of nitric
oxide, abnormal Fe metabolism, problems with cross linking
in the extracellular matrix and altered cell signalling; in turn,
these reactions affect a variety of tissues and organs includ-
ing the brain, heart, lungs and skin (Uriu-Adams et al. 2010).
Abnormalities associated with Cu deficiency include: ane-
mia, neurological damage, hypercolesterolaemia, cardiomy-
opathy, osteoporosis and impaired immune function
(Cordano 1998). Other changes may also develop, including
subperiosteal haemorrhages, hair and skin depigmentation,
and defective elastin formation (Lonnerdal 1998).

Despite the scarcity of Cu in the environment, overt Cu
deficiency is rare in humans (Cordano 1998). Deficiency has
been observed in individuals with restricted diets and
in premature infants fed cow’s milk formulas (Cordano
1998). Chronic ingestion of large quantities of Zn may
reduce the efficiency of Cu absorption and has been reported
to cause deficiency (Bertinato et al. 2003). Also, individuals
suffering from malnutrition and severe malabsorption
syndromes as well as patients undergoing chelation therapies
are at increased risk of deficiency (Bleackley and
MacGillivray 2011).

22.4.3.1 lodine Deficiency in Humans

Current calculations by the International Council for Control
of Todine Deficiency Disorders have suggested that 29 % of
the world’s population, or approximately 1.6 billion people,
live in areas of I deficiency and are at risk for IDD. Nearly
30 % of the world’s 241 million school-age children remain
I-deficient ICCIDD 2011).

Those people at highest risk for IDD are located primarily
in mountainous regions far from the sea such as the
Himalayas, the European Alps, the Andes, and the
mountains of China.

Population effects of severe I deficiency include endemic
goiter (enlarged thyroid gland), decreased fertility rate,
increased infant mortality, and mental retardation. If iodine
deficiency is extremely severe, thyroid hormone production
falls, and patients become hypothyroid.

Hypothyroidism in the fetus, neonates, and in young
children prevents central nervous system maturation, espe-
cially neuronal myelination, leading to permanent mental
retardation. In the most severe form, the constellation of
mental retardation and growth abnormalities is called cretin-
ism. Cretenism is rare, but is still seen in regions of severe
I deficiency in Southern and Eastern Europe, Asia, Africa,
and Latin America.

22.4.3.2 Vitamin B12 and Folate Deficiencies
B12 and folate are B complex vitamins that are necessary for
normal red blood cell formation, tissue and cellular repair,
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and DNA synthesis. A vitamin B12 and/or folate deficiency
reflects a chronic shortage of one or both of these vitamins.
Since the body stores 3—6 years worth of vitamin B12 and
about a 3 month’s supply of folate in the liver, deficiencies
and their associated symptoms can take months to years to
manifest in adults (Seatharam and Alpers 1982). Infants and
children will show signs of deficiency more rapidly because
they have not yet established extensive reserves.

A cobalt deficiency has never been produced in humans.
Signs and symptoms of one are actually those of a vitamin
B12 deficiency. Untreated vitamin B12 deficiency can lead
to serious complications, such as micrositic anemia, nerve
damage, and growth abnormalities. Indications of a defi-
ciency of vitamin B12, when they do reach a stage where
they have shown up, can be quite severe: fatigue, paleness,
anorexia, mental confusion, delusions, paranoia, weight loss,
etc. Vitamin B12 deficiency is estimated to affect 10-15 %
of individuals over the age of 60 (Baik and Russell 1999).

Folic acid deficiency causes cell multiplication to slow
down, particularly regarding cells with a high renewal rate
such as blood cells and cells in the intestine, liver and skin.

Signs of this hypovitaminosis are therefore anaemia,
depression, dementia, increased rate of heart disease, diges-
tive and neurological problems and mucous membrane
problems (gums, for example) (Flood and Mitchell 2007).
In pregnant women, the consequences of folic acid
deficiency are even more dramatic: anomalies with the
development of maternal tissue (placenta, blood circulation),
anomalies with foetal development (spina bifida,
anencephalia), delayed growth of the foetus, increase in the
risk of premature birth and low folate reserves in the baby
(Van Wersch et al. 2002).

22.4.3.3 Manganese Deficiency in Humans

The requirements of Mn for plants are generally higher than
those for animals owing to its high requirement in the syn-
thesis of cell wall materials which animal cells do not have
(Graham and Stangoulis 2001). Consequently, plant-based
diets should generally be adequate in Mn for humans, except
in areas of severe Mn deficiency in the soil itself. While an
outright Mn deficiency has not been observed in the general
human population, suboptimal Mn status may be more of a
concern. As reviewed by Freeland-Graves and Lianis
(1994), several disease states have been associated with
low levels of serum Mn. These include epilepsy, exocrine
pancreatic insufficiency, multiple sclerosis, cataracts, and
osteoporosis. In addition, several inborn errors of metabo-
lism have been associated with poor Mn status (e.g. phenyl-
ketonuria, maple syrup urine disease). Impaired fertility,
growth retardation, birth defects, bone malformations,
seizures, and general weakness may also result from Mn
deficiencies (Friedman et al. 1987).



22 The Impact of Micronutrient Deficiencies in Agricultural Soils and Crops

Interaction Between Micronutrient
Deficiencies

22.5

It is now well recognised that many population groups in
developing countries do not suffer from single but rather
from multiple nutrient deficiencies. Multiple deficiencies are
a consequence of a range of common factors, including diets
lacking in adequate nutritional quality mainly related to
poverty, seasonal variation in food availability, and cultural
food practices. Low bioavailability of nutrients, especially
from plant sources, illness or infection, further intensify
deficiency due to poor nutrient utilization. Existing public
health strategies mostly focus on one micronutrient, for
example, the National Nutritional Anaemia Control
Programme and the National IDD Control Programme.

Major intervention programs address mostly Fe, I
and vitamin A deficiencies, mostly as single nutrient
interventions, with fewer programs operating for other
limiting essential trace elements (Gibson 2003).

It cannot be said with certainty that there is a common
underlying cause of multiple micronutrient deficiencies, or
that one micronutrient deficiency specifically leads to
another deficiency. However, it is obvious that micronutrient
deficiencies are occurring simultaneously in many regions of
the world (Fig. 22.4). A diet rich in phyate and low in animal
proteins, common in many developing countries, can lead to
insufficient intake and absorption of both Fe and Zn
(Kennedy et al. 2003). Dijkhuizen et al. (2001) observed
concurrent occurrence of vitamin A, Fe, and Zn deficiencies
in lactating mothers and their infants in rural villages in
West Java, Indonesia. In addition, Anderson et al. (2008)
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demonstrated a high prevalence of co-existing micronutrient
deficiencies in Cambodian children, with Zn (73 %) and Fe
(71 %) being the most prevalent deficiencies. Vitamin A, Zn,
Fe, and I have been mentioned, but there are many more
significant overlaps. For example, according to Singh (2004)
selenium deficiency may impair utilization of I because it is
a key component of the enzyme required to convert thyrox-
ine to triidothyronine.

Vitamin A deficiency can aggravate both Fe and Zn
deficiencies (Welch 1986). Similarly, vitamin B12 defi-
ciency can cause anemia (Fe-resistant or pernicious anemia).

More importantly, newly published mechanisms of the
regulation of Fe uptake by dietary Zn in humans (Graham
et al. 2012) show that Zn deficiency could be the cause of up
to half of the global burden of Fe deficiency anemia.

It is important to treat concurrent micronutrient
deficiencies together, as the positive effects of this approach
have been reported in number of studies. For example,
Shoham and Youdim (2002) investigated the effect of
4-week Fe and/or Zn treatments on neurotransmission in
the hippocampal region in rats. Iron or Zn alone was not
effective whereas together they caused a significant increase
in ferritin-containing mossy fiber cells (cells important for
memory and learning). This is the classical response to the
addition of two limiting essential nutrients acting together on
a physiological or developmental pathway.

Ramakrishnan et al. (2004) undertook meta-analyses of
such randomized controlled interventions to assess the
effects of single vitamin A, Fe, and multi-micronutrient
(Fe, Zn, vitamin A, vitamin B and folic acid) interventions
on the growth of toddler children. In their summary of
around 40 different studies, they clearly found greater

Fig. 22.4 Prevalence of
common micronutrient
deficiencies in developing
countries. (Modified from Welch
and Graham 1999)

Iron deficiency
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benefits from multi-micronutrient interventions that they
explained by the high prevalence of concurrent micronutri-
ent deficiencies and the positive synergistic effects between
these nutrients at the level of absorption and/or metabolism
(for example, vitamin A and Fe, vitamin A and Zn, Fe and
Zn, all three) (Ramakrishnan et al. 2004).

To sum up, micronutrient deficiencies often coexist in the
same at-risk individuals owing to poor quality diets and
recurring illnesses. Therefore, multiple, rather than single,
micronutrient interventions are needed to positively affect
various health and nutrition outcomes.

22.6 Agricultural Interventions for Reducing
Micronutrient Deficiencies in Humans

Traditionally, agricultural programs have not been designed
to promote human health, but are mainly focused on increas-
ing yields, productivity and general food availability. For
many years, the agriculture, nutrition and health sectors have
operated as separate entities, and policies and government
structures have been planned without looking at the
interactions among these sectors (Bouis and Welch 2010).

Nowadays, more and more people realise that agricultural
interventions may have a positive impact on nutritional
status of humans, particularly if they are clearly
implemented with that objective. Collaboration among
health, agriculture and nutrition sectors is essential in the
development of programs that can reduce the number of
people suffering from micronutrient deficiencies in a most
effective way.

Plant foods can serve as dietary sources of all essential
minerals required by humans. Unfortunately, mineral
concentrations of some plants are very low. This problem
of low mineral density is particularly important in staple
foods, such as cereal grains and tuber crops, which make
up a large proportion of daily food intake in the developing
world (Calloway 1995 in Grusak 2002). Thus, various agri-
cultural interventions are used to increase the mineral con-
tent of these foods in order to ensure adequate intake of
dietary minerals in all individuals. One well known agricul-
tural strategy is crop mineral biofortification which is
achieved by agronomic fertilisation with metal salts.
Nutrient concentrations can be increased greatly, from less
than double for Zn in rice to a 100 times in an example of
selenium in wheat (Lyons et al. 2004). However, this
approach involves some technology and costs. On the other
hand, crop biofortification by breeding or by genetic modifi-
cation offers a sustainable and low-cost way to provide
essential micronutrients to people in both developing and
developed countries (Graham et al. 2007).

Biofortification refers to the use of traditional crop breed-
ing practices to increase the micronutrient concentrations in
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Fig. 22.5 The biofortification strategies for improving absorption of
micronutrients in humans

crops, in order to target the specific micronutrient deficiency
of a target population (Nestel et al. 2006). It involves classi-
cal breeding approaches designed to characterize and exploit
genetic variation for mineral content as well as new
approaches involving gene discovery and directed genetic
modification for creating new plant lines with improved

mineral qualities (Graham and Welch 1996).

The ultimate aim of each biofortification intervention is

to increase the absorption of a certain micronutrient from a

human diet. In this instance, four main biofortification

strategies can be applied to crops (Fig. 22.5).

1. Increase the concentration of a deficient micronutrient
Due to genotypic variation, the concentrations of
micronutrients in grains of major crops can be quite
diverse. For example, Fe concentration in the edible
parts of differing varieties of maize (Zea mays), wheat
(Triticum spp.), rice (Oryza sativa) and common beans
(Phaseolus vulgaris) falls between 6 and 70 mg/kg dry
weight. Similarly, higher concentrations of both Fe and
7Zn have been measured in emmer wheat (Triticum
turgidum ssp. dicoccoides), a progenitor of domesticated
wheat, than in a modern durum wheat cultivar (Grusak
2002). Plant mineral concentrations do also vary among
plant tissues (e.g. leafy structures versus seeds) (Abbo
et al. 2000).

One way of increasing the concentrations of a deficient
micronutrient through breeding processes is by identifi-
cation and reintroduction of functional genes (responsible
for higher concentrations of a particular micronutrient/
group of nutrients) from wild relatives to domesticated
varieties (Grusak 2002). In recent years, plant scientists
have begun to identify genes which encode proteins
of relevance to the membrane transport of various min-
eral nutrients. These protein products include membrane
transporters, as well as proteins that facilitate the
availability of minerals at the root-soil interface
(Grusak 2002).

The data are now available for genes encoding various
divalent metal transporters (e.g. for Fe?* an, an, Cu2,
Ni2, and others) (Elde et al.1996; Grotz et al. 1998). The
overexpression of a Ca®"H* antiporter in the model plant,
Arabidopsis thaliana, has led to a moderate increase in
leaf Ca concentration (Hirsch 1999) which demonstrates
the potential usefulness of this approach. Similarly, the



genes for ferric reductases have been identified
(Robinson et al. 1999).

Overexpression of the Fe-storage protein ferritin in rice
grains has also been reported to result in a threefold
(Lucca et al. 2001) increase in Fe concentrations. New
discoveries clearly show that improvement of mineral
content of plants by transgenic manipulation is a feasible
option; however much more work is required before this
technology can have a widespread use.

. Reduce the content of substances (‘antinutrients’) that
hinder the absorption of micronutrients (phytate and
polyphenols)

Phytic acid and polyphenols are considered as
antinutrients because by mixing with minerals, they
reduce the absorption of micronutrients in the human
gut. The presence of high levels of phytic acid in cereals
contributes to reduced absorption of micronutrients (par-
ticularly of Fe and Zn). One of the approaches for
improved absorption of minerals in humans is the isolation
of ‘low phytate’ cereals and legume genotypes and reduc-
tion of phytate in specific seed tissues (Joyce et al. 2005).
Phytic acid fulfils essential biological functions in plants;
it represents an important metal cation reserve; it also acts
in the leaves in the signalling cascade triggered by
drought/osmotic stress; maintain basal resistance against
a wide range of pathogens, etc. (Guttierit et al. 2006). In
addition, phytic acid and polyphenols possess diverse
biologically beneficial properties for humans (antineo-
plastic, antioxidant and anti-inflammatory) (Trowel
1973; Welch 2008).

Reduction of phytic acid and polyphenol concentrations
should be done with caution as there is an obvious need
for a careful balance between the beneficial and
antinutritive properties of these nutrients. Therefore, the
first priority of breeding programs should be to increase
the content of a particular micronutrient rather than to
decrease phytate concentrations of major crops (Bouis
and Welch 2010).

. Increase the concentration of substances favouring
absorption of a certain desirable micronutrients (e.g.
ascorbate, prebiotics)

Prebiotics (fructans and arabinoxylans) are nutrients nat-
urally present in cereal grains, resistant to digestion and
absorption in the human upper gastrointestinal tract but
selectively fermented in the colon by gut microflora
(Roberfroid 2005). This favorable fermentation
stimulates the production of short chain fatty acids
(SCFAs) that confer several health benefits to humans,
one of them being increased absorption of certain
micronutrients.

In recent years, there has been more and more efforts put
towards increasing fructan and arabinoxylan levels in
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grains by genetic manipulation. Two quantitative trait
loci (QTLs) for increased wheat fructan content have
been identified (QGfc.awww-6D.2 on chromosome 6D
and QCfc.aww-7A.1 on chromosome 7A (Huynh et al.
2008). Lines having alleles at these loci had 17-27 %
higher fructan content.

Furthermore, two major QTLs (QGax.aww-2A.land
QGax.aww-4D.1 on chromosome 6B) that influence
grain arabinoxylan concentration has been identified
(Nguyen et al. 2011). Wheat lines carrying the favourable
alleles at these loci have higher arabinoxylan content of
up to 19 %. These new findings are important as they can
help in breeding grains with higher fructan and
arabinoxylan content, which consequently may mean
improved absorption of certain micronutrients. However,
the entire efficacy of these interventions is yet to be
confirmed.

It is suggested that ascorbic acid promotes Fe absorption
from the diet by reducing the negative effect on Fe
absorption of certain ligands such as phytates and tannins
present in the diet. In recent years, more and more
research is devoted towards understanding the pathways
leading to ascorbic acid biosynthesis in plants. The
overexpression of GalUR gene enhanced vitamin C con-
tent of certain plants (Agius et al. 2003).

Similarly, overexpression of the enzyme DHAR
(dehydroascorbate reductase) responsible for recycling
ascorbate has also been shown as an effective way in
increasing the concentration of this vitamin in wheat
plants (Khan et al. 2012).

. Balance the concentrations of other micronutrients

Increasing the concentrations of individual micro-
nutrients through biofortification approaches is important
and could significantly contribute to the nutritional
enhancement of the species of interest; however, this
strategy can be successful only if the concentrations of
other essential nutrients are taken into account and bal-
anced appropriately. The increase of a particular micro-
nutrient by more than what brings the deficient nutrient
up to a relative abundance roughly matching that of the
other nutrients in the system should be avoided because
replacing one imbalance (e.g. Zn too low) with another
(e.g. Zn too high) will induce a deficiency of another
micronutrient and so give little progress in health
(Graham et al. 2012). Additionally, nutritional enhance-
ment of crops should be achieved without a reduction in
other major traits, such as agronomic performance, crop
yield and protein concentration.

Breeding of nutrient-rich staple food crops is the main
goal of a number of international organisations. The
Consultative Group on International Agricultural
Research (CGIAR) Global Challenge Program,
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HarvestPlus  (http://www.harvestplus.org/), aims to
reduce micronutrient malnutrition, mainly provitamin A,
Zn, Fe, Se and I, through various biofortification
programs. AgroSalud (www.agrosalud.org) is another
international consortium supporting the production and
dissemination of Fe and Zn-rich bean and rice varieties in
Latin America.

Delivery of more micronutrients into staple food crops
through plant breading is a huge task and the challenge is
to minimize the number of genes involved to accomplish
this end. It is feasible to help meet this challenge by use
of supplemental fertilizers especially on soils inherently
low in these nutrients. So far, little prospect of breeding
for high Se or I content has been seen (Welch 1986) so
fertilizer strategies are still the most appropriate for these
(Welch 1996; Cao et al. 1994).

In the same way, the improvement of mineral content of
plants by transgenic manipulation is also a viable option;
however many of the molecular elements relevant to
mineral transport still need to be identified before this
technology can have a widespread utility. Our knowledge
base is most lacking in the area of mineral loading into
the phloem pathway, which is a critical process in the
delivery of mineral nutrients to developing seeds (Grusak
2002). Due to simpler genetics, it may prove more effec-
tive to breed for increased bioavailability promoting
substances (e.g. prebiotics) to enhance the absorbability
in the human gut of minerals in staples than to increase
mineral concentrations in staple food grains (Graham
et al. 2007). However, further research is required to
delineate positive and negative health effects of reduced
phytic acid concentrations, important for the health of
both plants and humans, in plant tissues.

Of other challenges more related to the human nutrition
field, there is a need for the development of sensitive and
specific biomarkers that can be used with confidence
across a range of applications and conditions (Raiten
et al. 2011). Similarly, large-scale trials of efficacy of
biofortification programs in human populations still
need to be performed.

Ideally, in the future, programs would be greatly
improved with the inclusion of biomarkers that
could simultaneously reveal the status of multiple
micronutrients, going beyond the usual big four (i.e.,
vitamin A, Fe, Zn, I) and in line with assessment of status
associated with optimal health (Wasantwisut and
Neufeld 2012). Furthermore, extending our understand-
ing of absorption mechanisms of individual/multiple
micronutrients in humans will help to maximise the
benefits of various biofortification approaches and to
reduce any possible drawbacks.

In the end, the control of micronutrient deficiencies is
a major goal of the whole scientific community.
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A successful strategy requires strong collaboration
among scientists of several disciplines (plant physiology,
biotechnology, human nutrition, epidemiology and medi-
cal care) and is therefore crucial for offering the most
effective solutions. Improving the status in one micronu-
trient or even several micronutrients simultaneously in
the case of multiple deficiencies can have wider benefits
to health of people in developing countries. Multiple
micronutrient interventions will help not only to acceler-
ate progress in reducing micronutrient deficiencies but
also to address several of the underlying drivers, poverty,
food insecurity, gender inequity, and lack of access to
basic services. The largest effect of well designed
biofortification interventions will undoubtedly be
observed in developing countries, but measurable and
cost-effective outcomes should also occur in developed
countries, even in populations characterised by appropri-
ate diets, given that secondary micronutrient deficiencies
can occur by multiple means.

See Also the Following Chapters. Chapter 3 (Natural Dis-
tribution and Abundance of Elements), Chapter 6 (Uptake of
Elements from a Biological Point of View), Chapter 7
(Biological Functions of the Elements), Chapter 12 (Arsenic
in Groundwater and the Environment), Chapter 15 (Bio-
availability of elements in soil), Chapter 17 (Soils and Iodine
Deficiency), Chapter 18 (Geophagy and the Involuntary
Ingestion of Soil), Chapter 19 (Natural Aerosolic Mineral
Dusts and Human Health), Chapter 20 (The Ecology of Soil-
Borne Human Pathogens), Chapter 23 (Environmental Med-
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