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Abstract
Micronutrient malnutrition, particularly deficiencies of iron, zinc, and provitamin A, remains a major global public-health challenge, with rice-consuming populations being disproportionately affected due to the inherently low nutrient density of polished rice grains. Biofortification has emerged as a sustainable, cost-effective, and long-term strategy to enhance the nutritional quality of rice, complementing conventional supplementation and food-fortification programs. This review synthesizes the current advances in genetic enhancement of rice for improved nutritional traits, emphasizing both conventional and modern breeding approaches. Progress in identifying quantitative trait loci (QTLs), high-zinc and high-iron donor lines, and key genes regulating micronutrient accumulation is discussed, along with the integration of marker-assisted selection, genomic selection, and transgenic interventions such as overexpression of metal transporters, nicotianamine biosynthesis genes, and provitamin A pathways. Recent breakthroughs using genome editing technologies, particularly CRISPR/Cas systems, have accelerated precision improvement for micronutrient content without compromising yield or grain quality. The review also highlights physiological constraints, bioavailability challenges, genotype × environment interactions, and regulatory considerations associated with biofortified varieties. Future opportunities focus on leveraging pangenomics, multi-omics integration, speed breeding, and gene pyramiding to develop next-generation biofortified rice. Overall, biofortification stands as a promising strategy to combat hidden hunger, and continuous innovation in breeding and biotechnology is critical for delivering nutritionally enhanced rice cultivars to vulnerable populations worldwide.
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Biofortification is the process by which the nutritional value of food crops is enhanced by various methods including plant breeding, agronomic practices and modern biotechnological techniques.
INTRODUCTION:
Biofortification efforts began in the mid-1990s, marking the first systematic attempts to enhance the nutrient content of staple crops. The approach gained significant momentum with the launch of the HarvestPlus program in 2003, which provided major global investment for research and large-scale implementation of biofortification activities. HarvestPlus works not only as a funding body but also collaborates with national breeding programs and government initiatives to mainstream nutrient-rich varieties. Through its partner institutions, the program has developed, evaluated, released, and encouraged the adoption of several biofortified crops, including zinc-enriched rice, wheat, and maize; provitamin A–rich maize and cassava; iron-rich beans; and iron-fortified pearl millet. Additionally, the International Potato Center (CIP) and its collaborators have taken the lead in breeding, testing, and disseminating orange-fleshed sweet potato varieties with high provitamin A content.


Table 1: Different nutrient enriched crops release year of initial lines

	CROP
	NUTRIENT
	RELEASE YEAR

	Sweet potato
	Pro vitamin A
	2007

	Bean
	Fe, Zn
	2011

	Pearl Millet
	Fe, Zn
	2011

	Rice
	Fe, Zn, Pro vitamin A
	2012

	Maize
	Pro vitamin A
	2013

	Wheat
	Fe, Zn
	2013

	Cassava
	Pro vitamin A
	2014








There are some biofortified crops which are released for Asian countries;
· Iron and Zinc fortified pearl millet for India (2012)
· Zinc fortified rice for India and Bangladesh (2013)
· Zinc fortified wheat for India and Pakistan (2013).

Picture 1 : Need for Bio fortification 
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HIDDEN HUNGER

Micronutrient malnutrition—often referred to as “hidden hunger”—affects nearly 20 billion people worldwide, with the burden falling most heavily on populations in developing countries. Biofortifying staple crops has emerged as a powerful approach to improve nutritional security, offering a sustainable, low-cost solution that enhances health and quality of life in communities with limited access to diverse diets or micronutrient-based interventions.

In response to the widespread concern over micronutrient deficiencies, research institutions across the globe have intensified efforts to improve the bioavailability of essential nutrients in major food crops. Through different biofortification strategies, substantial progress has been made in increasing the concentration of iron, zinc, and other vital vitamins and minerals in staple cereals and tubers.



More than 2 billion people suffer from  'hidden hunger,' meaning they do not consume enough nutrients or micronutrients in their regular diet and suffer from malnutrition (Saini et al., 2020).
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Fig.1.Details of hungerindex of major rice growing countriesworldwide(Sourcehttps://www.statista.com/statistics/255945/top-countries-of-destination-for-us-riceexports2011/andhttps://www.globalhungerindex.org/ranking.html)

The growing burden of micronutrient deficiencies has become a major barrier to achieving the Sustainable Development Goals (SDGs) targeted for 2035, particularly those related to eliminating hunger and poverty, improving maternal health, and reducing child mortality. Iron and zinc deficiencies are among the most prevalent nutritional disorders worldwide, affecting nearly 2 billion people and contributing to more than 800,000 deaths annually.

Hidden hunger can be mitigated through both nutrition-specific and nutrition-sensitive approaches. Nutrition-specific strategies directly influence dietary intake and include food diversification, vitamin and mineral supplementation, altering food choices, and industrial fortification. Nutrition-sensitive interventions, such as crop biofortification and addressing the root social and environmental drivers of malnutrition, complement these direct treatments and offer more sustainable long-term benefits.

In many developing regions, cereals contribute roughly 60% of total caloric intake, and this proportion can rise to 80% in certain populations (Parashar et al., 2023). As a result, deficiencies in iron, zinc, vitamin A, iodine, and selenium are common and often lead to severe health consequences (Das et al., 2019; Parashar et al., 2023).
Rice, the primary staple for more than half of the world’s population, supplies up to 70% of daily energy intake in several Asian countries. Given its central role in the human diet, improving the micronutrient content of rice through biofortification offers a practical and sustainable strategy to combat hidden hunger, particularly for communities that rely heavily on rice and have limited access to diverse nutrient sources.
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Fig 2: Dietary diversity by sources of dietary energy (FAO, 2008)
From the figure it is clearly observed that in low income countries they consume more cereals but less animal originated products like fish and meats and in other hand high income countries their proportion of energy source from other parts is higher than low income countries showing their diversity in foods. This imbalance in diet plan leads to micronutrient deficiency.

During milling, rice undergoes significant nutrient loss, with essential vitamins and minerals drastically reduced. The removal of the bran, germ, and portions of the endosperm leads to the destruction of nearly 67% of vitamin B3, 80% of vitamin B1, 90% of vitamin B6, along with substantial losses of manganese, phosphorus, and iron. Dietary fiber and beneficial fatty acids are almost completely eliminated during grinding and polishing. Although consumers often prefer white rice for its lighter appearance, softer texture, ease of digestion, and superior cooking qualities, these preferences come at the cost of markedly reduced nutritional value. Despite increased awareness promoting brown rice consumption, white polished rice continues to dominate consumer demand. This highlights the need to develop biofortified rice varieties with endosperm-specific nutrient enrichment so that essential micronutrients are retained even after milling and polishing. Such biofortified varieties not only support better nutritional security but also serve as an important economic resource for low-income farming communities.
Rice varieties can also be classified based on grain pigmentation: non-pigmented types, which make up roughly 85% of cultivated rice, and pigmented types—about 15%—which include red, brown, black, and purple rice (Wijaya et al., 2017). These pigmented grains are rich in health-promoting secondary metabolites such as anthocyanins, flavonoids, and phenolic compounds, contributing to their role as functional foods (Fitri et al., 2021; Fongfon et al., 2021). Red rice is particularly high in iron and zinc, essential for hemoglobin formation and enzymatic functions (Boue et al., 2016). Furthermore, studies have shown that black and red rice possess bioactive compounds capable of inhibiting the proliferation of breast cancer cells (Ghasemzadeh et al., 2018).
Picture 2 : Different Rice varieties 
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Nutrition gap

Recommended daily intake of vitamin A, Fe and Zn are 600μg, 15mg and 15mg respectively (RDA, 1989) [9]. Swarna is the most widely grown and consumed rice variety in India which constitutes 0.78mg Fe/100g white rice and 2.28mg Zn/100g brown rice. By consuming twice or thrice a day taking 100-150g rice/meal a person can get hardly 2-3mg Fe and 7-8mg Zn which is 1/5th and half of the recommended daily intake of Fe and Zn respectively.
Table 2: Nutritional composition of brown rice and white rice
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To achieve successful bio fortification, the mechanism of the particular nutrient uptake and the genes involved has to be elucidated and studied. Essentially those varieties are targeted for bio fortification with highly dense micronutrient rich traits which already have highly preferable agronomic traits in the genomic background. Even if the bio fortified rice cannot suddenly increase the concentration in our body, it can definitely increase our daily sufficiency of micronutrient absorption throughout our life cycle (Bouis et al., 2011; Parashar et al., 2023; Herrington et al., 2023).
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Map 1 : Regions with High Malnutrition Prevalence
Present Dynamics:
World Health Organization data indicate that iron (Fe) and zinc (Zn) are two of the most critical micronutrients for human health, yet their intake remains inadequate in many populations (WHO). Zinc deficiency affects nearly 31% of people worldwide and is associated with more than 400 million child deaths each year. Iron deficiency is even more widespread, with up to 80% of the global population consuming insufficient amounts; around 30% of these individuals develop anemia due to chronic Fe deficiency. Each year, Fe deficiency alone accounts for approximately 0.8 million deaths (Midya et al., 2021). The prevalence of anemia remains high—around 23% in developed nations and nearly 52% in developing countries—emphasizing the urgent need for substantial health investments (WHO, 2015). India carries the world’s highest burden of stunted children under five years of age, with 61.7 million out of the global 162 million cases (NFHS-5, 2020). Addressing malnutrition in a sustainable and coordinated manner is essential for improving health outcomes in a rapidly growing population.

Globally, considerable progress has been made in biofortifying rice with higher levels of Zn, Fe, and protein. Currently, 37 biofortified rice varieties enriched with iron, zinc, protein, or provitamin A have been released for cultivation—16 in India and 21 in other countries. Indian targets include >10 mg/kg Fe, >24 mg/kg Zn, and >10% protein in polished rice, while international targets set Zn levels at >28 mg/kg in polished grains. Despite these advancements, further research is needed to deepen our understanding of micronutrient genetics, uptake pathways, translocation mechanisms, and factors that influence nutrient bioavailability.
Table 3: Baseline intakes, daily requirements, and reported bioavailability ranges of iron, zinc, and protein
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Estimated average requirement (EAR) of daily consumption (Trijatmiko et al., 2016; Matres et al., 2021)
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Figure 3 Biofortification priority index (BPI) global rankings and priority levels for rice-consuming countries in Asia, Africa, and Latin America and the Caribbean (LAC).(HarvestPlus, 2020) 


Fig 4: Global Zn deficiency scenario



Fig 5: Rice calorie supply as % total calories (by region)





Components for nutritional quality in rice:

Proteins and Aminoacids:
Rice protein is considered nutritionally incomplete because it contains low levels of lysine and several other essential amino acids. To address this limitation, Liu et al. (2016) introduced the lysine-rich protein (LRP) gene from Psophocarpus tetragonolobus into rice under an endosperm-specific promoter, resulting in transgenic lines with a 30% increase in lysine compared to non-transgenic controls. Similarly, Wong et al. (2015) enhanced the lysine content of rice by overexpressing two lysine-rich histone proteins (RLRH1 and RLRH2), achieving a 35% increase in lysine and producing a more balanced amino acid composition that aligns with WHO dietary recommendations.
Numerous landraces and released cultivars have been evaluated for their protein and amino acid profiles. For example, the traditional variety ‘Heera’ contains more than 10% protein. In general, crude protein content measured through the Kjeldahl method ranges from 6–8% across many varieties (ref. 17). The high-protein variety ‘CRR Dhan 310,’ developed by NRRI, has also been released in India and contains more than 10% protein in polished grains. Efforts are ongoing to map genomic regions and identify genes responsible for protein accumulation in rice.

Role of Amino Acids in Enhancing Fe and Zn Bioavailability
Since rice protein lacks essential amino acids such as lysine, increasing levels of specific amino acids—particularly sulfur-containing amino acids like cysteine and methionine—can significantly improve the bioavailability of iron and zinc. Promoter molecules such as ascorbic acid also enhance mineral absorption (Hallberg, 1981; Bhullar & Gruissem, 2013). Even modest increases in these amino acids can positively influence the uptake and utilization of micronutrients.

β-Carotene (Provitamin A)
Several genetic engineering strategies have been successful in enhancing and stabilizing provitamin A in staple crops. In potato, β-carotene content can be increased by introducing the Orange (Or) gene, which promotes chromoplast formation—organelles that act as natural storage sinks for carotenoids. When Or was co-expressed with two additional β-carotene biosynthesis genes used in Golden Rice 2 (GR2), β-carotene accumulation in polished rice reached 26 ppm dry weight, though long-term stability still requires evaluation.
Another strategy involves reducing carotenoid oxidation, a major cause of provitamin A degradation. This approach has improved provitamin A stability during storage in Golden Rice. A similar technique applied in wheat raised β-carotene levels by nearly 31-fold. Additionally, combining enhanced tocochromanol (vitamin E) synthesis—antioxidant compounds—with the GR2 pathway has been shown to significantly increase the metabolic half-life of provitamin A in sorghum grains.

Anthocyanins and Folate
Anthocyanins are powerful antioxidants that offer several health benefits. Zhu et al. (2017) engineered eight anthocyanin biosynthesis genes—two from maize and six from coleus—using an endosperm-specific promoter, leading to the development of “Purple Endosperm Rice,” which contains approximately 1 mg/g of anthocyanins.
Since humans cannot synthesize folate (vitamin B9), deficiency can result in neural tube defects and a higher risk of cardiovascular disorders. Storozhenko et al. (2007) enhanced the folate content of rice by overexpressing two Arabidopsis thaliana genes driven by an endosperm-specific promoter. The resulting transgenic rice accumulated nearly 100 times more folate than wild-type plants.
Picture 3:   Purple Endosperm Rice
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Iron (Fe):
Several studies have attempted to enhance iron concentration in the rice endosperm by introducing genes encoding lactoferrin (an iron-chelating glycoprotein) and ferritin. Human milk naturally contains high levels (1–2 g/L) of lactoferrin (LF). With the aim of developing improved ingredients for infant formula, Nandi et al. [61] engineered transgenic rice expressing the human LF gene under the control of the rice glutelin-1 promoter, resulting in a substantial increase in Fe content. The heterologous protein accumulated up to 0.5% of grain weight, and its bioavailability was validated using a human Caco-2 cell assay. Similarly, Lee et al. [62] reported successful expression of the human LF gene in japonica rice, where it accounted for approximately 1.5% of total soluble protein.
Ferritin, a plastid-localized and non-toxic Fe storage protein, plays a crucial role in maintaining iron homeostasis by storing up to ~4,500 Fe atoms in a readily bioavailable form [63]. Consequently, enhancing Fe content through endosperm-specific expression of ferritin genes has emerged as a key strategy for rice iron biofortification. Numerous studies have shown that ferritin overexpression significantly elevates Fe concentration and improves Fe bioavailability in multiple crops [45, 46, 54–55, 64–68]. For instance, Goto et al. [45] developed rice lines expressing SoyferH1 under the rice GluB1 promoter, achieving a threefold increase in Fe content in brown rice relative to non-transformed controls.

Manganese (Mn):
Manganese functions as a cofactor or activator for a wide array of enzymes with diverse physiological roles. It is essential for photosynthetic oxygen evolution in chloroplasts (Britt, 1996; Clemens et al., 2002a; Rutherford and Boussac, 2004). Mn deficiency makes plants more vulnerable to low-temperature stress and pathogen attack, ultimately contributing to considerable yield losses (Marschner, 1995; Hebbern et al., 2005).
The uptake pathways for Mn are thought to overlap with those for Fe and cadmium (Cd), and substantial interconnections exist among Fe, Zn, and Mn transport in plant systems. Deficiencies of these micronutrients are particularly pronounced in plants grown on alkaline soils, which constitute nearly 30% of global cultivated land (Chen and Barak, 1982). Therefore, developing plant varieties capable of efficient micronutrient uptake in alkaline conditions is a crucial goal for improving agricultural productivity.


Role of Zinc and Iron in Human Health:
Zinc is a vital micronutrient required for numerous physiological and biochemical functions in the human body. It plays a crucial role in enzymatic activity, tissue growth and development, immune function, taste perception, bone mineralization, thyroid regulation, blood clotting, cognitive performance, fetal development, and protection against infectious diseases (Bhowmik et al., 2010; Prasad, 2013; Gammoh and Rink, 2017; Calayugan et al., 2021). Globally, zinc deficiency is considered the fifth most significant risk factor for disease in developing countries (Maret and Sandstead, 2006). In children and adults, inadequate Zn intake can result in stunted growth, dwarfism, delayed sexual maturation, reduced taste sensitivity, poor appetite, and mental fatigue (Stein et al., 2007). Infants, children, adolescents, pregnant women, and lactating mothers have particularly high Zn requirements and are therefore more vulnerable to deficiency.
Iron is one of the most abundant elements on earth and is indispensable for almost all living organisms. It is essential for key metabolic activities, including the synthesis of hemoglobin and myoglobin for oxygen transport, as well as electron transfer in various oxidation–reduction reactions.

Genetics of Zn and Fe Content in Rice
Duplicate epistatic gene interactions governing grain zinc and iron accumulation can be effectively utilized through recombination breeding and heterosis-based approaches, followed by selection in advanced generations. This strategy has strong potential for enhancing both Fe and Zn concentrations in rice grains (Kumar et al., 2020).
Studies conducted between 2012 and 2022 demonstrated moderate to high broad-sense heritability (40.6%–99.8%) for grain Zn content and a wide range for Fe (0.22%–99.7%). Genotypic coefficient of variation (GCV) ranged from low to high (7.6%–45.1%), while phenotypic coefficient of variation (PCV) ranged from moderate to high (11.3%–45.3%). The small differences observed between GCV and PCV values suggest minimal environmental or soil-related effects on the expression of these micronutrient traits (Gregorio, 2002).

Fe and Zn in Rice Germplasm and Biofortification Efforts
Extensive screening of global rice germplasm has identified numerous promising donors with high Fe and Zn concentrations in brown and polished grains. However, grain polishing results in the loss of nearly 90% of iron and 40% of zinc. Multiple QTLs governing Zn concentration and several genes involved in Zn metabolism have been identified in rice.
Through the HarvestPlus program, several high-Zn rice varieties have been released. These include DRR Dhan 45 by IIRR, Chhattisgarh Zincrice-1 by Indira Gandhi Krishi Vishwavidyalaya (IGKV) for the state of Chhattisgarh, and ‘Mukul’ (CRR Dhan 311) by ICAR-NRRI for Odisha.
Transgenic rice lines have also been developed that accumulate three to four times more Fe than wild-type varieties by introducing ferritin genes from different biological sources.

Breeding Approaches for Enhancing Zinc and Iron Content in Rice

Evaluating micronutrient diversity and identifying promising donor parents based on genetic distance within available germplasm, popular cultivars, and advanced breeding lines is a crucial step toward strengthening the genetic base of nutrient-rich rice through pre-breeding initiatives. Several studies have shown that traditional landraces generally possess higher concentrations of key micronutrients, particularly Zn and Fe, compared to widely cultivated varieties (Gayacharan et al., 2018). For example, Vanlalsanga et al. (2019) reported exceptionally high Zn levels (75.8 mg/kg) in the landrace Badalsali, outperforming other evaluated cultivars.

A broad range of variation for zinc and iron content has been observed in rice across multiple studies. In brown rice, Zn content ranged from 6.2 to 71.6 mg/kg (Anuradha et al., 2012), while polished rice exhibited a range of 4.8 to 40.9 mg/kg (Sanjeeva Rao et al., 2020). Iron concentration in brown rice varied between 6.9 and 67.3 mg/kg (Maganti et al., 2020; Anuradha et al., 2012), whereas polished rice contained 0.8 to 36.45 mg/kg (Bollinedi et al., 2020; Raza et al., 2019). As consistently reported, brown rice retains significantly higher Zn and Fe levels than polished rice (Raza et al., 2019; Sanjeeva Rao et al., 2020).
Greater variability in grain micronutrient content, especially Fe and Zn, has been documented among colored rice types such as brown and red rice compared to white-grained genotypes. Red rice, in particular, contains two- to threefold higher concentrations of Zn and Fe relative to white rice (Ramaiah and Rao, 1953). Furthermore, Graham et al. (2001) demonstrated that elevated Fe and Zn levels are often associated with aromatic varieties like Jasmine and Basmati. Aromatic fine-grain accessions show markedly higher micronutrient concentrations in brown rice than coarse-grain types (Raza et al., 2020).
.
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Table 4: Micronutrient-rich rice landraces, advanced breeding lines/varieties, and their iron and zinc content
Biofortification of High-Zinc Rice
Zinc plays a vital role in human health and is also essential for the proper absorption and utilization of iron in the body. In plants, Zn is primarily absorbed from the soil, and several genetic strategies have been implemented to enhance Zn uptake, translocation, and accumulation in rice. Since Zn mobilization involves numerous genes, overexpressing key transporters and chelator biosynthesis genes has proven to be an effective approach for increasing grain Zn concentration and improving bioavailability.
One notable strategy involves the overexpression of nicotianamine synthase (NAS) genes. The introduction of a 35S enhancer element significantly increased NAS activity, resulting in higher Zn accumulation. Transgenic rice expressing the barley NAS gene (HvNAS1) under the rice Actin1 promoter showed nearly a threefold increase in grain Zn levels. Similarly, overexpressing OsIRT, a ZIP family metal transporter, has been shown to elevate Zn accumulation in rice grains. Additional rice ZIP transporters, including OsZIP1, OsZIP2, OsZIP3, and OsZIP4, are associated with Zn homeostasis (Ishimaru et al., 2007).
Lee et al. (2009) demonstrated that genetically engineered rice lines with overexpressed OsIRT and MxIRT genes accumulated higher Fe and Zn concentrations. Boonyaves (2016) reported that the polished grains of genetically modified rice carrying a combination of four genes (AtIRT1, PvFerritin, AtNAS1, and AfPhytase) exhibited maximum Fe and Zn enrichment. Multiple studies have also confirmed that overexpression of rice OsNAS genes leads to substantial increases in Zn accumulation in the endosperm (Johnson, 2011).

Agronomic Strategies for Zinc Biofortification
Agronomic biofortification involves optimizing nutrient application methods, fertilizer doses, critical crop stages for nutrient delivery, the use of biofertilizers or plant growth promoters, and conservation agriculture practices such as minimum or zero tillage.
Several field studies in India have evaluated soil and foliar Zn application methods in rice. Foliar spraying of Zn at the tillering and flowering stages significantly enhanced grain Zn concentrations, with increases ranging from 35.6% to 106.7% compared with the control (Saha et al., 2017; Das et al., 2019; Yadav et al., 2019). In contrast, soil-applied Zn at sowing showed minimal impact on grain Zn content under both controlled and field conditions. Foliar Zn application generally results in a moderate to strong response, often doubling grain Zn levels.
The timing of Zn sprays is critical for maximizing biofortification efficiency, with applications during reproductive stages proving particularly effective (Welch et al., 2013).
[image: Why use foliar fertilizer? - Huaqiang Chemical Group Stock Co., Ltd]
Picture 4: A farmer applying zinc sprays

The probable explanation might be that the foliar Zn   application penetrates the cuticle and the cellulose wall via limited or free diffusion and ions are also absorbed by the stomata on the leaves, which altered sub-cellular compartmentation of Zn in the shoot. This enhances more efficient biochemical utilization of Zn in cells of the shoot while only part of the nutrient can be translocated from the shoot to the grain. Shivay et al.(2015) also observed that foliar application of Zn increased Zn content both in the grain and the vegetative parts of the plants and is more suitable than soil application










Picture 5 : Different approaches to enhance nutritional quality of rice.
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RECENT APPROACHES FOR BIOFORTIFICATION


Transgenic Efforts in the Development of Golden Rice
Vitamin A deficiency (VAD) is a major public health concern in many developing nations and is a leading cause of childhood blindness. The deficiency arises primarily due to inadequate dietary intake of provitamin A–rich foods. Carotenoids play a crucial physiological role in cellular differentiation, growth, reproduction, and vision (Wurtzel et al., 2012) and act as potent antioxidants that help counteract reactive oxygen species (ROS), thereby reducing the risk of cancers, cardiovascular disorders, neurological diseases, and ocular impairments (Bai et al., 2011). Because rice endosperm naturally lacks provitamin A, efforts have focused on engineering its carotenoid biosynthesis pathway to combat VAD—leading to the development of “Golden Rice.”
Golden Rice was engineered to produce β-carotene in the endosperm by introducing key genes involved in the carotenoid biosynthetic pathway. Although rice possesses an inherent β-carotene synthesis pathway, its endosperm does not accumulate the final products. To address this, phytoene synthase (psy) from daffodil (Narcissus pseudonarcissus) and phytoene desaturase (crtI) from the bacterium Erwinia uredovora were introduced into the endosperm of elite indica varieties such as IR64 and BR29 using endosperm-specific promoters (Datta et al., 2006). The resulting transgenic rice accumulated significant levels of β-carotene, offering a dietary source of provitamin A aimed at reducing VAD-related mortality and morbidity.


Golden Rice: The First Breakthrough
The pioneering work by Ye et al. (2000) demonstrated for the first time that rice grains could be engineered to produce β-carotene. Their study revealed that only two transgenes—psy and crtI—were sufficient to activate the carotenoid pathway within the rice endosperm. While the initial experiments were carried out in a japonica background, later research also targeted indica cultivars (Hoa et al., 2003) to broaden the applicability of the technology.
This first-generation Golden Rice, known as GR1, carried the daffodil psy gene and the bacterial crtI gene under the control of the endosperm-specific gt1 promoter. Field evaluations showed that GR1 accumulated carotenoid levels approximately four times higher than those predicted by preliminary laboratory models, marking a significant milestone in biofortification research.
Picture 6 : Golden Rice vs white rice
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 Golden Rice 2 

Golden rice 1 gave us the possibility to produce  betacarotene in rice endosperm. It also helped us see that to tackle vitamin A deficiency, β-carotene should be produced in higher amounts. Since only two transgenes have been involved in the production of β-carotene, it was simple to understand that by manipulating the enzymatic activities of the products of the two gene, one can achieve higher β-carotene. Normal pathways usually have certain rate limiting steps which controls the entire pathway. Overcoming the rate-limiting step simply by further enhancing the concentration of the rate-limiting enzyme or by shifting to a more active enzyme. Different PSY sources were examined to see that the maize and rice genes were more efficient (Paine et al., 2005). Golden rice 2 was generated to synthesize approximately 37 μg g-1 carotenoids. Among this, only 31 μg g-1 beta-carotene was significantly higher compared to 1.6 μg g-1 found in first generation golden rice (Al-Babili and Beyer, 2005).

There are two grades of golden rice;
· Golden rice1 (SGR1): Promoter is modified here and it contain 5-7μg β-carotene per gram of rice.
· Golden rice2: Replacement of daffodil Pys with maize gene and contain 31 μg β-carotene per gram of rice.




Some β - carotene enriched popular rice varieties are
· IR 64, IR 36: Mega varieties with broad Asian coverage
· BRRI dhan 29: The most popular boro rice variety in Bangladesh
· PSB Rc 82: The most popular Rice variety of Philippines
· OS 6561: Most popular in Vietnam
· Chehirang: Leading variety in Indonesia
· Swarna: Important in India.



Omics Approaches for Developing Nutritious Rice
Omics-based technologies provide sustainable, safe, and highly efficient tools for crop improvement. These approaches allow researchers to detect, quantify, and characterize a wide range of biological molecules—including DNA, RNA, proteins, metabolites, and mineral ions—within living systems. Key omics disciplines such as genomics, transcriptomics, proteomics, metabolomics, and ionomics have significantly advanced our understanding of rice biology and facilitated the development of nutrient-rich rice varieties (Deshmukh et al., 2010; Chaudhary et al., 2015).

Transcriptomics
Transcriptomics focuses on profiling RNA molecules, including both coding and non-coding transcripts. RNA sequencing (RNA-Seq) has enabled the comprehensive analysis of gene expression patterns in indica and japonica rice subspecies. Large-scale RNA-Seq datasets have considerably improved rice genome annotation, leading to the discovery of 1,584 previously unidentified peptides and 101 novel genomic loci associated with these peptides (Ren et al., 2019). These insights contribute to a deeper understanding of transcriptome complexity and functional gene regulation in rice.


Ionomics
Ionomics examines the composition and distribution of mineral nutrients and trace elements in plants across different developmental stages and environmental conditions. This approach helps identify genes, regulatory networks, and pathways involved in mineral uptake, transport, and homeostasis. Advanced analytical tools such as X-ray crystallography, neutron activation analysis, and inductively coupled plasma mass spectrometry are used to characterize the plant ionome (Huang and Salt, 2016). Ionomics plays a vital role in understanding micronutrient dynamics and enhancing Fe and Zn accumulation in rice grains.

Proteomics
Proteomics investigates protein expression profiles and bioactive compound production in rice. It is especially useful for assessing changes in nutritional quality and understanding post-transcriptional regulation in both conventional and transgenic rice lines. Sarkar et al. (2015) conducted comparative proteomic analyses to examine differences in phenolic compounds, anthocyanins, and antioxidant profiles between two high-yielding varieties, KDML105 and Mali Daeng. Their findings, supported by studies such as Maksup et al. (2018), showed that red rice (Mali Daeng) contains significantly higher levels of these beneficial compounds compared to white rice (KDML105).

Metabolomics
Metabolomics quantitatively and qualitatively analyzes small metabolites in biological systems. This approach has revealed substantial variation in the composition of bioactive compounds among different rice varieties, both in raw and cooked forms. Metabolomic profiling of normal versus giant embryo rice demonstrated that giant embryo types possess superior nutritional quality due to their elevated concentrations of health-promoting metabolites (Zhao et al., 2019).

Nutrigenomics
Nutrigenomics explores how nutrient intake influences gene expression and human health. Its primary aim is to improve dietary quality by enhancing macro- and micronutrient levels in staple crops or by integrating beneficial bioactive compounds into edible plant tissues. In the context of rice, nutrigenomics offers valuable insights into designing varieties that meet specific nutritional requirements and support better health outcomes.

Breeding Techniques for Developing Nutritious Rice
Biofortification through plant breeding relies on identifying genetic resources within existing germplasm that possess naturally higher nutrient concentrations. However, improving nutritional quality traits through conventional breeding is challenging because these traits are generally polygenic and quantitatively inherited. The integration of molecular markers has made marker-assisted selection (MAS) a powerful strategy for precisely identifying genomic regions or QTLs associated with nutritional traits (Choudhary et al., 2007).

QTLs for Micronutrient Enhancement
Extensive genetic mapping populations have been developed to unravel the genetic basis of Fe and Zn accumulation in rice grains. Numerous novel QTLs for Fe and Zn content have been mapped using SSR markers in doubled haploid and backcross inbred line populations (Dixit et al., 2019). QTL discovery has substantially improved the efficiency of biofortification breeding programs.
Swamy et al. (2018) reported eight QTLs associated with Zn and one QTL for Fe on chromosomes 2, 3, 4, 6, 8, 11, and 12. Candidate genes located near these QTLs—particularly members of the OsZIP and OsNRAMP transporter families—provide valuable targets for MAS to enhance grain Zn content.

QTLs for Protein and Amino Acid Improvement
Grain protein content (GPC) is a major determinant of the nutritional and sensory quality of rice. Approximately 80 QTLs governing GPC have been identified across all 12 chromosomes. Aluko et al. (2004) identified four QTLs linked to GPC, including Pro6, which is associated with the Wx gene known to influence grain quality.
Linkage mapping has also been extensively used to improve amino acid profiles in rice. Yoo (2017) identified six major-effect QTLs on chromosome 3, explaining 10.2–12.4% of phenotypic variation in amino acid content. A QTL cluster (qAla3, qVal3, qPhe3, qIle3, and qLeu3) was found to regulate five amino acids simultaneously. Such findings offer valuable genetic targets for MAS and aid in pinpointing candidate genes that enhance amino acid accumulation.
Furthermore, the normalized difference spectral index (NDSI) shows a strong correlation with grain protein levels. Genome-wide association studies (GWAS) using NDSI identified 43 genes and three pathways directly associated with protein biosynthesis, highlighting its potential as a rapid phenotyping tool.



Transgenic Approaches for Nutritional Enhancement
Transgenic strategies provide an efficient and sustainable means of improving nutritional traits when the desired genetic variation is absent in conventional germplasm. Several studies have shown that overexpressing genes such as nicotianamine aminotransferase, iron transporter OsIRT1, nicotianamine synthase (OsNAS1 and OsNAS2), and ferritin genes from soybean and common bean can substantially elevate iron levels in rice.
Similarly, zinc accumulation has been improved by overexpressing OsIRT1 and introducing mugineic acid biosynthetic genes from barley (HvNAS1, HvNAAT-A, HvNAAT-B, IDS3). A synergistic combination of nicotianamine synthase, ferritin, and phytase genes (NFP) has resulted in up to a sixfold increase in iron concentration in polished rice.



CRISPR/Cas9 Genome Editing
CRISPR/Cas9 has emerged as a highly precise and efficient tool for targeted genome modification. In rice, more than 46 genomic sites have been successfully edited with mutation frequencies averaging 85.4% (Ma et al., 2015). This technology enables direct manipulation of genes regulating nutrient biosynthesis and storage.

Picture 7 : Illustration of CRISPR/Cas9 Genome Editing
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Examples include:
Enhancing β-carotene levels: Knocking out the carotenoid catabolic genes OsCYP97A4, OsDSM2, OsCCD4a, OsCCD4b, and OsCCD7 to increase β-carotene accumulation in the endosperm (Yang et al., 2017).
Increasing iron concentration: Silencing the OsVIT2 gene improved grain Fe content by reducing vacuolar iron sequestration (Ludwig & Slamet-Loedin, 2019).
Reducing phytic acid: CRISPR-mediated knockout of OsITPK1–6 resulted in reduced phytic acid levels and greater micronutrient bioavailability (Jiang et al., 2019).


Biofortification Through Biotechnology
Rice grains deteriorate rapidly during storage, particularly under tropical conditions. To maintain quality and extend shelf life, common post-harvest practices involve removing the embryo, pericarp, testa, and aleurone layers during milling, resulting in the consumption of only the endosperm (Matsuo and Hoshikawa, 1993). Consequently, biofortification is only effective when mineral concentrations are enhanced specifically in the endosperm. Modern biotechnological tools, including plant transformation, offer significant opportunities to enrich trace minerals directly within the endosperm. Genes used for rice biofortification primarily encode metal chelators (especially phytosiderophores), metal transporters, ferritin (an iron storage protein), and phytase. 

 Constraints and Challenges in Adopting Nutrient-Enriched Rice Varieties
1. Economic and Consumer Acceptance Barriers
Most rice farmers are smallholder growers who are highly price sensitive. Limited access to accurate pricing information and market fluctuations may discourage the cultivation of biofortified varieties. Additionally, nutrient enrichment can alter grain appearance—such as the orange coloration observed in provitamin A–enriched rice—making consumer acceptance difficult. The shorter shelf life of some biofortified grains also increases the cost and complexity of producing stable processed products.


2. Gene × Environment Interactions
Grain zinc content and yield are polygenic traits that are strongly influenced by environmental factors (Anuradha et al., 2012). Agronomic management practices and genotype–environment interactions significantly affect mineral uptake, translocation, and distribution within the plant (Phuke et al., 2017). Identifying stable donor lines across multiple locations—where Fe and Zn contents are consistently and positively correlated with yield—is crucial for designing effective breeding strategies (Naik et al., 2020).


3. Policy and Regulatory Challenges
Transgenic and genome-edited crops offer excellent potential for improving micronutrient bioavailability. However, such crops must undergo rigorous regulatory approval processes. Streamlined, science-based regulatory systems are essential to ensure that biofortified GM crops reach undernourished communities that could greatly benefit from them.

4. Requirements for Successful Biofortification Programs
For biofortification to achieve its intended nutritional impact, three key conditions must be met:
· Agronomic feasibility: Biofortified varieties must combine high and stable micronutrient density with competitive yield and production costs.
· Nutritional efficacy: Nutrients must remain stable during storage, processing, and cooking, and must be bioavailable to humans.
· Adoption by target communities: Farmers and consumers must accept biofortified varieties, supported by proper incentives, awareness programs, and effective delivery systems.

5. Breeding Complexity and Trait Stability
During backcrossing, care must be taken to avoid undesirable changes in other agronomic traits and to prevent segregation of transgenes in subsequent generations. Combining multiple nutritional traits becomes increasingly difficult because simultaneous selection for several traits complicates breeding efforts.



6. Limited Nutrient Stacking and Long Development Time
The first generation of biofortified cultivars typically targeted only one nutrient (e.g., Fe, Zn, or provitamin A). Developing a second nutrient-enhanced version through conventional breeding can take several years. Even when genetic variation exists, stacking multiple micronutrients remains a slow and challenging process.

7. Consumer Acceptability of Provitamin A–Enriched Varieties
Increasing provitamin A levels inevitably alters grain color from white to yellow or orange. Sustaining consumer demand for this visible trait requires strong awareness campaigns emphasizing its health benefits, especially given that biofortified varieties are often sold at prices similar to non-biofortified types.

8. Challenges in Metabolomics
Despite its value, metabolomics faces a major challenge: interpreting large, complex datasets in a biologically meaningful way. Data extraction and integration require sophisticated analytical pipelines and bioinformatics tools.

9. Limitations in Nutrigenomics
Although nutrigenomics holds promise for personalized nutrition and disease prevention, its application is constrained by variability in individual dietary habits, as well as the high cost and time-intensive nature of experimental protocols (Castle and Ries, 2009).

10. Anti-Nutritional Factors and Micronutrient Bioavailability
Bioavailability refers to the proportion of ingested nutrients that can be absorbed and utilized by the body. In plant-based foods, especially rice, the absorption of iron and zinc is typically below 10%, sometimes as low as 1% (Bhatnagar and Padilla-Zakour, 2021). This poor absorption largely results from anti-nutritional factors such as phytic acid (PA), which binds strongly to micronutrients.
PA levels in rice bran range from 2.6–8.7 g/100 g dry weight (Lehrfeld, 1994). Increasing Fe and Zn in brown rice alone is insufficient unless PA levels are simultaneously reduced. QTLs controlling phytate content (e.g., qPA.12) have been identified in IR64/Azucena DH populations (Stangoulis et al., 2007). The ipa mutant exhibited a 45% reduction in PA content and enhanced Zn availability (Larson et al., 2000), demonstrating the potential for targeting PA reduction in biofortified rice.

11. Preventing Post-Harvest Vitamin Degradation
Reducing vitamin degradation after harvest offers an effective complementary strategy for sustaining high nutrient levels in biofortified crops. Storage conditions—particularly prolonged exposure to elevated temperatures—can lead to substantial vitamin losses. Engineering vitamin stabilization mechanisms has shown promising results; for example, folate biofortification combined with folate-stabilizing traits resulted in a 150-fold increase in folate levels in transgenic polished rice.
Other vitamins also degrade during storage. Provitamin A in maize decreased by ~70% after six months in Zambia, and similar losses have been documented in Golden Rice. Nevertheless, the remaining amounts can still provide approximately 40% of the EAR for vitamin A, and degradation eventually stabilizes over time.

Advantages and limitations of rice biofortification
1. Rice biofortification have certain advantages i.e. increase in nutritional value,
2.  Reduced adult and child micronutrient caused mortality,
3.  Reduced dietary deficiency diseases
4.  Healthier population with strong and quick immune responses to infections. 



 Biofortified Rice Varieties
The HarvestPlus program plays a central role in accelerating biofortification breeding in rice and other staple crops to combat micronutrient deficiencies across developing nations. In India, organizations such as the Department of Biotechnology (DBT), the International Rice Research Institute (IRRI), and the Indian Council of Agricultural Research (ICAR) have significantly advanced biofortification research. Under the All India Coordinated Rice Improvement Programme (AICRIP), biofortification trials began in 2013 with an initial zinc threshold of 20 mg/kg, later increased to 24 mg/kg. These efforts culminated in the release of several biofortified rice varieties.
Bangladesh became the first country to approve a β-carotene–rich Golden Rice variety (BRRI Dhan 29) for commercial cultivation. Complementing these efforts, the Government of India launched the POSHAN Abhiyaan nutrition initiative, targeting more than 100 million people and promoting biofortified crops. Seventeen biofortified varieties across eight major crops were officially released, including the high-zinc rice variety CR Dhan 315. Over the past five years, ICAR alone has developed 53 biofortified rice varieties.

Proof of Concept
Agricultural research initially focused on achieving national food security, but there is now a strategic shift toward enhancing the nutritional quality of staple crops. In India, two notable high-nutrient rice varieties—DRR Dhan 45 (high Zn) and CRR Dhan 310 (high protein)—were developed through conventional breeding and released via AICRP-Rice without compromising yield.

SUCCESS STORIES:
Similarly, biofortification success stories have emerged in other crops:
· Pearl millet: The high-iron cultivar Dhanashakti (71 ppm Fe) has been widely adopted.
· Maize: Numerous quality protein maize (QPM) hybrids with enhanced lysine and tryptophan are being cultivated. A provitamin A–rich version of Vivek QPM-9 was recently identified at IARI.
· Lentil: The variety Pusa Vaibhav is recognized for its high zinc content.
· Rice in Bangladesh: BRRI Dhan 62 became the first high-zinc rice variety released in 2013.
· Wheat: Zinc-rich wheat lines developed under the HarvestPlus program are under testing in India and Pakistan.
· Africa: Provitamin A–rich maize varieties have been released in Malawi, Zimbabwe, DR Congo, Zambia, Nigeria, and Ghana.
· Cassava and sweet potato: Provitamin A–enriched cassava and sweet potatoes have been released in Nigeria, DR Congo, Uganda, and Mozambique, with positive nutritional impacts.
· Beans: Iron-enriched bean varieties are under evaluation in DR Congo and Rwanda.
These successes collectively demonstrate that biofortification is a viable strategy for addressing micronutrient malnutrition across diverse agroecological regions.





Future Prospects of Biofortified Rice
Biofortification has emerged as a promising intervention to address micronutrient deficiencies, yet significant research gaps remain. The mechanisms governing nutrient acquisition, transport, and deposition—particularly from soil to seed—are still not fully understood. Advances in understanding these physiological and molecular pathways will be crucial for designing more effective biofortification strategies.
Before biofortified crops (especially GM or genome-edited types) reach consumers, comprehensive safety assessments are essential. Knowledge gaps also persist regarding micronutrient bioavailability, spatial distribution of minerals within grains, and nutrient losses during processing, polishing, and cooking.


Emerging technologies offer opportunities to strengthen biofortification efforts, including:
· Molecular cytogenetics for transferring high Fe/Zn genomic segments
· Breeding for uniform mineral distribution within the grain to reduce losses during polishing
· Manipulation of phytic acid to improve micronutrient bioavailability
· Nanotechnology-based micronutrient fertilizers, which may further enhance biofortification efficiency

The development and deployment of Golden Rice has driven intensive research; however, commercialization has faced delays. Biofortified rice varieties must also satisfy consumer preferences for grain appearance, taste, and cooking quality, while maintaining resistance to abiotic and biotic stresses.
With rapid SNP discovery through next-generation sequencing (NGS), CRISPR/Cas9-mediated genome editing is emerging as a powerful solution to overcome breeding bottlenecks. Integration of genomic selection, speed breeding, and multiparent populations, evaluated across multi-location trials, will improve the understanding of Genotype × Environment × Management (GEM) interactions and accelerate varietal release under the CGIAR product profile–based breeding pipeline.
A key consideration is the post-harvest nutrient retention. For example, under typical processing conditions, Zn rice can meet over 50% of the daily zinc requirement for children. However, heavy milling or parboiling can reduce zinc content significantly—up to 65% in parboiled rice—since Zn migrates to the outer grain layers. Recommendations include:
· Consuming lightly milled or brown parboiled rice, or
· limiting milling to 8–12% bran removal to preserve zinc content.
Cultural preferences for highly polished rice may limit these interventions and must be addressed through consumer awareness programs.

Conclusion : 
Micronutrient malnutrition (“hidden hunger”) severely affects cognitive development, immune function, and overall health worldwide. Synergistic interactions among iron, zinc, and vitamins are essential for improving mineral bioavailability and supporting human well-being. The COVID-19 pandemic and rising health concerns have further highlighted the importance of nutrient-dense food crops.
Biofortified rice presents a cost-effective, sustainable, and scalable solution to micronutrient deficiencies. Governments can accelerate adoption by providing incentives and strengthening value chains. Significant advancements have been made, and with continued research, supportive policies, and targeted outreach, biofortified rice can greatly contribute to global nutritional security.
Recent breakthroughs in transgenic and genome editing approaches—including RNAi-mediated suppression of anti-nutritional pathways and CRISPR/Cas9-based interventions—have enabled the development of rice varieties with up to a 6.3-fold increase in iron and a twofold increase in zinc in the grain. These next-generation technologies herald a promising future for nutritionally enhanced rice.
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