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A B S T R A C T  

Background: Micronutrient deficiencies impact over two billion people globally, particularly in low- and middle-income countries, 

leading to severe health issues. Traditional interventions such as supplementation and dietary diversification face limitations, 

necessitating sustainable solutions like biofortification to enhance the nutritional content of staple crops. 

Objective: This review aims to synthesize advancements in biofortification techniques, including agronomic, conventional breeding, 

and genetic engineering approaches, to address micronutrient deficiencies while ensuring crop yield stability and consumer 

acceptability. 

Methods: A systematic analysis of peer-reviewed literature from 2000 to 2024 focused on biofortification strategies for key crops such 

as vitamin A cassava, iron pearl millet, and zinc wheat. Data were evaluated for nutritional efficacy, scalability, and socioeconomic 

impacts. 

Result: Biofortified crops demonstrate significant efficacy: provitamin A maize improved serum retinol levels by 30% in deficient 

children, while iron-biofortified pearl millet increased hemoglobin concentrations by 15%. Agronomic techniques (e.g., foliar fertilization) 

and CRISPR-Cas9 gene editing emerged as scalable solutions, though challenges like GMO regulations and farmer adoption persist. 

Conclusion: Bio fortification offers a cost-effective, sustainable strategy to combat malnutrition. Future success depends on 

interdisciplinary collaboration, policy harmonization, and community engagement to optimize crop nutrient profiles and ensure 

widespread adoption. 
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I N T R O D U C T I O N  

The WHO is strengthening efforts to combat acute 

malnutrition in children under five by issuing new 

guidelines on preventing and treating wasting and 

nutritional edema1. In 2015, the globe committed to 

attaining the Sustainable Development Goals (SDGs), with 

the ambitious goal of eradicating hunger in all forms by 

20302. On September 24, 2024, the WHO collaborated with 

a coalition of Nutrition for Growth (N4G) host states, 

international institutions, and global nutrition networks at 
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the 'Together for Nutrition', a high-level event held 

alongside the 79th United Nations General Assembly3.     

Malnutrition takes several forms, including undernutrition, 

stunting, micronutrient deficits, and wasting. This can be 

attributed to unhealthy diets that are high in calories, fat, 

sugar, and salt. Malnutrition can lead to stroke, 

cardiovascular disease, type 2 diabetes, and some types 

of cancer4,5. Undernutrition accounts for about half of all 

fatalities among children under the age of five worldwide. 

The majority of these deaths occur in low- and middle-

income nations, mainly in Africa and Asia6. The global 

burden of malnutrition has extensive developmental, 

economic, social, and medical consequences, affecting 

individuals, families, communities, and entire countries7.  

 To address these problems and make meaningful 

progress toward reaching the Sustainable Development 

Goals, notably SDG2 on zero hunger, would require cost-

effective initiatives, realistic resource mobilization 

methods, clear measurements, and accountability from all 

stakeholders8. Poverty increases the likelihood of 

malnutrition and its associated risks. People with limited 

resources are more susceptible to different types of 

malnutrition. Furthermore, malnutrition hinders economic 

progress, reduces productivity, increases healthcare 

expenses, and leads to ill health9,10. Micronutrient 

deficiencies affect almost two billion people globally, 

accounting for one-third of the population. Malnutrition is a 

condition in which the body does not obtain sufficient 

nutrients to function correctly. This might be due to a 

deficiency in vitamins and minerals11. Malnutrition can be 

induced by a variety of reasons, including food deprivation, 

anorexia nervosa, fasting, vomiting, and drug-nutrient 

interactions. Pregnant women and children under the age 

of five are especially vulnerable to nutritional deficiencies 

such as Fe, I, and Zn12,13. Climate change is anticipated to 

increase the number of people experiencing vitamin 

deficiencies. Climate change makes crops less resilient to 

drought and other stresses, lowering the nutritional content 

of the food they produce14.  

Many organizations, each with distinct goals and working 

at varying scales, have promoted agricultural 

intensification in developing nations in recent decades. To 

fulfill the food demands of a growing population, the 

majority of agricultural researchers and food security 

specialists believe that intensification is required on a 

worldwide scale15-17. But the production of healthy non-

staple foods, such as vegetables, legumes, and animal 

products, has not increased as quickly18,19. Low-income 

people are finding it more and more difficult to afford a 

healthy diet due to the steady and notable increases in the 

cost of non-staple food items20. 

One-third of the world's population, or around 2 billion 

people, are deficient in some micronutrients. Iron, zinc, and 

vitamin A deficiencies in particular cause serious health 

problems, such as reduced immune systems, poor 

cognitive development, and higher death rates, especially 

in children and pregnant women12,13. Micronutrient deficits 

will be significantly decreased in the long run by promoting 

dietary variety and expanding the production of nutrient-

dense foods21. By increasing people's daily intake of 

important micronutrients throughout their lives, eating 

biofortified crops can help prevent micronutrient 

deficiencies22. Since micronutrient deficiencies cannot be 

resolved by a single treatment, biofortification 

complements current programs such as commercial food 

fortification and supplementation23. Agronomic techniques, 

transgenic technology, and cultivation are all used in the 

biofortification process to enhance crops. Regular use of 

these crops improves human nutrition and well-being24-26.     

Biofortification Advantages  

Biofortification has two major benefits. First, it is cost-

effective and well-suited for rural communities. Second, it 

delivers long-term health advantages27, plant breeding, 

and excellent yield28. To optimize investment returns, 

biofortified crops can be enhanced nutritionally and 

adopted in new settings and geographies26. When the 

micronutrient trait becomes a fundamental breeding goal in 

national and international crop breeding initiatives, the 

ongoing expenses for monitoring and maintenance by 

agricultural research organizations are negligible29. These 

crops are good for rural people who have inadequate 

access to a balanced diet and vitamin supplements. The 

micronutrient targets for biofortification are intended to 

address the specific food needs of children and women 

while considering current consumption patterns30. 

Biofortification offers farmers a solution by merging 

micronutrient traits with agronomic and consumer 

preferences31. 
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Evidence of Nutritional Bioavailability and Efficacy   

By improving bioavailability and uptake of vital 

micronutrients, biofortified crops can greatly improve 

human nutrition. For example, it has been demonstrated 

that biofortified orange sweet potatoes (OSP) raise vitamin 

A levels, which lowers the frequency and severity of 

diarrhea in kids under five32. Similarly, youngsters with 

vitamin A insufficiency have shown improved visual 

function when given provitamin A maize 33,34. Additionally, 

iron biofortification yields encouraging outcomes. 

Adolescents with iron deficiency who consumed biofortified 

pearl millet flatbread for four months saw a significant rise 

in blood ferritin and total body iron levels35. These studies 

demonstrate how certain micronutrient deficits may be 

addressed by biofortified crops. Researchers carry out 

controlled studies to assess the influence of various 

genotypes on micronutrient bioavailability to guarantee the 

efficacy of biofortified crops. Validating the long-term 

advantages of biofortified crops on micronutrient status 

and health outcomes requires randomized controlled 

trials36.  

Agriculture-Based Nutrition  

Designing agriculture-based nutrition-sensitive projects, 

such as biofortifying staple crops, is a long-term, cost-

effective way to improve crop nutritional content and, in 

turn, the health of vulnerable communities. In 2024, 

Grabowski et al. Energy-rich crops and staple 

carbohydrates like wheat, maize, rice, sweet potatoes, 

pearl millet, lentils, beans, and cassava are staples in many 

low- and middle-income countries (LMICs) with high 

prevalence of micronutrient deficiencies. Although these 

crops are cheap, they lack the micronutrients needed by 

humans, particularly when the agricultural industry turns 

them more and more into highly processed foods37.  

Vitamin A Crops  

Vitamin A bioavailability has shown that provitamin A can 

be effectively converted to retinol, vitamin A preferred for 

the body. Efficacy has demonstrated that increasing 

provitamin A consumption by vitamin A-biofortified crops 

improves circulation beta-carotene and has a moderate 

effect on vitamin A status, as measured by serum retinol38.  

Biofortified crops with vitamin A improve circulation and 

beta-carotene content and have a moderate effect on 

vitamin A status as measured by serum retinol levels. 

Studies have demonstrated the efficacy of increasing 

provitamin A consumption. Orange sweet potato (OSP) 

significantly increases vitamin A in the body39–41. Child 

health can be improved by consuming biofortified orange 

sweet potato (OSP), as demonstrated by studies showing 

a reduction in the rate and duration of diarrhea in children 

under the age of five who ingest biofortified OSP [32]. 

Children with vitamin A deficiency show significant 

improvement in visual function when consuming maize 

biofortified with provitamin A33,34.  

Zinc in Crops  

Zinc is a fundamental nutrient for plants that promotes 

growth and production. Wheat tends to be deficient in zinc, 

making it less likely to respond to Zn treatment. Zinc can 

be applied through soil incorporation, broadcasting, 

or foliar application; however, incorporating it with 

initial fertilizers is the most cost-effective option. Zinc-

biofortified seeds can increase grain output and help 

plants tolerate environmental stress42,43. Numerous 

qualitative trait loci for wheat's grain iron and zinc 

concentration have been identified (Table 1). These can be 

used in superior breeding lines to increase micronutrient 

levels. The concentration of zinc increases in plants by 

injecting genetic markers through biofortification44. 

Table 1. Nutrient Concentration (mg/kg Dry Weight) in Different Crops.  

Crops Zinc Iron Calcium Magnesium Potassium Phosphorus References 

Maize 10-35 15-40 80-200 80-250 2000-4000 300-600 (57) 

Soybean (Grain) 25-50 50-100 200-600 200-400 1500-3000 400-800 (58) 

Wheat (Grain) 20-50 30-60 100-300 100-300 2000-4000 300-500 (57) 

Rice (Grain) 15-40 20-50 50-150 50-150 1500-3000 250-450 (57) 

Potato (Tuber) 10-25 20-40 200-500 100-300 2000-4000 300-600 (59) 

Spinach (Leaf) 40-70 100-300 800-2000 600-1500 5000-8000 400-1000 (60) 
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Iron in Crops  

Iron is a necessary nutrient for living creatures, as it plays 

an essential role in both animal and plant metabolic 

processes. Iron is necessary for all human growth and 

development as well as for many physiological processes, 

including the formation of oxygen transport proteins like 

hemoglobin and myoglobin, the development of the 

immune system, and the movement of oxygen from the 

lungs to tissues45,46. Iron pearl millet and biofortified iron 

beans have been shown to improve the nutritional status of 

target populations, according to iron nutrition studies47. 

After four months of twice-daily consumption of biofortified 

pearl millet flatbread, blood ferritin, and total body iron 

levels significantly improved in iron-deficient teenage boys 

and girls35.  Iron is required for many basic activities in crop 

plants, including photosynthesis, respiration, and 

antioxidant defense. It is also important in many metabolic 

pathways, including hormone and secondary metabolism, 

making it a critical micronutrient48. Biofortification, initially 

increasing Fe levels in plants, is a potential technique for 

improving crop nutritional value and reducing Fe 

insufficiency in humans49. 

Cassava Crop   

Vitamin A is not found in commonly farmed cassava. 

Biofortified vitamin A cassava varieties can contain up to 

120 micrograms (ug) of provitamin A carotenoids per 100 

grams (g) of cassava; the extra carotenoids accumulate in 

the plant's edible sections during the usual development 

process. Cassava contains chemicals such as beta-

carotene, which can benefit eye health and prevent poor 

vision or blindness. Cassava contains vitamins A and C, 

both of which are beneficial for the digestive system. 

Vitamin A deficiency increases the risk of infections, 

including diarrhea and measles. In the case of vitamin A-

rich yellow cassava, farmer marketing was at the 

foundation of this project. First, landowners received free 

bundles of stems, along with agricultural instruction and 

details about nutrition50. Farmers who received free stems 

were required to distribute an equivalent number of free 

stems to two other farmers in the following season, which 

significantly reduced delivery costs51.  

Self-Pollinated Crops  

It is possible to cultivate self-pollinated crops year after 

year since they yield seeds that are exactly like those of 

their parent plants52. The ability to self-produce seeds 

frequently restricts private sector investment in seed 

production for self-pollinated crops, even though farmers 

must replenish their seeds regularly to preserve desired 

agronomic features53. Self-pollinated seeds are instead 

multiplied and dispersed by the public sector in many 

nations, and farmer-to-farmer distribution is also typical. 

Zinc rice in Bangladesh, zinc wheat in India and Pakistan, 

and iron beans in Rwanda and the Democratic Republic of 

the Congo are examples of self-pollinated biofortified 

crops54.  

Hybrid Crops 

Hybrid crops, which need seed renewal to maintain 

constant production and agronomic traits, have the most 

potential for commercialization by private organizations55. 

While engaging the private sector for distribution may result 

in long-term sustainability, the rate of private sector 

absorption is determined by their evaluation of 

demand.  Thus, biofortification advocates must focus their 

efforts on creating targeted demand for both farmers and 

consumers56.  

Biofortification Techniques 

Biofortification is enhancing agricultural products with 

micronutrients to promote good health for humans. Notable 

biofortification methods are included here.   

Agronomic Techniques 

Agricultural biofortification with micronutrients through 

foliage spraying promotes the uptake of more nutrients in 

the reproductive system, resulting in more nutritious food 

for consumers61. Nutrients are supplied in liquid form to the 

apical regions of plants, they are absorbed by the pores of 

the stomata and epidermis and enter the dietary chain. 

Crops can also be biofortified by flooding them with 

minerals. Minerals like calcium (Ca), selenium (Se), and 

zinc (Zn) are given to crops during irrigation, which 

facilitates their absorption and raises their concentration in 

the plant's edible section [62]. In order to biofortify crops, 

mineral fertilizers-usually NPK (nitrogen, phosphorus, 

potassium) fertilizers-are given to the soil. Before planting 

or during multiple seed combination fertilization drilling, 

they are applied to the garden surface. Consequently, 

nutrients are taken up by roots and move up the food 

chain63. Enhanced microbial uptake of nutrients is another 

method of crop biofortification. Various species of 
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microbes, including the bacteria rhizobium and mycorrhizal 

fungus, assist plants in acquiring nutrients through 

mutualistic relationships64.   

Agronomic Biofortification   

Agronomic biofortification is a technique for increasing the 

nutritional content of crops by introducing 

micronutrient fertilizers to the Earth's soil or leaves of 

plants. It has the potential to significantly boost the content 

of nutrients in crops' consumable components as well as 

productivity63. The above is considered the conventional 

approach of supplementing cultivated crops with essential 

nutrients65. Vitamins and minerals can be found in various 

amounts in different plant parts and are usually absorbed 

from the soil. Adding micronutrients as fertilizer can 

increase the levels of these nutrients in the soil and 

address deficiencies in plants and humans. Several factors 

influence (Figure 1) the efficacy of agronomic 

biofortification, as nutrients are lost during the transition 

cycles from ground soil to plant and then transferred into 

human food66. Zinc is essential for immune system 

function, mineralization of bones, growth of tissues, sperm 

production, and fertility rates, as well as for the replication 

of cells, DNA, and protein synthesis. Furthermore, zinc has 

powerful antibacterial and antimicrobial properties in the 

human body and plays a role in strengthening the immune 

system against numerous viruses, such as 

the coronavirus. Agronomic biofortification's ability to 

alleviate iron (Fe) deficiencies in humans depends on 

many factors. The amount of easily accessible iron for plant 

intake, the location and mobility of iron into edible 

food consumed, the accessibility of iron in food that is 

prepared for people to eat, and the current state of the 

human body, influence its capacity for absorption and 

utilization of iron, are all factors that rely on the presence 

of iron at different levels67. Species of wild plants have 

nutrient components that can also be utilized as food 

sources for humans. Fertigation with low electrical 

conductivity and moderate pH resulted in excellent 

production and nutrient amounts such as manganese (Mn), 

iron (Fe), zinc (Zn), and copper in species of wild dune 

spinach68,69. 

 

Figure. 1. Strategies and classification of biofortification. The figure outlines key approaches such as seed priming, foreign 

gene transfer, and mutation breeding, alongside critical elements like plant-microbe interactions, field crops, and genetic 

modifications to enhance nutrient content in crops. 
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Conventional Breeding   

Crossing two parent plants with different phenotypes and 

choosing desirable features in the following segregating 

generations is known as crop biofortification70. Eliminating 

genes that produce antinutrients is one of the new breeding 

techniques. Crop nutrient deficits can result from anti-

nutrients like tannins, lectins, α-amylase inhibitors, phytic 

acid, saponins, lathyrogens, and protease inhibitors that 

reduce the bioavailability of essential micronutrients71. By 

inhibiting the genes that produce antinutrients, RNA 

interference (RNAi) can lessen the buildup of harmful 

compounds. When overexpressed, the genes in plants that 

store micronutrients also improve micronutrient 

biofortification72. Certain genes that are overexpressed 

accumulate more micronutrients, which causes more 

deposition in the plant sections that can be eaten73. 

Through biofortification, genes are transferred from one 

plant to another, improving nutritional quality and lowering 

hunger74. Several genes involved in this biosynthesis have 

been introduced across species for biofortification in the 

areas of provitamin A, iron homeostasis, and flavonoid 

production75. By promoting a balanced diet, these genes 

aid in the management of a number of illnesses linked to 

malnutrition. For instance, Golden Rice has been used to 

treat night blindness and other conditions associated with 

a lack of pro-vitamin A76. 

However, there are a number of issues with this technique. 

Its widespread use may be constrained by the fact that it is 

frequently challenging, costly, and time-consuming77. 

Perception among the general population is one of the 

biggest obstacles. Concerns regarding the long-term 

health and environmental impacts of genetically modified 

organisms (GMOs) and biofortified crops have made many 

consumers wary of them. Misinformation and a lack of 

knowledge on the advantages and scientific foundation of 

biofortification frequently serve as the fuel for this doubt. 

The adoption of biofortified crops may also be made more 

difficult by regulatory and legislative obstacles. To address 

these issues and foster acceptance and trust, scientists, 

legislators, and business executives must engage in 

extensive public education efforts and communicate 

openly. To overcome these obstacles and guarantee the 

effective adoption of biofortified crops, public participation 

and engagement in the creation and execution of 

biofortification initiatives are essential. 

Genetic Biofortification   

Identifying beneficial genotypes or genes and creating 

cultivars that are micronutrient-dense and reduced in 

antinutrients require genetics and biochemical 

characterization.  Advanced wheat breeding lines with 

genes associated with high zinc and iron concentrations in 

grains have been identified78,79. Selected 14 wheat lines 

high in iron (Fe), zinc (Zn), and yield for further study 

doubled haploid lines from a population. Baiyeri et al.80 

crossed a wild-type with subtropically modified low-phytate 

mutations (lpa1-1) to identify many potential maize hybrids. 

Additionally, novel micronutrient-biofortified crops can be 

created using gene modification technologies like 

CRISPR/Cas9 with minimal linkage drag and no safety or 

health risks81. 

Golden Rice is a transgenic rice (Oryza sativa) that 

produces beta-carotene, a precursor to vitamin A. The 

rice's characteristic color comes from beta-carotene, a 

substance that gives vegetables and other plants their 

golden hue82. Although this crop was intended to tackle 

vitamin A deficiency, especially in children in low-income 

nations where rice is an essential source of nutrition, it has 

attracted significant debate83. Vitamin A is one nutrient that 

is essential to human health and can only be obtained from 

diet. It is present in milk, eggs, and liver fats, but fish fat, 

especially fish liver oils has the highest concentration of it. 

While vitamin A is not naturally found in plants, the body 

can produce it from beta-carotene or other pigments found 

in many fruits and vegetables84.  

Genetically Modified Organisms (GMOs) 

An organism whose genome has been modified in a lab for 

better expression of desired physiological features or the 

production of desired biological products is known as a 

genetically modified organism (GMO)85. Crop farming, pet 

breeding, and traditional livestock production, which 

involve breeding selected members of a species to 

generate offspring with desirable characteristics, are 

widespread methods. Hybrid plants can dramatically 

enhance crop productivity per unit area and reduce the 

demand for pesticides containing chemical ingredients86. 

In many areas, the need for broad-ranging insecticides has 

reduced since plants such as corn, potatoes, and cotton 

were genetically modified with a gene from the bacteria 

Bacillus thuringiensis, which generates an organic 
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pesticide known as genetically modified Bt toxin87. In many 

areas, the bacteria Bacillus thuringiensis, which generates 

an organic pesticide known as Bt toxin, has been 

genetically modified and transferred into corn, potatoes, 

and cotton74. This modification has reduced the need for 

broad-ranging insecticides in plants. Bt cotton planting 

increases up to 36% of the income of farmers while 

reducing their use of pesticides by 50-80%. There is 

ongoing research underway to create "edible vaccines" 

from genetically modified plants. An antigenic protein 

produced in a plant's edible portions (like fruit) and 

transferred into the circulatory system, when taken, is 

known as a consumable vaccine88. Innovative DNA 

vaccines may help prevent illnesses such as cancer, TB, 

and HIV/AIDS that have shown resistance to conventional 

immunization methods89. 

Biotechnological Innovations 

Cell Culture Technologies  

Most other techniques are based on cell cultivation 

technology. They involve microbial cell culture 

(mycoprotein), animal cell culture (cultured meat), and 

plant cell culture, all of which have potential applications in 

food technology90. Cell culture technology involves 

promoting cell growth outside of an organism's body using 

specialized techniques. It offers various benefits such as 

non-seasonality, independence from geography, 

homogeneity, and controlled output91. The isolation of cells 

from plants or animals, which are then cultivated in a 

laboratory atmosphere in controlled units92 (Figure 2). This 

helps to reduce the chance of exposure, cell culture must 

be conducted in an aseptic, sterile environment. 

 

 

Figure. 2. Key techniques in modern biotechnology. The figure highlights fundamental processes such as DNA extraction, 

bacterial transformation, plant breeding, gene cloning, and design, as well as cell and tissue culture, which are pivotal in 

genetic engineering and biotechnological applications. 
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Animal Cell Culture  

The production of food is a significant advancement using 

animal cell culture technology. Cells from cattle, fish, or 

poultry, are grown under controlled conditions, and specific 

cell and tissue types are differentiated, and then collected 

and processed into new food technology. Customer 

demand for meat is predicted to rise by 72%, putting a 

strain on available resources93. For example, 8 kilograms 

of grain are required to produce 1.5 kilograms of livestock, 

in addition to the duration and energy required for breeding 

cows until they reach the required age and weight94. The 

use of meat from cultured sources instead of traditional 

beef could help reduce the amount of energy, water, and 

land used in livestock production95. It would minimize 

deforestation caused by the development of animal 

pastures and reduce greenhouse gas emissions from 

animal production96. 

Microbial Cell Culture   

Specifically, the production of microbiological proteins, 

such as mycoproteins, has the potential to either entirely or 

partially complement proteins from animal sources such as 

meats97. The utilization of waste from agriculture and 

industries to produce mycoprotein has several advantages, 

particularly in terms of environmental impact98. Nutritious 

proteins provide enough crucial nutrients such as amino 

acids, dietary fiber, carotenoids, vitamins, and minerals. 

Additionally, nutritious proteins can be produced at a low 

overall cost, regardless of environmental conditions such 

as drought or flood and nature constraints99. Protein is a 

vital ingredient in our bodies. It is required for the 

development, restoration and preserve general good 

health.  Protein is used to form bone, muscle, cartilage, and 

skin100. Meat is one of the most widely consumed protein 

sources globally, and the Need for meat is bound to rise by 

76% by 2050 compared to 200514. A sustainable and 

nutritious supply of food is required to feed the world's 

expanding population. Cellular agriculture, which utilizes 

different fruit and vegetable plant cell cultures to produce 

agricultural products, could enhance current production 

methods that rely on farmed animals or crops18. 

 

Figure. 3. Schematic representation of microbial, plant, and animal cell culture systems for biotechnological 

applications. The diagram illustrates key components such as agitation systems, reactor tanks, and monitoring probes 

used in cell culture processes. It also highlights downstream applications, including cultured meat production, 

phytochemical extraction for supplements, and mycoprotein synthesis. 
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Nutritional Safety  

Cultured meat is expected to have a nutritional value 

comparable to meat produced from consumed livestock, 

with the added option of modifying its composition to suit 

specific dietary preferences or specialized diets via dietary 

supplementation, genetic engineering, and collaborative 

cultures32,37,101. Culturing techniques also offer the potential 

to produce antioxidants, vitamins, and oxidatively 

predictable substances18. Other components to consider in 

meat from animals include amino acids such as carnosine, 

anserine, creatine taurine, and hydroxyproline102. Taurine 

has been shown to benefit cardiac health and function. 

Hydroxyproline supports intestinal health. Carnosine and 

anserine are powerful antioxidants, while arginine has 

been shown to improve lean mass, physical strength, and 

cognitive function in older individuals9. Modifying the lipid 

profile, primarily by enhancing the levels of essential fatty 

acids such as linolenic acid through a combination of 

cultivation and adipocyte cell methods, remains a 

complication because the accumulation of essential fatty 

acids in ruminants is entirely diet-dependent. Genetic 

manipulation at the cellular level may enhance linolenic 

acid content. For example, transgenic swine that have 

inserted two genes from spinach, coding for the enzyme 12 

linoleic acid desaturase, showed increased linolenic acid 

levels103. Regarding environmental and safety concerns, 

several aspects of current cell-based meat technology 

should be considered, including bovine serum, antibiotic or 

antibacterial agents, hormones and developmental 

process in the cultivation media, gene modification, and 

sterile packaging32.    

Agricultural Biotechnology and Food Security  

Agricultural biotechnology is a field of science that employs 

modern techniques to enhance agricultural productivity 

and sustainability13. This technology is used to boost crop 

nutritional content, develop novel plant varieties that are 

resistant to pests and diseases, and improve agricultural 

practices. As the world's population continues to increase, 

agricultural biotechnology is becoming increasingly 

important in meeting the rising demand for food, while also 

addressing environmental issues and supporting 

sustainable agricultural methods. The availability of food 

can be enhanced by promoting environmentally conscious 

farming, emphasizing variation in crop cultivation, and 

contributing to reducing the effects of global warming63,68. 

The use of bioengineering techniques (Figure 3), such as 

planting trees as wind barriers or fire barriers and growing 

a diverse range of plant species, can also help protect 

crops Worldwide nutritional stability includes supporting 

safety precautions for food and minimizing wasteful 

consumption and damages, which account for around one-

third of total food production18. The loss after harvest is 

predominantly an issue in industrialized countries, as most 

consumers are unwilling to purchase cosmetically flawed 

fruit80. Furthermore, implementing governmental initiatives 

that target the fundamental causes of economic hardship 

and make food both inexpensive and available for poor 

populations will help minimize hunger. In the USA, the cost 

of assistance with food aid payments increases by two 

times if utilized to purchase products at market prices and 

farming stalls. These kinds of initiatives offer additional 

advantages of preserving agricultural producers' 

livelihoods while simultaneously helping meet consumer’s 

nutritional needs15,104.   

Challenges and Future Direction 

Food biofortification innovation has the potential to 

significantly reduce world hunger by increasing the 

nutritional value of staple crops. To attain wide-ranging and 

durable benefits, this field must overcome obstacles that 

call for targeted research, stricter laws, and creative 

approaches. It's challenging to biofortify crops without 

compromising their yield and growth. The health and 

productivity of the plant must not be harmed by the addition 

of micronutrients like iron or zinc. Furthermore, it may be 

difficult to create biofortified crops that are uniformly 

effective due to differences in nutrient absorption in fortified 

cultivars and genetic variability among staple crops. The 

acceptability of biofortified foods may be restricted by 

cultural preferences, and many consumers are not familiar 

with them. Biofortified crops need to taste and look like their 

non-fortified counterparts in order to be accepted by 

consumers. Public education campaigns regarding the 

health benefits of biofortified foods are necessary to 

debunk fallacies. GMO and fortified crop regulations vary 

by region and generally lag behind technological 

development. For instance, the adoption of biofortified 

crops has been considerably hampered in the European 

Union by strict laws on GMOs. On the other hand, nations 

with more lenient laws, such as the US and Brazil, enable 

quicker adoption. More research may be done on 
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genetically engineered biofortified crops. Thus, aligning 

policies and establishing global standards may aid in their 

expansion.   

It can be costly to create, distribute, and grow biofortified 

crops. Lack of funding and infrastructure may make it 

difficult to carry out biofortification initiatives in many 

developing countries. Inadequate resources make it 

difficult for smallholder farmers, who are essential to food 

security, to acquire and preserve biofortified seeds. 

Sustainability requires that biofortified crops be able to 

withstand environmental stresses including pests, salt, and 

drought. To ensure that they don't negatively impact 

ecosystems or soil health, more research is required. 

Farmers' and consumers' adoption of biofortified crops is 

significantly influenced by socioeconomic conditions. 

Smallholder farmers' adoption of these crops is hampered 

by a lack of funding and availability to biofortified seeds. 

Additionally, the success of biofortified crops depends on 

consumer awareness and market demand. Targeted 

advertising and community involvement can raise demand 

and acceptance in areas where malnutrition is common. 

For example, by interacting with farmers and local people, 

the Harvest Plus program has effectively promoted 

biofortified crops in many poor nations.    

CRISPR-Cas9 technology for gene editing may enable 

greater accuracy in biofortification with fewer unexpected 

effects. These approaches have the potential to improve 

nutrient profiles while maintaining crop production and 

other desired traits. Combining conventional breeding with 

gene editing technology could help in the development 

of robust and nutrient-dense cultivars, potentially 

extending biofortification to new crops. Addressing various 

micronutrient shortages (e.g., Fe, Zn, and vitamin A) in a 

single crop may enhance health benefits. Maize, rice, and 

wheat are already being biofortified with many 

micronutrients. Developing crops to meet regional 

nutritional deficits depending on population demands might 

increase the impact of biofortification. Digital devices can 

monitor soil and crop nutrient levels, improving 

biofortification processes. Precision agriculture 

technologies, like soil nutrient monitors, may optimize 

fertilizer consumption and boost yields. Additionally, mobile 

apps and digital platforms may educate farmers and 

customers on the benefits of biofortified crops and offer 

insights into crop management. Governments, non-

governmental organizations, academic institutes, and the 

commercial sector may all work together to scale up 

biofortification efforts. Nutritional outcomes have been 

shown to improve as a result of programs like Harvest Plus, 

which promotes biofortified crops worldwide. The market 

release of biofortified crops could be accelerated and 

approval procedures shortened by developing a unified 

regulatory framework for biofortified commodities. It will be 

crucial to combine drought-tolerant crops with 

biofortification in climate-sensitive regions. Research on 

crop types that can withstand severe weather conditions 

and yet provide vital nutrients is becoming more and more 

significant. "Neglected" crops like sorghum and millets, 

which are naturally resilient and nutrient-dense and offer a 

dual benefit in terms of nutrition and climate adaptation, are 

the focus of several biofortification initiatives. Involving 

communities in the creation and promotion of biofortified 

crops guarantees that the cultivars reflect regional 

preferences and tastes. Including local leaders can assist 

boost adoption and acceptance rates, especially in rural 

areas. Cultural shifts like adding biofortified crops to 

traditional dishes could make these foods more enticing 

and promote frequent intake.      

C O N C L U S I O N  

Food biofortification has significant potential for reducing 

global hunger by boosting the nutritional density of basic 

crops. Overcoming consumer acceptability, regulatory 

barriers, economic constraints, and environmental 

concerns necessitates a multidimensional approach that 

combines innovative technology, legislative reform, and 

community-based initiatives. Biofortification projects, by 

continuing to develop and collaborate, may play a critical 

role in delivering sustainable, nutrient-rich food supplies to 

needy communities across the world.    
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