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Abstract
	 Rice is an important staple food crop for most of the population around the world. On a global basis, more than 2 
billion of population are affected from micronutrients deficiencies and alarming health hazards that result from this type of 
malnutrition. Folate, Zn and Fe deficiencies are among the most commonly found deficiencies around the world especially 
in developing countries. Biofortification is the increment in the nutritional contents of food crops by biotechnology or plant 
breeding. The biofortification of the edible parts of staple foods offers an sustainable and inexpensive measure to combat the 
prevalent human disorders resulting from micronutrients malnutrition. Rice serve as a suitable target for biofortification as 
most of the people around world eat rice as a staple diet. The white rice or polished rice consists of insufficient amount of 
micronutrients which is unable to fulfil every day necessity of micronutrients in food. That’s why, the biofortification of rice 
grains is the solution to this problem. By controlling and facilitating the transportation of micronutrients, including absorption 
from soil, their translocation and especially their loadings in the grains, it is possible to enhance their concentration in the 
seeds. This chapter will provide a comprehensive overview of the agents governing micronutrients transport in rice, the 
transporters and genes involved (uptake and transport) and used for micronutrients biofortification in rice and currently 
available technologies for micronutrients rice biofortification. Moreover, the progress and future prospects of existing 
biofortification techniques in rice will also be elucidated in this chapter.
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Abbreviations: Zn: Zinc; Fe: Iron; Mn: Manganese; GNP: Gross national product; SAM: S-adenosyl methionine; NA: Nicoti-
namide; DMA: 2-deoxymugineic acid; NAS: Nicotinamide synthase; QTL: Quantitative trait loci; CRISPR: Clustered regularly 
interspaced short palindromic repeats; TALENS  Transcription activator like effector nucleases
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1. Introduction
	 Biofortification can be defined as increasing the nutritional value of crops (usually minerals and vitamins) via 
agronomic practices, conventional breeding of plants or modern biotechnological techniques. It has proved as a best strategy 
to overcome extensive micronutrients malnutrition especially in developing world. More than half of the world’s population 
relies on rice as a staple food. The aleuone layer of rice seed consists of minor amounts of pro vitamin A and Fe. This bran 
layer and husk is removed during milling process to get edible endosperm called white rice or polished rice. This is the 
main cause behind worldwide Fe and vitamin A malnutrition [1,2]. The micronutrients Fe, Zn, and Mn deficiencies are most 
commonly seen. Fe plays various roles as it acts as a cofactor for many enzymes in the human body. Stoltzfus [3] and Hentze et 
al [4]. reported that the Fe malnutrition might cause serious disorders in humans like anemia. While, cognitive impairment, 
immune dysfunction hypogonadism, and growth retardation are often observed in Zn deficient peoples [5]. According to the 
World Health Organization [6], the predominant micronutrient deficiencies in humans are Zn and Fe deficiencies, which are 
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resulting in over 0.8 million deaths every year by affecting two billion peoples worldwide. Although, the deficiency of Mn 
is less dominant than Zn and Fe deficiencies among the peoples. However, the pathological issues like chronic birth defects 
and asthma are most commonly reported in the cases of Mn malnutrition. The combined effects of these micronutrient 
deficiencies pose a significant threat to human health.

	 Stein [7] stated that the deficiencies of micronutrients had deteriorated the economic productivity and social welfare 
by increasing the incidents of diseases worldwide. On a global scale, at present more than 3 billion people are suffering from 
severe disorders resulting from Fe and Zn malnutrition. The consumption of diets containing less nutrition is the main root 
cause behind the ever-increasing Fe and Zn deficiencies. Specifically, in developing countries, this kind of malnutrition is 
the major cause of the decreased GNP by reducing work productivity among individuals. According to a study conducted by 
Wessells et al. [8], around 18 % of the total world population is affected by Zn malnutrition. Shekari et al. [9] stated that On 
a global scale, among 20 micronutrients which are categorized as deficient in humans, the number of Zn is the 11th while, in 
less developed countries total 10 micronutrients are reported as deficient where the Zn is ranked at 5th number. The South 
Asian population is suffering from severe health problems owing to Zn malnutrition as 95 % of total individuals eat rice as a 
staple food. Figure 1 overviews the world population (%) suffering from deficiencies of micronutrients.

Figure1: Population in (%) with deficiencies of selected micronutrients (Source: Black et al [83]).

	 The Zn and Fe malnutrition arises in the circumstances when people consume a diet with less variation or consume 
one or two staple foods. Yang et al. [10] reported that in less developed countries, even the population’s consumption is 
based on only rice as a staple food. Moreover, white rice or polished rice is unable to meet regular supplies in foods due to 
consisting of inadequate quantities of micronutrients [11]. The strategies to alleviate micronutrient’s malnutrition include 
supplementation of micronutrients, nutrient fortification of food on an industrial scale, and grain biofortification. Minhas 
et al. [12] reported that supplementation of micronutrients and nutrient fortification of food had played well globally 
to mitigate problems associated with micronutrients malnutrition, but these methods have some shortcomings being 
expensive and framework requiring for the fortification of foods and the production of micronutrients supplements. Even 
this malnutrition-related problems may pose even more threat to the people which cannot pay for the non- staple diets rich 
in micronutrients [13]. Hence, rice biofortification with micronutrients can prove a less costly and defensible strategy to 
overcome micronutrients malnutrition [12]. In spite of all the above facts that biofortified rice can prove suitable diet, yet 
very little evidence are available for its usefulness.

2. Localization of micronutrients in the seed and rice biofortification
	 In rice seed, Fe is confined mainly to the scutellum of the embryo and its vascular bundle, endosperm, aleurone layer, 
and dorsal vascular bundle. As germination proceeds, this Fe is shifted wholly to an embryo, and after 2 days of sowing changes 
its place to the radicle, leaf primordium, epithelium, and coleoptile [14]. On the other hand, Zn has its maximum portion in 
the embryo and aleurone laye, and it is disproportionately dispersed to all seed parts [14]. Unlike Mn and Fe, the flow of 
Zn is very vigorous during the germination process. Mn is found mainly in the embryo and endosperm and as germination 
starts it started accumulating in the scutellum instead of the coleoptile. Beside these micronutrients, 2-deoxymugineic acid 
(DMA) and nicotianamine (NA) are also found in the rice seed which during germination are responsible for the chelation 
and mobilization of micronutrients [14,15,16]. Gregorio et al. [17] reported that different studies highlighted the Fe contents 
in rice seed with considerable variations. Although Fe is abundantly found in mineral soil but due to lack of solubility, it is 
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not bioavailable, hence in order to increase seed Fe contents supplementation of soil with Fe as a fertilizer is not an effective 
measure. The fertilization of soil with Zn increase plant growth effectively, but different reports evaluated significantly 
different rice grain Zn concentration and Zn use efficiency with respect to different rice genotypes [18,19,20,21,22]. The 
leading factors controlling Fe concentration in the soil are, field conditions like dry and moist soil, carbonates contents and 
soil pH, while for Zn these are Zn concentration in soil is the Zn status of native soil. [20]. Depending on the Zn status of soil, 
the Zn concentration may vary from 8 to 47 mg kg−1 within a same variety [21,22] and On the basis of genotype, the Zn 
concentration in rice grain can be as high as 59 mg kg-1 and as low as 16 mg kg-1 [20].   

3. Techniques for Biofortification of Rice
Agronomic (Non-genetic) practices

	 Various agronomic practices are there in use to for obtaining biofortification of crop grains and may prove more 
efficient for enhancingthe nutritional quality of crops as well as yield. The examples of such non-genetic approaches are 
management practice, fertilizer application, and adding O.M in the soil for improving the availability of nutrient elements 
[23]. The specific nutrient element may be applied as fertilizer either in soil or to the leaves via foliar application to increase its 
concentration in that plant and its edible portion. From these two methods, the foliar application of a specific element is more 
effective in this regard compared to soil application [24]. Moreover, the fertilization of specific element for biofortification 
may prove more fruitful by adopting integrated soil fertility management approach, which includes a combination of both 
organic and inorganic fertilizers. It has been proven that agronomic practices like foliar fertilization have enormous potential 
for increasing micronutrient contents in the rice and its edible part [25,26,27,28].

Conventional breeding

	 The most promising solution to combat micronutrients deficiencies is to develop genotypes after breeding having 
more vitamins and minerals. Earlier, the rice breeding programs were emerged with the purpose to produce high yield rice 
cultivars while the development of rice cultivars having high nutritional contents was ignored [29]. Later on, the qualitative 
enhancement gained importance along with the quantitative increment of rice grains. The breeding of rice cultivars having 
high micronutrient contents is sped up by germplasm screening of wild species, traditional varieties, and landraces to 
induce variations in alleles. For increasing Zn and Fe concentration of rice grains, the breeding programs are started with 
germplasm screening. Later many modern and more developed germplasms evolved. The preservation of these germplasms 
was done using gene banks containing a pool of genetic variation required for breeding [30]. Kumar et al. [31] reported Zn 
and Fe concentration in rice grains ranging from 10 – 39 and 10 – 44 mg kg-, Respectively using this approach. On the other 
hand, Anuradha et al. [31] screened out 126 brown rice cultivars and gave a range for Zn from 27 to 67 mg kg-1 and for Fe 
6 to 72 mg kg-1. While, for Fe concentration, 52 rice genotypes were screened out by Jahan et al. [32] who reported a range 
for Fe from 1.3 to 100.5 mg kg-1. An inbred line of rice 185M was tested for bioavailability in comparison with its parent 
Swarna and reported three times and two times more bioavailability for Zn and Fe respectively with this line in the presence 
of ascorbic acid at National Institute of Nutrition, India in an in a vitro cell system. Beside it, the high Zn inbred lines IET 
23814 and IET 24775 were also screened out in India which gave promising results. Although, the conventional breeding 
approach gained considerable success regarding Zn and Fe biofortification in rice, many of these evolved genotypes were 
failed in attaining consumers and farmers acceptance due to the reasons that in most cases in inbred lines Fe increment was 
in aleurone layer which is removed during the milling process. The Zn and Fe rich breeds often showed less yield. Beside it, 
lack of awareness among consumers regarding buying biofortified rice and lack of special prices for farmers in the market 
for biofortified rice [33].   

Rice biofortification by increasing the number of metal chelators

	 Rice plants secrete small molecules called phytosiderophores belonging to family mugineic acid. These help to uptake 
and transport micronutrients from roots towards shoots and then to the grains. These phytosiderophores have the mechanism 
for the solubilization of Mn, Cu, Zn, and Fe [34]. The synthesis pathway of these mugineic acid family phytosiderophores has 
been illustrated in the Figure 2. Nicoitinamide can also bind metal ions through chelation. Nozoye et al. [35] stated that these 
mugineic acid family phytosiderophores are secreted into the rhizosphere via mugineic acid 1 transporter. It is an antiporter 
belonging to a superfamily, which is a major facilitator [35]. Inoue et al. [36] reported that the transporter, which is the 
member of a family yellow stripe like (YSL) is responsible for facilitating uptake of the metal-phytosiderophore complex by 
plants. According to Haydon and Cobbett, [37] in the vacuole, the transporter of NA 1 is found, which is known as one of the 
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Figure 2: Synthesis pathway of mugineic acid family phytosiderophores (Source: Suzuki et al., 2012)

Rice biofortification by utilizing metal transporters

	 The uptake of metal ions in rice plants is positively correlated with the metal transporters belonging to various 
families [40]. The transporters often reported involving in Fe regulation are, OsNRAMP5, OsNRAMP1, OsIRT2, OsIRT1 [41,42, 
43,44] respectively. In case of DMA and NA chelated metals, the Fe(III) – DMA is transported by OsYSL15, OsYSL16, and 
OsYSL18 while, Fe – NA or Mn – NA are transported by OsYSL2 [40]. The PEZ1 and PEZ2 are phenolics efflux transporters 
involved in apoplastic phenolics secretion in xylem and roots and help to facilitate the apoplasmic Fe transport after 
solubilizing it [45,46]. According to the findings of Kobayashi and Nishizawa, [47], the loadings of xylem is governed by 
TOM1, and the transportation from xylem to phloem is regulated by OsYSL2, OsYSL16, and OsYSL18  transporters. Moreover, 
the translocation of micronutrients towards seeds as well as their uptake from the soil is controlled by OsNRAMP5, OsYSL15, 
OsIRT, and OsIRT2. A significant increment in the Mn and Fe contents in rice grains was obtained by overexpressing phloem 
localized transporter OsYSL2 [48].  Lee et al. [49] and Lee and An, [50] reported the increased concentration of Zn and Fe 
in rice lines by the overexpression of OsYSL15 and OsIRT1 transporters, respectively. Hence, in rice grains, the flow of Fe 
can be considerably increased by controlling the temporal and special genes expression, specifically in the case of metal 
transporters. Metal biofortification in rice is positively affected by supplementary transporters. 

Transgenic Practices for rice Biofortification

	 The biotechnological practices such as plant alteration play a significant role for increased metal contents in 
rice grains. The plant alteration is carried out by utilizing genes encoding phytase, nicotianamine synthase, ferritin (a Fe 
storage protein), metal transporters and metal chelators. The types of selected genes and the promoters utilized for the 
transformation of rice plants for increasing micronutrient concentration in rice grains have been reviewed in Table 1. The 
more promising results can be achieved by expressing multi genes, for example, the combination of NAS genes and ferritin 
genes (six fold increment) compared to single gene expression (two-fold increment). An experiment was conducted by using 
promoter OsGluB1 found in the endosperm of rice to produce transformed rice plant which express SoyferH1 gene (a soybean 
ferritin gene) [51]. The resulting transformed rice exhibited 2-fold increment in Fe concentration in endosperm and 3-fold 
increment in brown grains. These findings made the way that a further increment in rice endosperm Fe concentration can be 
achieved by facilitating absorption of Fe from the soil and then its transport within the plant. In order to increase Fe uptake, 
the rice endosperm was supplied with phytase (thermo tolerant) obtained from a fungus, and metallothionein-like proteins 
rich in cysteine were overexpressed. The results showed 130-fold increment in phytase contents in rice grains with high Fe 
and cysteine peptide contents. In another study, by utilizing nicotinamine aminotransferase (NAAT) gene (from barley), the 
transformed rice plants were developed, which showed high Fe uptake from soil [52]. 

best Zn facilitators. It has been proven that in rice plants if DMA and NA concentration is increased, the grain metal contents 
were also increased. These results were later confirmed by Wirth et al. [38], (Lee et al. [39], and Johnson et al. [11], who 
reported the significant increment in the rice grain concentration of Zn and Fe through overexpressing the Pvferritin and 
AtNAS1, OsNAS2 and OsNAS3, and OsNAS1-3 transporters respectively. 
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Promoter of gene Gene  Rice cultivar Zn/Fe Fold Increase Reference

Glu-B1 SoyferH-1 Japonica cv. Kitaake … /3.0 Goto et al. [51]

Glb-1 PvFerritin+ rgMT Japonica cv. Taipei 309 … /2.03 Lucca et al. [70]

Glu-B1 SoyFer Indica cv. IR68144 1.4/3.7 Vasconcelos et al. [71]

Glu-B1; Glb-1 SoyFer Japonica cv. Kitaake 1.1/3.0 Qu et al. [72]

Genomic fragments
HvNAS1, HVNAS1+HvNAAT, 

IDS3
Japonica cv. Tsukinohikari

1.0/1.0, 1.1/1.1, 
1.3/1.4

Masuda et al. [73]

CaMV 35S, Glb-1, Glb-1
AtNAS1+, Pvferritin+, 

Afphytase
Japonica cv. Taipei 309 1.6/6.3 Wirth et al. (74)

Actin HvNAS1 Japonica cv. Tsukinohikari 2.3/3.4 Masuda et al. [16]

Activation tagging OsNAS3 Japonica cv. Dongjin …. /2.2 Lee et al. [49]

Ubi OsIRT1 Japonica cv. Dongjin 1.1/1.1 Lee and An [50]

OsSUT1 OsYSL2 Japonica cv. Tsukinohikari … /4.4 Ishimaru et al. [48]

GluB1 OsNAS1 Japonica cv. Xiushui 110 1.3/1.0 Zheng et al. [75]

CaMV 35S TOM1 Japonica cv. Tsukinohikari 1.6/1.2 Nozoye et al. [35]

CaMV 35S OsNAS1, OsNAS2, OsNAS3 Japonica cv. Nipponbare
1.4/2.2, 2.2/4.2, 

1.4/2.2
Johnson et al. [11]

Activation tagging OsNAS2 Japonica cv. Dongjin 2.7/3 Lee et al. (39,76)

OsSUT1, Glb-1, Glb-1. Glu-
B1, Act

OsYSL2+, SoyFerH2+, HvNAS1 Japonica cv. Tsukinohikari 1.6 /6 Masuda et al. [77]

OsGluA2 OsFer2 Indica cv. Pusa-Sugandh II 1.4/2.1 Paul et al. [78]

OsVIT1 or OsVIT2
T-DNA

OsVITs Japonica cv. Zhonghua11 … /1.4 Bashir et al. [79]

AtIRT1, Pvferritin MsENOD12B, OsGlb1 Japonica cv. Taipei 309 …. /4.3 Boonyaves et al. [80]

Table 1: Some selected studies utilizing genes and their promoters for Zn and Fe biofortification of rice (Source: Bashir et al. [81], Kok et al. [82]) 

Quantitative Trait Loci (QTL)

	 Quantitative Trait Loci (QTL) are genetic loci regulated by many genes and control quantitative characteristics. The 
transformed varieties can be can be produced utilizing marker-assisted selection, by the transformation of QTLs. This can 
be achieved by the Identifying and characterizing genomic regions responsible for increased concentration of rice Zn and Fe 
[53]. For the purpose of mapping, the consistent and strong methods are compulsory for analyzing Fe and Zn contents in rice 
grains. This QTL mapping technique has been applied for the identification of various genes involved in Zn and Fe uptake 
from the soil, their translocation within the rice plants and storage in the grains [54]. Various researchers have presented 
their work through interspecific and intraspecific crosses utilizing QTL mapping for increasing Zn and Fe contents in rice 
grain [55, 56,57,31,58]. The markers RM7488 and RM3322 are involved in Zn and Fe concentration in rice. In rice grains, 
the QTLs governing Zn and Fe contents are found on chromosome 12 and chromosome 7 [59]. Later findings suggested 
that by targeting the same regions on the chromosome, the cereal grains Zn and Fe contents can be aggravated [60]. For 
the identification of genes responsible for Zn and iron biofortification in rice, QTLs meta-analysis was carried out which 
discovered 22 meta-QTLs and genes associated GRMZM2G178190 and GRMZM2G366919 and marked as NRAMP i-e natural 
resistance-associated macrophage protein genes [61]. The techniques of functional validation and expression analysis can 
be implied for further characterization of gene sequence inside the QTL regions through knocking out or overexpression 
of gene responsible. The genes within the QTLs can be identified if the genome sequence is available. The rice seed Zn and 
Fe concentration are positively correlated with the expression pattern of genes within Zn and Fe QTLs [62]. Furthermore, 
the information coded on these genes can be utilized for the production of functional markers for breeding programs like 
marker-assisted selection (MAS), fine mapping of QTLs/saturation in order to enhance nutritional characteristics of rice 
grains. 
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Utilization of non-coding microRNAs

	 In order to enhance Zn and Fe concentration in rice grains, specific non-coding tiny RNAs can also play a role and 
are called microRNAs. Beside it, these also have a role in various metabolic and biological phenomena like plant stress 
responses, cell wall biosynthesis, and plant development [63]. According to Fischer et al. [64], these microRNAs are involved 
in the absorption and translocation of various mineral elements inside the plants. These microRNAs also have a role in the 
regulation of gene expression after transcription through controlling translational repression or degradation of mRNA [65]. 
These are tiny non-coding RNA molecules having subsets of 22 endogenous nucleotides [64]. Agarwal et al. [66] Explored 
the role of microRNAs in controlling Zn and Fe concentration in rice plants by reporting the microRNAs expression analysis 
with respect to nutrient homeostasis and biognenesis. The identification of four microRNAs have been made in response to 
Fe deficiency are miR156, miR171, miR169, and miR172 [66]. 

Gene editing

	 This technique involves engineering methods based on nucleases to create substitutions, mutations, and precise 
incisions. The engineering approaches include CRISPR (clustered regularly interspaced short palindromic repeats)/CRISPR-
associated systems (Cas), and TALENS (transcription activator-like effector nucleases). Shan et al. [67] developed 2-acetyl-
1-pyrroline containing fragrant rice by targeting OsBADH2 gene using the TALENs engineering technique. However, recently, 
the CRISPR/Cas techniques have been gained more importance due to high efficiency and ease of engineering compared to 
TALENS [33]. Recent studies have used CRISPR/Cas technique to develop herbicide and disease (blast lesion) resistant rice 
[68,69]. These studies revealed that CRISPR could be an effective tool for the replacement of genes which will be helpful for 
the nutrient enrichment of rice grains. The editing of genes involve in the absorption, translocation and loadings of Zn and 
Fe in rice and their promoter sequences has been made possible using this technique. OsYSL15 OsDMAS1, OsNAS2, OsIRT2, 
OsYSL2 and OsNAS2 genes have been identified involving in Zn and Fe homeostasis [31,62]. Due to high specificity and 
precision the gene editing techniques have more advantages than other methods with respect to Zn and Fe enhancement of 
rice grains The precise gene expression of responsible genes and the creation of desirable alleles by using genome editing 
techniques is extremely useful for the micronutrients biofortification of rice [1].

Conclusion and future prospects

	 Rice biofortification with micronutrients is an effective technique to combat micronutrients deficiencies among 
the population which relies on rice as a staple food. It has gained enormous attraction for researchers, industries, and 
especially in developing countries suffering from micronutrients malnutrition among individuals. The biofortified cultivars 
of rice are being developed by supplying nutrient elements by fertilizer, conventional rice breeding programs and advanced 
biotechnological strategies. The genetic techniques like genes and QTLs mapping for enriched Zn and Fe have made possible 
the discovery of target genes which can be utilized for the production of biofortified rice grains by means of conventional or 
transgenic practices. For the micronutrients enrichment of rice grain future, Research should be focused on the combination 
of agronomic and advanced genomic practices for increasing uptake, transport, and storage of micronutrients in rice grains. 
The advanced transgenic tools like QTLs, MicroRNAs, and genome editing practices like CRISPR and TALENS have led to 
considerable improvement in the biofortification of rice with Zn and Fe and the characterization, mapping and engineering 
of specific genes involved in Zn and Fe homeostasis. 

4. References
1. Welch R.M. and R.D. Graham. 2004. Breeding for micronutrients in staple food crops from a human nutrition perspective. Journal of Experimental Botany. 
55: 353–364.

2. Grusak, M.A. and I. Cakmak. 2005. Methods to improve the crop delivery of minerals to humans and livestock. In: Broadley, M.R., White, P.J. (Eds.), Plant 
nutritional genomics. Blackwell, Oxford. 265–286.

3. Stoltzfus, R. J. 2003. Iron deficiency: global prevalence and consequences. Food Nutrition. Bulletin. 24: 99–103.

4. Hentze, M.W., M.U. Muckenthaler and N.C. Andrews. 2004. Balancing acts: molecular control of mammalian iron metabolism. Cell. 117: 285–297.

5. Prasad, A.S. 2009. Impact of the discovery of human zinc deficiency on health. J. American college nutrition. 28: 257–265.

6. World Health Organization. 2003. Summary and Conclusion of the Sixtyfirst. Meeting of the Joint FAO/WHO Expert Committee on Food Additives. Geneva: 
World Health Organization. 16–18.

7. Stein, A.J. 2010. Global impacts of human mineral malnutrition. Plant Soil. 335: 133–154.



Rice Production Knowledge and Practices for Ensuring Food Security                                                                                  116

8. Wessells, K.R., G.M. Singh and K.H. Brown. 2012. Estimating the global prevalence of inadequate zinc intake from national food balance sheets: effects of 
methodological assumptions. PLoS ONE 7: 50565.

9. Shekari, F., J. Abdollah and A. Amin. 2015. Zinc biofortification, preference or essential? International Journal of Agriculture and Crop Science. 8: 320–
327.

10. Yang Q., C. Zhang, M. Chan, D. Zhao, J. Chen and Q. Wang. 2016. Biofortification of rice with the essential amino acid lysine: Molecular characterization, 
nutritional evaluation, and field performance. Journal of Experimental Botany. 67: 4285-4296

11. Johnson A.A.T., B. Kyriacou, D.L. Callahan, L. Carruthers, J. Stangoulis, E. Lombi. 2011. Constitutive overexpression of the OsNAS gene family reveals 
single-gene strategies for effective iron- and zinc-biofortification of Rice endosperm. Baxter I, editor. PLoS One. 6: 244-276.

12. Minhas, A.P., R. Tuli, and S. Puri. 2018. Pathway Editing Targets for Thiamine Biofortification in Rice Grains. Frontiers in plant science. 9.

13. Bouis H.E. and A. Saltzman. 2017. Improving nutrition through biofortification: A review of evidence from Harvest Plus, 2003 through 2016. Global food 
security. 12: 49-58

14. Takahashi, M., T. Nozoye, N. Kitajima, N. Fukuda, A. Hokura, Y. Terada. 2009. In vivo analysis of metal distribution and expression of metal transporters 
in rice seed during germination process by microarray and X-ray Fluorescence Imaging of Fe, Zn, Mn, and Cu. Plant Soil. 325: 39–51.

15. Usuda, K., Y. Wada, Y. Ishimaru, T. Kobayashi, M. Takahashi and H. Nakanishi. 2009. Genetically engineered rice containing larger amounts of nicotianamine 
to enhance the antihypertensive effect. Plant Biotechnology. Journal. 7: 87–95.

16. Masuda, H., K. Usuda, T. Kobayashi, Y. Ishimaru, Y. Kakei and M. Takahashi. 2009. Overexpression of the barly nicotianamine synthase gene HvNAS1 
Increases Iron and Zinc concentrations in rice grains. Rice. 2: 155–166.

17. Gregorio, G. B., D. Senadhira, H. Htut and R.D. Graham. 2000. Breeding for trace mineral density in rice. Food nutrition bulletin. 21:382–386.

18. Yang, X., Z. Q. Ye, C.H. Shi, M.L. Zhu and R.D. Graham. 1998. Genotypic differences in concentrations of iron, manganese, copper, and zinc in polished rice 
grains. Journal of Plant Nutrition. 21: 1453–1462.

19. Neue, H.U., C. Quijano, D. Senadhira and T. Setter. 1998. Strategies for dealing with micronutrient disorders and salinity in lowland rice systems. Field 
crops research. 56: 139–155.

20. Graham, R., D. Senadhira, S. Beebe, C. Iglesias and I. Monasterio. 1999. Breeding for micronutrient density in edible portions of staple food crops: 
conventional approaches. Field crops research. 60: 57–80.

21. Wissuwa, M., A.M. Ismail and S. Yanagihara. 2006. Effects of zinc deficiency on rice growth and genetic factors contributing to tolerance. Plant Physiology. 
142: 731–741.

22. Wissuwa, M., A. Ismail and R. Graham. 2008. Rice grain zinc concentrations as affected by genotype, native soil-zinc availability, and zinc fertilization. 
Plant Soil 306: 37–48.

23. Wakeel, A., M. Farooq, K. Bashir and L. Ozturk. 2018. Micronutrient Malnutrition and Biofortification: Recent Advances and Future Perspectives. In Plant 
Micronutrient Use Efficiency pp. 225-243.

24. Ram, U. S., V.K. Srivastava, S.K. Singh, M.K. Yadav and A. Sen. 2013. Agronomic biofortification of rice with special reference to Zn and Fe nutrition. 
International Journal of Current Microbiology and Applied Science. 2: 384-387.

25. Cakmak, I., L.R.G. Guilherme, A. Rashid, K.H. Hora, A. Yazici, E. Savasli and F.A.D. Martins. 2017. Iodine biofortification of wheat, rice and maize through 
fertilizer strategy. Plant and soil. 418: 319-335.

26. Jaksomsak, P., P. Tuiwong, B. Rerkasem, G. Guild, L. Palmer and J. Stangoulis. 2018. The impact of foliar applied zinc fertilizer on zinc and phytate 
accumulation in dorsal and ventral grain sections of four Thai rice varieties with different grain zinc. Journal of cereal science. 79: 6-12.

27. Zhang, C. M., W.Y. Zhao, A.X. Gao, T.T. Su, Y.K. Wang, Y.Q. Zhang and X.H. He. 2018. How Could Agronomic Biofortification of Rice Be an Alternative Strategy 
With Higher Cost-Effectiveness for Human Iron and Zinc Deficiency in China?. Food and nutrition bulletin, 39: 246-259.

28. Hu, Z., Y. Cheng, N. Suzuki, X. Guo, H. Xiong and Y. Ogra. 2018. Speciation of Selenium in Brown Rice Fertilized with Selenite and Effects of Selenium 
Fertilization on Rice Proteins. International journal of molecular sciences. 19: 3494.

29. Graham, R.D. and R.M. Welch 1996. Breeding for staple‐food crops with high micronutrient density. Agricultural Strategies for Micronutrients Working 
Paper No. 3. International food policy research institute, Washington, DC. 1–72.

30. Gepts, P., 2006. Plant genetic resources conservation and utilization: the accomplishments and future of a societal insurance policy. Crop science. 46: 
2278–2292.

31. Anuradha, K., Agarwal, S., Rao, Y.V., 2012. Mapping QTLs and candidate genes for iron and zinc concentrations in unpolished rice of Madhukar × Swarna 
RILs. Gene. 508: 233–240.

32. Jahan, G.S., L. Hassan and S.N. Begum. 2013. Identification of iron rich rice genotypes in Bangladesh using chemical analysis. Journal of Bangladesh 
agriculture university. 11: 73–78.

33. Agarwal, S., S. K. Mangrauthia and N. Sarla. 2018. Genomic Approaches for Micronutrients Biofortification of Rice. In plant micronutrient use efficiency. 
245-260.

34. Treeby, M., H. Marschner and V. Romheld. 1989. Mobilization of iron and other micronutrient cations from a calcareous soil by plant-borne, microbial, 
and synthetic metal chelators. Plant Soil. 114: 217–226.

35. Nozoye, T., S. Nagasaka, T. Kobayashi, M. Takahashi and Y. Sato. 2011. Phytosiderophore efflux transporters are crucial for iron acquisition in graminaceous 
plants. Journal of biological chemistry. 286: 5446–5454.



Rice Production Knowledge and Practices for Ensuring Food Security                                                                                     117

36. Inoue, H., T. Kobayashi, T. Nozoye, M. Takahashi, Y. Kakei and K. Suzuki. 2009. Rice OsYSL15 is an iron-regulated iron(III)- deoxymugineic acid transporter 
expressed in the roots and is essential for iron uptake in early growth of the seedlings. Journal of biological chemistry. 284: 3470–3479.

37. Haydon, M. J. and C.S. Cobbett. 2007. A novel major facilitator superfamily protein at the tonoplast influences zinc tolerance and accumulation in 
Arabidopsis. Plant Physiology. 143: 1705–1719.

38. Wirth, J., S. Poletti, B. Aeschlimann, N. Yakandawala, B. Drosse and S. Osorio. 2009. Rice endosperm iron biofortification by targeted and synergistic 
action of nicotianamine synthase and ferritin. Journal of plant biotechnology. 7: 631–644.

39. Lee, S., D.P. Persson, T.H. Hansen, S. Husted, J.K. Schjoerring and Y.S. Kim. 2011. Bio-available zinc in rice seeds is increased by activation tagging of 
nicotianamine synthase. Plant biotechnology journal. 9: 865–873.

40. Kakei, Y., Y. Ishimaru, T. Kobayashi, T. Yamakawa, H. Nakanishi and N.K. Nishizawa. 2012. OsYSL16 plays a role in the allocation of iron. Plant molecular 
biology. 79: 583–594.

41. Ishimaru, Y., K. Bashir, H. Nakanishi and N.K. Nishizawa. 2012. OsNRAMP5, a major player for constitutive iron and manganese uptake in rice. Plant signal 
behavior. 7: 763–766.

42. Nakanishi, H., I. Ogawa, Y. Ishimaru, S. Mori and N.K. Nishizawa. 2006. Iron deficiency enhances cadmium uptake and translocation mediated by the Fe2+ 
transporters OsIRT1 and OsIRT2 in rice. Soil science and plant nutrition. 52: 464–469.

43. Takahashi, R., Y. Ishimaru, T. Senoura, H. Shimo, S. Ishikawa and T. Arao. 2011. The OsNRAMP1 iron transporter is involved in Cd accumulation in rice. 
Journal of Experimental Botny. 62: 4843–4850.

44. Sasaki, A., N. Yamaji, K. Yokosho and J.F. Ma. 2012. Nramp5 is a major transporter responsible for manganese and cadmium uptake in rice. Plant Cell 
Online 24: 2155–2167.

45. Ishimaru, Y., K. Bashir, H. Nakanishi and N.K. Nishizawa. 2011a. The role of rice phenolics efflux transporter in solubilizing apoplasmic iron. Plant signal 
behavior. 6: 1624–1626.

46. Ishimaru, Y., Y. Kakei, H. Shimo, K. Bashir and Y. Sato. 2011c. A rice phenolic efflux transporter is essential for solubilizing precipitated apoplasmic iron 
in the plant stele. Journal of biological chemistry. 286: 24649–24655.

47. Kobayashi, T. and N.K. Nishizawa. 2012. Iron uptake, translocation, and regulation in higher plants. Annual review of plant biology. 63: 131–152.

48. Ishimaru, Y., H. Masuda, K. Bashir, H. Inoue, T. Tsukamoto and M.Takahashi. 2010. Rice metalnicotianamine transporter, OsYSL2, is required for the long-
distance transport of iron and manganese. Plant journal. 62: 379–390.

49. Lee, S., U.S. Jeon, S.J. Lee, Y.K.. Kim, D.P. Persson and S. Husted. 2009b. Iron fortification of rice seeds through activation of the nicotianamine synthase 
gene. Proceedings of the national academy of sciences. 106: 22014–22019.

50. Lee, S. and G. An. 2009. Overexpression of OsIRT1 leads to increased iron and zinc accumulations in rice. Plant cell and environment. 32: 408–416.

51. Goto, F., T. Yoshihara, N. Shigemoto, S. Toki and F. Takaiwa. 1999. Iron fortification of rice seed by the soybean ferritin gene. Nature biotechnology. 17: 
282-286.

52. Takahashi, M. 2003.Overcoming Fe deficiency by a transgenic approach in rice. Plant cell, tissue and organ culture. 72: 211-220.

53. Liu, B.H. 1997. Statistical Genomics: Linkage Mapping and QTL Analysis. CRC press, Boca Raton, FL.

54. Gande, N.K., P.J. Kundur and R. Soman. 2014. Identification of putative candidate gene markers for grain zinc content using recombinant inbred lines 
(RIL) population of IRRI38 X Jeerigesanna. African Journal of biotechnology. 13: 657–663.

55. Lu, K., L. Li and X. Zheng. 2008. Quantitative trait loci controlling Cu, Ca, Zn, Mn and Fe content in rice grains. Journal of genetics. 87: 305–310.

56. Garcia-Oliveira, A.L., L. Tan and Y. Fu. 2009. Genetic identification of quantitative trait loci for contents of mineral nutrients in rice grain. Journal of 
integrated plant biology. 51: 84–92.

57. Norton, G., C. Deacon and L. Xiong. 2010. Genetic mapping of the rice ionome in leaves and grain: identification of QTLs for 17 elements including arsenic, 
cadmium, iron and selenium. Plant Soil. 329: 139–153.

58. Swamy, B.P., M.A. Rahman, M.A. Inabangan-Asilo, A. Amparado, C. Manito, P. Chadha-Mohanty, R. Reinke and I.H. Slamet-Loedin. 2016. Advances in 
breeding for high grain zinc in rice. Rice. 9: 49.

59. Kiranmayi, S.L. and K. Manorama. 2014. Identification of markers associated with iron and zinc concentration in recombinant inbred lines of brown rice. 
Indian journal of Genetics and plant breeding. 74: 423–429.

60. Qin, H., Y. Cai and Z. Liu. 2012. Identification of QTL for zinc and iron concentration in maize kernel and cob. Euphytica. 187: 345–358.

61. Jin, T., J. Chen and L. Zhu. 2015. Comparative mapping combined with homology based cloning of the rice genome reveals candidate genes for grain zinc 
and iron concentration in maize. BMC genetics. 16: 17.

62. Agarwal, S., V.J.N. Tripura Venkata, A. Kotla, S.K. Mangrauthia and S. Neelamraju. 2014. Expression patterns of QTL based and other candidate genes in 
Madhukar × Swarna RILs with contrasting levels of iron and zinc in unpolished rice grains. Gene. 546: 430–436.

63. Mangrauthia, S.K., S. Bhogireddy and S. Agarwal. 2017. Genome-wide changes in microRNA expression during short and prolonged heat stress and 
recovery in contrasting rice cultivars. Journal of experimental botany. 68: 2399–2412.

64. Fischer, J.J., P.H. Beatty and A.G. Good. 2013. Manipulation of microRNA expression to improve nitrogen use efficiency. Plant science. 210: 70–81.

65. Kehr, J. 2013. Systemic regulation of mineral homeostasis by microRNAs. Frontiers of plant science. 4: 145.



Rice Production Knowledge and Practices for Ensuring Food Security                                                                                  118

66. Agarwal, S., S.K. Mangrauthia and N. Sarla. 2015. Expression profiling of iron deficiency responsive micro RNAs and gene targets in rice seedlings of 
Madhukar x Swarna recombinant inbred lines with contrasting levels of iron in seeds. Plant soil. 396: 1–14.

67. Shan, Q., Y. Zhang and K. Chen. 2015. Creation of fragrant rice by targeted knockout of the OsBADH2 gene using TALEN technology. Plant Biotechnology 
Journal. 13: 791–800.

68. Song, G., M. Jia and K. Chen. 2016. CRISPR/Cas9: a powerful tool for crop genome editing. Crop Journal. 4: 75–82.

69. Wang, F., C. Wang and P. Liu. 2016. Enhanced rice blast resistance by CRISPR/Cas9-targeted mutagenesis of the ERF transcription factor gene OsERF922. 
PLoS One 11: 154027.

70. Lucca, P., R. Hurrell and I. Potrykus. 2001. Genetic engineering approaches to improve the bioavailability and the level of iron in rice grains. Theoretical 
applications in Genetics. 102: 392–397.

71. Vasconcelos, M., K. Datta, N. Oliva, M. Khalekuzzaman, L. Torrizo and S. Krishnan. 2003. Enhanced iron and zinc accumulation in transgenic rice with the 
ferritin gene. Plant Science. 164: 371–378.

72. Qu, L., T. Yoshihara, A. Ooyama, F. Goto and F. Takaiwa. 2005. Iron accumulation does not parallel the high expression level of ferritin in transgenic rice 
seeds. Planta. 222: 225–233.

73. Masuda, H., M. Suzuki, K. Morikawa, T. Kobayashi, H. Nakanishi and M. Takahashi. 2008. Increase in iron and zinc concentrations in rice grains via the 
introduction of barley genes involved in phytosiderophore synthesis. Rice 1: 100–108.

74. Wirth, J., S. Poletti, B. Aeschlimann, N. Yakandawala, B. Drosse and S. Osorio. 2009. Rice endosperm iron biofortification by targeted and synergistic 
action of nicotianamine synthase and ferritin. Plant Biotechnology. Journal.7: 631-644.

75. Zheng, L., Z. Cheng, C. Ai, X. Jiang, X. Bei and Y. Zheng. 2010. Nicotianamine, a novel enhancer of rice iron bioavailability to humans. PLoS ONE 5: 10190. 

76. Lee, S., Y.S. Kim, U. Jeon, Y.K. Kim, J. Schjoerring, and G. An. 2012b. Activation of Rice nicotianamine synthase 2; (OsNAS2) enhances iron availability for 
biofortification. Molecular cells. 33: 269–275.

77. Masuda, H.,Y. Ishimaru, M.S. Aung, T. Kobayashi, Y. Kakei and M. Takahashi. 2012. Iron biofortification in rice by the introduction of multiple genes 
involved in iron nutrition. Scientific reports. 2: 543.

78. Paul, S., N. Ali, D. Gayen, S.K. Datta and K. Datta. 2012. Molecular breeding of Osfer2 gene to increase iron nutrition in rice grain. Genetically modified 
crops and food. 3: 310-316.

79. Bashir K, R. Takahashi, S. Akhtar, Y. Ishimaru, H. Nakanishi and N.K. Nishizawa. 2013. The knockdown of OsVIT2 and MIT affects iron localization in rice 
seed. Rice. 6: 31

80. Boonyaves K, W. Gruissem and N.K. Bhullar, 2016. NOD promoter-controlled AtIRT1 expression functions synergistically with NAS and ferritin genes to 
increase iron in rice grains. Plant molecular biology. 90: 207-215

81. Bashir, K., R. Takahashi, H. Nakanishi and N.K. Nishizawa. 2013b. The road to micronutrient biofortification of rice: progress and prospects. Frontiers in 
plant science. 4: 15.

82. Kok, A.D.X., L.L. Yoon, R. Sekeli, W.C. Yeong, Z.N.B. Yusof and L.K. Song. 2018. Iron Biofortification of Rice: Progress and Prospects. In Rice Crop-Current 
Developments. IntechOpen 

83. Black, R. E., C.G. Victora, S.P. Walker, Z.A. Bhutta, P. Christian, M. De Onis and R. Uauy. 2013. Maternal and child undernutrition and overweight in low-
income and middle-income countries. The lancet. 382: 427-451.

84. Grusak, M.A. and I. Cakmak. 2005. Methods to improve the crop delivery of minerals to humans and livestock. In: Broadley, M.R., White, P.J. (Eds.), Plant 
nutritional genomics. Blackwell, Oxford. 265–286.

85. Lee, S., J.C. Chiecko, S.A. Kim, E.L. Walker, Y. Lee and M.L. Guerinot. 2009. Disruption of OsYSL15 leads to iron inefficiency in rice plants. Plant physiology. 
150: 786–800.


