Chapter 6
Rice, Wheat and Maize Biofortification
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Abstract Cereals are the major energy source for humans throughout the world
and hold a prominent position in a balanced diet to meet up carbohydrate demand
of the body. Most of the cereals are deficient in micronutrient and vitamins and con-
tinuous dependency on cereal based diets resulted in human malnutrition.
Biofortification is a novel concept defined as the enrichment of micronutrients
through conventional plant breeding and modern biotechnology. In this post
genomic era, an enormous amount of genetic information is available for staple
food crops. This genetic information could be used to improve nutritional quality of
the staple food crops to provide nutritional requirements. During last few decades,
cereal biofortification research has been significantly contributed to reduce malnu-
trition around the world. Knowledge of precise phenotyping and genetics of the
traits are prerequisite before starting of a genetic biofortification program. The
inheritance of major micronutrients and vitamins in rice, wheat and maize were
reported to be polygenic and in most of the cases the quantitative trait loci were
mapped in the genome. A few commercial cereal cultivars are developed so far
using genetic biofortification technique. The ongoing biofortification programs
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are more competitive as newer perspective of food matrix came into picture.
In this article we reviewed an overview of current global cereal biofortification
efforts, global malnutrition issues, and the promise of biotechnology techniques to
improve cereals as a whole food solution to combat global malnutrition issues.

Keywords Biofortification * Bioavailability ® Biomolecules ¢ Cereals ® Food matrix
* Food legumes ¢ Genomics * Malnutrition * Molecular mapping ¢ Nutritional
deficiency ¢ Sustainable food systems

Abbreviations

¢cDNA  Complementary Deoxyribonucleic Acid

CGIAR Consultative Group on International Agricultural Research
ILs Introgression Lines

QPM Quality Protein Maize

QTL Quantitative Trait Loci

RILs Recombinant Inbred Lines
SCN Standing Committee on Nutrition
UN United Nations

WHO World Health Organization

6.1 Introduction

Millions of deaths occur every year due to micronutrient malnutrition (Anonymous
2008). Ironically, obesity and diet-related non-communicable diseases mostly are
concomitant with micronutrient deficiencies (Bouis and Welch 2010). Chronic,
non-communicable diseases including diabetes, heart disease, and cancer result in
over 36 million deaths around the world annually (WHO 2005). These chronic dis-
eases, whose development is largely caused by high-energy, micronutrient-poor
diet, are not isolated to developed countries, having caused for more deaths than
infectious diseases throughout the world (except parts of Africa) in recent years
(UN 2011). Both micronutrient deficiencies and associated diseases are by poor
nutritional content of staple cereals and food legumes. Therefore, enrichment of
micronutrients in staple food crops is of much importance for nutrition security of
human beings, especially, in the developing countries.

Anemia is one of the few common nutritional disorders affecting living and sur-
vival of humans. According to the World Health Organisation (WHO), around two
billion of the world populations are anemic. Anemia is the body condition where
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hemoglobin concentrations in the blood are below thresholds. The threshold varies
between gender and ethnicity. There are generally two groups of causes which may
induce anemia: dietary iron deficiency, vitamin Bj,, vitamin A, and/or folate
deficiency and infectious diseases such as malaria, hookworm infections, schistoso-
miasis, and hereditary disorders such as thalassemia (WHO 2007). Iron deficiency
may or may not be accompanied by anemia but always has an important negative
impact on human health. The effect of Fe deficiency is more pronounced in case of
pregnant women and children (WHO 2007). Sometimes this has severe conse-
quences leading to the mortality of the newly borne children or even the fetus during
prenatal stage. Children with acute iron deficiency show mental retardedness, lazi-
ness and, in case of working persons, reduced capacity to work (WHO 2007).

Zinc deficiency has a prominent role in affecting human health, particularly in
children and mothers. For detailed review, see Gibson (2012). Zinc deficiency is
reported to cause child mortality by way of increasing the vulnerability to other
diseases like diarrhea and pneumonia (SCN 2004; Jones et al. 2003). Women in the
developing countries are also increasingly affected with Zn deficiency and associ-
ated illnesses (Caulfield et al. 1998). A clinical trial indicated that Zn supplementa-
tion in pregnant women’s diet has positive impacts on immune status and morbidity
of newborns (SCN 2004; Osendarp et al. 2003).

Maternal vitamin A deficiency has profound effect on maternal mortality risk,
infant morbidity, and depressed immunological responses (SCN 2004). The initial
findings showing correlation between vitamin supplementation and reduced mortal-
ity (SCN 2004; Christian et al. 2000; West et al. 1999) are inspiring and need to be
studied in detail.

Populations in developing countries including Southeast Asia and Africa con-
sume mostly cereal-based diets. The ‘Green revolution,” which averted the occur-
rence of famine in many areas, was a major factor leading the current cereal based
diet (Bouis and Welch 2010). Cereal diet in most cases provides adequate calories
but insufficient quantities of micronutrients to the human body. As a consequence
of adopting this cereal based cropping systems, many countries observed a drastic
increase in malnutrition cases (Welch and Graham 1999) (Table 6.1).

Table 6.1 Status of micronutrient deficiency in the world

Deficiency Prevalence in the world Consequences
Iron 111,000 maternal deaths Reduced cognitive ability. Anaemia,
maternal mortality (SCN 2004)

Vitamin A 140 million preschoolers and 7 Night blindness, Xerophthalmia,
million pregnant women suffering | Keratomalacia & immune system failure
from deficiency (SCN 2004)

Zinc 2 billion people suffering from Infectious diseases, poor child growth,
deficiency maternal mortality, reduced birth weight

(WHO 2005)
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6.2 Biofortification — Approach to Reduce Nutrient
Deficiency

Traditional plant breeding and crop production technologies have immensely con-
tributed over the past to increase the production of food crops, thereby ensuring the
food security around the world. One such example is the Green Revolution. Green
Revolution dramatically increased the cereal crop production as in wheat (Triticum
aestivum L.), maize (Zea mays L.), and rice (Oryza sativa L.), and this contributed
to fulfill the protein and energy requirements of the developing nations (WHO
2013). With time the production of cereal crops increased, whereas the production
and the consumption of traditional micronutrient-dense crops like pulses decreased
leading to major micronutrient deficiencies such as Fe, vitamin A, and iodine defi-
ciencies among the developing nations (WHO 2013). This example shows that the
food security solely may not be sufficient to combat leading nutritional problems.
As Chandra (1990) describes, “Taken together, micronutrient deficiencies affect a
far greater number of people in the world than protein-energy malnutrition”.

Biofortification is the process of enrichment for micronutrients and vitamins in
edible parts of staple food crops using traditional plant breeding and modern bio-
technology techniques (Welch and Graham 2004). Research shows that consuming
biofortified staple food crops significantly increases the target micronutrient con-
centration in populations (Welch and Graham 1999). Biofortification is identified as
a sustainable, less costly, and feasible strategy which aims to reduce micronutrient
deficiencies in low-income populations (Welch and Graham 2004; Nestel et al.
2006; Meenakshi et al. 2007). Although agronomic biofortification, is the enrich-
ment of micronutrients through soil amendment, foliar spray or irrigation.
Agronomic biofortification though is a common practice it appears to be less effec-
tive in the case of some mineral elements such as iron (Fe) and have little promise
in reducing deficiencies of such elements in human populations (Bouis and Welch
2010; Tagliavini et al. 2000; Tagliavini and Rombola 2001). On the other hand,
genetic biofortification could be a cost-effective way to provide access to nutritional
foods to people who are living in the remote underprivileged parts of the world as it
requires one time initial investment, and seed multiplication through plant breeding
interventions would make it sustainable.

Therefore, food security along with nutrient security should be a key consider-
ation in designing modern-day food systems. Traditional plant breeding and modern
biotechnology techniques should be exploited, not only to produce high-yielding
starchy crops, but also, to produce micronutrient-dense traditional legumes. One
such example is the iron biofortification of food crops (Fig. 6.1).

6.3 Traits of Interest

Initial biofortification research efforts have focused on few micronutrients, Fe and
Zn. Over time, other micronutrients like Se and different vitamins like Vitamin A,
Folic acid are gaining the attention. Generally, it was observed that genetic and
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Impact analysis of biofortified varieties through clinical trials
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Fig. 6.1 Schematic diagram of multidisciplinary biofortification research. In this flow diagram the
entire process of development of biofortified cereal varieties are shown. The process is initiated
with selection of lines with high micronutrient or vitamin concentration with optimum food matrix
profile. The donor gene or quantitative trait loci is then transferred to the desired line through
crossing or marker assisted selection (MAS) or transgenesis. After going through multiple cycle of
selections through different filial generations the stabilized advanced breeding line fulfilling the
breeding objectives is released and notified for mass cultivation. The impact analysis of released
biofortified varieties can be done by clinical trials

environmental interactions are more pronounced in case of secondary metabolites
than micronutrients per se. These are the traits for which precise phenotyping facil-
ity is the prerequisite to improve research conclusions. It has also been observed
that these traits mostly have polygenic inheritance and low heritability. This is the
reason why molecular breeding tools like marker assisted breeding could be a viable
option to breed for these traits. In major cereals like rice, wheat and maize inheri-
tance of micronutrient are today known (Table 6.2). But in case of food legumes
more efforts are required to gain genetic knowledge about these traits, particularly
number of gene(s)/Quantitative Trait Loci (QTL) controlling these traits and there
effects (Thavarajah et al. 2014). The biofortification techniques are separate for
traits controlled by single or few genes and by polygenes. Polygenic traits are
improved by selecting for region of major importance within plant genome control-
ling the trait which is known as a major QTL.
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Table 6.2 Mapping and tagging of gene(s)/QTL controlling micronutrients in rice, wheat and
maize recombinant inbred lines (RILs)/introgression lines (ILs) mapping populations

Crop Micronutrient | Gene(s)/QTL(s) Population Reference
Rice Fe 7 QTLs for iron RIL population between Luetal.
concentration two indica varieties, (2008)
Zhengshan 97 x Minghui 63
Fe 1 QTL for Fe RIL population between, Norton et al.
concentration Bala (indica) x Azucena (2012)
(japonica) cultivars
Fe 2 QTL for Fe ILs derived from a cross Garcia-
concentration between, Teqing (indica) Oliveira
and the wild rice (Oryza et al. (2009)
rufipogon)
Zn 6 QTLs for zinc RIL population between Luet al.
concentration two indica varieties, (2008)
Zhengshan 97 x Minghui 63
Zn 6 QTLs for zinc RIL population between, Norton et al.
concentration Bala (indica) x Azucena (2012)
(japonica) cultivars
Wheat |Fe 2 QTLs for iron RIL population derived Xu et al.
concentration from a cross between wheat | (2012)
cultivars, Xiaoyan 54 and
Jing 411.
2 QTLs for iron RIL population from a cross | Tiwari et al.
concentration between T. boeoticum (2009)
accession pau5088 x T.
monococcum accession
pauld4087
Zn 2 QTLs for zinc RIL population derived Xu et al.
concentration from a cross between wheat | (2012)
cultivars, Xiaoyan 54 and
Jing 411.
1 QTL for zinc RIL population from a cross | Tiwari et al.
concentration between T. boeoticum (2009)
accession pau5088 x T
monococcum accession
paul4087.
Maize |Fe 3 QTLs for iron RIL population between Lung’aho
concentration and 10 | B73 x M17. et al. (2011)
QTLs for iron
bioavailability
Fe 3 QTLs for iron RIL population derived Simi¢ et al.
concentration. from a cross B84 x (2012)
Os6-2en.
Zn Single QTL for zinc | do Simi¢ et al.
concentration (2012)
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In short, knowledge of precise phenotyping and genetics of the traits are prerequisite
before starting of a genetic biofortification program.

6.4 Available Genetic Variability for Nutritional Traits

Genetic variation exists for micronutrient concentration (Welch and Graham 2004;
Bouis 2003; Graham et al. 2001) and plant breeding tools can improve for p-carotene,
iron, zinc, and other micronutrients in food crops by making selection for appropriate
genetic material (Nestel et al. 2006). Mostly micronutrient density and yield is posi-
tively correlated unlike protein content and yield. Also, it is possible to combine multi-
ple nutrition traits in single cultivar along with high yield (Nestel et al. 2006).
Knowledge of genetic diversity for a particular trait of interest can be a predictive
tool for estimating genetic variation in segregating generation or hybrid progeny.
For development of molecular markers linked with the high concentration of micro-
nutrient loci initial large scale evaluation of available germplasm sets of different
food legumes is essential. After identification of potential genotypes, suitable map-
ping population can be developed for particular traits (Talukder et al. 2010; Beebe
et al. 2000). For the development and advancement of mapping for micronutrient
traits state of the art phenotyping facility for micronutrient analysis is required. In
case of few studies so far conducted to map and tag the gene(s)/QTL controlling
micronutrient status in legumes and model plants mostly found to be having quan-
titative mode of inheritance and resulting in identification of gene(s)/QTL capable
of explaining moderate amount of phenotypic variation for micronutrient concen-
tration. Inheritance of Fe concentration had been identified in major cereals and
food legumes, also associated QTL are mapped in the respective genomes; rice
(Anuradha et al. 2012), wheat (Xu et al. 2012; Tiwari et al. 2009), maize (Qin et al.
2012; Lung’aho et al. 2011) (for Fe and Zn), Sompong et al. 2012 (for phytic acid
in mungbean), Blair et al. 2005; Gelin et al. 2007; Cichy et al. 2009; Blair et al.
2010a, b; (for Fe and Zn in common bean), Sankaran et al. 2009 (for several mineral
elements in Medicago truncatula), Waters and Grusak 2008 (for several seed min-
eral contents in Arabidopsis thaliana), Walker et al. 2006 (for phytic acid in soy-
bean). Major biofortification projects are undergoing in various laboratories for
introgression of such QTL from donor sources to the high yielding backgrounds.

6.4.1 Cereals: Iron, Zinc and Vitamin A

It was quoted many times that biofortification research had been initiated in cereals
with the first report of Opaque mutant of maize which later became the source to
develop Quality Protein Maize (Taylor et al. 2012); in this review we will be con-
centrating on micronutrients and vitamins. To have a look into the protein bioforti-
fication efforts and effects in maize reader may go through these articles, Hugo et al.
2010; Akalu et al. 2010; Gunaratna et al. 2010.
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6.4.1.1 Iron (Fe)

The Fe content ranges from 8.8 to 16.7 mg/kg in milled rice (Oryza sativa) (samples
included both indica and japonica types) and from 11.8 to 22 mg/kg in brown rice
(Gregorio et al. 2000). Among different accessions of wheat it ranges from 21.26 to
30.59 mg/kg in bread wheat (Triticum aestivum), in macaroni or durum wheat (Triticum
durum) it ranges from 21.91 to 25.60 mg/kg (Tiwari et al. 2009). Aegilops ventricosa
accessions were reported up to the concentration of 93.52 mg/kg of Fe (Tiwari et al.
2009). Among the other species and relatives of wheat like 7. boeoticum, T. dicoccoi-
des, T. arraraticum, Aegilops longissima, Aegilops Kotschyi, Aegilops peregrine,
Aegilops cylindrica, Aegilops ventricosa, Aegilops ovate Fe concentration ranged from
22.29 to 93.27 mg/kg (Tiwari et al. 2009). The target for plant breeders is to increase
the iron concentration in wheat to have a significant effect on nutrition is approximately
30 mg/kg for Fe. This estimate is based on the assumption of daily consumption of
300 g per capita and 90 % of nutrient retention during milling (Cakmak et al. 2010). Fe
concentration in maize (Zea mays L.) kernel reported to be between 16.8 and 24.4 mg/
kg among the tested late maturing cultivars (Oikeh et al. 2003).

Further, target concentration of iron is highly influenced by factors which affect
bioavailability of Fe either positively or antagonistically. Anemia or iron deficiency
could be tackled by two ways, either increasing the Fe concentration in grain and or
by increasing the Fe absorption in the human gut. For increasing higher gut absorp-
tion bioavailability of Fe food matrix becomes the important consideration (Hunt
2003; Plaami 1997; Bravo 1998). It was reported that an increase of 67 % Fe bio-
availability in hybrid corn (Zea mays L.) over the control (44.2 vs. 26.5 pg ferritin
per mg of total protein) was associated with a steep 12 % increase in total Fe con-
centration, which exhibits the influence of other food matrix factors (Hoekenga
etal. 2011). The increase of Fe density in food grain alone is insufficient to address
the menace of Fe deficiencies around the world (Lucca et al. 2001). Promoters and
inhibitors of Fe absorption within the food matrix should be considered with regard
to the bioavailability of Fe in food crops (Cook et al. 1972). Phytic acid or inositol
hexakismonophosphate, the primary storage form of phosphorus in plants, is the
potential inhibitor of Fe absorption in the human gut (Turnbull et al. 1962). Chelation
of Fe?*** by phytic acid is the reason of reduced absorption of Fe, on the other hand
ascorbic acid antagonist this activity of phytic acid depending on the molar concen-
trations (Siegenberg et al. 1991). Other important inhibitors are fiber, heavy metals,
and certain groups of polyphenols (Glahn et al. 2002). Another important group of
promoter is prebiotics (Johnson et al. 2013) which modulates microbiome composi-
tion and activity in positive way and thereby increasing the gut absorption of micro-
nutrients. It was reported using in vitro study simulating human colon conditions
that cereal and legume flours carrying pre-biotics had considerable positive impact
on the colonic microbiota (Maccaferri et al. 2012).

Phytoferritin gene family which regulates the Fe uptake and transport within the
plant are investigated by many workers (Strozycki et al. 2010; Curie and Briat 2003)
and it was reported to be a 24 subunit protein capable of carrying upto 4,500 Fe
atoms (Harrison and Arosio, 1996). The expression of Ferritin genes is affected by
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various stresses and factors; excess iron concentration is one of them. It is also
important to mention that expression of plant ferritin gene is controlled at the tran-
scriptional level rather than at translational level as observed in case of animals
(Lescure et al. 1991). It was also found that ferritin Fe is less affected (Lonnerdal
2009) with other food matrix factors like phytic acid, ascorbic acid, calcium as
studied Caco-2 cells. The above mentioned feature makes phytoferritins as potential
candidate for inclusion into the biofortification research. The most studied phytofer-
ritin is soyabean ferritin. It was reported that soyabean ferritin iron is better absorbed
in human gut (Lonnerdal 2009). To expression of soyabean ferritin gene in cereal
like rice had been made, for example, cDNA clone for soybean ferritin gene as was
expressed in rice (Oryza Sativa) endosperm tissues caused an increase of two to
three fold iron concentration in grain (Goto et al. 1999; Lucca et al. 2001; Qu et al.
2005; Vasconcelos et al. 2003). Similarly in wheat (Triticum aestivum) two Ferritin
genes (TaFerl and TaFer2) has been isolated and characterized and it was found that
biofortification of wheat is possible through the overexpression of one the ferritin
genes in wheat endosperm tissue (Borg et al. 2009).

6.4.1.2 Zinc (Zn)

To improve the Zn content of cereal grains, it is important to know the baseline
concentration and variability of its deposition in the grains. The Zn concentration
ranges from 13.5 to 58.4 mg/kg in milled rice (Oryza sativa) (samples included both
indica and japonica types) and from 20.4 to 34.7 mg/kg in brown rice (Gregorio
et al. 2000). Over half of the total Zn in rice is present in the endosperm, and polish-
ing will have less severe effect on Zn concentration than other mineral elements (Lu
et al. 2013). Zinc ranges from 14.88 to 29.33 mg/kg in bread wheat (Triticum aesti-
vum), from 13.68 to 19.60 mg/kg in durum wheat (Triticum durum) (Tiwari et al.
2009). Triticum dicoccoides accessions were reported up to the concentration of
66.15 mg/kg of Zn (Tiwari et al. 2009). Among other relatives of wheat (Aegilops
longissima, Aegilops Kotschyi, Aegilops peregrine, Aegilops cylindrica, Aegilops
ventricosa, Aegilops ovate) Fe concentration ranged from 22.29 to 58.61 mg/kg
(Tiwari et al. 2009). Screening of Zn concentration in wheat cultivars (current and
out-of-production) and land races was conducted; wild relatives contained 3—4
times more Zn in some cases (Gregorio et al. 2000; Chhuneja et al. 2006; Tiwari
et al. 2009). In maize (Zea mays), it was reported to range from 16.5 to 24.6 mg/kg
as forty-nine late maturing cultivars were studied (Oikeh et al. 2003). Bioavailability
of zinc is less affected by food matrix factors as compared with iron (HarvestPlus
Brief 2006).

While genetic enhancement of seed Zn concentration is a viable approach, it is
important to note that the concentration of Zn in grains can be greatly regulated
using agronomic practices. Foliar application of ZnSO4-7H20 (0.5 %) to com-
monly grown wheat cultivars nearly doubled the concentration of Zn in the flour.
While agronomic biofortification of cereals is successful, genetic biofortification is
nevertheless a useful complement in improving Zn concentration in cereal grains.



132 D.S. Gupta et al.

6.4.1.3 Vitamin A

To combat vitamin A deficiencies, biofortified staple cereals rice and maize have
been developed. Vitamin A is synthesized from several provitamin A carotenoids
alpha-carotene, beta-carotene, and beta-cryptoxanthin, beta-carotene being the
most effectual provitamin, and therefore the most targeted. After its development,
‘golden rice’ was introduced as the first transgenic rice to provide beta-carotene
(Beyer et al. 2002). Using an Agrobacterium-mediated transformation, four genes
originating from other plant sources were introduced to code for the necessary
enzymes in the beta-carotene pathway. Later, it was discovered that one of the genes
used coded for the flux-limiting enzyme, and was replaced with the homolog gene
psy from maize (Paine et al. 2005). This transformation increased the beta-carotene
concentration in rice up to 35 pg/g.

Variation in carotenoid concentration in maize exists, allowing for selection
through breeding techniques (Harjes et al. 2008). Carotenoids in maize are, from
most abundant, lutein, zeaxanthin, beta-carotene, beta-cryptoxanthin, and alpha-
carotene. Capturing natural variations in beta-carotene concentrations, provitamin
A biofortified lines have been developed (Harjes et al. 2008).

Variability for biofortification related traits such as iron, zinc and vitamins are
present among the rice, wheat and maize and selection for these traits among these
crops are possible to initiate any genetic biofortification program.

6.5 Biofortified Cultivars Developed

Under the umbrella of HarvestPlus program of Consultative Group on International
Agricultural Research (CGIAR) the initial phase of biofortification programs
included six food crops, common bean, cassava, maize, rice, sweet potato, and
wheat. The initial phase investment resulted in many success stories like orange
sweet potato cultivars with high levels of f -carotene rich (over 200 mg/g) (Bouis
and Islam, 2012), and beans with improved agronomic traits and grain type and
50-70 % more iron have been bred through conventional breeding (Nestel et al.
2006). Though conventional breeding still encompassing major part of HarvestPlus
program research theme transgenic approaches are in some cases necessary and are
being used. The most popular and earliest example of success story of transgenic
biofortification research is development of Golden Rice or p -carotene rich rice.
Golden rice transgenic lines have been under field trial in Philippines (transgenic of
RC-28), Bangladesh (transgenic of BRRI Dhan-29) and will certainly helping to
fight against iron deficiency. Recently, iron rich high yielding pearlmillet cultivar,
ICTP 8203-Fe has been launched as a result of collaborative effort between
HarvestPlus program and Nirmal Seeds, a Hyderabad, India based seed company.
The ongoing HarvestPlus phase included more food crops and a few more food
legumes, especially lentil which is a regular component of everyday diet in major
regions in South and South-east Asia. Present biofortification efforts in wheat
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concentrate on use of higher source of iron and zinc, for example Triticum spelta, T.
diccon x Aegilops tauschi derivatives, landraces (Velu et al. 2012). Biofortified
wheat lines developed through backcrossing are being evaluated in field trials to
observe their performance (Velu et al. 2012).

A few commercial cereal cultivars are developed so far using genetic biofortifi-
cation technique and presently in almost all major cereals different biofortification
programs for different micronutrient and vitamins are ongoing at national and inter-
national plant breeding institutes.

6.6 Challenges for the Breeder and Nutritionist

Iron and folate bioavailability of a staple food crop is mainly depends on the food
matrix factors. The concentration of the promoter and inhibitor compounds in any
food crop is influenced by both genetic and environmental factors. Before breeding
for iron or any micronutrient the absorption and within plant transport of micronu-
trients is important and to be studied in more detail (Fig. 6.2). Modern plant breed-
ing and molecular biology tools now make it possible to reduce antinutrients, such
as phytic acid or increase the concentrations of promoter substances, such as beta-
carotene, ascorbic acid and phytoferritin in plant foods. Promoters and inhibitors of
Fe absorption within the food matrix must be considered with respect to the bio-
availability of non-heme Fe in a food crop (Cook et al. 1972). Phytic acid (PA),
nearly omnipresent in plants and used as the primary phosphorous (P) storage,
inhibits absorption of Fe in the gut (Turnbull et al. 1962). Other inhibitors include
fiber, heavy metals, and certain polyphenols and tannins (Glahn et al. 2002).

Enrichment with prebiotics, beta-carotene, ascorbic acid and phytoferritin has
been shown to enhance the bioavailability of non-heme Fe in human plant-based
diets (Welch 2002). Prebiotics improve Fe bioavailability as a result of biological
fermentation of short chain polymers by natural microflora present in the colon
(Yeung et al. 2005). Addition of vitamin A or beta-carotene can improve Fe
bioavailability from plant-based foods (e.g., rice, wheat, corn) (Garcia-Carsal et al.
2000). For example, analysis of lentil (Lens culinaris Medicus) food matrix com-
ponents, along with cell culture and preliminary human nutrition studies, revealed
clear mineral absorption promoter and inhibitor roles in modulating the levels of
mineral bioavailability. Lentils contain high levels of Fe absorption promoters,
such as prebiotics and beta-carotene, and are low in antinutrients, such as phytic
acid and polyphenols (Thavarajah and Thavarajah 2012). It is reported that molar
ratios of phytic acid:Fe above ten lead to reduced human Fe bioavailability (Ariza-
Nieto et al. 2007).

Increased micronutrient and vitamin content in biofortified cereal cultivars is the
ultimate goal in any biofortification program. In recent time’s bioavailability of
nutrient becoming a more important issue along with increased concentration of
nutrients in food. Analysis of food matrix factors in more details will surly convert
future bioforfication programs more precise and rewarding.
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Fig. 6.2 Overview of the transport pathway of a metal ion from soil to grain. To reach the grain,
nutrients enter and leave the symplastic continua of cells within the plant several times. For a divalent
cation such as Zn, the bottlenecks that limit efficient transport seem to be the control points where Zn
has to exit living cells. Plant roots contribute to making metal ions more available for uptake by two
strategies. First, depending on the nutrient status of the soil, roots acidify the rhizosphere through
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6.7 Conclusion

Since initial years of biofortifcation research have been concentrating on the major
micronutrients but coming years would also include various secondary metabolites
like vitamins and other important micronutrients, for example, Folic acid and
Selenium (Se). Folic acid is the synthetic oxidized form of naturally occurring
folates. It consists of a p-aminobenzoic molecule linked to a pteridine ring and one
molecule of glutamic acid. Food folates, which exist in various forms, contain addi-
tional glutamate residues, making them polyglutamates (Bailey and Gregory 2006).
Folate is a water soluble B vitamin, usually participates in numerous biochemical
reactions involving one carbon transfer, for example, purine and pyrimidine synthe-
sis as well as amino acid interconversions (Krumdieck 1990), prevention of chro-
mosome breakage and hypomythylation of DNA (Fenech 2001). This role of folates
reduces the risk factors leading to cancer and also plays critical role in regulating
homocysteine status, an important risk factor for cardiovascular ailments
(Pancharuniti et al. 1994). Lower levels of plasma folate are correlated with various
health risks, neural tube defects is the prime one with a few other congenital defects
(Berry et al. 2000). This is more important to mention that in many cases folate
deficiency is also associated with macrocytic anemia (Boushey et al. 1995). There
were reports of strong association of anemia due to folate deficiency along with iron
deficiency (WHO 2007). The effective evaluation of plant materials for these many
nutritional traits model cell culture or animal study would be a prerequisite as far as
bioavailability or food matrix factors are concerned. Caco-2 cell culture or Galus
galus or Pig model (in vitro and in vivo models) as well as various biotechnological
tools would certainly contribute to our better understanding of the role of micronu-
trients and vitamins in human nutrition in coming days.

<

Fig. 6.2 (continued) plasma membrane H*-ATPases, proton pumps in the cell membrane (Palmgren
2001). An increased proton concentration in the soil results in cation exchange and release of divalent
metal ions that are tightly bound to soil particles. Second, roots actively secrete low-molecular-
weight compounds that can function as metal chelators in the soil. Depending on species, these
include organic acids and phytosiderophores (Romheld and Marschner 1986; Takahashi et al. 1999).
Secreted phytosiderophores are known to facilitate uptake of Fe by graminaceous plants, and recently,
strong evidence has pointed to a similar role of these compounds in Zn uptake (Suzuki et al. 2008;
Suzuki et al. 2006). (i) After metal ions have entered root cells by transport-protein-mediated pro-
cesses, they migrate by diffusion to xylem parenchyma cells, from where they are actively trans-
ported out of the symplast into the dead xylem. In the shoot, they are again taken up by vessel-associated
cells in the leaves. (ii) During the period of grain filling, metal ions are remobilized in leaves, from
where they are exported and transported via the phloem to the fruit. Here they are exported by transfer
cells from the mother plant and are subsequently taken up into the developing seed by specialized
metal transport proteins (Reproduced with permission from Palmgren et al. (2008)). N.B. H*-ATPases
are the proton (H") translocating ATPases; required for uptake of most metabolites in plants, fungi
and many protists. ATPases are the ATP hydrolyzing enzymes
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