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Abstract. A lofty goal for many in agriculture is the attainment of global nutritional security. Balanced nutrition would 
help ensure every child an opportunity to thrive. Currently, cereal grains are used as the staple caloric source in most 
developing countries. Unfortunately, these grains are poor sources of essential minerals (such as iron, zinc and calcium) 
and vitamin A. Various methods are now being employed to augment these nutrient levels. Proper seed selection 
coupled with effective soil preparation can increase nutrient levels, while biotechnology approaches have also shown 
significant promise. While augmenting levels of these nutrients or removing substances that inhibit absorption are 
important first steps, the true litmus test is whether these higher levels translate into improved absorption and enhanced 
bioavailability. Utilizing animal models researchers can test the efficacy of foods before conducting the expensive and 
often controversial human feeding trails. In this review we go over the biofortification efforts that have been undertaken 
to improve iron, zinc, calcium, and vitamin A levels and to decrease antinutrient components. In addition, we discuss the 
research done to assess how these changes impact absorbability in humans. Lastly, we discuss the scientific and 
political issues surrounding implementation of these modifications.  
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INTRODUCTION 
 
People throughout the world use cereal crops for the bulk 
of their caloric intake (Chassy, 2010); however, a majority 
of these cereals are low in bioavailable micronutrients 
such as iron (Fe), zinc (Zn), and vitamin A (Beyer, 2010; 
Gomez-Galera et al., 2010; Hotz, 2009; Potrykus, 2010a; 
Stein et al., 2006). Micronutrients are defined as chemical 
elements or substances required in trace amounts for the 
normal growth and development of living organisms. 
There are several methods to improve the content of 
these limiting compounds within edible portions of plants. 
Traditional breeding is a proven approach but has several 
limitations including the protracted time frames needed to 
breed varieties and the relatively low ―micronutrients 
ceilings‖ among varietals in a given region (Bonneuil, 
2006; Johnson and Veilleux, 2010; Rommens et al., 

2005; Rommens et al., 2004; Wollenweber et al., 2005). 
Another technique is to supplement the plants with 
fertilizers or other chemicals to boost their nutrient 
content during growth (Dodd et al., 2010). This approach 
is often expensive and time consuming thus limiting large 
scale application. In addition, you have the secondary 
consequences of fertilizer burden and chemical run-off if 
one does not maintain regimented farming practices. In 
our opinion, the most promising methods are the use of 
genetic manipulations to increase the micronutrient 
content,or remove substances that impede absorption 
(Botha and Viljoen, 2008; Dayod et al., 2010; Gartland et 
al., 2013; Gomez-Galera et al., 2010; Herrera-Estrella et 
al., 2005; Johnson et al., 2011; Tang et al., 2009; 
Wollenweber et al., 2005). One of the benefits to this type  
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of approach is the ability to relatively quickly produce new 
varieties without costly time spent screening generations 
of plants for the desired phenotype. Another advantage is 
the ability to maximize the nutrient deposition into the 
edible portions of the food (Aung et al., 2013; Herrera-
Estrella et al., 2005; Johnson et al., 2011; Wei et al., 
2012a). While molecular biologist favor these techniques 
for the ability to dramatically alter crop plants, the 
disadvantages arise from the social and political barriers 
currently restricting acceptance of genetically modified 
plants. These hurdles constitute obstacles to improving 
nutrition in various crops (Potrykus, 2010a; b; Rommens, 
2007; Weale, 2010). In addition, determining that the 
modifications to the plants impart a true human nutritional 
benefit is an equally important component in all efforts to 
improve crops (King, 2002). Alterations in the 
composition of crop plants and how these changes are 
utilized by the consumer create a complex nexus that 
impacts the bioavailability of the increased nutrients 
within consumed foodstuffs.  
 
 
SCIENCE OF FORTIFICATION - UTILIZING SELECTIVE 
BREEDING, SOIL AUGMENTATIONS AND GENETIC 
MODIFICATIONS 

 
As was mentioned in the introduction, there are several 
ways to fortify nutrients in plants. Here, we will focus on 
how those efforts have been utilized to improve the 
content of mineral and non-mineral nutrients. Traditional 
selection and hybridized breeding have been around for 
thousands of years (Rommens, 2007). Yield, color, taste 
and numerous other aspects have been evaluated and 
the most desired traits selected and cultivated (Hazel and 
Lush, 1942; Janick, 2005). Not until more recent times 
could this practice be employed for nutritional factors. 
Once robust analytic techniques evolved to measure 
these parameters, soil augmentation and fertilization 
could be used to reproducibly increase nutrient content. 
Within the last 25 years the use of specific genetic 
modifications to enhance and incorporate highly specific 
genes to impart enhanced accumulation of desired 
nutrients has pushed the field forward (Cressey, 2013; 
Herrera-Estrella et al., 2005). 
 
 
Minerals 
 
About half of world‘s population depends on cereal food 
including rice, wheat, and corn, or various legumes as 
their staple calorie source (Johnson, 2013; Loftas et al., 
1995). Given that iron (Fe) and zinc (Zn) are present at 
low levels in the processed cereals, especially in rice, 
they are the most common mineral deficiencies seen 
throughout the world (Bhullar and Gruissem, 2013). Other 
mineral deficiencies, such as calcium (Ca), magnesium 
(Mg) and iodine (Io) are  also  prevalent. In  the case of 
Io,  increased   use  of   iodized   salt  in  non-industrialized  

 
 
 
 
countries has proved to be a huge success 
(www.micronutreient.org). For other minerals, a much 
more involved process of food fortification has been 
undertaken (Aluru et al., 2008; Aluru et al., 2011; Bashir 
et al., 2006; Chen et al., 2008; Gomez-Galera et al., 
2010; Hawthorne KM, 2009; He et al., 2013; Johnson et 
al., 2011; Lee et al., 2009; Masuda et al., 2013; Naqvi et 
al., 2009; Paine et al., 2005; Park et al., 2005a; Park et 
al., 2005b; Park, 2004; Wei et al., 2012a; Wirth et al., 
2009; Ye et al., 2000; Yuan et al., 2013; Zhang et al., 
2010). 
 
 

Iron 
 
A World Health Organization (WHO) report shows that Fe 
deficiency affects an estimated two billion people, 
causing almost one million deaths annually worldwide 
(WHO, 2013). The primary symptom of Fe deficiency is 
anemia, which leads to extreme fatigue, weakness and 
increased heartbeat. Iron is also needed for proper fetal, 
infant and child development (Mayer et al., 2008; WHO, 
2013). To cope with this nutrient deficiency, several 
strategies have been implemented to boost Fe 
concentrations in the edible part of the crops, or to lower 
the level of Fe-chelating antinutrients to enhance Fe 
bioavailability.  

The first strategy is through foliar application of Fe-rich 
fertilizers. Several studies report that Fe content in rice 
can be increased from 14.5 to 37.1% in polished grain, 
depending on the types of applied Fe-fertilizers (Fang et 
al., 2008; He et al., 2013; Wei et al., 2012b; Yuan et al., 
2013). Another study with winter wheat reports that whole 
grain wheat Fe concentration are significantly increased 
by 22% with an application of FeSO4-containing fertilizers 
(Zhang et al., 2010). Even though a large part of Fe is 
lost by milling (the process of removing the outer bran 
from the starch filled inner layer of the grain), the flour Fe 
content still has a significant increase from 10.4 to 12.4 
mg kg

-1 
(Zhang et al., 2010). Overall, these studies show 

foliar spray can be an effective method to boost Fe 
content in plant foods. However, in many developing 
countries this approach may be financial impractical due 
to the high costs associated with Fe-fertilizers. In 
addition, there is a limited capacity to increase the Fe 
content utilizing this methodology mainly because the 
majority of Fe in the grain is allocated to the seed coat. 
Nonetheless, in areas where soil Fe is low, biofortification 
through fertilization may be necessary, and can be used 
in combination with other biofortification strategies. 

The second strategy is through selection of high-Fe 
crop varieties and then combining the high-Fe phenotype 
with other desirable characteristics through conventional 
breeding. HarvestPlus, a non-governmental organization, 
has carried out multiple breeding efforts to create high-Fe 
crops including beans and pearl Millets (Kodkany et al., 
2013). In these efforts the Fe content in the edible part of 
the  plant is  increased up to 2 fold (Cercamondi et al., 2013; 



 
 
 
 
Tako et al., 2011). To date, reports on the breeding of 
high-Fe rice are rare due to the lack of sufficient genetic 
variation. 

The third strategy relies on modern biotechnology to 
create genetically modified (GM) crops. Iron is an 
essential element for plants, playing critical roles in 
respiration, chlorophyll biosynthesis and photosynthetic 
electron transport (Marschner, 1995). Iron uptake, 
homeostasis, transport and storage in plant organs are 
tightly controlled by various transporters and cellular 
regulators (Marschner, 1995). By genetically engineering 
these Fe regulating factors, it is possible to enrich Fe in 
the edible part of the crops. Wirth and colleagues created 
a transgenic rice line that harbors two transgenes, 
nicotianamine synthase (NAS) and ferritin. Nicotianamine 
synthase is an enzyme involved in the synthesis of Fe

3+
-

chelating compounds important for Fe absorption from 
low Fe soils, thus enhancing Fe uptake from low Fe soils 
(Bashir et al., 2006; Wirth et al., 2009). Ferritin is the 
principal Fe storage protein in all aerobic organisms and 
can store up to 4500 Fe(III) atoms in its cavity in a 
soluble and bioavailable form (Harrison and Arosio, 
1996). Thus the over-expression of ferritin in the rice 
endosperm can lead to increased bioavailable Fe storage 
capacity in the rice seed (Hell and Stephan, 2003; Ling et 
al., 1999; von Wiren et al., 1999). Wirth and colleagues 
show that the over-expression of NAS and ferritin 
conferred a synergistic effect in Fe uptake and storage 
and successfully increased the Fe content of the rice 
endosperm by more than six-fold. Moreover, the high Fe 
rice line does not appear to have any significant loss in 
yield or other phenotypic changes, except for a tendency for 
early flowering (Wirth et al., 2009). Though successful, the 

above effort was not able to increase Fe in rice to 14.5 
µg/g, the target concentration that nutritionists have 
recommended to meet Fe requirements in populations 
consuming a rice-based diet (Hotz et al., 2012; Lucca et 
al., 2002). However, Johnson and colleagues did surpass 
the target with their transgenic rice lines harboring a 
single transgene, one which increases the Fe chelating 
capacity (Johnson et al., 2011). These plants achieve Fe 
concentrations up to 19 µg/g in polished grains.  

More recently, Masuda and colleagues have created 
transgenic rice lines harboring a soybean ferritin gene 
and the barley NAS gene, along with three other genes 
involved in the synthesis of Fe

3+
-chelating compounds. 

Their analysis showed that the concentration of Fe in 
polished seeds was increased by 4 and 2.5 times, in high 
Fe or low Fe conditions, respectively. A notable feature of 
this transgenic rice is that it was created without the use 
of antibiotic selection to alleviate public concerns 
(Masuda et al., 2013). We will touch on the significance 
of this modification later in the review. A previous report 
has documented examples where ectopic ferritin 
expression in the leaves under Fe deficiency conditions 
might cause the accumulation and sequestration of Fe,  
leading to Fe deficiency-related growth defects (Van 
Wuytswinkel et al.,  1999).  However, introduction  of  the  
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three extra biosynthetic genes for Fe

3+
-chelating 

compounds relieved these deleterious phenotypes in the 
plant (Masuda et al., 2013). This is an important factor to 
consider because modifications of plants to enhance 
biofortification of nutritional components should not 
compromise plant health.  

Iron-containing plant hemoglobins are another 
promising target for altering Fe content in plant-based 
foods. Plant hemoglobin is similar to the human 
hemoglobin, with Fe binding capacity, and is most 
commonly found in nodulating legumes (nitrogen fixing 
plants) (Kundu et al., 2003). Soybean leghemoglobin 
appears to be as bioavailable as bovine hemoglobin 
(Proulx and Reddy, 2006), and the absorption of heme 
Fe is not affected by dietary factors that interfere with the 
absorption of nutrients (Lynch et al., 1985). Multiple efforts 
are underway to map the genomic regions associated with 

seed Fe contents in legumes and rice (Anuradha et al., 
2012; Blair et al., 2013). It is foreseeable that these 
studies could generate more target genes for genetic 
modifications to improve Fe content in the future. 
 
 
Zinc  
 

Zinc is an essential micronutrient serving as a cofactor for 
almost 300 enzymes (Sinclair and Kramer, 2012). 
Insufficient Zn uptake in humans can cause stunting in 
children, impaired immune function, and adverse 
pregnancy outcome in women (Brown et al., 2004; Hess 
and King, 2009). Zinc bioavailability is limited in major 
staple foods such as rice, legumes, and cereals mainly 
due to the presence of antinutrients such as phytate 
(Lonnerdal, 2000). It is estimated that Zn malnutrition is 
responsible for about 4% of the worldwide morbidity and 
mortality of young children (Bryce et al., 2005). Thus 
improving Zn bioavailability in various crops is of 
paramount importance. 

Zinc supplementation is an effective approach to 
prevent Zn deficiency in at-risk populations, but the 
infrastructure required for successful implementation is 
often lacking in developing countries (Brown et al., 2009). 
Biofortification through agronomic interventions by foliar 
application of Zn-rich fertilizers is a promising alternative. 
In a field study with rice, Wei and colleagues validated 
the efficacy of ZnSO4 and Zn-amino acids as additives in 
fertilizers to increase Zn levels in rice grain. Their report 
showed that on average, Zn-amino acid and ZnSO4 
increased Zn concentration in polished rice up to 24.04 
and 22.47%, respectively; and increased Zn 
bioavailability in polished rice up to 68.37 and 64.43%, 
respectively (Wei et al., 2012a). Conventional breeding of 
several high-Zn crop varieties are underway. It is 
estimated that in 2013, through HarvestPlus, high-Zn rice 
and wheat will be released in India, Bangladesh and 
Pakistan (www.harvestplus.org). 

Genetic modification efforts targeted solely for Zn 
biofortication have been rare. However, since the common  
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target gene in Fe biofortification, NAS, can regulate 
uptake of other transition metals including Zn, and 
Copper (Cu), NAS overexpressing crops usually 
accumulate higher Zn in the seeds (Aung et al., 2013; 
Johnson et al., 2011). For example, a rice line that 
overexpresses NAS and ferritin, shows 1.3 more Zn 
increase in addition to 3.4-more Fe (Aung et al., 2013). 
Many other plant genes have now been characterized in 
Zn uptake, transport, partitioning and homeostasis. 
Possible candidate genes for genetic modification-based 
biofortification include, but are not limited to, genes that 
mediate the accumulation of Zn into vacuoles (Menguer 
et al., 2013) and Zn transporters that mediate low affinity 
Zn transport in vascular tissues (Tiong et al., 2013). 
 
 
Calcium 

 
In humans, Ca is an essential nutrient needed for many 
biology processes including adequate bone health, and 
vitamin D absorption (Heaney, 2013; McDaniel and 
Williams, 2013; Weaver and Heaney, 2006). Within the 
plant Ca is also important for structural integrity (Dodd et 
al., 2010; Galon et al., 2010). The two most effective 
means to increase dietary Ca within plants has been 
expression of transgenes and mutations within gene(s) 
controlling the formation of the antinutrient oxalate 
crystals (Kim et al., 2006; Kim et al., 2005; Morris et al., 
2008; Morris et al., 2007; Park et al., 2005a; Park et al., 
2005b; Park, 2004). The primary methodology behind this 
increased Ca was the incorporation of an activated 
membrane Ca transporter termed sCAX1 (Hirschi, 1999). 
Overexpression of this constitutively active transporter 
more than doubled the Ca content in carrots and tomato 
fruit and as much as three fold more Ca in potato 
tubers(Morris et al., 2008; Park et al., 2005a; Park et al., 
2005b; Park, 2004). This change did cause deleterious 
effects in tomatoes including stunted growth and 
reduction in yield; however, this modification does not 
appear to alter yield in carrots and potatoes. Recently, 
these high-Ca content tomatoes were modified with a Ca 
binding protein (from maize) that compartmentalizes Ca 
in a different part of the cell and alleviated some of the 
deleterious effects (Wu et al., 2012). Utilizing a slightly 
different Ca transporter, tomato fruit Ca was increased 
50% but there were no deleterious plants characteristics 
(Park et al., 2005a). This transgene incorporation proves 
that significant gains in fortification of Ca can be achieved 
in crops, although diligent care needs to be taken to 
decrease harmful effects on plant growth. 

 
 
Non-minerals 

 
Without a doubt the most widely known non-mineral 
fortification project in world has been that of low vitamin A 
in rice (Ye et al., 2000). As rice is a staple in the diets of  

 
 
 
 
almost 42% of the world‘s population, many of them in 
poor and developing countries, combating the blindness 
and other developmental deficiencies resulting from low 
vitamin A content rice has been a concern of the WHO 
for almost 20 years. Due to the controversy and low 
acceptance of GM food, there are also multiple 
successful efforts to boost Vitamin A content in plant food 
through traditional breeding. To date, varieties with high 
Vitamin A in sweet potato (Hotz et al., 2012), cassava 
(Talsma et al., 2013) and corn have been bred 
(www.harvestplus.org). 

Golden Rice was developed by incorporating genes 
involved in the β-carotene (the precursor of vitamin A) 
synthesis pathway (phytoene synthase and carotene 
desaturase) into the rice endosperm (Ye et al., 2000). 
Subsequently, Golden Rice 2 has been created which 
has over 20 times more β-carotene than the original 
modified variety (Paine et al., 2005). Expressing these 
genes in the rice endosperm creates kernels fortified with 
β-carotene. The success of this process could lead to 
development of crops with enrichment of other limiting 
vitamins, for instance vitamin E.  

Vitamin A rich corn has also been generated through 
overexpressing β-carotene synthesis pathway genes. Aluru 
and colleagues have generated transgenic corn that 

contains up to 34-fold total carotenoids in the endosperm 
compared to wildtype (Aluru et al., 2008). More recently, 

transgenic corn plants have been created in which the levels 
of 3 vitamins which increased simultaneously in the 
endosperm through the modification of 3 separate 
metabolic pathways (Naqvi et al., 2009). The transgenic 
kernels contained 169-fold the normal amount of β-
carotene, 6-fold the normal amount of ascorbate, and 
double the normal amount of folate (Naqvi et al., 
2009). This is an excellent example to showcase the 
power and efficiency of modern biotechnology to 
transform nutrition. 
 
 

Neutralizing the anti-nutrients 
 

While we have discussed methods to fortify minerals and 
vitamin A, reducing antinutrient content is another 
method to improve available nutrients. Plants contain 
antinutrients, compounds that interfere with the normal 
absorption of nutrients. Phytic acid (PA), oxalic acid, 
oxalate crystals and glucosinolates all have deleterious 
effects on numerous micronutrients (Hambidge et al., 
2005; Heaney and Weaver, 1990; Ishida et al., 2003; 
Weaver et al., 1987). Traditional breeding and varietal 
selection have succeeded in decreasing the levels of 
these compounds; however, these compounds have 
roles in plant defense and development thus complete 
removal is problematic (Nakata and McConn, 2000; 
Schroeder et al., 2013). To that end understanding the 
interactions of these compounds with micronutrients is 
vital to the ultimate goal of improving the nutritional 
availability of micronutrient with plants.  



 
 
 
 
Phytic acid 
 

Phytic acid or the salt version phytate is a highly 
phospho-rich compound found in plants. Mostly found in 
seeds and grain they serve as a phosphorus pool and 
energy for the plant. While this is highly beneficial to the 
plant it creates a deleterious effect for humans. This acid 
can chelate minerals and decrease their absorbability, 
notably for Zn, Fe, Ca and Mg (Manary et al., 2002; 
Raboy, 2002, 2007). Several natural or genetically 
mutated plant varieties show dramatic decreases in PA. It 
was shown that the absorption of Ca from tortilla meals 
prepared from low-phytate maize was significantly 
increased by over 50% compared with that from meals 
prepared from maize with typical phytate content 
(Hambidge et al., 2005). Through the expression of 
Aspergillus niger phytase, an enzyme that catalyzes the 
hydrolysis of PA into inorganic phosphorus, reduction of 
phytate in kernels has been achieved in maize, without 
the undesired agronomic effects seen in low-phytate 
mutants (Chen et al., 2008). Additionally, current genetic 
testing for PA seed contents can yield valuable 
information for future engineering of crops with optimized 
seeds PA content and enhanced mineral bioavailability 
(Sompong et al., 2012). Another interesting approach is 
to remove the PA once the food stuff is consumed. The 
genetically modified Enviropigs produce the 
enzyme phytase in their salivary glands. When cereal 
grains are consumed, the phytase mixes with feed in the 
pig's mouth, and once swallowed the phytase is active in 
the acidic environment of the stomach degrading 
indigestible PA with the release of phosphate that is 
readily digested by the pig (Forsberg et al., 2013). 
 
 
Oxalates 
 
Like PA, oxalate or oxalic acid (OX) is found in plants and 
serves primarily as a defense mechanism to reduce 
consumption by predators by forming crystals 
incorporating Ca. These oxalate crystals while beneficial 
to the plant render the Ca unabsorbed in humans 
(Heaney and Weaver, 1989). Low oxalate levels in plants 
generally correlate with high Ca absorption. For instance 
kale (low OX) (Weaver et al., 1987) has much higher 
bioavailable Ca level, compared to spinach (high OX) 
(Weaver et al., 1987). Although OX is not as common in 
many of the highly consumed cereal grains, its presence 
in other foods widely consumed in poor countries, such 
as cassava, makes reduction of OX another avenue to 
improve fortification of Cain worldwide foodstuffs. A 
mutation in Medicago truncatula is deficient in the 
formation of oxalate crystals (Nakata and McConn, 2000) 
without altering the Ca concentration (Morris et al., 2007; 
Nakata and McConn, 2000). Identifying these crystal 
forming genes could lead to new strategies to alleviate 
inhibition of Ca absorption from plants with high oxalate 
levels.  

Int. J. Biotechnol. Food Sci. / Morris et al.            5 
 
 
 
UNDERSTANDING THE NUTRITIONAL IMPACT – 
USING VARIOUS MODEL SYSTEMS TO ASSESS 
BIOFORTIFICATION EFFICACY  
 

All of these modifications have created a battery of plants 
with increased nutrient content. However, the ultimate 
question still remains, are these improvements (Table 1) 
nutritionally beneficial? To assay absorption researchers 
can utilize several techniques and model organisms. One 
of the most common methods employed is the use of 
isotopic tracers. In mineral bioavailability studies, one can 
use intrinsic labeling with either stable isotopes (non-
radioactive) or radioactive isotopes (Hawthorne, 2009; 
Morris et al., 2008; Morris et al., 2007; Tang et al., 2012; 
Tang et al., 2009; Weaver and Chaney, 1985; Weaver et 
al., 1987). When it comes to measuring absorption of 
compounds from fortified plants, intrinsic labeling is a 
much more accurate measure of true nutritional 
bioavailability. To accomplish this, plants need to be 
grown in a hydroponic system to maximize uptake of 
expensive labels (Morris et al., 2008; Tang et al., 2012; 
Tang et al., 2009). The mineral tracer of interest is 
incorporated into the plant as if it was the natural element 
but has the unique property that it can be measured 
separately of the endogenous element (Figure 1). This 
has tremendous analytical benefits as the tracer is 
incorporated within the plant tissues, cellular 
compartments, and conjugated normally throughout the 
growth cycle of the plant (Weaver and Chaney, 1985). In 
comparison, utilizing extrinsic labeling offers quicker diet 
preparation of labeled prepared foodstuffs (Figure 1). 
Here, the plants are grown in their normal or 
experimental condition (such as augmented with fertilizer 
or foliar application), harvested and processed under 
normal methods. The prepared meal is then mixed with 
tracer prior to feeding. Utilizing extrinsic labeling is useful 
when assessing efficacy of some antinutrients, primarily 
PA and places where inadequate control of plant growth 
exists (Adams et al., 2002; Hambidge et al., 2004; 
Hambidge et al., 2005; Jang et al., 2003; Li et al., 2000; 
Mazariegos et al., 2006; Mazariegos et al., 2010; 
Mendoza et al., 1998). However, there are limitations, as 
this technique does not mimic normal tissue and cellular 
localization and does not accurately portray any chemical 
conjugation which may occur in plants designed to have 
higher mineral concentrations, which could lead to 
inaccurate absorption measurements (Andon et al., 1993; 
Boza et al., 1995; Weaver et al., 1987). Another 
assessment technique is to utilize fractional absorption 
calculations when utilizing intrinsic or extrinsically labeled 
diets (Figure 2). This involves utilizing two isotopes of the 
same tracer (which can increase costs considerably) 
where one is utilized in labeling the food and the other is 
injected intravenously (Abrams et al., 1994; Moser-
Veillon et al., 2001; Patterson and Veillon, 2001; Yergey 
et al., 1994). By knowing the amounts of tracers and 
analyzing either urine, fecal or both materials the amount 
of orally  ingested  tracer  can  be compared to that of the  

http://en.wikipedia.org/wiki/Phytase
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Table 1. Nutrient bioavailability tests of fortified crops. 
 

Crop Nutrient Method of modification Nutrient absorption tested Reference 

Rice β-Carotene Genetic modification Humans Tang et al. (2012) 

Corn β-Carotene, Vitamin C, Folate Genetic modification Not reported yet Naqvi et al. (2009) 

Sweet potato Vitamin A Traditional breeding Humans Hotz et al. (2012) 

Cassava Vitamin A Traditional breeding  Humans La Frano et al. (2013) 

     

Rice 
Fe (with Zn) 

Fe, Zn 
Genetic modification Not reported yet 

Masuda et al. (2012) 

Aung et al. (2013) 

Johnson et al. (2011) 

     

Bean Fe Traditional breeding 
Humans, absorption unchanged 
despite higher Fe content 

Blair et al. (2010) (breeding) 

Petry et al. (2012)  (feeding) 

     

Corn Fe, low phytic acid 
Genetic modification, 

Traditional breeding 
Caco cells, humans 

Aluru et al. (2011) 

Lonnerdal et al. (2011) 

     

Wheat Fe Traditional breeding Caco cells Salunke et al. (2011) 

     

Pearl millet Fe, Zn Traditional breeding Humans 
Kodkany et al. (2013) 

Cercamondi et al. (2013) 

     

Rice Zn Traditional breeding Not reported HarvestPlus News 

Wheat Zn Traditional breeding Not reported HarvestPlus News 

Corn Vitamin A Traditional breeding Not reported HarvestPlus 

Carrots, Potato, Tomato Ca Genetic modification Mice, humans (carrot only) Morris et al. (2008) 

 
 
injected sample (which represent 100% 
absorption – thus any excreted amount will infer 
each person‘s individual retention ability for the 
particular compound). In addition, utilization of a 
third tracer, comparisons can be made to 
foodstuffs with known absorbability of your test 
compound (for instance – Ca from milk: Figure 2). 
By comparing the known concentration of the 
tracer in the urine, to that of tracer ingested from 
the labeled test meal, and/or foodstuff with known 
absorbability, one can produce a fractional 

absorption for the orally ingested tracer mineral 
(Abrams et al., 1994; Hawthorne KM, 2009; 
Yergey et al., 1994). Together these techniques 
can be employed to determine the effectiveness 
of the biofortification process when coupled with 
various models (Table 2) on which we elaborate 
as follows. 
 
 

Cell lines 
 

Caco-2 cells (derived from a human colon  

carcinoma – can mimic intestinal epithelial cells: 
forms polarized monolayers, defined brush 
borders and intercellular junctions) are widely 
used in nutritional studies (Sambuy et al., 2005). 
The Caco-2 cell model coupled with in vitro 
digestion is an economical and efficient way to 
quickly survey bioavailability of nutrients from a 
large number of varietals. In the case of Fe, a 
measure of ferritin formation serves as a marker 
for Fe uptake (Aluru et al., 2011; Tako et al., 
2013) and  for  Zn, a  digested  and  radio  labeled 
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Figure 1. Isotopic Labeling Regimes. 
A. Intrinsic labeling of plants – isotope tracer (red circle) is added to hydroponic growing solution, absorbed 
through the roots and deposited throughout the plant, including the edible grain. 
B. Extrinsic labeling of plants – plants are grown, harvested and processed in their normal or experimental 
regime, foodstuff (grain) is harvested and prepared for testing, label is mixed with foodstuff prior to ingestion 
by test subjects. 

 
 
rice solution was used to treat cells and total Zn uptake 
measured (Jou et al., 2012). Bodnar and colleagues 
created a transgenic maize line harboring a hemoglobin 
(utilizing a fluorescent protein tag to track the hemoglobin 
movement) and showed in Caco-2 cell-culture conditions 
that Fe in ectopically expressed hemoglobin was as 
bioavailable as ferrous sulphate, suggesting the 
possibility of using hemoglobin as an effective 
biofortification regime for Fe in crops (Bodnar et al., 
2013). It might be possible for other biofortified 
constituents to be measured in a similar fashion using 

this cell line but processing, labeling and cell viability 
testing will need to be determined for the specific plant 
material and constituent combination. However, the lack 
of microflora and other large intestine factors limit the 
accuracy of this system compared to in vivo models. 
 
 
Animals 
 
Animals have been utilized to determine the efficacy of 
biofortified plants  by numerous  researchers (Li et al., 2012;  
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Figure 2. Dual Tracer Fractional Absorption. 
In this diagram, the example will be intrinsically labeled grain with calcium as the 
mineral under study. Stable isotope labeled meals are consumed in a normal 
manner (red circle – 42Ca) 2. Subjects consume a second stable label (blue circle 
– 48Ca) in milk or orange; and/or subjects can be given isotope by IV (green circle 
– 46Ca) 3. Urine and/or feces is collected and the ratio of two tracers is use to 
infer absorption of calcium from the meal or to compare absorption of calcium to 
that of absorption from food with a known percent absorption, calcium from milk. 

 
 
Lonnerdal et al., 2011; Mills et al., 2008; Morris et al., 
2008; Morris et al., 2007). Rodents are the most popular 
animal model followed by pigs and chickens. Obviously, 

these animals all afford an economical alternative to 
human trials. In the case of genetically modified (GM) 
foods, as we  will detail in a later section, it  also  reduces  
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Table 2. Models of used to evaluate biofortification efficacy. 
 

Model Nutrient(s) or antinutrient Crop Reference 

Caco-2 cells Fe, Zn Rice, corn, bean Ariza-Nieto et al. (2007), Jou et al. (2012) 

Domestic chicken Fe, phytate Rice, corn, bean, Jang et al., (2003), Tako et al. (2011); Tako et al. (2013) 

Mongollan gerbils Vitamin A Carrots Mills et al. (2008) 

Mice Ca, oxalate Carrots, medicago Li et al. (2012), Morris et al. (2008), Morris et al. (2007) 

Rat Zinc Rice Jou et al. (2012) 

Piglets Fe Bean Tako et al. (2009) 

Humans Fe, Zn, Ca, Vitamin A, phytate Rice, carrots, corn 

Hambidge et al. (2004), Hambidge et al. (2005), 
Lonnerdal et al. (2011), Mazariegos et al. (2006), 
Mazariegos et al. (2010), Morris et al. (2008), Petry et al. 
(2012), Tang et al. (2012), Tang et al. (2009) 

 
 
the controversy. Animals can be fed diets depleted in 
minerals or vitamins and/or fasted prior to ingestion of the 
fortified foodstuffs (Mills et al., 2008; Morris et al., 2008; 
Morris et al., 2007) to insure complete consumption of 
labeled diets. In the case of Mongolian gerbils, their diet 
was depleted in carotenoids and vitamin A to deplete liver 
retinal stores (Mills et al., 2008). These types of strict diet 
modifications are difficult to impose on human subjects. 
After the 4 week diet depletion, feeding with different 
varietals of carrots with increased vitamin A levels show 
improved liver retinal stores and serum antioxidant 
compared to control diet fed gerbils (Mills et al., 2008). In 
the case of animals, cheaper radioisotopes can be used 
in labeling regimes along with direct measurements of 
nutrient incorporation into tissues. More recently, 
Lönnerdal and colleagues evaluated the bioavailability of 
Zn in seeds of low phytic acid (lpa) variants of corn, rice, 
and barley using a suckling rat pup model. This model is 
very sensitive to PA content in the diet (Lonnerdal et al., 
1989; Sandstrom et al., 1983). Utilizing extrinsically radio 
labeled Zn in the diets they found that the reduction of PA 
causes an increase in Zn absorption from both corn and 
rice (Lonnerdal et al., 2011). This is a substantial 
increase compared to Zn and Fe studies from lpa corn in 
human studies and suggests that results in rats might not 
always correlate to those studies in humans. In mice fed 
carrots intrinsically labeled with a radioisotope of Ca, the 
deposition of Ca into the hind legs is similar between 
control plants diets compared to diets containing half as 
much of the modified carrot (Morris et al., 2008). The 
same was true when using an extrinsic labeling regime in 
these mice. However, similar results between the two 
labeling regimes are not always observed. In oxalate 
deficient Medicago plants only the intrinsically labeled 
plants showed an increase in Ca bone deposition 
compared to diets containing extrinsically labeled Ca 
(Morris et al., 2007) suggesting that extrinsic labeling 
might not accurately assess the potential of fortification 
efforts designed to reduce antinutrient levels. Assessing 
Ca deposition in the bone of mice adds to the research 
by investigating the biological function of Ca from the 
modified plants and not just changes in absorption. 

Combined with the utilization of animals which mimic 
different diseases or impaired absorption of minerals 
which could serve as proxies for malnourished 
populations, these features can improve the 
understanding of biofortification regimes. For instance a 
recent study showed that reduction of Ca oxalate in 
plants, along with increased Ca bone deposition, could 
rescue the phenotype of mice deficient in the vitamin D 
receptor (this disrupts Ca absorption and decreases bone 
density) (Li et al., 2012). In a study to assay bioavailability 
of Fe in GM rice, rats were fed a Fe depleted diet for 2 
weeks. Then three transgenic rice varieties, with 
increased Fe accumulation, were fed to rats and showed 
no differences in Fe bioavailability compared to an FeSO4 
supplemented diet and replenished liver Fe and 
hemoglobin concentrations (Murray-Kolb et al., 2002). 

Two other animal models which have been utilized to 
study biofortification efficacy are the chicken and piglet. 
Chickens are useful for nutritional studies as their results 
correlate well with human cell lines, and they respond 
quickly to malnutrition, especially low Fe (Tako et al., 
2010). For the chickens, diet preparation consists of 
replacing all or some of their standard diet with control or 
modified plant material (corn, bean or rice) (Tako et al., 
2011; Tako et al., 2013). Iron hemoglobin levels were 
higher in chickens fed diets containing high Fe beans in 
their diet, compared to the low Fe bean diet (Tako et al., 
2011). In chicks fed high Fe corn, for a 6-week period, 
liver ferritin was higher indicating Fe absorption from the 
diet, which was composed of corn bred to contain more 
Fe (corn was 75% of the chick diet) (Tako et al., 2013) 
Chicks have also been used to assess the decreased 
mineral inhibition of diets containing grain with low 
phytate levels (Jang et al., 2003; Li et al., 2000). In both 
of these studies the total bone ash levels are higher in 
the chicks fed diet containing low phytate constituents 
(Jang et al., 2003; Li et al., 2000). Like the long term 
feeding studies in chicks, one 5-week study in piglets 
investigated the increased Fe absorption from beans in 
28-day-old piglets (Tako et al., 2009). The piglets were 
fed with a diet partially containing either biofortified beans 
high in Fe or standard beans  and  weekly Fe hemoglobin  
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levels were measured. The biofortified bean containing 
diet increase the hemoglobin Fe, by approximately 18%, 
in the piglets; proving higher Fe in the fortified bean 
results in increased absorbed Fe (Tako et al., 2009). 
 
 
Humans 
 

The most accurate model to use to study bioavailability is 
people. In the case of low-phytate crops, numerous 
studies have analyzed their effect on Zn and Ca 
absorption in children and adults. Utilizing dual isotope 
ratio techniques, Mazariegoes and colleagues found that 
low-phytate corn fed to Guatemalan school children for 
10 weeks did not increase Zn absorption (Mazariegos et 
al., 2006). Also zinc supplementation combined with low-
phytate corn is ineffective in improving growth velocity of 
6 to 12 month infants suggesting no increase in zinc 
absorption in this infant population (Mazariegos et al., 
2010). However, in adults consuming meals prepared 
from stable, extrinsically labeled corn, fractional Zn 
absorption increased as phytate concentration in corn is 
reduced(Adams et al., 2002; Hambidge et al., 2004). 
These Zn studies show a reduction in the antinutrient 
phytate improves Zn absorption in adults but studies in 
children were not as beneficial. Low-phytate corn fed to 
women increases fractional Ca absorption by 30% 
compared to meals containing corn without a reduced 
phytate concentration (Hambidge et al., 2005). However, 
stable, extrinsic Fe isotope labeled beans, bred to contain 
higher Fe, fed to Rwandese woman shows little 
nutritional improvement in Fe absorption. This is mainly 
due to beans havinga rich concentration of phytic acid, 
impairing the Fe biofortification (Petry et al., 2012). Two 
studies using stable Fe and Zn isotopes to extrinsically 
label pearl millet show that varietals selected with higher 
plant Fe and Zn absorption improve Fe and Zn 
absorption in young Beninese women (Cercamondi et al., 
2013) and young Belgian children (Kodkany et al., 2013). 
The conclusions from these studies show that while 
human testing is vital it is not without issues. The differing 
results seen between these studies underscore the 
importance that humans have regional, developmental 
and dietary differences which can impact these efficacy 
studies.  

Carrots, genetically modified to uptake higher Ca, 
intrinsically labeled with a stable Ca isotope and fed to 30 
healthy adults produce a 41% increase Ca absorption 
(Morris et al., 2008). Golden Rice intrinsically labeled with 
heavy water (deuterium oxide – 

2
H-β-carotene) allowed 

researchers to measure the amount of absorbed β-
carotene in 5 adults, proving that genetically modified rice 
contains nutritionally beneficial vitamin A precursors 
(Tang et al., 2009). Similar studies with intrinsically 
labeled Golden Rice fed to children result in an 
approximately 60% absorption of recommended daily 
intake of vitamin A from a single bowl of rice (Tang et al., 
2012).  

 
 
 
 
The wide variety of model systems used to test 
fortification efficiency has bolstered the sciences of 
fortification by allowing researchers to quantify nutritional 
bioavailibility, as well as test safety issues. 
 
 

Golden rice: a tale of controversies and bureaucratic 
inefficiencies 
 

The draconian rules and regulations established for the 
handling and use of GM plants are so demanding that it 
takes a minimum of ten years to prepare for (Potrykus, 
2010a) and assemble all the data required for a 
regulatory dossier, not to mention the exorbitant costs 
involved (Perez-Massot et al., 2013). Let us examine the 
various obstacles and solutions that have been 
encountered during the development of Golden Rice.  

Intellectual property (IP) rights were the first hurdles 
that were encountered. Academic scientists are normally 
free to exploit the public knowledge provided by patented 
inventions. However, this all changes when the product 
they develop begins being developed for distribution 
(Potrykus, 2010a). During the development of Golden 
Rice the scientists had no idea that they were potentially 
infringing on 70 patents belonging to 32 patent holders. 
This problem arose quickly but was solved relatively 
rapidly through a compelling compromise involving all the 
patent holders and the developers (Enserink, 2008). They 
all made some sort of financial or personal sacrifice 
coming to view this creation as a humanitarian project 
whose long-term viability was important for hundreds of 
millions of people in developing countries. 

Lack of financial support from the public domain was the 
next hurdle. Universities fund ideas not the development of 
products. The creators of Golden Rice were forced to work 
with a company to commercialize the product. The scientists 
made sure that the technology remained readily available for 
‗humanitarian use‘ in developing parts of the world. 

Unfortunately, the companies involved could not continue 
this collaboration for long, as the trouble mounted (see 
below) the chance for a financial return at the level of the 
investment was too low. Financial support is now been 
received from philanthropic and other visionary 
organizations such as The Rockefeller Foundation, 
USAID, and the Syngenta Foundation (Enserink, 2008). 

The most dramatic bottleneck has been GM-regulation. 
A decade of annoyance is difficult to quickly summarize 
but let us take an overview of the events. Deletion of 

selectable markers in Golden Rice took two years  

(Potrykus, 2010a). Regulatory authorities prefer that 

antibiotic selectable marker genes be deleted. This was 
done despite the fact that there is no convincing data 

documenting that the antibiotic markers used with  the rice 

could have any  adverse  effects  on  the consumer or the 
environment. Furthermore, regulatory authorities do not 
accept complicated integration patterns of the ‗transgenes‘. 

Golden Rice requires the use of several genes to produce 

the desired phenotype, thus  regulatory ‗safeguards‘ deem  

this  procedure  dangerous (Potrykus, 2010a). Meanwhile  



 
 
 
 
standard breeding processes lead to uncontrolled 
integration and go unregulated. A complicated gauntlet of 
bioengineering safeguards requires many genetic 
manipulations and is required prior to commercialization 
of GM crops. This multiyear project was spearheaded by 
Syngenta who then donated the rice lines to the 
multinational effort (Potrykus, 2010a). Golden Rice also 

requires an international breeding program. Rice breeders 
need to develop locally optimized Golden Rice using the 
most popular varieties in their native countries (Coghlan, 
2013). Sadly, regulators make exchange of seed so 
complicated that it took more than two years to transfer 
samples between countries. Regulatory agencies also 
require 18 months of greenhouse type experiments prior 
to any field testing (Potrykus, 2010a). This despite the 
fact that no scenario has been envisioned for any 
environmental risk posed by the use of Golden Rice 
(Perez-Massot et al., 2013; Potrykus, 2010a, b). With 
these restrictions, preparing and characterizing a single 
transgenic line of Golden Rice becomes demanding and 
expensive. This creates a situation where it is impossible 
to try and deregulate several independent transgenic 
events. Furthermore, this makes for a perilous situation to 
put all your resources into a single line without being able 
to screen the varieties in small field tests. Even after all 
these arduous events have been documented the work 
STILL has to be passed through a further series of 
bureaucratic channels.  

These problems are all BEFORE we consider the 
central theme of this review-nutritional testing. The results 
of a Golden Rice feeding trial, funded by the U.S. 
National Institute of Diabetes and Digestive and Kidney 
Diseases (NIDDK) and the U.S. Department of 
Agriculture (USDA), were published online in 2009 to little 
notice by The American Journal of Clinical Nutrition 
(Hvistendahl and Enserink, 2012; Tang et al., 2009). The 
researchers show that a single bowl of this rice can 
supply half of some people‘s vitamin A requirement — the 
most convincing evidence so far that golden rice can, in 
fact, be a useful tool in fighting malnutrition. However, 
within 30 days, Greenpeace China claimed that the study 
had violated a Chinese government ―decision to abort 
plans for the trial,‖ which it called ―a scandal of 
international proportions.‖ The group did not offer 
evidence to support its allegations, but Tufts University 
(where a majority of the work was conducted) said it was 
―deeply concerned‖ and are conducting a review 
(Hvistendahl and Enserink, 2012). Subsequently, the 
Chinese government has punished several China-based 
researchers who were involved in the feeding study, 
removing them from their jobs. According to the 
government, the researchers did not obtain proper 
approvals before carrying out the study. Tufts, after 
spending more than a year carrying out its own review, 
has also decided the work was not conducted in full 
compliance with their policies or federal regulations. They 
concluded that the researchers  did  not  adequately 
explain the nature  
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of golden rice to study participants and made some 
changes in the study without getting approval from 
internal sources that are meant to review all research 
involving human subjects. The first author on the work 
has now been banned from conducting research on 
human subjects for two years. For two years after that, 
any human subject research that the investigator 
conducts will be supervised. 

At this point the promise of Golden Rice remains while 
the difficulties persist. It is readily apparent that the 
scientific participants have been earnest and diligent, but 
also optimistically naive (Enserink, 2008; Hvistendahl and 
Enserink, 2012; Potrykus, 2010a, b).Genetic modification 
regulations have delayed the deployment of golden rice 
and still could shelf the technology. After several 
decades, there is no scientific justification for present GM-
regulations (Miller, 2009). In fact, given that no harm has 
yet arisen from the use of this technology it is time to 
change the current regulations, which are based on 
precautionary principles, and transform our guidelines to 
science-based regulations based on the engineered 
product rather than the process used to produce the 
given trait (Chassy, 2010; Potrykus, 2010b). 
 
 

CONCLUSIONS 
 
Fortification of foods remains a cost effective strategy to 
enhance nutrition in under developed and nutrient 
starved regions where processed fortification would be 
too costly to sell and too rural to adequately supply 
(Chassy, 2010; Gomez-Galera et al., 2010; Potrykus, 
2010b; Rommens et al., 2004). Specifically, genetic 
modifications offer the most promise for the future of 
biofortification (Gomez-Galera et al., 2010) but also 
produces the biggest hurdles in accomplishing the goal of 
malnutrition eradication (Gartland et al., 2013; Weale, 
2010). Despite all the plant level biofortification efforts, 
few studies have been conducted to prove, ultimately, 
that the plants have more bioavailable nutrition. Utilizing 
model systems, such as rodents and cell lines, provide 
researchers an avenue to test biofortication efforts prior 
to testing in humans. Despite little evidence that GM 
foods are deleterious to human health (Lack, 2002; 
Mayer et al., 2008; Potrykus, 2010b) it will take time to 
get these fortified plants through the bureaucratic cycle 
and into the fields, all the while those who most need 
these improved foods will continue to be undernourished.  

In the meantime, there are numerous methods which 
can help us to further advance biofortification efforts. For 
instance, introduction of a β-carotene rich orange sweet 
potato into Ugandan households decreased vitamin A 
inadequacy in children and women (Hotz et al., 2012). 
Utilizing techniques which modify the plant‘s own DNA – 
not incorporation of a transgene(s) from another entity, 
new enhanced varieties can be created (Shukla et al., 
2009) without negative public perception and hurdles that 
other GM plants struggle to clear (Cressey, 2013). Lastly,  
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researchers have invented an artificial gut with the use of 
novel 3D hydrogel scaffold covered with Caco-2 cells 
(Shah et al., 2006; Sung et al., 2011). This new in vitro 
model could help bridge the gap from animal studies to 
humans and possibly lessen any perceived concerns of 
GM plants. In the end, the studies involving 
biofortification of crops need to show added value and 
those utilizing GM also need to continue to show they are 
safe for human consumption to better combat global 
malnutrition.  
 
 
REFERENCES 
 
Abrams SA, Yergey AL, Heaney RP (1994). Relationship between 

balance and dual tracer isotopic measurements of calcium absorption 
and excretion. J. Clin. Endocrinol. Metabol. 79:965-969. 

Adams CL, Hambidge M, Raboy V, Dorsch JA, Sian L, Westcott JL, 
Krebs NF (2002). Zinc absorption from a low-phytic acid maize. The 
Am. J. clin. nutr. 76:556-559. 

Aluru M, Xu Y, Guo R, Wang Z, Li S, White W, Wang K, Rodermel S 
(2008). Generation of transgenic maize with enhanced provitamin A 
content. J. Exp. Bot. 59:3551-3562. 

Aluru MR, Rodermel SR, Reddy MB (2011). Genetic modification of 
low phytic acid 1-1 maize to enhance iron content and bioavailability. 
J. agric. food chem. 59:12954-12962. 

Andon MB, Kanerva RL, Schulte MC, Smith KT (1993). Effect of age, 
calcium source, and radiolabeling method on whole body 47Ca 
retention in the rat. The Am. J. Physiol. 265:E554-558. 

Anuradha K, Agarwal S, Rao YV, Rao KV, Viraktamath BC, Sarla N 
(2012). Mapping QTLs and candidate genes for iron and zinc 
concentrations in unpolished rice of MadhukarxSwarna RILs. Gene 
508:233-240. 

Ariza-Nieto M, Blair MW, Welch RM, Glahn RP (2007). Screening of 
iron bioavailability patterns in eight bean (Phaseolus vulgaris L.) 
genotypes using the Caco-2 cell in vitro model. J. Agric. Food Chem. 
55:7950-7956. 

Aung MS, Masuda H, Kobayashi T, Nakanishi H, Yamakawa T, 
Nishizawa NK (2013). Iron biofortification of myanmar rice. Front. 
Plant Sci. 4:158. 

Bashir K, Inoue H, Nagasaka S, Takahashi M, Nakanishi H, Mori S, 
Nishizawa NK (2006). Cloning and characterization of 
deoxymugineic acid synthase genes from graminaceous plants. J. 
biol. chem. 281:32395-32402. 

Beyer P (2010). Golden Rice and 'Golden' crops for human nutrition. 
New Biotechnol. 27:478-481. 

Bhullar NK, Gruissem W (2013). Nutritional enhancement of rice for 
human health: the contribution of biotechnology. Biotechnol. Adv. 
31:50-57. 

Blair MW, Izquierdo P, Astudillo C, Grusak MA (2013). A legume 
biofortification quandary: variability and genetic control of seed coat 
micronutrient accumulation in common beans. Front. Plant Sci. 4:275. 

Blair MW, Monserrate F, Beebe SE, Restrepo J, Flores JO (2010). 
Registration of High Mineral Common Bean Germplasm Lines 
NUA35 and NUA56 from the Red-Mottled Seed Class All rights 
reserved. No part of this periodical may be reproduced or transmitted 
in any form or by any means, electronic or mechanical, including 
photocopying, recording, or any information storage and retrieval 
system, without permission in writing from the publisher. Permission 
for printing and for reprinting the material contained herein has been 
obtained by the publisher. J. Plant Reg. 4:55-59. 

Bodnar AL, Proulx AK, Scott MP, Beavers A, Reddy MB (2013). Iron 
bioavailability of maize hemoglobin in a Caco-2 cell culture model. J. 
Agric. food Chem. 61:7349-7356. 

Bonneuil C (2006). Mendelism, Plant Breeding and Experimental 
Cultures: Agriculture and the Development of Genetics in France. J. 
Hist. Biol. 39:281-308. 

Botha GM, Viljoen CD (2008). Can GM sorghum impact Africa? Trends 
Biotechnol. 26:64-69. 

 
 
 
 
Boza JJ, Fox TE, Eagles J, Wilson PD, Fairweather-Tait SJ (1995). 

The validity of extrinsic stable isotopic labeling for mineral absorption 
studies in rats. J. Nutr. 125:1611-1616. 

Brown KH, Hess SY, Boy E, Gibson RS, Horton S, Osendarp SJ, 
Sempertegui F, Shrimpton R, Rudan I (2009) Setting priorities for 
zinc-related health research to reduce children's disease burden 
worldwide: an application of the Child Health and Nutrition Research 
Initiative's research priority-setting method. Publ. health Nutr. 12:389-
396. 

Brown KH, Rivera JA, Bhutta Z, Gibson RS, King JC, Lonnerdal B, 
Ruel MT, Sandtrom B, Wasantwisut E, Hotz C (2004) International 
Zinc Nutrition Consultative Group (IZiNCG) technical document #1. 
Assessment of the risk of zinc deficiency in populations and options 
for its control. Food and Nutr. bull. 25:S99-203. 

Bryce J, Boschi-Pinto C, Shibuya K, Black RE (2005). WHO 
estimates of the causes of death in children. Lancet 365:1147-1152. 

Cercamondi CI, Egli IM, Mitchikpe E, Tossou F, Zeder C, 
Hounhouigan JD, Hurrell RF (2013). Total iron absorption by young 
women from iron-biofortified pearl millet composite meals is double 
that from regular millet meals but less than that from post-harvest 
iron-fortified millet meals. J. Nutr. 143:1376-1382. 

Chassy BM (2010). Food safety risks and consumer health. New 
biotechnol. 27:534-544. 

Chen R, Xue G, Chen P, Yao B, Yang W, Ma Q, Fan Y, Zhao Z, 
Tarczynski MC, Shi J (2008). Transgenic maize plants expressing a 
fungal phytase gene. Transgenic Res. 17:633-643. 

Coghlan A (2013) Golden Rice creator wants to live to see it save lives. 
New Scientist, newscientist.com 

Cressey D (2013) Transgenics: A new breed. Nature 497:27-29. 
Dayod M, Tyerman SD, Leigh RA, Gilliham M (2010). Calcium 

storage in plants and the implications for calcium biofortification. 
Protoplasma 247:215-231. 

Dodd AN, Kudla J, Sanders D (2010). The language of calcium 
signaling. Ann. Rev. Plant Biol. 61:593-620. 

Enserink M (2008). Tough lessons from golden rice. Science 320:468-
471. 

Fang Y, Wang L, Xin Z, Zhao L, An X, Hu Q (2008). Effect of foliar 
application of zinc, selenium, and iron fertilizers on nutrients 
concentration and yield of rice grain in China. J. Agric. food chem. 
56:2079-2084. 

Forsberg C, Meidinger R, Liu M, Cottrill M, Golovan S, Phillips J 
(2013). Integration, stability and expression of the E. coli phytase 
transgene in the Cassie line of Yorkshire Enviropig™. Transgenic 
Res. 22:379-389. 

Galon Y, Finkler A, Fromm H (2010) Calcium-regulated transcription in 
plants. Mol. Plant 3:653-669. 

Gartland KM, Bruschi F, Dundar M, Gahan PB, Viola Magni M, 
Akbarova Y (2013). Progress towards the 'Golden Age' of 
biotechnology. Curr. opin. biotechnol. 24(Suppl 1):S6-13. 

Gomez-Galera S, Rojas E, Sudhakar D, Zhu C, Pelacho AM, Capell 
T, Christou P (2010). Critical evaluation of strategies for mineral 
fortification of staple food crops. Transgenic Res. 19:165-180. 

Hambidge KM, Huffer JW, Raboy V, Grunwald GK, Westcott JL, 
Sian L, Miller LV, Dorsch JA, Krebs NF (2004). Zinc absorption 
from low-phytate hybrids of maize and their wild-type isohybrids. Am. 
J. clin. Nutr. 79:1053-1059. 

Hambidge KM, Krebs NF, Westcott JL, Sian L, Miller LV, Peterson 
KL, Raboy V (2005) Absorption of calcium from tortilla meals 
prepared from low-phytate maize. Am. J. clin. Nutr. 82:84-87. 

Harrison PM, Arosio P (1996). The ferritins: molecular properties, iron 
storage function and cellular regulation. Biochimica et Biophysica 
Acta 1275:161-203. 

Hawthorne KM MJ, Hotze T, Hirschi KD, Abrams SA (2009). 
Biotechnologically-modified Carrots: Calcium Absorption Relative to 
Milk. J. Bioequiv. Availab. 1:34-38. 

Hazel LN, Lush JL (1942). The efficiency of three methods of selection. 
J. Hered. 33:393-399. 

He W, Shohag MJ, Wei Y, Feng Y, Yang X (2013). Iron concentration, 
bioavailability, and nutritional quality of polished rice affected by 
different forms of foliar iron fertilizer. Food Chem. 141:4122-4126. 

Heaney RP (2013). Dairy intake, dietary adequacy, and lactose 
intolerance. Adv. Nutr. 4:151-156. 



 
 
 
 
Heaney RP, Weaver CM (1989). Oxalate: effect on calcium 

absorbability. Am. J. Clin. Nutr. 50:830-832. 
Heaney RP, Weaver CM (1990). Calcium absorption from kale. Am. J. 

Clin. Nutr. 51:656-657. 
Hell R, Stephan UW (2003). Iron uptake, trafficking and homeostasis in 

plants. Planta 216: 541-551. 
Herrera-Estrella L, Simpson J, Martinez-Trujillo M (2005). 

Transgenic plants: an historical perspective. Methods Mol. Biol. 
286:3-32. 

Hess SY, King JC (2009). Effects of maternal zinc supplementation on 
pregnancy and lactation outcomes. Food and Nutr. Bull. 30:S60-78. 

Hirschi KD (1999). Expression of Arabidopsis CAX1 in tobacco: altered 
calcium homeostasis and increased stress sensitivity. The Plant cell 
11:2113-2122. 

Hotz C (2009). The potential to improve zinc status through 
biofortification of staple food crops with zinc. Food and Nutr. Bull. 
30:S172-178. 

Hotz C, Loechl C, Lubowa A, Tumwine JK, Ndeezi G, Nandutu 
Masawi A, Baingana R, Carriquiry A, de Brauw A, Meenakshi JV, 
Gilligan DO (2012). Introduction of beta-carotene-rich orange sweet 
potato in rural Uganda resulted in increased vitamin A intakes among 
children and women and improved vitamin A status among children. J. 
Nutr. 142:1871-1880. 

Hvistendahl M, Enserink M (2012) GM research. Charges fly, 
confusion reigns over golden rice study in Chinese children. Science 
337:1281. 

Ishida M, Takahata Y, Kaizuma N (2003) Simple and Rapid Method for 
the Selection of Individual Rapeseed Plants Low in Glucosinolates. 
Breed. Sci. 53:291-296. 

Jang DA, Fadel JG, Klasing KC, Mireles AJ, Jr., Ernst RA, Young 
KA, Cook A, Raboy V (2003). Evaluation of low-phytate corn and 
barley on broiler chick performance. Poult. Sci. 82:1914-1924. 

Janick J (2005). Horticultural Plant Breeding: Past Accomplishments, 
Future Directions. Acta Hortic. 694:61-65. 

Johnson AA, Kyriacou B, Callahan DL, Carruthers L, Stangoulis J, 
Lombi E, Tester M (2011). Constitutive overexpression of the 
OsNAS gene family reveals single-gene strategies for effective iron- 
and zinc-biofortification of rice endosperm. PloS one 6:e24476. 

Johnson AAT (2013). Enhancing the chelation capacity of rice to 
maximise iron and zinc concentrations under elevated atmospheric 
carbon dioxide. Funct. Plant Biol. 40:101-108. 

Johnson AAT, Veilleux RE (2010). Somatic Hybridization and 
Applications in Plant Breeding. Plant Breeding Reviews. John Wiley 
& Sons, Inc. pp. 167-225. 

Jou MY, Du X, Hotz C, Lonnerdal B (2012). Biofortification of rice with 
zinc: assessment of the relative bioavailability of zinc in a Caco-2 cell 
model and suckling rat pups. J. Agric. food chem. 60:3650-3657. 

Kim CK, Han JS, Lee HS, Oh JY, Shigaki T, Park SH, Hirschi K 
(2006). Expression of an Arabidopsis CAX2 variant in potato tubers 
increases calcium levels with no accumulation of manganese. Plant 
Cell Reports 25:1226-1232. 

Kim KM, Park YH, Kim CK, Hirschi K, Sohn JK (2005). Development 
of transgenic rice plants overexpressing the Arabidopsis H+/Ca2+ 
antiporter CAX1 gene. Plant Cell Reports 23:678-682. 

King JC (2002). Evaluating the impact of plant biofortification on human 
nutrition. J. Nutr. 132:511S-513S. 

Kodkany BS, Bellad RM, Mahantshetti NS, Westcott JE, Krebs NF, 
Kemp JF, Hambidge KM (2013). Biofortification of Pearl Millet with 
Iron and Zinc in a Randomized Controlled Trial Increases Absorption 
of These Minerals above Physiologic Requirements in Young 
Children. J. Nutr. 143:1489-1493. 

Kundu S, Trent JT, 3rd, Hargrove MS (2003). Plants, humans and 
hemoglobins. Trends in plant Sci. 8:387-393. 

La Frano MR, Woodhouse LR, Burnett DJ, Burri BJ (2013). 
Biofortified cassava increases beta-carotene and vitamin A 
concentrations in the TAG-rich plasma layer of American women. Br. 
J. Nutr. 110:310-320. 

Lack G (2002) Clinical risk assessment of GM foods. Toxicol. lett. 
127:337-340. 

Lee S, Jeon US, Lee SJ, Kim Y-K, Persson DP, Husted S, 
Schjørring JK, Kakei Y, Masuda H, Nishizawa NK, An G (2009). 
Iron fortification of rice seeds through activation of the nicotianamine  

Int. J. Biotechnol. Food Sci. / Morris et al.            13 

 
 
 

synthase gene. Proceed. Natl. Acad. Sci. 106: 22014-22019. 
Li X, Yang J, Morris J, Hester A, Nakata PA, Hirschi KD (2012). 

Genetically Modified Medicago truncatula Lacking Calcium Oxalate 
has Increased Calcium Bioavailability and Partially Rescues Vitamin 
D Receptor Knockout Mice Phenotypes. J. Bioequiv. Availab. 5:47-52. 

Li YC, Ledoux DR, Veum TL, Raboy V, Ertl DS (2000). Effects of low 
phytic acid corn on phosphorus utilization, performance, and bone 
mineralization in broiler chicks. Poult. Sci. 79:1444-1450. 

Ling HQ, Koch G, Baumlein H, Ganal MW (1999). Map-based cloning 
of chloronerva, a gene involved in iron uptake of higher plants 
encoding nicotianamine synthase. Proceed. Natl. Acad. Sci. United 
States Am. 96:7098-7103. 

Loftas T, Ross J, Nations FaAOotU (1995). Dimensions of need - An 
atlas of food and agriculture. ABC-CLIO, Santa Barbara, CA 

Lonnerdal B (2000). Dietary factors influencing zinc absorption. J. Nutr. 
130:1378S-1383S. 

Lonnerdal B, Mendoza C, Brown KH, Rutger JN, Raboy V (2011). 
Zinc absorption from low phytic acid genotypes of maize (Zea mays 
L.), Barley (Hordeum vulgare L.), and Rice (Oryza sativa L.) 
assessed in a suckling rat pup model. J. Agric. food chem. 59:4755-
4762. 

Lonnerdal B, Sandberg AS, Sandstrom B, Kunz C (1989). Inhibitory 
effects of phytic acid and other inositol phosphates on zinc and 
calcium absorption in suckling rats. J. Nutr. 119:211-214. 

Lucca P, Hurrell R, Potrykus I (2002). Fighting iron deficiency anemia 
with iron-rich rice. J. Am. Coll. Nutr. 21:184S-190S. 

Lynch SR, Dassenko SA, Morck TA, Beard JL, Cook JD (1985). Soy 
protein products and heme iron absorption in humans. Am. J. Clin. 
Nutr. 41:13-20. 

Manary MJ, Hotz C, Krebs NF, Gibson RS, Westcott JE, Broadhead 
RL, Hambidge KM (2002). Zinc homeostasis in Malawian children 
consuming a high-phytate, maize-based diet. Am. J. Clin. Nutr. 
75:1057-1061. 

Marschner H (1995). Mineral Nutrition of Higher Plants. Academic 
Press, London 

Masuda H, Ishimaru Y, Aung MS, Kobayashi T, Kakei Y, Takahashi 
M, Higuchi K, Nakanishi H, Nishizawa NK (2012) Iron 
biofortification in rice by the introduction of multiple genes involved in 
iron nutrition. Sci. reports 2:543. 

Masuda H, Kobayashi T, Ishimaru Y, Takahashi M, Aung MS, 
Nakanishi H, Mori S, Nishizawa NK (2013). Iron-biofortification in 
rice by the introduction of three barley genes participated in mugineic 
acid biosynthesis with soybean ferritin gene. Frontiers in plant sci. 
4:132. 

Mayer JE, Pfeiffer WH, Beyer P (2008). Biofortified crops to alleviate 
micronutrient malnutrition. Curr. opin. plant biol. 11:166-170. 

Mazariegos M, Hambidge KM, Krebs NF, Westcott JE, Lei S, 
Grunwald GK, Campos R, Barahona B, Raboy V, Solomons NW 
(2006) Zinc absorption in Guatemalan schoolchildren fed normal or 
low-phytate maize. Am. J. Clin. Nutr. 83:59-64. 

Mazariegos M, Hambidge KM, Westcott JE, Solomons NW, Raboy V, 
Das A, Goco N, Kindem M, Wright LL, Krebs NF (2010) Neither a 
zinc supplement nor phytate-reduced maize nor their combination 
enhance growth of 6- to 12-month-old Guatemalan infants. J. Nutr. 
140:1041-1048. 

McDaniel MH, Williams SE (2013). Calcium Primer: Current 
Controversies and Common Clinical Questions. Journal of clinical 
densitometry. Official J. Int. Soc. Clin. Densitom. 16(4):389-393. 

Mendoza C, Viteri FE, Lonnerdal B, Young KA, Raboy V, Brown KH 
(1998). Effect of genetically modified, low-phytic acid maize on 
absorption of iron from tortillas. Am. J. Clinical Nutr. 68:1123-1127. 

Menguer PK, Farthing E, Peaston KA, Ricachenevsky FK, Fett JP, 
Williams LE (2013). Functional analysis of the rice vacuolar zinc 
transporter OsMTP1. J. Exp. bot. 64:2871-2883. 

Miller HI (2009) A golden opportunity, squandered. Trends Biotechnol. 
27:129-130. 

Mills JP, Simon PW, Tanumihardjo SA (2008). Biofortified carrot 
intake enhances liver antioxidant capacity and vitamin a status in 
mongolian gerbils. J. Nutr. 138:1692-1698. 

Morris J, Hawthorne KM, Hotze T, Abrams SA, Hirschi KD (2008). 
Nutritional impact of elevated calcium transport activity in carrots.  

Proceed. Natl. Acad. Sci. United States Am. 105:1431-1435. 



14           Int. J. Biotechnol. Food Sci. / Morris et al. 
 
 
 
Morris J, Nakata PA, McConn M, Brock A, Hirschi KD (2007). 

Increased calcium bioavailability in mice fed genetically engineered 
plants lacking calcium oxalate. Plant mol. Biol. 64:613-618. 

Moser-Veillon PB, Mangels AR, Vieira NE, Yergey AL, Patterson KY, 
Hill AD, Veillon C (2001). Calcium Fractional Absorption and 
Metabolism Assessed Using Stable Isotopes Differ between 
Postpartum and Never Pregnant Women. J. Nutr. 131:2295-2299. 

Murray-Kolb LE, Takaiwa F, Goto F, Yoshihara T, Theil EC, Beard 
JL (2002). Transgenic Rice Is a Source of Iron for Iron-Depleted Rats. 
J. Nutr. 132:957-960. 

Nakata PA, McConn MM (2000). Isolation of Medicago truncatula 
mutants defective in calcium oxalate crystal formation. Plant Physiol. 
124:1097-1104. 

Naqvi S, Zhu C, Farre G, Ramessar K, Bassie L, Breitenbach J, 
Perez Conesa D, Ros G, Sandmann G, Capell T, Christou P 
(2009). Transgenic multivitamin corn through biofortification of 
endosperm with three vitamins representing three distinct metabolic 
pathways. Proceed. Natl. Acad. Sci. 106:7762-7767. 

Paine JA, Shipton CA, Chaggar S, Howells RM, Kennedy MJ, 
Vernon G, Wright SY, Hinchliffe E, Adams JL, Silverstone AL, 
Drake R (2005). Improving the nutritional value of Golden Rice 
through increased pro-vitamin A content. Nat. Biotechnol. 23:482-487. 

Park S, Cheng NH, Pittman JK, Yoo KS, Park J, Smith RH, Hirschi 
KD (2005a). Increased calcium levels and prolonged shelf life in 
tomatoes expressing Arabidopsis H+/Ca2+ transporters. Plant 
Physiol. 139:1194-1206. 

Park S, Kang TS, Kim CK, Han JS, Kim S, Smith RH, Pike LM, 
Hirschi KD (2005b). Genetic manipulation for enhancing calcium 
content in potato tuber. J. Agric. food Chem. 53:5598-5603. 

Park S KC, Pike LM, Smith RH, Hirschi KD (2004). Increased calcium 
in carrots by expression of an Arabidopsis H+/Ca2+ transporter. Mol. 
Breed. 14:275-282. 

Patterson KY, Veillon C (2001). Stable Isotopes of Minerals as 
Metabolic Tracers in Human Nutrition Research. Exp. Biol. Med. 
226:271-282 

Perez-Massot E, Banakar R, Gomez-Galera S, Zorrilla-Lopez U, 
Sanahuja G, Arjo G, Miralpeix B, Vamvaka E, Farre G, Rivera SM, 
Dashevskaya S, Berman J, Sabalza M, Yuan D, Bai C, Bassie L, 
Twyman RM, Capell T, Christou P, Zhu C (2013). The contribution 
of transgenic plants to better health through improved nutrition: 
opportunities and constraints. Genes Nutr. 8:29-41. 

Petry N, Egli I, Gahutu JB, Tugirimana PL, Boy E, Hurrell R (2012). 
Stable iron isotope studies in Rwandese women indicate that the 
common bean has limited potential as a vehicle for iron 
biofortification. J. Nutr. 142:492-497. 

Potrykus I (2010a). Lessons from the 'Humanitarian Golden Rice' 
project: regulation prevents development of public good genetically 
engineered crop products. New Biotechnol. 27:466-472. 

Potrykus I (2010b) Regulation must be revolutionized. Nature 466:561. 
Proulx AK, Reddy MB (2006). Iron bioavailability of hemoglobin from 

soy root nodules using a Caco-2 cell culture model. J. Agric. food 
Chem. 54:1518-1522. 

Raboy V (2002). Progress in breeding low phytate crops. J. Nutr. 
132:503S-505S. 

Raboy V (2007). The ABCs of low-phytate crops. Nat. Biotechnol. 
25:874-875. 

Rommens CM (2007). Intragenic crop improvement: combining the 
benefits of traditional breeding and genetic engineering. J. Agric. food 
chem. 55:4281-4288. 

Rommens CM, Bougri O, Yan H, Humara JM, Owen J, Swords K, Ye 
J (2005). Plant-derived transfer DNAs. Plant Physiol. 139:1338-1349. 

Rommens CM, Humara JM, Ye J, Yan H, Richael C, Zhang L, Perry 
R, Swords K (2004). Crop improvement through modification of the 
plant's own genome. Plant Physiol. 135:421-431. 

Salunke R, Neelam K, Rawat N, Tiwari VK, Randhawa GS, Dhaliwal 
HS, Roy P (2011). Bioavailability of iron from wheat aegilops 
derivatives selected for high grain iron and protein contents. J. Agric. 
food Chemistry 59:7465-7473. 

Sambuy Y, De Angelis I, Ranaldi G, Scarino ML, Stammati A, Zucco 
F (2005). The Caco-2 cell line as a model of the intestinal barrier: 
influence of cell and culture-related factors on Caco-2 cell functional 
characteristics. Cell Biol. Toxicol. 21:1-26.   

 
 
 
 
Sandstrom B, Keen CL, Lonnerdal B (1983). An experimental model 

for studies of zinc bioavailability from milk and infant formulas using 
extrinsic labeling. Am. J. Clinical Nutr. 38:420-428. 

Schroeder JI, Delhaize E, Frommer WB, Guerinot ML, Harrison MJ, 
Herrera-Estrella L, Horie T, Kochian LV, Munns R, Nishizawa NK, 
Tsay Y-F, Sanders D (2013). Using membrane transporters to 
improve crops for sustainable food production. Nature 497:60-66. 

Shah P, Jogani V, Bagchi T, Misra A (2006). Role of Caco-2 Cell 
Monolayers in Prediction of Intestinal Drug Absorption. Biotechnol. 
Progress 22:186-198. 

Shukla VK, Doyon Y, Miller JC, DeKelver RC, Moehle EA, Worden 
SE, Mitchell JC, Arnold NL, Gopalan S, Meng X, Choi VM, Rock 
JM, Wu Y-Y, Katibah GE, Zhifang G, McCaskill D, Simpson MA, 
Blakeslee B, Greenwalt SA, Butler HJ, Hinkley SJ, Zhang L, 
Rebar EJ, Gregory PD, Urnov FD (2009). Precise genome 
modification in the crop species Zea mays using zinc-finger 
nucleases. Nature 459:437-441. 

Sinclair SA, Kramer U (2012). The zinc homeostasis network of land 
plants. Biochimica et biophysica acta 1823:1553-1567 

Sompong U, Somta P, Raboy V, Srinives P (2012). Mapping of 
quantitative trait loci for phytic acid and phosphorus contents in seed 
and seedling of mungbean (Vigna radiata (L.) Wilczek). Breed. sci. 
62:87-92. 

Stein AJ, Sachdev HP, Qaim M (2006). Potential impact and cost-
effectiveness of Golden Rice. Nature biotechnol. 24:1200-1201. 

Sung JH, Yu J, Luo D, Shuler ML, March JC (2011). Microscale 3-D 
hydrogel scaffold for biomimetic gastrointestinal (GI) tract model. Lab 
on a chip 11:389-392. 

Tako E, Blair MW, Glahn RP (2011). Biofortified red mottled beans 
(Phaseolus vulgaris L.) in a maize and bean diet provide more 
bioavailable iron than standard red mottled beans: studies in poultry 
(Gallus gallus) and an in vitro digestion/Caco-2 model. Nutr. J. 
10:113. 

Tako E, Hoekenga OA, Kochian LV, Glahn RP (2013). High 
bioavailability iron maize (Zea mays L.) developed through molecular 
breeding provides more absorbable iron in vitro (Caco-2 model) and 
in vivo (Gallus gallus). Nutr. J. 12:3. 

Tako E, Laparra JM, Glahn RP, Welch RM, Lei XG, Beebe S, Miller 
DD (2009). Biofortified black beans in a maize and bean diet provide 
more bioavailable iron to piglets than standard black beans. J. Nutr. 
139: 305-309. 

Tako E, Rutzke MA, Glahn RP (2010). Using the domestic chicken 
(Gallus gallus) as an in vivo model for iron bioavailability. Poult. Sci. 
89:514-521. 

Talsma EF, Melse-Boonstra A, de Kok BP, Mbera GN, Mwangi AM, 
Brouwer ID (2013). Biofortified cassava with pro-vitamin A is sensory 
and culturally acceptable for consumption by primary school children 
in Kenya. PloS one 8:e73433. 

Tang G, Hu Y, Yin SA, Wang Y, Dallal GE, Grusak MA, Russell RM 
(2012). beta-Carotene in Golden Rice is as good as beta-carotene in 
oil at providing vitamin A to children. Am. J. Clinical Nutr. 96:658-664. 

Tang G, Qin J, Dolnikowski GG, Russell RM, Grusak MA (2009). 
Golden Rice is an effective source of vitamin A. Am. J. Clinical Nutr. 
89:1776-1783. 

Tiong J, McDonald GK, Genc Y, Pedas P, Hayes JE, Toubia J, 
Langridge P, Huang CY (2014). HvZIP7 mediates zinc accumulation 
in barley (Hordeum vulgare) at moderately high zinc supply. The New 
phytologist 201(1):131-143. 

Van Wuytswinkel O, Vansuyt G, Grignon N, Fourcroy P, Briat JF 
(1999). Iron homeostasis alteration in transgenic tobacco 
overexpressing ferritin. Plant J. Cell and Mol. Biol. 17:93-97. 

von Wiren N, Klair S, Bansal S, Briat JF, Khodr H, Shioiri T, Leigh 
RA, Hider RC (1999). Nicotianamine chelates both FeIII and FeII. 
Implications for metal transport in plants. Plant Physiol. 119:1107-
1114. 

Weale A (2010) Ethical arguments relevant to the use of GM crops. 
New biotechnology 27: 582-587. 

Weaver C, Heaney R (2006) Food Sources, Supplements, and 
Bioavailability. In: Weaver C, Heaney R (eds) Calcium in Human 
Health. Humana Press, pp. 129-142. 

Weaver CM, Chaney RL (1985). Intrinsic mineral labeling of edible  
plants: Methods and uses. C R C Crit. Rev. Food Sci. Nutr. 23: 75-101. 



 
 
 
 
Weaver CM, Martin BR, Ebner JS, Krueger CA (1987). Oxalic Acid 

Decreases Calcium Absorption in Rats. J. Nutr. 117:1903-1906. 
Wei Y, Shohag MJ, Yang X (2012a). Biofortification and bioavailability 

of rice grain zinc as affected by different forms of foliar zinc 
fertilization. PloS one 7:e45428. 

Wei Y, Shohag MJ, Yang X, Yibin Z (2012b). Effects of foliar iron 
application on iron concentration in polished rice grain and its 
bioavailability. J. Agric. food Chem. 60:11433-11439. 

WHO (2013). World Health Report Reducing Risks, Promoting Healthy 
Life.  

Wirth J, Poletti S, Aeschlimann B, Yakandawala N, Drosse B, 
Osorio S, Tohge T, Fernie AR, Gunther D, Gruissem W, Sautter C 
(2009). Rice endosperm iron biofortification by targeted and 
synergistic action of nicotianamine synthase and ferritin. Plant 
Biotechnol. J. 7:631-644. 

Wollenweber B, Porter JR, Lubberstedt T (2005). Need for 
multidisciplinary research towards a second green revolution. Curr. 
opin. plant biol. 8:337-341. 

 
 

 
 
 
 

Int. J. Biotechnol. Food Sci. / Morris et al.            15 
 
 
 
Wu Q, Shigaki T, Han JS, Kim CK, Hirschi KD, Park S (2012). 

Ectopic expression of a maize calreticulin mitigates calcium 
deficiency-like disorders in sCAX1-expressing tobacco and tomato. 
Plant mol. Biol. 80:609-619. 

Ye X, Al-Babili S, Kloti A, Zhang J, Lucca P, Beyer P, Potrykus I 
(2000). Engineering the provitamin A (beta-carotene) biosynthetic 
pathway into (carotenoid-free) rice endosperm. Science 287:303-305. 

Yergey AL, Abrams SA, Vieira NE, Aldroubi A, Marini J, Sidbury JB 
(1994). Determination of fractional absorption of dietary calcium in 
humans. J. Nutr. 124: 674-682. 

Yuan L, Wu L, Yang C, Lv Q (2013). Effects of iron and zinc foliar 
applications on rice plants and their grain accumulation and grain 
nutritional quality. J. Sci. food Agric. 93:254-261. 

Zhang Y, Shi R, Rezaul KM, Zhang F, Zou C (2010). Iron and Zinc 
Concentrations in Grain and Flour of Winter Wheat As Affected by 
Foliar Application. J. Agric. Food Chem.  58(23):12268-12274. 

 
 
 
 

http://www.sciencewebpublishing.net/ijbfs 
 

 
 
 

http://www.sciencewebpublishing.net/ijbfs

