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Micronutrient and functional compounds biofortification of maize grains 

Abstract 

Maize, in addition to being the main staple food in many countries, is used in the 

production of hundreds of products. It is rich in compounds with potential benefits to health, 

such as carotenoids, phenolic compounds, vitamin E and minerals that act as cofactors for 

antioxidant enzymes. Many of these compounds have been neglected thus far in the scientific 

literature. Nevertheless, deficiencies in the precursors of vitamin A and some minerals, such as 
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iron and zinc, in maize, in association with the great genetic variability in its cultivars and our 

genomic, transcriptomic and metabolomic knowledge of this species make targeted 

biofortification strategies for maize promising. This review discusses the potential of the main 

micro-constituents found in maize with a focus on studies aimed at biofortification. 

Key words: grain, antioxidants, minerals, endogenous fortification 

Introduction 

The three most commonly grown grains (maize, wheat and rice) provide more than half 

of the caloric needs of humans. Maize and wheat grains are also commonly eaten by animals. 

Maize alone is responsible for providing 15% of the protein and 20% of the calories in the 

human diet, and this crop covered a cultivated area of 159.5 million hectares in 2009 (Faostate, 

2009). The importance of this crop is demonstrated by the multiple ways it is exploited. For 

example, maize is consumed in a variety of forms, serving as the raw material for the production 

of at least one hundred products, and maize derivatives are used in industrial applications 

ranging from textiles to oil to pharmaceuticals. 

Cereals such as maize have a matrix rich in organic compounds and minerals with 

potential benefits to health. These compounds may act as antioxidants (carotenoids and phenolic 

compounds), as cofactors for antioxidant enzymes (selenium, zinc, manganese and copper) or as 

indirect antioxidants (betaine, choline and folate) (Hänsch and Mendel, 2009). Epidemiological 

studies have shown that the consumption of whole grains and grain products is preventative 

against cardiovascular disease (Liu et al., 1999; Anderson et al., 2000), some types of cancer 

(Kim et al., 2001), type 2 diabetes (Liu et al., 2000) and obesity (Misra et al., 2009). 
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However, little attention has been paid to the consumption of grain compared to 

vegetables, although grains and their products are used as the base of nutritional pyramids to 

emphasize their importance in the diet. Most publications indicate fruits and vegetables as the 

main sources of phytochemical compounds (Sommerburgb et al., 1998; Haleem et al., 2008). 

However, grains contain phytochemicals that complement those found in fruits and vegetables 

(Liu, 2007). While fruits and vegetables contain the vast majority of phytochemical compounds 

in glycoside conjugated forms (free or soluble), the phytochemicals in grains can exist in both 

free and soluble conjugated forms as well as in insoluble complexes. These insoluble complexes 

are bound to materials, especially from the cell wall; up to 70% of the total phenolic compounds 

present in maize are found in this form (Bunzel et al., 2001; Serpen et al., 2007). This cell wall 

material is difficult to digest in the gastrointestinal tract and therefore reaches the colon, where it 

can be absorbed and act locally, as reported by Adom and Liu (2002) in a study on the effects of 

cereal grains in colon cancer. 

However, there are reasons to believe that the concentrations of many secondary 

metabolites of plants (phytochemical compounds), in the human diet, are lower than the 

optimum needed to promote improvements in human health (Brandt and Molgaard, 2001). Thus, 

while productivity remains the major focus for most breeding programs and producers, grain 

quality is the most important factor for most cereals due to their levels in the diet. The 

importance of maize in the diet, especially for populations that use maize as their main staple 

food; the benefits to health due to the ingestion of functional compounds such as those found in 

maize; and the need to reduce the deficiencies of some minerals and pro-vitamin A in maize, 

make this a crop of great interest for biofortification strategies (Ortiz-Monasterio et al., 2007; 
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Zhu et al., 2007). Biofortification is a term that has been used to cover the four most frequently 

used endogenous fortification strategies: conventional breeding, mutagenesis, genetic 

modification and the use of fertilizers (Cakmak, 2008). 

As a result, maize is one of the plant species that has been well studied in terms of its 

genomic and hereditary traits; and the genome sequence of maize are now available (Schnable et 

al., 2009). Among the Poaceae, only rice exhibits more complex structural and functional 

genomics, mainly due to the smaller size of the genome (Sasaki and Burr, 2000). The germplasm 

of maize is composed of DNA from adapted populations, introduced exotic materials and 

landraces (local strains), and is characterized by great genetic variability (Araújo and Nass, 

2002) with an excellent potential for improvement. As consumer markets become more 

demanding with regard to nutritional and functional foods, genetic variability becomes a key 

factor with the potential to increase compounds in plantas that have the potential to provide 

human nutrition. 

The creation of new varieties is a powerful tool to enhance nutritional compounds of 

interest (Ortiz-Monasterio et al., 2007) and to increase plant resistance to pathogens and pests 

(Fujimori et al., 2004). Conventional breeding based on the natural genetic variability of maize 

has been the most widely used process to develop varieties, but it is also the slowest. Thus, 

mutagenesis and transgenic techniques have become increasingly common, as they allow 

targeted action and enable a greater understanding of biosynthetic routes (Huang et al., 2004; 

Naqvi et al., 2009). Biofortification through fertilization with nutrients has also been used 

extensively in maize, and supplemental foliar fertilization is one of the fastest growing of these 

techniques, mainly because of the development of hybrids with high nutritional potential and the 
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increasing use of fertilizers containing high concentrations of nutrients and low micronutrient 

levels. This practice is more common in major commodity crops and may be less expensive, 

since it is commonly used concurrently with the application of herbicides and/or insecticides. In 

addition, spraying allows the application of minerals at the appropriate time during plant 

development, turning this supplemental fertilization efficient (Brakemeier, 1999). 

Thus, based on the genetic variability, metabolic vulnerability in the face of abiotic stress, 

and the important nutritional support provided by maize, this species is a major source of 

nutrients and functional compounds among plants, which can be improved by biofortification 

techniques. In this context, this review discusses the potential of the main microconstituents 

found in maize with a focus on biofortification strategies for these compounds. 

Minerals 

Mineral micronutrients, such as zinc (Zn), iron (Fe), copper (Cu) and manganese (Mn), as 

well as trace elements, including selenium (Se), have important metabolic functions, acting as 

cofactors for a number of antioxidant enzymes. For example, superoxide dismutase is Zn, Cu and 

Mn dependent; glutathione peroxidase and thioredoxin reductase are Se dependent; and catalase 

is Fe dependent (Hänsch and Mendel, 2009). Plants absorb these minerals primarily from the soil 

and accumulate them in different tissues, including grain. The concentrations of minerals and 

trace elements vary greatly from one type of cereal to another as well as among the soils where 

these plants are grown (Curtim et al., 2006; Zhao et al., 2004). However, due to the use of maize 

as human food and animal feed, increasing productivity, and the purity of industrial fertilizers, 

the soil has become depleted resulting into loss of mineral phytoavailability (Raut et al., 2010; 

Lal, 2009). Thus, mineral deficiencies have become a limiting factor in the productivity and 
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quality of this crop. In addition, some minerals are lost during processing, and others are 

unavailable in vegetables because they are complexed (specially with poliphenols) or because of 

the presence of other molecules that interfere with absorption. Thus, despite the importance of 

these minerals in human health, the concentrations of minerals in plants are comparatively lower 

than in foods of animal origin, resulting in three billion people exhibiting mineral micronutrient 

deficiencies (Welch and Graham, 2004), leading to the need to achieve increases in mineral 

content, especially in cereals such as maize. 

In this context, biofortification is a recent strategy that has shown better results than 

exogenous fortification via supplementation of minerals. However, this strategy requires detailed 

knowledge of metabolic pathways, uptake, transport and accumulation (Waters and Sankaranh, 

2010). 

One method used for biofortification of minerals is reduction of phytic acid (inositol 

hexaphosphate) in grain because phytic acid has characteristics of an anti-nutrient due to its 

ability to chelate trace elements and minerals such as Zn and Fe (Glahn and Wortley, 2002). 

Chelation causes the minerals to be unavailable for absorption, requiring hydrolysis with the 

enzyme phytase, which is absent in non-ruminants (Urbano et al., 2000). However, Doria et al. 

(2009) showed that the maize strain Ipa-1-241, a maize mutant defective in the synthesis of 

phytic acid during seed maturation, exhibits a low germination capacity compared to the wild-

type strain. This grain mutant contains approximately 50% more free or weakly bound iron and 

presents a high content of free radicals, mainly concentrated in the embryo. In addition, the seed 

proteins in the mutant were found to be carbonylated, and most exhibited more DNA damage 

compared to the wild-type strain, whereas the lipids appeared to be more peroxidated, suggesting 
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a role for phytic acid in protecting seeds against oxidative stress. In this context, the use of 

phytases during pre-fermentation, such occur in the preparation of bread at pH 5-5.5 (Leenhardt 

et al., 2005), seems to be a reasonable alternative to reduce phytic acid content and to increase 

the bioavailability of minerals, especially Fe and Zn (Lopez et al., 2003). 

Though phytates were long considered a problem, their nutritional and antioxidant 

potential is now well established (Rimbach and Pallauf et al., 1998). Phytic acid is located 

mainly in bran, specifically in the aleurone layer, and is a major phosphorus stock compound in 

many grains, contributing approximately 70% of the phosphorus (P) content and between 1 and 

7% of the dry weight (DW) of grains (De Boland et al., 1975). Furthermore, phytic acid 

suppresses the oxidative reactions catalyzed by Fe due to its chelating capacity, and it may act as 

a potent antioxidant in vivo, for example, suppressing lipid peroxidation (Graf and Eaton, 1990). 

Phytic acid can also reduce the incidence of colon cancer and kidney stones as well as protect 

against inflammatory bowel disease (Graf and Eaton, 1990), in addition to controlling blood 

glucose levels. Other mechanisms of the action of phytic acid include activation of 

immunocompetent cells and participation in signal transduction as well as playing roles in cell 

division and differentiation (Belal et al., 2009). 

Thus, taking into account the beneficial effects of phytic acid in plant physiology and 

human health but also the need to improve mineral intake, an alternative to increasing mineral 

bioavailability is the ingestion of whole grains, which provide more minerals than processed 

grains (exhibiting losses of 70% Fe and 75 to 80% Zn and Mn), to offset the deleterious effects 

of phytic acid. However, there is a need for further studies to investigate the bioavailability of 
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these minerals and trace elements in whole grains to meet mineral needs and to contribute to the 

body's antioxidant balance (Liu, 2007). 

Other biofortification strategies have focused on directly increasing the mineral content 

of grains. For example, Zn is essential as a cofactor for transcription and in antioxidant defense 

and DNA repair, and dietary deficiency of this mineral may contribute to oxidative damage and 

DNA modifications, which increase the risk of cancer (Mafra, 2005). Maize contains an average 

of 20 µg g-1 Zn, corresponding to approximately 40% of the requirement for non-pregnant 

women and infants after breast feeding (Cakmak, 2008). In addition, approximately half of the 

world's cultivable land is deficient in Zn for the purpose of food production; these soils are 

associated with Zn deficiency in humans (Cakmak, 2008). Therefore, several attempts have been 

made to biofortify maize with Zn. 

Conventional breeding is the main strategy adopted by the HarvestPlus program 

(http/www.harvestplus.org/), which aims to biofortify key crops in developing countries through 

identification of features related to high concentrations of minerals (Zn and Fe) in different seeds 

(wheat, rice, maize, cassava, millet, beans and sweet potatoes) and transfer of these features to 

adapted local cultivars (Asia and Africa). This program aims at achieving mineral content levels 

between 33% and 100%, depending on the mineral and specie; a bean cultivar with a high Fe 

concentration has already been developed. Similarly, varieties of rice containing 4-5 times more 

Fe in grain tissues after processing were generated by the International Rice Research Institute 

(IRRI) (Gregorio, 2002). 

In maize germplasm, there are great variations in Zn content, which has been widely 

explored in studies addressing conventional breeding (Cakmak, 2008; Simic et al., 2009). At the 
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molecular level, little information is available about the mechanism of Zn (and other 

micronutrient) accumulation. However, it is assumed that there is a positive correlation between 

the level of protein and Zn, possibly due to cosegregation of associated genetic factors (Uauy et 

al., 2006). Therefore, efforts to increase protein could increase levels of Zn. 

The use of fertilizers and/or inductors is also an important strategy for mineral 

biofortification, as it has been shown to improve the absorption and/or translocation of minerals 

via the xylem, enhancing vegetative growth and yield (Brakemeier, 1999; Hawrylak-Nowak, 

2008). Application of urea containing Zn increase Zn and proteins levels in grains. Although 

further studies are needed to confirm this, Martin-Ortiz et al. (2009) showed that application of 

NPK (nitrogen, phosphorus and potassium) with Zn lignosulfate may provide maize with an 

adequate supply of Zn. Moreover, Zn reduces the absorption of P and the accumulation of 

phytate in grain, which would make Zn more bioavailable in the digestive tract (Hortz and 

Mcclafferty, 2007). Additionally, plants from seeds with a high Zn content exhibit an increased 

ability to cope with adverse environmental conditions (Cakmak, 2008). In general, fertilization 

with Zn has shown better results in poor Zn soil, whereas foliar application of Zn to wheat in a 

late growth stage increased its concentration in grain by three times. These positive results may 

occur because Zn is relatively readily absorbed (Cakmak, 2008). 

Iron deficiency affects approximately two billion people worldwide (WHO, 2000), which 

makes it important to consider this mineral in maize biofortification. Iron has low mobility in 

soil, but foliar fertilizer application (with FeSO4 and the chelates Fe-EDDHA and Fe-EDTA) 

improves its absorption (Frossand et al., 2000; Zhu et al., 2007). In addition, the 

synergism/antagonism observed between minerals can be an effective strategy to increase 
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mineral content. Application of N, P and/or K, for example, has been shown to increase the 

absorption of Fe as well as Zn and calcium (Ca) in the soil, except when used excessively, in 

which case the opposite effect is observed (Frossard et al., 2000). In rice, N application increased 

concentrations of Fe but had adverse effects on Zn concentrations (Zhang et al., 2008). In turn, 

fertilization of maize with N increased the levels of P, K, Ca, magnesium (Mg), sulfur (S), Cu, 

Fe, Mn and Zn (Ferreira et al., 2001). 

Quantitative trait loci (QTLs), associated to the accumulation of minerals in grains have 

been mapped in several cultivars (Stangoulis et al., 2007), which provides molecular markers 

that can facilitate the improvement of mineral content. One recent study presented a useful 

source of SSRs and SNP markers in genes that encode transporters for Zn and Fe in maize, 

which can be used for genetic mapping, association-assisted selection and the development of 

transgenic maize fortified with micronutrients (Sharma and Chauha, 2008). For example, 

overexpression of Zn and Fe transporter proteins was associated with an increase in both 

micronutrients simultaneously. In barley, expression of genes encoding Zn transport proteins 

(ZIP family proteins) from Arabidopsis thaliana increased Zn concentrations (Ramesh et al., 

2004). However, absorption of toxic elements, such as cadmium (Cd), can occur concurrently 

with absorption of essential nutrients, such as Fe and Zn, because both use the same carriers. 

Thus, efforts to increase the absorption of these nutrients should seek to avoid possible 

undesirable consequences, like an increase in the accumulation of heavy metals (Palmgren et al., 

2008). 

Studies of the transcription factor NAC (NAM-B1) from Triticum diccocoides also 

showed an increase in the concentration of Zn and Fe in grain tissues, possibly due to stimulation 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 11

of leaf senescence and remobilization of these minerals to the grain (Uauy et al., 2006). 

Furthermore, overexpression of the yellow stripe 1 (ys1) gene, which encodes nicotianamine 

aminotransferase, was associated with an increase in the accumulation of Fe (Curie et al., 2001). 

Ys1 can also affect the absorption of Zn and Cu (Didonato et al., 2004). Overexpression of the 

phytase gene from Aspergillus (Phya) using the endosperm-specific promoter of rice glutelin-1 

(Gt-1) in combination with increased levels of Fe-binding ferritin protein from soy, increases the 

levels and bioavailability of Fe in maize (Drakakaki et al., 2005). The increased ferritin levels in 

the grain result in protection against metal chelators during the digestion process in humans, thus 

increasing the absorption of Fe (Lonnerdal et al., 2006). Additionally, the recent observation of 

the influence of β-carotene content on increasing the bioacessibility of these minerals (Gautama 

et al., 2010) should generate new strategies to increase the bioavailability of trace minerals. 

Calcium, like Zn, is an important cofactor and molecular signal and is essential in the 

blood coagulation cascade. Calcium deficiency has a profound impact on bone health and may 

result in rickets or osteoporosis, depending on age (Relea, 1995). Transgenic strategies to 

increase Ca in plants have focused on increasing the expression of secondary transporters of 

Ca2+/H+ located in the membrane of the vacuole. The Arabidopsis CAX1 secondary transporter, 

which is important for Ca homeostasis in plant cells, increased the bioavailability of Ca in 

transgenic potato tubers (Park et al., 2005). More recently, the same authors observed a 25-32% 

increase in the concentration of Ca in transgenic lettuce compared to non-transgenic controls, 

without affecting quality parameters, sensory crispness and flavor (Park et al., 2009). 

Similarly, selenium, for which cereals are an excellent source, is an essential trace 

element for the regulation of antioxidant metabolism in plants and animals. It functions as a 
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cofactor for glutathione peroxidase, an enzyme that protects tissues against oxidative damage 

and has a suppressive action on cell proliferation (Slavin, 2003). In a study using rats fed two 

varieties of wheat, one of which was low in Se (23 mg kg-1), while the other was rich in Se (800 

mg kg-1), glutathione peroxidase activity in plasma, liver and red blood cells was found to be 

directly correlated with Se content (Ciapellano et al., 1989). The bioavailability of Se from 

various fractions of cereals was also positive in rats (60% for wheat bran and 100% for wheat 

flour) and provided increased glutathione peroxidase activity in the liver and red cells at a diet of 

approximately 20 mg kg-1 Se (Reeves et al., 2007). 

Selection of varieties of maize with a higher content of Se as well as increased use of Se 

in fertilizers could provide further improvements in the body's antioxidant potential. Fertilization 

with selenium may be an intervention associated with great results, as sodium selenate is highly 

mobile, easily absorbed and accumulates in a bioavailable form, selenomethionine, even in grain 

(Broadley et al., 2006; Fang et al., 2008; Li et al., 2010). Addition of Se to NPK fertilizers has 

been widely employed in Finland and New Zealand (countries with soils that are naturally low in 

Se), which has led to the accumulation of Se in grains (Combs, 2001; Gomez-Galera et al., 

2010). 

There have been no reports of transgenic maize being modified to increase the 

accumulation of Se thus far. However, due to the chemical similarity of Se to S, several genes 

involved in the S metabolic pathway have been identified as possible candidates. In the same 

metabolic pathway, Se is taken up, accumulated and volatilized. Thus, a strategy to inhibit this 

stage of evaporation would promote Se accumulation without affecting the metabolism of S 

(Sors et al., 2005). 
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In this context, although several studies have been conducted using direct and indirect 

strategies for mineral biofortification, there are still many gaps that remain to be understood, 

especially in relation to the chemical and molecular mechanisms of absorption and translocation 

of minerals and possible synergism/antagonism between them. This information will enable 

more success in efforts to biofortify minerals with important nutritional and functional actions in 

human health. 

Carotenoids 

Carotenoids are the largest group of pigments synthesized by secondary metabolism, with 

more than 600 structures characterized. They are synthesized by photosynthetic organisms, 

including plants and, some bacteria and fungi. Carotenoids in feed are responsible for the color 

characteristics of many birds, insects and marine invertebrates. In plants, they are essential for 

growth and development and in the process of photosynthesis as well as being protective against 

photo-oxidative damage and as precursors of abscisic acid (Gallagher et al., 2004). The presence 

of carotenoids in grains adds nutritional value to the diet, as they are precursors of vitamin A and 

essential retinoid compounds (Fraser and Bramley, 2004). 

Cereals are an important source of carotenoids, with the highest levels present in maize 

(approximately 11 mg of carotenoids per kilogram of DW), and are uniformly distributed in the 

grain (Panfili et al., 2004). The carotenoids include α and β-carotene, cryptoxanthin, 

zeinoxantina, lutein and zeaxanthin (Figure 1); the last two are mostly xanthophylls found in 

maize (6-18 mg g-1 of zeaxanthin and 4-8 mg g-1 of lutein) (De Oliveira and Rodriguez-Amaya, 

2007). These xanthophylls are of interest due to their association with eye health. They are the 

only carotenoids found in the macula, functioning to protect the eye against free radicals and 
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blue wavelengths of light from the near ultraviolet (Mrcophth et al., 2008). Studies have also 

shown that dietary lutein and zeaxanthin can reduce the risk of cataracts and age-related macular 

degeneration, which are the main causes of blindness among the elderly (Brown et al., 1999). In 

addition, lutein and zeaxanthin as well as astaxanthin (which has a similar structure to the first 

two compounds) exhibited an equally effective antioxidant capacity in rat tracheal epithelial 

cells, combating the damage caused by the exposure of DNA to ultraviolet A (UVA) radiation 

and influencing the kinetics of repair. However, adverse effects were observed in human 

neuroblastoma cells when cultured in the presence of these three carotenoids and subjected to 

irradiation for a period of 30 minutes; the irradiation caused increased DNA damage, suggesting 

that the effectiveness of these carotenoids depends on a number of factors, such as their 

concentration, the cell type, and the time of exposure to radiation as well as the site within the 

cell and interactions with other antioxidants (Santocono et al., 2006). In an in vivo study using 

rats as an experimental model, a suppressive effect of lutein was observed when administered 

during the promoter stage of hepatocarcinogenesis at levels that were similar to those observed in 

humans (Moreno et al., 2007). 

Other carotenoids, such as α-carotene, β-carotene and β-cryptoxanthin, exhibit pro-

vitamin A activity. β-carotene has twice the activity of the others carotenoids because it contains 

two non-replaceable β rings. These carotenoids are cleaved in the intestinal lumen to produce 

retinol (vitamin A), an essential micronutrient for human health; the World Health Organization 

(WHO) estimates that there are more than 250 million children worldwide with disabilities 

related to vitamin A deficiency, with most cases being found in developing countries 

(http://www.who.int/nutrition/topics/vad/en/). 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 15

Because of this, biofortification through metabolic engineering has been of great interest, 

especially with regard to the pro-vitamin A carotenoids. Maize is a target cultivar, as it 

represents a large fraction of the diet in developing countries. However, to be successful, this 

strategy requires a controlled increase in the levels of total carotenoids through the increase of 

biosynthetic pathway flow, minimizing degradation and optimizing kidnapping, in addition to 

the need to promote a controlled increase of specific compounds, such as β-carotene, which 

requires extensive knowledge of these metabolic pathways. 

In plants, the enzymes involved in carotenoid biosynthesis are encoded in the nucleus and 

sent to the membranes of chloroplasts, chromoplasts and amyloplasts, where these compounds 

are synthesized. A simplified metabolic pathway for the biosynthesis of carotenoids (Figure 1) 

starts with the formation of phytoene from geranylgeranyl pyrophosphate, a step mediated by 

phytoene synthase (PSY), which as the first enzyme in this pathway, is of vital importance in the 

synthesis of carotenoids. In maize, there are three known genes encoding this enzyme (psy1, 

psy2 and psy3). Carotene synthesis in the endosperm is predominantly related to the gene psy1 

(Li et al., 2008), and the expression of this gene is correlated with the levels of carotenoids in the 

endosperm of maize. In white varieties of maize and rice, it was observed that the phenotype is 

due to a loss-of-function allele of psy1, preventing accumulation of carotenoids in the endosperm 

(Gallagher et al., 2004). In contrast, for the psy2 gene, high mRNA levels are found in leaves, 

but this gene seems to have little influence on the level of carotenoids in the endosperm (Palaisa 

et al., 2003; Gallagher et al., 2004), whereas expression of psy3 was observed predominantly in 

roots and embryos, tissues that have limited levels of carotenoids (Li et al., 2008). 
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Studies show that the psy1 gene is polymorphic in different varieties of maize (Palaisa et 

al., 2003). Cloning of the psy1 gene in maize via transposons resulted in detecting the gene 

product Yellow1 (y1), which led to increased accumulation of carotenoids in the endosperm. 

QTL analysis showed that psy1 and zds (zetacaroteno-desaturase) are associated with variations 

in individual and total carotenoids. Use of the 27 kDa γ-zein promoter or the modified promoter 

“super γ-zein 27kDa” also increased the accumulation of carotenoids, with a preference for β-

carotene in the endosperm (Marks et al., 1985; Marzabal et al., 1998; Wu et al., 2010). A more 

than 34-fold increase in endosperm carotenoids in white varieties was obtained using the "super-

zein promoter” together with overexpression of crtB (an Escherichia coli gene whose function is 

related to the psy gene) and crtI (an Escherichia coli gene responsible for four desaturation 

reactions converting phytoene to lycopene) (Aluru et al., 2008). Moreover, the carotenoid levels 

and composition in wheat germ and endosperm are dramatically affected by the levels of 

expression of the lcyβ (lycopene β-cyclase) and lcyε (lycopene ε-cyclase) genes (Harjes et al., 

2008). Fraser and Bramley (2004) showed that lcyε controls the zeaxanthin/lutein ratio and that it 

is a key gene determining the content of pro-vitamin A in maize. Through analysis of association 

maps, gene expression analysis and mutagenesis, Harjes et al. (2008) showed that a variation in 

the gene locus for lcyε decreases the flow of the α-carotene branch, increasing the flow of β-

carotene in the metabolic pathway of carotenoids. Four natural polymorphisms in lcyε explained 

58% of the variation in these branches and a difference of three times in pro-vitamin A. 

Vallabhaneni and Wurtzel (2009) showed that the abundance of mRNA for six genes that 

encode functional carotene hydroxylase (hyd), as well as cyp97c gene (encodes β-carotene 

hydroxylase - P450) and cyp97a gene (encodes to ε-carotene hydroxylase - P450) varied between 
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different tissues in maize plants and during the development of the endosperm. Natural 

variability in the gene for β-hydroxylase 1 (hydb1) explained 23% of the levels of β-carotene in 

grain and 37% of the ratio of β-carotene to total carotenoids. A combined analysis of the genes 

hydb1 and lycε explained 43% and 56% of the variation in the β-carotene and β-carotene/total 

carotenoid ratio phenotypes, respectively (Yan et al., 2008). Similarly, discovery of the locus for 

hydroxylase3 (hyd3), mapped by QTL analysis, showed three natural alleles in varieties of maize 

that may explain more than 80% of the variation and the approximately 11-fold difference 

between β-carotene and β-cryptoxanthin in maize (Vallabhaneni et al., 2009). Recently, the 

expression of other genes related to the metabolic pathway of carotenoid synthesis was also 

studied together with grain development in genetically variable maize germplasm, showing that 

the correlation with the accumulation of carotenoids can be positive or negative depending on the 

post-pollination time analyzed (Vallabhaneni and Wurtzel, 2009). 

Efforts to implement improvements in the levels or composition of carotenoids in maize 

based on the variability of individual carotenoids in landrace populations through the 

development of new varieties have led to interesting results. Some of the varieties exhibited 

levels of zeaxanthin up to 12 mg kg-1 fresh weight, with total carotenoid levels of approximately 

30 mg kg-1 fresh weight. These varieties are promising candidates for breeding programs aimed 

at improving β-carotene content, as β-carotene is in the same branch of the metabolic pathway as 

zeaxanthin synthesis (Fanning et al., 2010). Other studies characterizing maize landrace 

germplasm have observed high variability in carotenoids, allowing joint selection of some 

varieties that also exhibit high concentrations of proteins and lipids and phenotypic 

characteristics such as glassy texture for breeding programs (Berardo et al., 2009). 
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Specifically targeting the biofortification of pro-vitamin A carotenoids, conventional 

breeding strategies have allowed selection of cultivars with high levels of carotenoids (66.6 µg g-

1 DW) and β-carotene (13.6 µg g-1 DW) (Harjes et al., 2008). Menkir et al. (2008) evaluated 

different strains of yellow maize adapted to tropical climates and observed large differences in 

the levels of the main carotenoids (lutein, zeaxanthin, β-carotene, β-cryptoxantina, and α-

carotene) and significant correlations between carotenoids sharing one of two main branches of 

the biosynthetic pathway of carotenoids, which would make it possible to increase the levels of 

multiple carotenoid simultaneously by genetic engineering. 

Varieties of sweet maize also showed potential for the development of varieties with high 

levels of zeaxanthin. The color of these varieties was correlated with the levels of zeaxanthin, β-

cryptoxanthin, β-carotene and total carotenoids (Fanning et al., 2010). This finding contrasts with 

the results obtained by Harjes et al. (2008), who found no correlation of these compounds with 

the color of maize varieties. In addition, a study conducted at the Embrapa Temperate 

Agriculture (Brazilian Agricultural Research Corporation) demonstrated differential expression 

of psy1 and lut1 (which encodes the enzyme carotene ε-cyclase) (Figure 2) between maize 

landraces from southern Brazil (Messias et al., 2010). 

QTLs have also been studied for genes that encode enzymes involved in the carotenoid 

metabolic pathway, including phytoene synthase (psy), phytoene desaturase (crtl), lycopene ε-

cyclase (lycε) and lycopene β cyclase (lycβ) (Vallabhaneni and Wurtzel, 2009). 

Researchers are currently studying the biofortification of multiple nutrients in maize. 

Recent successes achieved using genetic modification strategies include increases in 

multivitamins in maize, including an up to 169-fold increase in β-carotene, 6-fold increase in L-
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ascorbic acid, and twice as much folate in the endosperm compared to wild-type plants. This 

maize cultivar was created using transfer of cDNAs encoding the genes crtI and psy1 for the 

biosynthesis of β-carotene, the dehydroascorbate reductase gene from rice (dhar) to increase the 

synthesis of vitamin C, and the folE gene from E. coli for the synthesis of folate (Naqvi et al., 

2009). 

Biofortification strategies using fertilization to increase the content of carotenoids in 

maize have been widely studied. Additionally, some advances in other crop species have shown 

promising results. For example, fertilization with Ca2+ and NO3- resulted in increased contents of 

lycopene and β-carotene in pepper (Flores et al., 2009). Nitrogen fertilization increased the total 

carotenoids content and the DW of cabbage (Kopsell and Kopsell, 2007), and in both cases, the 

results varied among cultivars. 

Abiotic stress methods indicate that moderate long-term irrigation (15 days prior to 

harvest) with 5 mM NaCl can increase the nutritional value of romaine lettuce, particularly in 

relation to the contents of lutein and β-carotene, without losses in productivity or appearance 

(Kim et al., 2008), though more studies addressing the toxicity of this procedure and its influence 

on other nutritional compounds are needed. Moderate water stress also resulted in changes in the 

accumulation of these compounds in broccoli (Cogo et al., 2011). However, there are virtually no 

data investigating these stressors in maize. 

Thus, despite studies indicating maize as a major source of diverse functional compounds 

involved in secondary metabolism that promote health benefits by acting as antioxidants, 

biofortification efforts have prioritized increments of pro-vitamin A compounds through 

metabolic engineering and conventional breeding. Although agronomic interventions employing 
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fertilizers and hormones have shown promising results, especially in crops susceptible to abiotic 

stress, such interventions have not been used specifically for the biofortification of carotenoids in 

maize. 

Vitamins E and C 

As shown in Figure 1, geranylgeranyl diphosphate can be converted to phytoene, 

culminating in the synthesis of carotenoids (α and β carotenes and xanthophylls), or it can be 

directed to the metabolic pathway of tocopherol synthesis. Vitamin E is the generic term used to 

describe a group of eight fat-soluble antioxidants with two different structures: the tocopherols 

and tocotrienols (Liu, 2007). Vitamin E is generally located mainly in the germ of whole grains 

and can be extracted with the lipid fraction or lost during the process of oil refining (Cukelj et al., 

2010). In this case, the processing of maize is a factor that directly influences levels of vitamin E 

(Fardet et al., 2008). 

In maize, the levels of vitamin E range from 0.3 to 0.7 mg 100 g-1 for most varieties, with 

α-and γ-tocopherols being the only vitamin E compounds found in significant amounts (0.005% 

and 0.009% of total oil, respectively). There are reports of grain containing a tocopherol 

concentration of 45 mg kg-1 DW (Panfili et al., 2004). Varieties of green maize contain from 2.4 

to 63.3 µg of γ-tocopherol g-1 DW (Kurilich and Juvik, 1999). The high variability observed in 

the regulation of the synthesis of carotenoids and tocopherols in maize suggests this specie 

would be a promising target for biofortification. 

The antioxidant potential of vitamin E is currently widely accepted, and this activity is 

responsible for maintaining the integrity of lipid membranes as well as acting in DNA repair and 

other metabolic processes. Tocopherols and tocotrienols act by donating the hydrogen atom of a 
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free hydroxyl group to free radicals, resulting in resonance stabilization of vitamin E radicals, 

thus preventing the oxidation of polyunsaturated lipids in cell membranes (Traber, 2007). In vivo 

studies show that vitamin E improves various parameters related to oxidative stress in animals 

(Golestani et al., 2006) and humans (Martin et al., 1996). 

Another mechanism of vitamin E action is shown in its ability to maintain selenium in a 

reduced state and to inhibit the formation of nitrosamines, especially at a low pH. In rats 

pretreated with vitamin E, it was observed that there was increased protection against the effects 

of N-nitrosodiethylamine, a carcinogen that causes oxidative stress in the liver (Bansal et al., 

2005). Another study detected reduction of 8-epi-prostaglandin F2a in the plasma of obese 

Zucker rats after they received a diet supplemented with vitamin E (Laight et al., 1999). In 

addition, a study examining rats fed a diet of maize showed that the bioavailability of vitamin E 

was quite satisfactory (Mitchell et al., 1996). 

cDNA encoding homogentisic acid geranylgeranyl transferase (hggt), which catalyzes an 

important step in tocotrienol biosynthesis, was isolated from barley, wheat and rice. Transgenic 

expression of hggt from barley leaves in Arabidopsis thaliana resulted in a greater accumulation 

of tocotrienols. Similarly, induction of hggt expression in maize resulted in a more than six-fold 

increase in tocopherol and tocotrienol contents (Cahoon et al., 2003). These results demonstrate 

the possibility of increasing the antioxidant content of crops by introducing an enzyme that 

redirects metabolic flux. 

Another compound that represents an appealing target for biofortification in maize is L-

ascorbic acid, the precursor of vitamin C. Although cereals are not considered a significant 

source of ascorbic acid, increasing the levels of this molecule could be an interesting option for 
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cereals, as they are components of the base of the food pyramid. Although the subcellular site of 

L-ascorbic acid synthesis has not yet been completely elucidated, this process is known to occur 

in mitochondria and/or chloroplasts (Ishikawa, 2006). After it is used, L-ascorbic acid can be 

regenerated to its oxidized form in a reaction catalyzed by the enzyme dehydroascorbate 

reductase (DHAR). Expression of wheat dhar in maize and tobacco resulted in increases in the 

expression of dhar of 32 and 100 times, respectively, as well as 2 to 4 times the levels of 

ascorbic acid. In addition, the levels of glutathione, the reducing agent used by DHAR, also 

increased (Chen et al., 2003). 

Phenolic compounds 

Phenolic compounds are products of secondary metabolism in plants and are derived 

from the shikimate metabolic pathway, which culminates with the synthesis of phenylalanine and 

tryptophan. These amino acids are precursors of phenylpropanoid and the flavonoids, 

isoflavones, pterocarpans, stilbenes, coumarins, fenolamines, aurones, chalcones, lignans and 

lignins (Treutter, 2010) (Figure 2). 

The majority of the phenolic compounds in maize are phenolic acids, such as ferulic, 

vanillic, caffeic, syringic, synaptic and ρ-coumaric acids, and polyphenols, such as lignins and 

lignans (Sosulski et al., 1982). Ferulic acid in whole grains can exist in free, soluble conjugate or 

complexed forms; the last form is responsible for up to 93% of total ferulic acid. In maize, the 

levels of these forms exhibit proportions of 0.1:1:100 (Adom and Liu, 2002), constituting up to 

2-4% of the shell of the grain measured in dry weight (114), or more than 26-33 g of ferulic acid 

per kg of maize bran. However, many studies have reported levels of phenolic compounds based 

on aqueous extraction using methanol, ethanol and acetone (Ortiz-Monasterio et al., 2007; Zhu et 
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al., 2007; Cakmak, 2008). These methods assume that long extraction times and/or more finely 

ground samples can maximize the extraction of these compounds from grains. However, these 

methods extract only soluble phenolics, and more exhaustive extraction techniques, such as 

digestion, are required for the extraction of complexed phenolics from grains (Liu, 2007). 

Phenolic compounds are responsible for essential functions in plant growth and 

development and as a defense mechanism against pathogens, parasites and predators as well as 

contributing to the phenotype of plants. Studies also show the action of these compounds in the 

diets of humans and animals, reducing the risk of developing chronic diseases and cancers (Liu, 

2007). However, the mechanisms of action of phenolic compounds in vivo have not yet been 

fully elucidated. These compounds contain one or more aromatic rings with one or more 

hydroxyl groups (Figure 2), which have antioxidant potential (Rice-Evans et al., 1997). Thus, 

they are believed to act primarily as free radical scavengers and/or as chelators of transition 

metals (minerals or trace elements). However, it is unknown whether their ability to trap free 

radicals is sufficient to explain their antioxidant activity in vivo due to their relatively low 

availability (0.3 - 2.6%) in the digestive tract (Scalbert and Williamson, 2000). It is possible that 

this concept is a simplification of the mode of action of these compounds. It is more likely that 

cells respond to polyphenols mainly by direct interactions with receptors or enzymes involved in 

signal transduction, which may result in modification of the redox status of the cell, generating a 

series of redox-dependent reactions (Scalbert et al., 2005). Phenolic acids, such as caffeic and 

ferulic acids, exhibit anti-carcinogenic action, which may involve induction of detoxification 

systems, especially phase II conjugation reactions (Slavin, 2003). 
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Other physiological mechanisms of action associated with whole grains are probably 

connected to the induction/repression of particular genes via cellular signaling through 

transcription factors, activating antioxidant response elements, which can lead to the synthesis of 

antioxidant compounds, such as glutathione, or enzymes involved in glutathione metabolism 

(Myhrstad et al., 2002). Moreover, these phenolic compounds can act as pro-oxidants and can 

induce apoptosis and, thus, prevent tumor growth (Scalbert et al., 2005). 

Another important issue to consider is that only the soluble and free fractions of ferulic 

and synaptic acids, which correspond to limited amounts in cereal, are absorbed in the upper 

intestinal tract. Nevertheless, most phenols are conjugated and metabolized, resulting in 

absorption in the colon (Scalbert and Willianmson, 2000). For example, ferulic acid is esterified 

to arabinose residues in the cell wall; this ferulic acid-bound fraction and other polyphenols may 

be released later in the colon through fermentation, providing beneficial action in a localized 

form (Adom and Liu, 2002). Thus, whole grain-based foods would provide antioxidant 

protection for a long period of time along the digestive tract, creating an environment that would 

protect the intestinal epithelium against pro-oxidative compounds. 

Adom and Liu (2002) found the highest levels of phenolic compounds (2.12 mmol g-1 

grain, 85% in complex form) and total antioxidant activity (157 µmol g-1 grain, 87% in complex 

form) in maize kernels. However, unlike other cereals, the antioxidant capacity of maize in vitro 

is not significantly correlated with polyphenol content (Fardet et al., 2008), requiring further 

studies to correlate the antioxidant effects provided by cereals with other types of bioactive 

compounds. In addition, the antioxidant activity of whole grains is usually underestimated in 

vitro, mainly due to the fraction of polyphenols that are associated with fiber, which in the case 
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of maize, reaches 87% (Adom and Liu, 2002). Thus, these results are an approximation of the 

actual antioxidant effect of maize grains in vivo due to factors such as differences in the 

solubility and/or bioavailability of these compounds in the digestive tract and metabolism (Fardet 

et al., 2008). Although the soluble fraction of phenolic compounds in grains is highly relevant to 

their activity in vivo due to their increased availability in the digestive tract (Gallardo et al., 

2006), Pellegrini et al. (2006) showed that in all cases, the complexed fractions of eighteen 

cereals showed higher antioxidant capacities than free extracts (extracts soluble in organic 

solvents). 

It is known that digestion increases the antioxidant capacity of cereals and their products 

(Liyana-Pathirana and Shahidi, 2005). Stomach acids and enzymatic hydrolysis in the duodenum 

increase the solubility and activity of polyphenols in cereals via partial hydrolysis. Thus, in vitro 

digestion using enzyme extracts under conditions simulating the gastrointestinal tract showed 

that the amount of antioxidants released by the array of cereals in the human gut may be higher 

than expected based on measurements made with the generally employed aqueous-organic 

extracts (Perez-Jimenez and Saura-calixto, 2005). Nagah and Seal (2005) also demonstrated the 

significant influence of in vitro gastrointestinal digestion in increasing the release of antioxidants 

from foods based on whole grains. Similarly, digestion of starch and protein can also increase the 

release of polyphenols. 

An important factor that should be considered within the context of biofortification is that 

processing maize can also change the content of phenolic compounds. Dewanto et al. (2002) 

performed thermal processing at 115° C for 25 min for the purpose of canning common yellow 

maize and noticed increases of 44% in antioxidant activity, 550% in the content of ferulic acid 
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and 54% in the total phenolic content compared to fresh maize, despite the loss of 25% of the 

vitamin C content. Increases in the concentration of total phenolics and antioxidant activity were 

also reported by Randhir et al. (2007) during thermal sterilization of maize. Inhibition of the 

bacterium H. pylori, which is associated with ulcer occurrence, was also noted. According to the 

authors, these changes in functionality due to heat processing may be due to changes in the 

content and profile of total phenolic compounds induced by oxidation or polymerization. 

Maize, like other cereals, represents a good source of polyphenols. Most of these 

compounds are located in the endosperm of the grain. Lignans and lignins are predominant in the 

cell wall. Lignin polymers, which are highly branched polyphenolic compounds (Figure 2), 

constitute 30% of the biomass of plants and belong to the most abundant class of polymers on 

the planet. Lignins represent a major component of whole grains, accounting for 3-7% of the 

bran fraction, and these compounds were long considered to be nutritionally inert in the digestive 

tract. However, their polyphenolic structure gives them antioxidant potential (Fardet et al., 

2008). 

Lignans are secondary constituents of plants belonging to the group of phytoestrogens. 

The lignans includes lariciresinol, syringaresinol and pinoresinol as well as secoisolariciresinol 

and matairesinol (Figure 2). The last two substances are the major lignans found in plant foods, 

especially cereals such as maize, oats, wheat and rye (Thompson et al., 1991). Both matairesinol 

and secoisolariciresinol are converted to enterodiol and enterolactone (mammalian lignan) by the 

intestinal microflora. It is possible that the loss of the methoxy radical during digestion results in 

the reduced antioxidant capacity observed between the two groups (Niemeyer and Metzler, 

2001). The antioxidant activity of these plant lignans has been observed in different model 
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systems, both aqueous and lipid, showing a reduction of lipid oxidation (Kitts et al., 1999), 

although their effects are less pronounced than lignin in the prevention of genetic oxidative 

damage, as shown in human colon cells incubated with enterolactone (Pool-Zobel, 2000). Begum 

et al. (2004) showed that rats can metabolize lignans into lignins. In another study, diabetic rats 

(diabetic nephropathy) injected subcutaneously with nordihydroguairetic acid (an antioxidant 

and lignin lipoxygenase inhibitor) for four weeks showed less renal dysfunction and oxidative 

stress than control (Anjaneyulu and Chopra, 2004). 

Although studies have shown that lignins and lignans have antioxidant effects in vivo, 

particularly in the colon, few studies have been conducted on their bioavailability in the intestine. 

The majority of studies addressing the antioxidant potential of these compounds have been 

performed in vitro using mammals cells, mainly focused on their influence on DNA damage 

(oxidative damage) (Fardet et al., 2008; Cooke et al., 2002). 

Searching for increases in the levels of phenolic compounds in plants, several studies 

have been conducted on the metabolic pathway involved in the production of these compounds. 

The key enzymes associated with this route are chalcone synthase (CHS) and isoflavone 

synthase (IFS), known as cytochrome P450. From these enzymes, the structural diversity of 

flavonoids is derived via substitution of the carbon basic skeleton through hydroxylation, 

glycosylation, methylation, acylation, prenylation and polymerization (Dixon and Pasinetti, 

2010). However, the enzymes that catalyze substitution reactions are often encoded by large 

gene families with conserved sequence motifs, which have hampered attempts at improvement of 

phenolic compounds by genetic modification. In addition, many of these enzymes are active with 

multiple classes of flavonoids (Peel et al., 2009). The subcellular localization of the components 
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associated with the precursors of phenylalanine also remains uncertain (Zhao et al., 2010), and 

little is known about these components are deployed out of the vacuole (Gomez et al., 2009). 

Thus, despite the interest in increasing the contents of phenolic compounds in plants, 

reports in the literature regarding maize in which the phenol content was genetically modified are 

scarce. Studies on the use of transcription factors for induction of multiple genes in this 

metabolic pathway have generated the most promising results (Grotewold et al., 1998; 

Grotewold et al., 2000; Rhee et al., 2010; Hichri et al., 2011). Most of the structural genes 

encoding enzymes involved in the biosynthesis of anthocyanins appear to be coordinately 

regulated by bHLH transcription factors, including B and R, interacting with the MYB gene c1 

(Chandler et al., 1989). Ectopic expression of R and C1 in an in vitro culture of non-pigmented 

maize cells resulted in biosynthesis and accumulation of anthocyanins due to the coordinated 

expression of most structural genes (Grotewold et al., 2000). Expression of P (a MYB-type 

transcriptional regulator) in maize cells also induced the expression of a coordinated series of 

biosynthetic genes leading to the accumulation of flavonoids different than those regulated by 

C1/R (Grotewold et al., 2000). Additionally, Dias and Grotewold (2003) used a maize cell 

culture system to investigate the consequences of the accumulation of metabolites by expressing 

the R2R3 MYB transcription factor (ZmMyb-IF35) and found that ZmMyb-IF35 does not induce 

accumulation of flavonoids, but does induce the accumulation of ferulic and chlorogenic acids. 

In soybean seeds, genes involved in the phenylpropanoid metabolic pathway were activated by 

the expression of transcription factors C1 and R from maize, resulting in a slight increase in the 

levels of isoflavones. On the other hand, co-suppression of flavonone 3-hydroxylase to block the 

synthesis of the anthocyanin arm of this metabolic pathway together with the expression of C1/R 
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resulted in high levels of isoflavones, which may represent a promising strategy for the 

biofortification of flavonoids in cereals (Yu et al., 2003). 

With the same purpose, a number of studies have assessed the diversity of maize 

landraces searching for varieties with higher concentrations of phenolic compounds. Del Pozo-

Insfran et al. (2006) demonstrated that one variety of Mexican purple maize showed a 

significantly higher antioxidant capacity than American purple and white varieties, which was 

attributed to the specific anthocyanins and/or the composition of polyphenols in the plants. 

Lopez-Martinez et al. (2008) evaluated 18 varieties of native Mexican maize and observed a 

varied concentration of phenolic compounds, anthocyanins and ferulic acid, identifying three 

varieties, all purple, with the highest content of these phytochemicals. Likewise, Pedreschi and 

Cisneros-Zevallos (2007) observed high levels of anthocyanins and non-anthocyanic phenolic 

compounds in a variety of purple maize from a region of the Peruvian Andes. In maize hybrids, 

equal variability was observed in the levels of phenolic compounds, with moderate digestibility 

in the small intestine of pigs (Kljak et al., 2009).  

Mineral fertilization has also been used to increase the contents of some phenolic 

compounds, as maintenance of mineral levels is a prerequisite to provide cofactors for many 

enzymes in the phenylpropanoid pathway. For example, magnesium (Mg2+) and manganese 

(Mn2+) ions participate in the activity of phenylalanine ammonia lyase (PAL), CoA-ligases, and 

methyltransferases (Treutter, 2010). On the other hand, Ca2+ deficiency induced the 

accumulation of total phenolics in Prunus callus (Yuri et al., 1990). Phosphate deficiency, in 

turn, increased the accumulation of chlorogenic acid in Helianthus annuus (Koeppe et al., 1976) 

and flavanones in tomatoes (Zornoza and Esteban, 1984). Boron (B) deficiency also led to the 
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accumulation of phenolic compounds (Shkolnik, 1984) in an in vivo grape callus system, and the 

increases in B content caused a decline in catechins and proanthocyanins, while addition of 

AlCl3 increased the content of flavonoids, possibly due to stress caused by aluminum (Feucht et 

al., 1999). The accumulation of phenolic compounds is often affected by high levels of N, as 

described for oats (Norbaek et al., 2003), apricot fruit (Radi et al., 2003), Vaccinium myrtillus 

(Wetzell and Shevtsova, 2004), Pinus elliotii (Saxon et al., 2004), apple (Lesser and Treutter, 

2005) and recently Tobacco (Treutter, 2010). In strawberries, it appears that excessive 

fertilization with N promotes the accumulation of large amounts of phenolic compounds. 

However, conflicting results were reported by Anttonen et al. (2006), who showed a reduction in 

the concentration of phenolics in strawberry plants after increased fertilization with N. In 

Solanum carolinense, an increase in phenolics was observed to be associated with an increasing 

demand for N. Surprisingly, in wheat (Triticum aestivum), an increase in soluble phenolic acids 

in straw but a decrease in grain occurred when N demand was high (Treutter, 2010). 

An increase in levels of phenolic compounds can also be obtained through addition of Se. 

Basil plants treated with 10-50 mg of Se dm-3 and 3-20 mg of Se dm-3 exhibited increased levels 

of anthocyanins and total phenolics, respectively (Hawrylak-Nowak, 2008). Fertilization of 

broccoli with S influenced the content of flavonoids and hydroxycinnamic acid derivatives 

(ferulic acid and sinapism acid derivatives + caffeoyl-quinic acid derivatives) (Vallejo et al., 

2003). 

Thus, the literature shows that improvement of antioxidant phenolic content can be 

achieved in maize, whose studies are attempted especially in the use of fertilizers. Combining 

this strategy with the increasing knowledge of the mechanisms regulating the synthesis of these 
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compounds as well as exploitation of the genetic variability of maize landraces should lead to 

promising results regarding the biofortification of phenolic compounds in maize. 

Perspectives 

Maize, in addition to being the main staple food of the population in many countries, is 

used in the production of hundreds of products. Its importance in human nutrition and animal 

feed and, hence, throughout the food chain is undeniable, making it a target species in current 

attempts at biofortification. In this context, Table 1 summarizes the main strategies and advances 

presented in this article related to biofortification of micronutrients, with focus in maize. From 

the studies cited here, it is clear that maize is considered a good source of functional antioxidant 

compounds containing high concentrations of xanthophylls, especially lutein and zeaxanthin, 

related to the prevention of retinal diseases, as well as phenolic compounds (especially ferulic 

acid) and several other compounds, including lignins and lignans, all of which play important 

roles in the antioxidant defense system of the body and have thus far been largely neglected. 

Maize also exhibits considerable levels of important trace minerals, such as selenium. However, 

deficiencies of carotenoids, such as precursors of vitamin A, and the lack of availability of some 

nutritional compounds, such as iron and zinc, in maize have also been extensively studied for the 

purpose of further biofortifying this crop. 

Exogenous supplementation and fortification, particularly of minerals and vitamins, have 

been extensively used in many countries; however, these approaches are expensive and difficult 

to carry out, especially in developing countries. Fortification based on endogenous fertilization 

techniques has been shown to be more economically viable and quite effective. Nevertheless, 

despite the large number of studies addressing processes involved in improving food quality, 
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such as genes and metabolisms, the influence of fertilization on these parameters and the 

mechanisms through which they occur remain uncertain and controversial. Furthermore, these 

effects are dependent on the cultivar, the doses applied and the source of fertilizer used (Zhao et 

al., 2004). Another bottleneck of these agronomic interventions is the environmental cost and 

impact of these fertilizers, as great amounts of these substances are leached, eventually 

contaminating the soil and groundwater (Sors et al., 2005). Therefore, investigations of 

alternative and natural sources of fertilizers as well as application methods to address the gradual 

impoverishment of the soil, maximizing plant uptake and preventing contamination, are required 

(Cakmak, 2008). 

Likewise, the genetic variability related to the nutrient concentrations in different maize 

germplasm has led to the extensive exploration of conventional breeding, despite the fact that 

this is a long-term strategy. The use of transgenic techniques has also been widely studied, with 

promising results being obtained, but these studies often lack correlation of the results with data 

on technical and economic feasibility and the influence on productivity parameters, making it 

difficult to assess the real gains obtained. In addition, interaction with other quality parameters 

associated with these products due to the multiple interrelationships that exist between 

metabolism pathways becomes difficult to assess. 

However, the rapid advancement of new approaches in biochemistry and molecular 

biology using techniques such as transcriptomics and metabolomics presents the possibility of 

new studies addressing the mechanisms that regulate the synthesis of functional and nutritional 

compounds. These new techniques make it possible to investigate ways to modify metabolism by 

either increasing the contents of these compounds in maize or increasing their bioavailability as 
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well as allowing the verification of different metabolic pathways affected because of the 

improvement of these compounds (Treutter, 2010). In this context, a combination of different 

techniques is probably the biofortification strategy that will generate the best results. 

Considering the present and future focus on the use of plant species for the production of 

biofuel from biomass, therapeutic and industrial products as well as for the production of food 

with improved nutrition and functional value, maize represents a very promising target crop 

species. From the perspective of the consumer, a focus on increased nutrients and functional 

compounds that provide improved nutrition and health is of great interest. Development of maize 

plants with improved characteristics will involve overcoming a number of challenges, both 

technical and regulatory, and especially issues related to the complex changes that may occur as 

a function of the manipulation of plant metabolism. 

References 

1. Adom, K. K. and Liu, R. H. (2002). Antioxidant activity of grains. J. Agr. Food Chem. 50 : 

6182–6187. 

2. Aluru, M., Xu, Y., Guo, R., Wang, Z., Li, S., White, W., Wang, C. and Rodermel, S. (2008). 

Generation of transgenic maize with enhanced provitamin A content. J. Exp. Bot. 59 : 3551–

3562. 

3. Anderson, J. W., Hanna, T. J., Peng, X. and Kryscio, R. J. (2000). Whole grain foods and 

heart disease risk. Journal of American College of Nutrition 19 : 291S–299S.  

4. Anjaneyulu, M. and Chopra, K. (2004). Nordihydroguairetic acid, a lignin, prevents 

oxidative stress and the development of diabetic nephropathy in rats. Pharmacol. 72 : 42-50. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 34

5. Anttonen, M. J., Hoppula, K. I., Nestby, R., Verheul, M. J. and Karjalainen, R. O. (2006). 

Influence of fertilization, mulch color, early forcing, fruit order, planting date, shading, 

growing environment, and genotype on the contents of selected phenolics in strawberry 

(Fragaria × ananassa Duch.) Fruits. J. Agric. Food Chem. 54 : 2614–2620. 

6. Araújo, P. M. and Nass, L. L. (2002). Characterization and evaluation of maize landraces. 

Scientia Agrícola 59 : 589-593. 

7. Bansal, A. K., Bansal, M., Soni, G. and Bhatnagar, D. (2005). Protective role of Vitamin E 

pre-treatment on N-nitrosodiethylamine induced oxidative stress in rat liver. Chem-Biol. 

Interact. 156 : 101-111. 

8. Begum, A. N., Nicolle, C., Mila, I., Lapierre, C., Nagano, K., Fukushima, K., Heinonen, S. 

M., Adlercreutz, H., Remesy, C. and Scalbert, A. (2004). Dietary lignins are precursors of 

mammalian lignans in rats. J. Nutr. 134 : 120-127. 

9. Belal, S., Hassan, N. and Mansour, A. (2009). Histopathological and stereological studies for 

evaluation of Aeromonas hydrophila-induced pulmonary structural changes with emphasis on 

the possible protective effect of inositol hexaphosphate. Adv. Biol. Res. 3 : 222-230. 

10. Berardo, N., Mazzinelli, G., Valoti, P., Lagana, P. and Redaellij, R. (2009). Characterization 

of maize germplasm for the chemical composition of the grain. Agr. Food Chem. 57 : 2378–

2384. 

11. Brakemeier, C. (1999). Adubação foliar: a complementação nutricional da macieira. Jornal 

da Fruta. Lajes, p.7.  

12. Brandt, K. and Mølgaard, J. P. (2001). Organic agriculture: Does it enhance or reduce the 

nutritional value of plant foods? J. Sci. Food Agr. 81 : 924-931. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 35

13. Broadley, M. R., White, P. J., Bryson, R. J., Meacham, M. C., Bowen, H. C., Johnson, S. E., 

Hawkesford, M. J., Mcgrath, S. P., Zhao, F. J., Breward, N., Harriman, M. and Tucker, M. 

(2006). Biofortification of UK food crops with selenium. Proc. Nutr. Society 65 : 169–181. 

14. Brown, L., Rimm, E. B., Seddon, J. M., Giovannucci, E. L., Chasan-Taber, L., Spiegelman, 

D., Willett, W. C. and Hankinson, S. E. (1999). A prospective study of carotenoid intake and 

risk of cataract extraction in US men. Am. J. Clin. Nutr. 70 : 431-432.  

15. Bunzel, M., Ralph, J., Martia, J. M., Hatfield, R. D. and Steinhart, H. (2001). Diferulates as 

structural components in soluble and insoluble cereal dietary fibre. J. Sci. Food Agr. 81 : 

653–660. 

16. Cahoon, E. B., Hall, S. E., Ripp, K. G., Ganzke, T. S., Hitz, W. D. and Coughlan, S. J. 

(2003). Metabolic redesign of vitamin E biosynthesis in plants for tocotrienol production and 

increased antioxidant content. Nat. Biotechnol. 21 : 1082-1087. 

17. Cakmak, I. (2008). Enrichment of cereal grains with zinc: Agronomic or genetic 

biofortification? Plant Soil 302 : 1–17. 

18. Chandler, V. L., Radicella, J. P., Robbins T. P., Chen J. and Turks D. (1989). Two regulatory 

genes of the maize anthocyanin pathway are homologous: isolation of B utilizing R genomic 

sequences. The Plant Cell. 1 : 1175–1183. 

19. Chen, Z., Young, T. E., Ling, J., Chang, S. C. and Gallie, D. R. (2003). Increasing vitamin C 

content of plants through enhanced ascorbate recycling. Proceedings of the National 

Academy of Science of the United States of America 100 : 3525–30. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 36

20. Ciappellano, S., Testolin, G. and Porrini, M. (1989). Effects of durum wheat dietary selenium 

on glutathione peroxidase activity and Se content in longterm- fed rats. Annals of Nutrition & 

Metabolism 33 :22-30. 

21. Cogo, S. L. P., Chaves, F. C., Schirmer, M. A., Zambiazi, R. C., Nora, L., Silva, J. A. and 

Rombaldi, C. V. (2011). Low soil water content during growth contributes to preservation of 

green colour and bioactive compounds of cold-stored broccoli (Brassica oleraceae L.) 

florets. Postharvest Biol. Tec. 60 : 158-163.  

22. Combs Jr, G. F. (2001). Selenium in global food systems. Brit. J. Nutr. 85 : 517-547. 

23. Cooke, M. S., Evans, M. D., Mistry, N. and Lunec, J. (2002). Role of dietary antioxidants in 

the prevention of in vivo oxidative DNA damage. Nutr. Res. Rev. 15 : 19–41. 

24. Cukelj, N., Novotni, D. and Ćurić, D. (2010). Antioxidant properties of whole grain cereals. 

Croatian Journal of Food Technology, Biotechnology and Nutrition 5 : 18-23. 

25. Curie, C., Panaviene, Z., Loulergue, C., Dellaporta, S. L., Briat, J. and Walker, E. L. (2001). 

Maize yellow stripe1 encodes a membrane protein directly involved in Fe (III) uptake. 

Nature 409 : 346-349. 

26. Curtin, D., Hanson, R., Lindley, T. N. and Butler, R. C. (2006). Selenium concentration in 

wheat (Triticum aestivum) grain as influenced by method, rate, and timing of sodium selenate 

application. New Zeal. J. Crop Hort. 34 : 329-339. 

27. De Boland, A. R., Garner, G. B. and O´Dell, B. L. (1975). Identification and properties of 

phytate in cereal grains and oilseed products. J. Agr. Food Chem. 23 : 1186–1189. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 37

28. Del Pozo-Insfran, D., Brenes, C. H., Saldivar, S. O. S. and Talcott, S. T. (2006). 

Polyphenolic and antioxidant content of white and blue corn (Zea mays L.) products. Food 

Res. Int. 39 : 696-703. 

29. De Oliveira, G. P. R. and Rodriguez-Amaya, D. B. (2007). Processed and prepared corn 

products as sources of lutein and zeaxanthin: Compositional variation in the food chain. J. 

Food Sci. 72 : 79-85. 

30. Dewanto, V., Wu, X.Z. and Liu, R. H. (2002). Processed sweet corn has higher antioxidant 

activity. J. Agr. Food Chem. 50 : 4959–4964. 

31. Dias, A. P. and Grotewold, E. (2003). Manipulating the accumulation of phenolics in maize 

cultured cells using transcription factors. Biochem. Eng. J. 14 : 207-216. 

32. Didonato Jr, R. J., Roberts, L. A., Sanderson, T., Eisley, R. B. and Walker, E. L. (2004). 

Arabidopsis Yellow Stripe-Like2 (YSL2): a metal-regulated gene encoding a plasma 

membrane transporter of nicotianamine–metal complexes. The Plant Journal 39 : 403–414. 

33. Dixon, R. A., Pasinetti, G. M. (2010). Flavonoids and isoflavonoids. Plant biology to 

agriculture and neuroscience. J. Plant Physiol. 154 : 453–457. 

34. Doria, E., Galleschi, L., Calucci, L., Pinzino, C., Pilu, R., Cassani, E. and Nielsen, E. (2009). 

Phytic acid prevents oxidative stress in seeds: evidence from a maize (Zea mays L.) low 

phytic acid mutant. J. Exp. Bot. 60 : 967–978. 

35. Drakakaki, G., Marcel, S., Glahn, R. P., Lund, E. K., Pariagh, S., Fischer, R., Christou, P. 

and Stoger, E. (2005). Endosperm-specific co-expression of recombinant soybean ferritin and 

Aspergillus phytase in maize results in significant increases in the levels of bioavailable iron. 

Plant Mol. Biol. 59 : p.869-880. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 38

36. Fang, Y., Wang, L., Xin, Z., Zhao, L., Na, X. and Hu, Q. (2008). Effect of foliar application 

of zinc, selenium, and iron fertilizers on nutrients concentration and yield of rice grain in 

China. J. Agr. Food Chem. 56 : 2079–2084. 

37. Fanning, K. J., Martin, I., Wong, L., Keating, V., Puna, S. and O´Harec, T. (2010). Screening 

sweetcorn for enhanced zeaxanthin concentration. J. Sci. Food Agr. 90 : 91–96. 

38. Faostate - Food And Agriculture Organization of the United Nations. (2009). 

<http://www.faostat.fao.org>.  

39. Fardet, A., Rock, E. and Rémésy, C. (2008). Is the in vitro antioxidant potential of whole-

grain cereals and cereal products well reflected in vivo? J. Cereal Sci. 48 : 258-276. 

40. Ferreira, A. C. B., Araújo, G. A. A., Roberto, P., Pereira, G. and Cardoso, A. A. (2001). Corn 

crop characteristics under nitrogen, molybdenum and zinc fertilization. Scientia Agricola 58 

:131-138. 

41. Feucht, W., Treutter, D., Bengsch, E. and Polster J. (1999). Effects of watersoluble boron and 

aluminium compounds on the synthesis of flavanols in grape vine callus. Z. Naturforsch. 54 : 

942–945. 

42. Flores, P., Hellin, P. and Fenoll, J. (2009). Effect of manure and mineral fertilization on 

pepper nutritional quality. J. Sci. Food Agr. 89 :1581–1586. 

43. Fraser, P. D. and Bramley, P. M. (2004). The biosynthesis and nutritional uses of 

carotenoids. Prog. Lipid Res. 43 : 228–265. 

44. Frossard, E., Bucher, M., Machler, F., Mozafar, A. and Hurrell, F. (2000). Potential for 

increasing the content and bioavailability of Fe, Zn and Ca in plants for human nutrition. J. 

Sci. Food Agr. 80 : 861-879. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 39

45. Fujimori, M., Hayashi, K., Hirata, M., Ikeda, S., Takahashi, Y., Mano, Y., Sato, H., 

Takamizo, T., Mizuno, K., Fujiwara, T., et al. (2004). Molecular breeding and functional 

genomics for tolerance to biotic stress. Molecular Breeding of Forage and Turf. Develop. 

Plant Breed. 11 : 21-35. 

46. Gallagher, C. E., Matthews, P. D., Faqiang, L. and Wurtzel, E. T. (2004). Gene duplication in 

the carotenoid biosynthetic pathway preceded evolution of the grasses. Plant Physiol. 135 : 

1776–1783. 

47. Gallardo, C., Jimenez, L. and Garcia-Conesa, M. T. (2006). Hydroxycinnamic acid 

composition and in vitro antioxidant activity of selected grain fractions. Food Chem. 99 : 

455-463. 

48. Gautama, S., Kalpana, P. and Srinivanan, K. (2010). Influence of β-carotene-rich vegetables 

on the bioaccessibility of zinc and iron from food grains. Food Chem. 122 : 668-672. 

49. Glahn, R. P. and Wortley, G. M. (2002). Inhibition of iron uptake by phytic acid, tannic acid, 

and ZnCl2: studies using an in vitro digestion/Caco-2 cell model. J. Agr. Food Chem. 50 : 

390–395. 

50. Golestani, A., Rastegar, R., Shariftabrizi, A., Khaghani, S., Payabvash, S. M., Salmasi, A. H., 

Dehpour, A. R. and Pasalar, P. (2006). Paradoxical dose- and time-dependent regulation of 

superoxide dismutase and antioxidant capacity by vitamin E in rat. Clinica Chimica Acta 365 

: 153-159. 

51. Gomez, C., Terrier, N., Torregrosa, L., Vialet, S., Fournier-Level, A., Verries, C., Souquet, J. 

M., Mazauric, J. P., Klein, M. and Cheynier, V. (2009). Grapevine MATE-type proteins act 

as vacuolar H+-dependent acylated anthocyanin transporters. J. Plant Physiol. 150 : 402–415. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 40

52. Gomez-Galera, S., Rojas, E., Sudhakar, D., Zhu, C., Pelacho, A. M., Capell, T. and Christou, 

P. (2010). Critical evaluation of strategies for mineral fortification of staple food crops. 

Transgenic Res. 19 : 165-180. 

53. Graf, E. and Eaton, J. W. (1990). Antioxidant functions of phytic acid. Free Radical Bio. 

Med. 8 : 61-69. 

54. Gregorio, G. B. (2002). Progress in breeding for trace minerals in staple crops. Symposium: 

Plant breeding: a new tool for fighting micronutrient malnutrition. Am. Soc. Nutr. Sci. 132 : 

500S-502S. 

55. Grotewold, E., Chamberlin, M., Snook, M., Siame, B., Butler, L., Swenson, J., Maddock, S., 

Clair, G. and Bowen, B. (1998). Engineering secondary metabolism in maize cells by ectopic 

expression of transcription factors. Plant Cell. 10 : 721-740. 

56. Grotewold, E., Sainz, M. B., Tagliani, L., Hernandez, M., Bowen, B. and Chandler, V. L. 

(2000). Identification of the residues in the Myb domain of maize C1 that specify the 

interaction with the bHLH cofactor R. PNAS. U.S.A. 97 : 13579–13584. 

57. Haleem, M. A., Barton, K. L., Borges, G., Crozier, A. and Anderson, A. S. (2008). Increasing 

antioxidant intake from fruits and vegetables: practical strategies for the Scottish population. 

J. Hum. Nutr. Diet. 21 : 539–546. 

58. Hänsch, R. and Mendel, R. R. (2009). Physiological functions of mineral micronutrients (Cu, 

Zn, Mn, Fe, Ni, Mo, B, Cl). Curr. Opin. Plant. Biol. 12 : 259–266.  

59. Harjes, C., Rocheford, T. R., Bai, L., Brutnell, T. P., Kandianis, C. B., Sowinski, S. G., 

Stapleton, A. E., Vallabhaneni, R., Williams, M., Wurtzel, E. T., Yan, J. and Buckler, E. S. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 41

(2008). Natural genetic variation in lycopene epsilon cyclase tapped for maize 

biofortification. Science 319 : 330-333. 

60. Hawrylak-Nowak, B. (2008). Enhanced selenium content in sweet basil (Ocimum Basilicum 

L.) by foliar fertilization. Vegetable Crops Research Bulletin 69 : 63-72,. 

61. Hichri, I., Barrieu, F., Bogs, J., Kappel, C., Delrot, S. and Lauvergeat, V. (2011). Recent 

advances in the transcriptional regulation of the flavonoid biosynthetic pathway. J. Exp. Bot. 

Article in press. doi:10.1093/jxb/erq442. p.1-19. 

62. Hotz, C. and Mcclafferty, B. (2007). From harvest to health: Challenges for developing 

biofortified staple foods and determining their impact on micronutrient status. Food and 

Nutrition Bulletin 28 : S271-S279. 

63. Huang, S., Adams, W. R., Zhou, Q., Malloy, K. P., Voyles, D. A. and Jan J. (2004). 

Improving nutritional quality of maize proteins by expressing sense and antisense zein genes. 

Agr. Food Chem. 52 : 1958-1964. 

64. Ishikawa, T., Dowdle J. and Smirnoff, N. (2006). Progress in manipulating ascorbic acid 

biosynthesis and accumulation in plants. Physiologia Plantarum 126: 343–355. 

65. Kim, H, J., Fonseca, J. M., Choi, J. H., Kubota, C. and Kwon, D. Y. (2008). Salt in irrigation 

water affects the nutritional and visual properties of romaine lettuce (Lactuca sativa L.). J. 

Agr. Food Chem. 56 : 3772–3776.  

66. Kim, M. K., Ahn, S. H. and Lee-Kim, Y. C. (2001). Relationship of serum a-tocopherol, 

carotenoids and retinol with the risk of breast cancer. Nutr. Res. 21 : 797–809. 

67. Kljak, K., Kiš, G. and Grbeša, D. (2009). In vitro digestibility of phenolics in grain of maize 

hybrids. Ital. J. Anim. Sci. 8 : 166-168. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 42

68. Koeppe, D. E., Southwick, L. M. and Bitell, J. E. (1976). The relationship of tissue 

chlorogenic acid concentrations and leaching of phenolics from sunflowers grown under 

varying phosphate nutrient conditions. Can. J. Bot. 54 : 593–599. 

69. Kopsell, D. A., Kopsell, D. E. and Celentano, J. (2007). Carotenoid pigments in kale are 

influenced by nitrogen concentration and form. J. Sci. Food Agr. 87 : 900–907. 

70. Kurilich, A. C. and Juvik, J. A. (1999). Quantification of carotenoid and tocopherol 

antioxidants in Zea mays. J. Agr. Food Chem. 47 : 1948-1955. 

71. Laight, D. W., Desai, K. M., Gopaul, N. K., Anggard, E. E. and Carrier, M. J. (1999). F-2-

isoprostane evidence of oxidant stress in the insulin resistant, obese Zucker rat: effects of 

vitamin E. Eur. J. Pharmacol. 377 : 89-92. 

72. Lal. R. (2009). Soil degradation as a reason for inadequate human nutrition. Food Sec. 1 : 

45–57. 

73. Leenhardt, F., Levrat-Verny, M. A., Chanliaud, E. and Remesy, C. (2005). Moderate 

decrease of pH by sourdough fermentation is sufficient to reduce phytate content of whole 

wheat flour through endogenous phytase activity. J. Agr. Food Chem. 53 : 98-102. 

74. Lesser, C. and Treutter, D. (2005). Effects of nitrogen supply on growth, contents of phenolic 

compounds and pathogen (scab) resistance of apple trees. Physiol. Plantarum. 123 : 49–56.  

75. Li, F., Vallabhaneni, R., Yu, J., Rocheford, T. and Wurtzel, E. T. (2008). The Maize 

Phytoene Synthase Gene Family: overlapping roles for carotenogenesis in endosperm, 

photomorphogenesis, and thermal stress tolerance. Plant Physiol. 147 : 1334-1346.  

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 43

76. Li, H. F., Lombi, E., Stroud, J. L., Mcgrath, S. P. and Zhao, F. J. (2010). Selenium speciation 

in soil and rice: influence of water management and Se fertilization. J. Agr. Food Chem. 58 : 

11837–11843. 

77. Liu, R. H. (2007). Whole grain phytochemicals and health. J. Cereal Sci. 46 : 207-219. 

78. Liu, S., Manson, J. E., Stampfer, M. J., Hu, F. B., Giovannucci, E., Colditz, G. A., 

Hennekens, C. H. and Willett, W. C. (2000). A prospective study of whole grain intake and 

risk of type 2 diabetes mellitus in US women. Am. J. Public Health 90 : 1409–1415. 

79. Liu, S., Stampfer, M. J., Hu, F. B., Giovanucci, E., Rimm, E., Manson, J. E., Hennekens, C. 

H. and Willett, W. C. (1999). Whole grain consumption and risk of coronary heart disease: 

results from the Nurses’ Health study. Am. J. Clin. Nutr. 70 : 412–419. 

80. Liyana-Pathirana, C. M. and Shahidi, F. (2005). Antioxidant activity of commercial soft and 

hard wheat (Triticum aestivium L.) as affected by gastric pH conditions. J. Agr. Food Chem. 

53 : 2433-2440. 

81. Lonnerdal, B., Bryant, A., Liu, X. and Theil, E. C. (2006). Iron absorption from soybean 

ferritin in nonanemic women. Am. J. Clin. Nutr. 83 : 103–107. 

82. Lopez, H. W., Duclos, V., Coudray, C., Krespine, V., Feillet-Coudray, C., Messager, A., 

Demigne, C. and Remesy, C. (2003). Making bread with sourdough improves mineral 

bioavailability from reconstituted whole wheat flour in rats. Nutrition 19 : 524-530. 

83. Lopez-Martinez, L. X., Oliart-Ros, R. M., Valerio-Alfaro, G., Lee, C., Parkin, K. L. and 

Garcia, H. S. (2008). Antioxidant activity, phenolic compounds and anthocyanins content of 

eighteen strains of mexican maize. LWT. Food Sci. Technol. 42 : 1187-1192. 

84. Mafra, A. G. F. D. (2005). Zinc and cancer: a review. Revista saúde 1 : 144-156. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 44

85. Marks, M. D., Lindell, J. S. and Larkins, B. A. (1985). Quantitative analysis of the 

accumulation of zein mRNA during maize endosperm development. J. Biol. Chem. 260 : 

16445–16450. 

86. Martin, A., Wu, D. Y., Baur, W., Meydani, S. N., Blumberg, J. B. and Meydani, M. (1996). 

Effect of vitamin E on human aortic endothelial cell responses to oxidative injury. Free 

Radical Bio. Med. 21 : 505-511. 

87. Martin-Ortiz, D., Hernndez-Apaolaza, L. and Grate, A. (2009). Efficiency of a NPK fertilizer 

with adhered zinc lignosulfonate as a zinc source for maize (Zea mays L.). J. Agr. Food 

Chem. 57 : 9071–9078. 

88. Marzabal, P., Busk, P. K., Ludevid, M. D. and Torrent, M. (1998). The bifactorial endosperm 

box of g-zein gene: characterisation and function of the Pb3 and GZM cis-acting elements. 

The Plant Journal 16 : 41–52. 

89. Menkir, A., Liu, W., White, W. S., Maziya-Dixon, B. and Rocheford, T. (2008). Carotenoid 

diversity in tropical-adapted yellow maize inbred lines. Food Chem. 109 : 521-529. 

90. Messias, R. S, Galli, V., Silva, S. D. A., Schirmer, M. A. and Pillon, C. N. (2010). 

Metodologias de extração e avaliação semiquantitativa da expressão de genes de 

metabolismo secundário do milho (Zea mays L.). Boletim de Pesquisa e Desenvolvimento. 

ISSN 1981-5980. 

91. Misra, A., Rastogi, K., Shashank, R. and Joshi, J. (2009). Whole grains and health: 

perspective for asian Indians. JAPI 57 : 155-162. 

92. Mitchell, G. V., Grundel, E. and Jenkins, M. Y. (1996). Bioavailability for rats of vitamin E 

from fortified breakfast cereals. J. Food Sci. 61 :1257-1260. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 45

93. Moreno, F. S., Toledo, L. P., De Conti, A., Heidor, R., Jordão J. R., Vannucchi, H., Cardozo, 

M. T. and Ong T. P. (2007). Lutein presents suppressing but not blocking chemopreventive 

activity during diethylnitrosamine-induced hepatocarcinogenesis and this involves inhibition 

of DNA damage. Chem-Biol. Interact. 168 : 221–228. 

94. Mrcophth, E. L., Nolan, J. M., O’donovan, O., Bhosale, P., Bernstein, P. S. and Beatty, S. 

(2008). Transport and retinal capture of lutein and zeaxanthin with reference to age-related 

macular degeneration. Surv. Ophthalmol. 53 : 68-81. 

95. Myhrstad, M. C. W., Carlsen, H., Nordstrom, O., Blomhoff, R. and Moskaug, J. O. (2002). 

Flavonoids increase the intracellular glutathione level by transactivation of the gamma-

glutamylcysteine synthetase catalytical subunit promoter. Free Radical Biol. Med. 32 : 386-

393. 

96. Nagah, A. M. and Seal, C. J. (2005). In vitro procedure to predict apparent antioxidant 

release from wholegrain foods measured using three different analytical methods. J. Sci. 

Food Agr. 85 : 1177-1185. 

97. Naqvi, S., Zhu, C., Farre, G., Ramessar, K., Bassie, L., Breitenbach, J., Conesa, D. P., Ros, 

G., Sandmann, G., Capell, T. and Christou, P. (2009). Transgenic multivitamin corn through 

biofortification of endosperm with three vitamins representing three distinct metabolic 

pathways. PNAS 106 : 7762–7767. 

98. Newell-Mcgloughlin, M. (2008). Nutritionally improved agricultural crops. Plant Physiol. 

147 : 939-953. 

99. Niemeyer, H. B. and Metzler, M. (2001). Differences in the antioxidant activity of plant and 

mammalian lignans. J. Food Eng. 56 : 255-356. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 46

100. Nørbæk, R., Aaboer, D. B. F., Bleeg, I. S., Christensen, B. T., Kondo, T. and Brandt, K. 

(2003). Flavone C glycoside, phenolic acid, and nitrogen contents in leaves of barley subject 

to organic fertilization treatments. J. Agr. Food Chem. 51 : 809–813. 

101. Ortiz-Monasterio, J. I., Palacios-Rojas, N., Meng, E., Pixley, K., Trethowan, R. and Peña, 

R. J. (2007). Enhancing the mineral and vitamin content of wheat and maize through plant 

breeding. J. Cereal Sci. 46 : 293-307. 

102. Palaisa, K. A., Morgante, M., Williams, M. and Rafalski, A. (2003). Contrasting effects 

of selection on sequence diversity and linkage disequilibrium at two phytoene synthase loci. 

The Plant Cell 15 : 1795–1806. 

103. Palmgren, M. G., Clemens, S., Williams, L. E., Kramer, U., Borg, S., Schjorriong, J. K. 

and Sanders, D. (2008). Zinc biofortification of cereals: problems and solutions. Trends Plant 

Sci. 13 : 464-473. 

104. Panfili, G., Fratianni, A. and Irano, M. (2004). Improved normal-phase high-performance 

liquid chromatography procedure for the determination of carotenoids in cereals. Public 

Health Nutrition 52 : 6373-6377. 

105. Park, S., Elless, M. P., Park, J., Jenkins, A., Lim, W, Chambers, E. and Hirschi, K. D. 

(2009). Sensory analysis of calcium-biofortified lettuce. Plant Biotechnol. J. 7 : 106–117. 

106. Park, S., Tae, S., Kang, C,. Kim, J. H., Kim, S., Smith, R., Pike, L. M. and Hirschi, K. D. 

(2005). Genetic manipulation for enhancing calcium content in potato tuber. J. Agr. Food 

Chem. 53 : 5598–5603. 

107. Pedreschi, R. and Cisneros-Zevallos, L. (2007). Phenolic profiles of Andean purple corn 

(Zea mays L.). Food Chem. 100 : 956–963. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 47

108. Peel, G. J., Modolo, L. V., Pang, Y. and Dixon, R. A. (2009). The LAP1MYB 

transcription factor orchestrates anthocyanidin biosynthesis and glycosylation in Medicago. 

Plant J. 59 : 136–149. 

109. Pellegrini, N., Serafini, M., Salvatore, S., Del Rio, D., Bianchi, M. and Brighenti, F. 

(2006). Total antioxidant capacity of spices, dried fruits, nuts, pulses, cereals and sweets 

consumed in Italy assessed by three different in vitro assays. Mol. Nutr. Food Res. 50 : 1030-

1038. 

110. Perez-Jimenez, J. and Saura-Calixto, F. (2005). Literature data may underestimate the 

actual antioxidant capacity of cereals. J. Agr. Food Chem. 53 : 5036-5040. 

111. Pool-Zobel, B. L., Adlercreutz, H., Glei, M., Liegibe, U. M., Sittlingon, J., Rowland, I., 

Wähälä, K. and Rechkemmer, G. (2000). Isoflavonoids and lignans have different potentials 

to modulate oxidative genetic damage in human colon cells. Carcinogenesis. 21 : 1247-1252. 

112. Radi, M., Mahrouz, M., Jaouad, A. and Amiot, M. J. (2003). Influence of mineral 

fertilization (NPK) on the quality of apricot fruit (cv. Canino). The effect of the mode of 

nitrogen supply. Agronomie 23 : 737–745.  

113. Ramesh, S. A., Choimes, S. and Schachtman, D. P. (2004). Over-expression of an 

Arabidopsis zinc transporter in Hordeum vulgare increases short-term zinc uptake after zinc 

deprivation and seed zinc content. Plant Mol. Biol. 54 : 373-385. 

114. Randhir, R., Kwon, Y. and Shetty, K. (2007). Effect of thermal processing on phenolics, 

antioxidant activity and health-relevant functionality of select grain sprouts and seedlings. 

Innov. Food Sci. Emerg. 9 :355-364. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 48

115. Raut, N., Sitaula, B. K. and Bajracharya. R. M. (2010). Agricultural intensification: 

linking with livelihood improvement and environmental degradation in mid-hills of Nepal. J. 

Agr. Envir. 11 : 83-94.  

116. Reeves, P. G., Gregoire, B. R., Garvin, D. F., Hareland, G. A., Lindlauf, J. E., Johnson, 

L. K. and Finley, J. W. (2007). Determination of selenium bioavailability from wheat mill 

fractions in rats by using the slope-ratio assay and a modified Torula yeast-based diet. J. Agr. 

Food Chem. 55 : 516-522. 

117. Relea, P., Revilla, M., Ripoll, E., Arribas, I., Villa, L. F. and Rico, H. (1995). Zinc, 

biochemical markers of nutrition, and type I osteoporosis. Age Ageing 24 : 303-307.  

118. Rhee, Y., Sekhon, R. S., Chopra, S. and Kaeppler, S. (2010). Tissue culture-induced 

novel epialleles of a Myb transcription factor encoded by pericarp color1 in maize. Genetics 

186 : 843-855. 

119. Rice-Evans, C. A., Miller, N. J. and Paganga, G. (1997). Antioxidant properties of 

phenolic compounds. Trends Plant Sci. 2 : 152-159. 

120. Rimbach, G. and Pallauf, J. (1998). Phytic acid inhibits free radical formation in vitro but 

does not affect liver oxidant or antioxidant status in growing rats. J. Nutr. 128 : 1950-1955. 

121. Santocono, M., Zurria, M., Berrettini, M., Fedeli, D. and Falcioni, G. (2006). Influence of 

astaxanthin, zeaxanthin and lutein on DNA damage and repair in UVA-irradiated cells. J. 

Photoch. Photobio. B. 85 : 205–215. 

122. Sasaki, T. and Burr, B. (2000). International rice genome sequencing project: the effort to 

completely sequence the rice genome. Cur. Opin. Plant Biol. 3 : 138-142. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 49

123. Saxon, M. E., Davis, M. A., Pritchard, S. G., Runion, G. B., Prior, S. A., Stelzer, H. E., 

Rogers, H. H. and Dute, R. R. (2004).Influence of elevated CO2, nitrogen, and Pinus elliotti 

genotypes on performance of the redheaded pine sawfly Neodiprion lecontei. Can. J. Forest 

Res. 34 : 1007–1017.  

124. Scalbert, A., Johnson, I. T. and Saltmarsh, M. (2005). Polyphenols: antioxidants and 

beyond. Am. J. Clin. Nutr. 81 : 215S-217S. 

125. Scalbert, A. and Williamson, G. (2000). Dietary intake and bioavailability of 

polyphenols. J. Nutr. 130 : 2073-2085. 

126. Schnable P. S., Ware D., Fulton R. S., Stein J. C., Wei F. S. et al. (2009). The B73 maize 

genome: complexity, diversity, and dynamics. Science 326 : 1112-1115. 

127. Serpen, A., Capuano, E., Fogliano, V. and Gokmen, V. (2007). A new procedure to 

measure the antioxidant activity of insoluble food components. J. Agr. Food Chem. 55 : 

7676-7681. 

128. Sharma, A. and Chauhan, R. S. (2008). Identification of candidate gene-based markers 

(SNPs and SSRs) in the zinc and iron transporter sequences of maize (Zea mays L.). Curr. 

Sci. 95 : 1051-1059. 

129. Shkolnik, M. Y. (1984). Trace Elements in Plants, Elsevier, New York.  

130. Simic, D., Sudara, R., Ledencana, T., Jambrovica, A., Zdunica, Z., Brkica, I. and 

Kovacevicb, V. (2009). Genetic variation of bioavailable iron and zinc in grain of a maize 

population. J. Cereal Sci. 50 : 392-397. 

131. Slavin, J. (2003). Why whole grains are protective: biological mechanisms. Proc. Nutr. 

Society 62 :129-134. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 50

132. Sommerburgb, O., Keunenc, J. E. E., Birdd, A. C. and Kuijka, F. J. G. M. (1998). Fruits 

and vegetables that are sources for lutein and zeaxanthin: the macular pigment in human 

eyes. Brit. J. Ophthalmol. 82 : 907-910. 

133. Sors, T. G., Ellis, D. R. and Salt, D. E. (2005). Selenium uptake, translocation, 

assimilation and metabolic fate in plants. Photosynth. Res. 86 : 373-389. 

134. Sosulski, F., Krygier, K. and Hogge, L. (1982). Free, esterified, and insoluble bound 

phenolic acids. 3. Composition of phenolic acids in cereal and potato flours. J. Agr. Food 

Chem. 30 : 337-340. 

135. Stangoulis, J. C. R., Huynh, B. L., Welch, R. M., Choi, E. Y. and Graham, R. D. (2007). 

Quantitative trait loci for phytate in rice grain and their relationship with grain micronutrient 

content. Euphytica 154 : 289-294. 

136. Thompson, L. U., Robb, P., Serraino, M. and Cheung, F. (1991). Mammalian lignan 

production from various foods. Nutrition Cancer 16 : 43–52. 

137. Traber, M. G. (2007). Vitamin E regulatory mechanisms. Annual Review of Nutrition 27 : 

347-362. 

138. Treutter, D. (2010). Managing phenol contents in crop plants by phytochemical farming 

and breeding—visions and constraints. Int. J. Mol. Sci. 11 : 807-857.  

139. Uauy, C., Distelfeld, A., Fahima, T., Blechl, A. and Dubcovsky, J. (2006). A NAC gene 

regulating senescence improves grain protein, zinc, and iron content in wheat. Science 314 : 

1298–1301. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 51

140. Urbano, G., López-Jurado, M., Aranda, P., Vidal-Valverde, C., Tenorio, E. and Porres, J. 

(2000). The role of phytic acid in legumes: antinutrient or beneficial function? J. Physiol. 

Biochem. 56 : 283-294.  

141. Vallabhaneni, R., Gallagher, C. E., Licciardello, N., Cuttriss, A. J., Quinlan, R. F. and 

Wurtzel, E. T. (2009). Metabolite sorting of a germplasm collection reveals the 

Hydroxylase3 locus as a new target for maize provitamin A biofortification. Plant Physiol. 

51 : 1635–45. 

142. Vallabhaneni, R. and Wurtzel, E. T. (2009). Timing and biosynthetic potential for 

carotenoid accumulation in genetically diverse germplasm of maize. Plant Physiol. 150 : 

562–72. 

143. Vallejo, F., Viguera, C. G. and Tomás-Barberán, F. A. (2003). Changes in broccoli 

(Brassica oleracea L. Var. italica) health-promoting compounds with inflorescence 

development. J. Agr. Food Chem. 51 : 3776–3782. 

144. Yan, J., Yang, X., Bai, L., Kandianis, C. B., Brutnell, T., Buckler, E. S., Harjes, C. E., Fu, 

Z., Li, J., Mitchell, S., Fernandez, M. G. S., Zaharieva, M., Palacios, N., Warburton, M. and 

Rocheford, T. (2008). HYDB1 and its interaction with LCYE influence β-carotene synthesis 

and improve provitamin A content in maize. Maize Genetics Conference Abstracts 50:T9. 

145. Yu, O., Shi, J., Hession, A. O., Maxwell, C. A., McGonigle, B. and Odell, J. T. (2003). 

Metabolic engineering to increase isoflavone biosynthesis in soybean seed. Phytochemistry. 

63 : 753-763. 

146. Yuri, A., Schmitt, E., Feucht, W. and Treutter, D. (1990). Metabolism of Prunus tissues 

affected by Ca²+-deficiency and addition of prunin. J. Plant Physiol. 135 : 692–697  

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 52

147. Waters, B. M. and Sankaranb, R. P. (2010). Moving micronutrients from the soil to the 

seeds: Genes and physiological processes from a biofortification perspective. Plant Sci. 180 : 

562-574. 

148. Welch, R. M. and Graham, R. D. (2004). Breeding for micronutrients in staple food crops 

from a human nutrition perspective. J. Exp. Bot. 55 : 353-364. 

149. WHO - World Health Organization. (2000). Nutrition for health and development. In: 

Turning the tide of malnutrition: responding to the challenge of the 21st century. Geneva, 

Switzerland. 

150. Witzell, J. and Shevtsova, A. (2004). Nitrogen-induced changes in phenolics of 

Vaccinium myrtillus–Implications for interaction with a parasitic fungus. J. Chem. Ecol. 30 : 

1937–1956. 

151. Wu, Y., Holding, D. R. and Messing, J. (2010). γ-Zeins are essential for endosperm 

modification in quality protein maize. PNAS 107 : 12810-12815. 

152. Zhang, J., Wu, L. and Wang, M. (2008). Can iron and zinc in rice grains (Oryza sativa L.) 

be biofortified with nitrogen fertilisation under pot conditions? J. Sci. Food Agr. 88 : 1172–

1177. 

153. Zhao, J., Pang, Y. and Dixon, R. A. (2010). The mysteries of proanthocyanidin transport 

and polymerization. J. Plant Physiol. 153 : 437–443. 

154. Zhao, Z.Q., Zhu, Y. G., Li, H. Y., Smith, S. E. and Smith, F. A. (2004). Effects of forms 

and rates of potassium fertilizers on cadmium uptake by two cultivars of spring wheat 

(Triticum aestivum, L.). Environment International 29 : 973-978. 

D
ow

nl
oa

de
d 

by
 [

20
0.

13
2.

10
5.

23
7]

 a
t 0

5:
39

 2
6 

Ju
ne

 2
01

3 



ACCEPTED MANUSCRIPT 

ACCEPTED MANUSCRIPT 53

155. Zhu, C., Naqvi, S., Gomez-Galera, S., Pelacho, A. M., Capell, T. and Christou, P. (2007). 

Transgenic strategies for the nutritional enhancement of plants. Trends on Plant Science 12 : 

548–555. 

156. Zornoza, P. and Esteban, R. M. (1984). Flavonoids content of tomato plants for the study 

of the nutritional status. Plant Soil. 82 : 269–271.  

Table 1. Summary of the main strategies and advances presented in this article related to the 

biofortification of maize grains. 

Micronutrient 
Biofortification 

strategy 
Results Reference 

New varieties with high concentrations of Zn 

and Fe 

Gregorio (2002) 

Cakmak (2008) 

Simic et al. (2009) 

Conventional 

breeding and 

assisted selection Characterization of SSR and SNP markers 

associated with transport of Zn and Fe 

Sharma and Chauha 

(2008) 

Overexpression of Zn/Fe transporter protein 

increases its levels in plants but also increases 

toxic elements such as Cd 

Ramesh et al. (2004) 

Palmgren et al. (2008) 

The NAC transcriptional factor increases Zn 

and Fe in grain 

Uauy et al. (2006) 

Overexpression of the YS1 gene, coding for 

nicotianamine aminotransferase, increases Fe 

accumulation 

Curie et al. (2001) 

Minerals 

Genetic 

transformation 

Overexpression of the phytase gene (Phya) and 

increasing ferritin protein results in higher 

levels and bioavailability of Fe 

Drakakaki et al. (2005) 
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  Increases in secondary transporters of Ca+2/H+ 

promotes higher Ca+ accumulation 

Park et al. (2005, 2009) 

 

Application of NPK with Zn lignosulfate 

increases Zn levels 

Martin-Ortiz et al. (2003) 

Foliar application of Zn in wheat increases Zn 

levels in Zn-poor soils 

Cakmak (2008) 

Equilibrium between N, P and/or K increases 

absorption of Fe, Zn, Ca, Cu, P, K, Mg, S and 

Mn 

Frossand et al. (2000) 

 

Application of N increases Fe, K, P, Ca, Mg, S, 

Cu, Fe, Mn and Zn 

Zang et al. (2008) 

Farcora et al. (2001) 

Application of sodium selenate increases 

accumulation and bioavailability in grain 

Broadley et al. (2006) 

Fang et al. (2008) 

Li et al. (2010) 

 

Fertilizers or 

inductors 

Supplying Se in NPK increases Se levels in 

grains 

Combs (2001) 

Gomez-Galera et al. 

(2010) 

New varieties with high zeaxanthin and β-

carotene contents 

Fanning et al. (2010) 

Berardo et al. (2009) 

Harjes et al. (2008) 

Menkir et al. (2008) 

Messias et al. (2010) 

Carotenoids Conventional 

breeding, assisted 

selection and 

mutagenesis 
Varieties with higher psy1 and zd2 expression 

accumulate high carotenoid contents 

Palaisa et al. (2003) 

Marzabal et al. (1998) 

Wu et al. (2010) 
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Overexpression of crtI and psy1 (biosynthesis 

of β-carotene), dhar (synthesis of ascorbic 

acid) and folE (synthesis of folate) increased 

these metabolites in maize 

Naqvi et al. (2009) 

Genetic 

transformation 
Overexpression of the crtB and crtI E. coli 

genes increases carotenoid accumulation in 

white maize varieties 

Aluru et al. (2008) 

Application of Ca+2 and NO3- increases 

lycopene and β-carotene synthesis in pepper 

Flores et al. (2009) 

Fertilizers 
Nitrogen fertilization increases the total 

carotenoid content in cabbage 

Kopsell and Kopsell 

(2007) 

 

Abiotic stress 
Moderate water and salt stresses can stimulate 

carotenoid synthesis 

Kim et al. (2008) 

Cogo et al. (2011) 

 

Conventional 

breeding 
Varieties with high vitamin E and tocopherols 

Panfili et al. (2004) 

Kurilich and Juvik (1999) 

Overexpression of the hggt gene resulted in 

increased tocopherol and tocotrienol contents 

Cahoon et al. (2003) Vitamin C 

and E Genetic 

transformation Overexpression of the dhar gene resulted in 

increased L-ascorbic acid content 

Chen et al. (2003) 

Naqvi et al. (2009) 
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Conventional 

breeding 
Varieties of maize with high PC contents 

Adom and Liu (2002) 

Del Pozo-Insfran et al. 

(2006) 

Lopez-Martinez et al. 

(2008) 

Pedreschi and Cisneros-

Zevallos (2007) 

Kljak et al. (2009) 

In vitro ectopic expression of a bHLH 

transcription factor that interacts with the MyB 

gene C1 increases anthocyanin synthesis 

Chandler et al. (1989) 

Grotewold et al. (1998, 

2000) 

In vitro ectopic expression of the P 

transcription factor increases flavonoid 

accumulation 

Grotewold et al. (2000) 

In vitro ectopic expression of the R2R3 MYB 

transcription factor (ZmMyb-IF35) increases 

ferulic and chlorogenic acid accumulation 

Dias and Grotewold 

(2003) 

Genetic 

transformation 

Co-suppression of flavonone 3-hydroxylase 

and the C1/R transcription factor blocks 

anthocyanin synthesis and stimulates 

isoflavone accumulation 

Yu et al. (2003) 

Mg+2 and Mn+2 stimulates phal, CoA ligase and 

methyltransferase activity 

Treutter (2010) 

Phenolic 

compounds 

(PC) 

Fertilizers 

Deficiency of Ca+2 and B induces 

accumulation of PC 

Yuri et al. (1990) 

Shkalnik et al. (1984) 
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Phosphate deficiency increases the 

accumulation of chlorogenic acid 

and flavonones 

Koeppe et al. (1976) 

Zornoza and Esteban 

(1984) 

 

Supplying N stimulates accumulation of PC 

Norbaek et al. (2003) 

Radi et al. (2003) 

Saxon et al. (2004) 

Wetzell and Shevtsova 

(2004)  

Lesser and Treutter 

(2005) 

Treutter (2010) 

Supplying N reduces accumulation of PC Anttonen et al. (2006) 

 

Supplying Se increases anthocyanins and total 

phenolics 

Hawrylak-Nowak (2008) 

 

Abiotic stress 
Moderate abiotic stress caused by AlCl3 

induces PC accumulation 

Feucht et al. (1999) 

Cogo et al. (2011) 

 

 
List of Figures 

Figure 1. Metabolic pathway of carotenoids and some of the key enzymes involved in this 

metabolism, including phytoene desaturase (PDS), ζ-carotene desaturase (ZDS), lycopene ε-

cyclase (lycε), lycopene β-cyclase (lycβ), ε-carotene hydroxylase (CYP97C) and β-carotene 

hydroxylase (HYD). ABA: abscisic acid synthesis. 
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Figure 2. Metabolic pathway of the biosynthesis of the main phenolic compounds found in 

maize. The two lignans presented exemplify the major lignans found in cereals. Dotted arrows 

indicate suppression of steps in the process of biosynthesis. 
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