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Abstract 

 

Modern biotechnology, driven by genetic engineering and recombinant DNA 

technology, has become a key tool in advancing the food industry. Optimized gene 

vectors, appropriate host cells and controlled fermentation processes enable efficient 

production of proteins, enzymes, bioactive compounds and bio-based additives with 

improved quality and purity. These technologies support the production of 

alternative proteins, functional ingredients and microbial-based strategies for 

contamination control. Plant genetic engineering enhances crop resistance to biotic 

and abiotic stresses and facilitates the development of genetically modified crops 

with improved agronomic performance. Emerging uses focus on improving 

nutritional quality, carbohydrate metabolism, fatty acid composition and antioxidant 

content. Genetic engineering of animals for recombinant protein production is 

progressing, although ethical concerns are still reported. 

This narrative review investigates publications, 1999–2024, retrieved from Scopus, 

PubMed, Science Direct and Google Scholar. It highlights the uses of microbial 

fermentation, plant biotechnology and emerging technologies such as CRISPR/Cas9 

and artificial intelligence in improving food production, safety and nutritional value. 

Despite its significant potential, commercialization of biotechnology-based products 

is limited by high production costs, scalability limitations and regulatory challenges. 

Addressing these barriers through effective governance and technological innovation 

is essential for developing sustainable, safe and high-quality food systems as well as 

supporting the transition toward a circular bioeconomy. 
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 Modern biotechnology has become an essential component of food production 

through genetic engineering, microbial fermentation, and recombinant DNA 

technologies. 

 Biotechnological approaches improve food quality, safety, nutritional value, and 

sustainability by enabling the production of enzymes, bioactive compounds, and 

alternative proteins.  

 Emerging technologies such as CRISPR/Cas9, precision fermentation, and 

microbial cell factories are increasingly applied to address global food security and 

environmental challenges. 

What is “already known” on this 

topic: 
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 This review provides a comprehensive and up-to-date overview of modern 

biotechnology across the food production chain, from primary production to value-

added food ingredients.  

 It integrates recent advances in microbial production platforms, plant genetic 

engineering, precision fermentation, alternative proteins, and AI-assisted 

bioprocess optimization within a single framework.  

 The review summarizes recent advances in food biotechnology and discusses 

current challenges, future trends, and opportunities for improving the sustainability 

and resilience of agrifood systems. 

What this article adds: 

1. Introduction 

Biotechnology has become a central driver of innovation 

in modern food systems, enabling the development of 

sustainable production strategies, value-added food 

ingredients and advanced approaches for food quality and 

safety management. Recent advances in recombinant DNA 

technology, metabolic engineering, synthetic biology, 

genome editing and precision fermentation have expanded 

the capacity to produce proteins, enzymes, functional 

metabolites and bio-based additives at industrial scale. 

These technologies are increasingly used to address major 

challenges facing the food sector, including resource 

limitations, environmental sustainability, supply chain 

resilience and the increasing demand for nutritious foods. 

The integration of molecular biotechnology with food 

production systems has accelerated the development of 

improved crop varieties, engineered microbial cell factories 

and novel protein platforms. Therefore, biotechnology is no 

longer limited to enhancing productivity but is increasingly 

shaping the transition toward more sustainable, efficient and 

circular food systems. 

One of the major outcomes of modern biotechnology is 

the development of genetically modified organisms (GMO), 

whose genetic composition has been altered through genetic 

engineering. Recombinant DNA technology involves the 

integration of genetic material from various sources into a 

single DNA molecule, generating novel genetic 

combinations and enabling the production of transgenic 

organisms [1]. In response to increasing food security 

challenges, agri-food innovation has increasingly shifted 

toward value-added production and the integration of 

upstream production with downstream processing, aiming 

to improve nutritional quality, functionality and 

sustainability. The use of transgenic technology is majorly 

concentrated on a few major crops such as soybean, maize, 

cotton and canola. These crops, including characteristics 

such as herbicide and disease resistances, are majorly 

cultivated in temperate regions and limited to a few 

commercial products. Their genetic modifications enable 

gradual and targeted improvement of existing characters [2]. 

Proteins are essential food constituents due to their 

nutritional and techno-functional attributes. Increasing 

demand for sustainable protein production has accelerated 

the development of alternative protein sources, including 

plant-derived proteins and biotechnology-based production 

platforms [3]. Proteins are within the most valuable food 

components owing to their nutritional and functional 

attributes. Therefore, significant research efforts have 

focused on biotechnology-driven protein production 

systems, including recombinant protein expression, 

microbial cell factories and precision fermentation 

technologies [4,5]. These developments are particularly 

important for increasing global food demand, climate 

change and resource constraints, which increasingly 

challenge the sustainability of conventional food production 

systems [6,7]. 

Based on the State of Food Security and Nutrition in the 

World (SOFI) 2024 report, approximately 733 million 

people suffered from chronic hunger in 2023, representing 

an increase of nearly 152 million, compared to 2019. With 

the global population projected to reach 9.7 billion by 2050, 

food production systems face increasing pressure from 

limited arable land, water scarcity and climate change. 

Relatively, modern biotechnology has emerged as a 

promising approach to improve food security, enhance 

agricultural productivity and strengthen the resilience and 

sustainability of agri-food systems [8–10]. 

Based on projections, the global population will reach 

approximately 8.1 billion by 2030, increasing by more than 

75 million people annually. Most population growth occurs 

in developing countries, which already face significant 

economic and environmental pressures. If per capita 

consumption is still unchanged, grain production must 

increase from 1.92 billion tons in 1990 to nearly 2.88 billion 

tons by 2030 to meet global demands [11, 12] 

Microorganisms constitute an important component of 

modern food biotechnology, contributing to food 

fermentation, preservation and biocontrol strategies. Lactic 

acid bacteria (LAB), in particular, have demonstrated 

significant potential for improving food safety and quality 

through the inhibition of spoilage and pathogenic 

microorganisms [13–17]. They function as biological agents 

for pest control, fertilizers and growth stimulants in 
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agriculture. Therefore, integration of microbial 

biotechnology and protein science not only enhances the 

development of novel therapeutic and diagnostic tools but 

also supports food security by providing sustainable and 

cost-effective protein sources for global change. 

2. Uses of Biotechnology in Food 

Production 

2.1. Microbial Uses 

Microorganisms and their biological products are 

addressed as key tools for the development of sustainable 

food systems [18]. These uses include production of 

enzymes, proteins, colorants, additives, probiotics, 

prebiotics and postbiotics [19]. Many of these products can 

be derived from agricultural waste and food byproducts, 

creating added value and aligns with the principles of the 

circular economy [20]. Traditional and advanced 

fermentation processes enable the production of fermented 

foods and beverages with health-promoting characteristics. 

The use of bioreactors with precise control of 

physicochemical conditions ensures high yield and a low 

carbon footprint [21]. This method is addressed as an 

important component of the human diet for ensuring health 

[22, 23]. Furthermore, the ability to genetically modify and 

precisely synthesize microbial products provides the 

possibility of producing customized food ingredients and 

additives with high quality, independent of agricultural land 

and specific climatic conditions [24, 25]. These 

characteristics make microorganisms and their products a 

sustainable scalable option for enhancing the resilience, 

safety and performance of modern food systems. 

2.1.1. Fermentation 

Fermentation is one of the oldest food technologies, 

dating back to approximately 7000 BCE. Since the dawn of 

civilization, it has been used to process raw materials such 

as milk, meat and vegetables to produce foods with longer 

shelf life and desirable flavors [26, 27]. This chemical 

process, driven by microbial metabolism and enzymes, 

alters organic matter [28]. In modern industrial 

biotechnology, fermentation has wide uses. With the help of 

omics sciences, molecular cloning, synthetic biology and 

enzyme engineering, it enables the optimization of 

metabolic pathways, increased product yields and 

industrial-scale production of food ingredients. Recent 

advances in omics technologies such as metagenomics, 

metabolomics and transcriptomics have significantly 

improved the common understanding of the genetic, 

functional and metabolic characteristics of microbial 

communities in fermentation [29-30]. Nowadays, 

engineered microbes are used in precision fermentation (PF) 

for the production of high-value food additives and 

components [31]. 

2.1.2. Natural Fermentation 

Natural fermentation is a spontaneous biochemical 

process; in which, microorganisms naturally present in the 

environment—such as bacteria and fungi—convert organic 

materials, particularly carbohydrates. In this method, pure 

cultures or engineered strains are not used. It has 

traditionally been used for the production of various 

fermented foods. Although this method is cultural and often 

safe, the lack of standardization means its commercial use 

or export carries risks unless HACCP systems are 

implemented. Unlike controlled fermentation, natural 

fermentation relies on the spontaneous activity of the 

microbiota present in the environment or raw material. 

Therefore, it is further susceptible to microbial variability 

and contamination. Traditional foods such as kimchi, 

tempeh and sourdough bread are generally safe. Under 

unfavorable conditions, these foods may contain 

undesirable microorganisms or harmful compounds such as 

biogenic amines and mycotoxins [32–34]. 

Natural fermentation is divided into two major 

categories: wild fermentation (WF) and traditional 

fermentation (TF). The WF is based on the native microbes 

of the raw material or the surrounding environment and is 

used in the production of cheese, yogurt, bread, wine and 

fermented beverages [32, 35, 36]. Compared to acidified 

milk, yogurt consumption produces stronger biological 

effects, especially on blood gene expression, as shown in 

recent studies [37]. This method is an important source of 

bioactive compounds such as antioxidants, bioactive 

peptides, short-chain fatty acids, amino acids, vitamins and 

minerals [38]. The TF is a type of natural fermentation; 

however, it needs the addition of starter cultures, which can 

be natural (using the back-slopping method) or commercial 

[39]. 

2.1.3. Precision Fermentation for Alternative Protein 

Precision fermentation enables the production of 

recombinant dairy proteins (casein and whey), egg white 

alternatives and other functional ingredients using 

engineered microorganisms such as yeast and fungi [40]. 

This technology offers opportunities for sustainable protein 

production independent of animal agriculture. Challenges 

include scalability, downstream processing costs and 

regulatory approval for novel proteins [41,42]. 

2.2. Food Additives and Ingredients 

Based on the Codex Alimentarius (CA) definition, food 

additives are substances that are not normally consumed as 

food by themselves and are intentionally added to food for 

technological purposes, including sensory characteristics. 

This definition does not include contaminants, nutrients and 

table salt [37]. Innovation in food additives not only 

involves replacing chemical compounds with natural ones 

but also uses microbial and biotechnological processes that 
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enable the production of sustainable and health-oriented 

alternatives. Over time, chemical additives have been most 

widely used due to their scalability and lower cost. 

However, microbial additives are increasingly emerging as 

a sustainable healthier alternative. Nevertheless, there is a 

need of stricter regulations to prevent risks arising from the 

inappropriate use of certain microorganisms [39]. 

2.2.1. Classification and Safety of Microbial Food 

Additives 

Microbial biological products used as food additives 

include enzymes, organic acids, stabilizers, colorants, 

sweeteners, flavorings and other bioactive and nutritional 

substances. These provide numerous opportunities for 

developing novel, further sustainable and environmentally 

friendly food additives. However, when using these 

microbial additives in foods and beverages, the safety 

guidelines of regulatory organizations must fully be 

addressed due to the potential presence of allergens. This is 

particularly important because some of these—especially 

proteins and enzymes—may cause sensitivity and allergic 

reactions [39– 41]. In addition, studies have shown that 

certain food additives such as sodium benzoate and nisin 

may affect gene expression in human cells, indicating that 

their effects extend in addition to technological functions to 

biological responses [42, 43]. 

2.2.2. Microbial Enzymes 

More than 3,000 types of microbial enzymes have been 

identified. Due to their high catalytic efficiency, substrate 

specificity and compatibility with environmentally 

sustainable processes, they have the ability to replace 

expensive chemical methods and decrease the production of 

hazardous waste [42–44]. These enzymes act optimally 

under mild physicochemical conditions such as pH and 

temperature; thereby, contributing to sustainable food 

production. Important examples include L-asparaginase, 

which decreases acrylamide formation in thermally 

processed foods and various industrial enzymes including 

phytases, lipases, lactases, pectinases and laccases used as 

processing aids in the bakery, dairy and brewery industries. 

2.2.3. Microbial Organic Acids 

Microbial organic acids, including acetic, lactic, 

propionic, succinic and citric acids, play a significant role in 

food preservation, flavor enhancement and technological 

performance. Their production from microorganisms is 

more cost-effective and environmentally friendly compared 

to chemical methods [45]. These organic acids are produced 

by probiotic bacteria such as Lactobacillus and 

Bifidobacterium species and function as effective 

antimicrobial agents against foodborne pathogens including 

Salmonella spp., Escherichia coli and Listeria 

monocytogenes. With advances in biotechnology-associated 

technologies, including molecular tools and bioreactors, the 

use of these microbial acids in the food industry is 

increasing, facilitating the sustainable and efficient 

production of additives. 

2.3. Bacterial Contaminants in Food 

Microbial contamination of food is one of the most 

important public health concerns and is responsible for a 

large proportion of foodborne diseases. More than 250 

foodborne disease-causing agents have been identified and 

studies indicate an increasing prevalence of these illnesses 

[46]. Foodborne diseases are typically manifested by 

symptoms such as abdominal pain, diarrhea, vomiting, 

chills, anxiety and respiratory problems. These effects may 

result either from direct bacterial infection, such as 

Clostridium perfringens or from bacterial toxins, such as 

botulinum toxin. Foods such as poultry, processed meats, 

seafood, dairy products, fruits and vegetables are more 

frequently exposed to contamination. Foodborne diseases 

are generally classified into two categories: food infections 

and food poisoning [47, 48]. 

Based on WHO reports, food and water contamination 

causes approximately two billion cases of diarrheal disease 

annually, leading to significant mortality, with 30% of 

deaths occurring in children under five years of age. In the 

USA, foodborne diseases affect nearly 48 million people 

annually, resulting in approximately 128,000 

hospitalizations and 3,000 deaths per year [49]. Bacteria are 

the primary cause of foodborne diseases and important 

species such as Listeria monocytogenes, Salmonella spp., E. 

coli, Staphylococcus aureus, Clostridium spp. and 

Campylobacter spp. are responsible for these public health 

risks [48, 49]. The L. monocytogenes is a Gram-positive 

bacterium that causes listeriosis, a severe disease 

characterized by sepsis, meningitis and maternal–fetal 

complications. It primarily affects immunocompromised 

individuals, the elderly and pregnant women, with a 

mortality rate of 20–30% [50, 51]. 

Salmonella enterica, a Gram-negative flagellated 

bacillus, is responsible for approximately 26% of bacterial 

foodborne infections in the USA and is transmitted through 

the consumption of contaminated food or water. 

Escherichia coli represents a diverse group of Gram-

negative bacteria, some strains of which, such as Shiga 

toxin-producing Escherichia coli (STEC), cause severe 

disease. These strains are transmitted through the 

consumption of raw or undercooked meat, unpasteurized 

milk and contaminated fresh vegetables and can lead to 

complications such as hemolytic uremic syndrome [52, 53]. 

Preventive strategies include proper cooking, hygiene 

practices and minimizing cross-contamination during food 

preparation. Early and accurate detection of bacterial 

contamination in food is critical for ensuring food safety and 

preventing disease outbreaks. Methods for detecting 
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foodborne pathogens include conventional culture 

techniques, immunological assays, molecular methods and 

emerging technologies such as biosensors. The choice of 

method depends on the target molecule and the needed 

sensitivity and specificity. 

3. Plant Genetic Engineering 

3.1. Biotechnology Capacities in Crop Improvement 

In many developing regions, particularly in Africa, 

agricultural productivity growth has been relatively slow. 

Since 1970, cereal yield increases in Africa have been 

approximately half those addressed in Latin America. 

Traditional plant, animal and aquaculture breeding methods 

have primarily focused on increasing productivity, 

improving resistance to diseases and pests and enhancing 

nutritional and processing quality. Significant advances in 

cell genetics and molecular biology during the 1960s played 

a key role in the Green Revolution, which, through the 

introduction of high-yielding and disease-resistant varieties, 

dramatically transformed food production in both developed 

and developing countries [54]. 

3.2. The Genomic Revolution 

Whole-genome sequencing projects of several important 

plant species, including maize (Zea mays), sorghum 

(Sorghum bicolor), alfalfa (Medicago sativa) and banana 

(Musa spp.), are currently underway. Comprehensive 

genome sequencing provides key insights into gene and 

genome organization and function and has the potential to 

transform our understanding of crop production while 

enabling the manipulation of characters associated with 

yield improvement [54, 55]. 

In addition, advances in microarray technology enable 

the simultaneous analysis of the expression of a large 

number of genes; thereby, elucidating gene functions and 

complex interactions within them under various 

environmental conditions. These studies are complemented 

by more precise approaches, including gene silencing, 

cosuppression or antisense inhibition of specific genes, as 

well as DNA marker-assisted selection. Recombinant DNA 

technology not only enables gene sequencing and functional 

characterization but facilitates the identification of 

chromosomal regions associated with economically 

important characters [55]. 

3.3. Resistance to Insects, Diseases and Herbicides 

Most insect-resistant transgenic plants have been 

developed using δ-endotoxin genes from Bacillus 

thuringiensis (Bt), although current research is investigating 

non-Bt genes that disrupt insect feeding. These include 

genes encoding protease inhibitors, chitinases, plant 

secondary metabolites and lectins. Insect-resistance genes 

have been introduced into a wide range of crops, including 

maize, cotton, potato, tobacco, rice, broccoli, lettuce, 

walnut, apple, clover and soybean. Cry toxins produced by 

Bt have been effective in controlling major pests such as 

cotton bollworm, corn earworm, European corn borer and 

rice stem borer. Moreover, successful expression of Bt 

genes has been reported in other crops such as tomato, 

eggplant, peanut, pea and potato [56]. 

The introduction of insect-resistant crops resulted in a 

decrease of approximately 1 million kilograms of pesticide 

use in the USA in 1999 compared to 1998. Transgenic 

papaya resistant to papaya ringspot virus has been 

successfully cultivated in Hawaii since 1996. Similarly, 

transgenic rice resistant to rice yellow mottle virus (RYMV) 

has enabled effective control of this difficult pathogen and 

decreased the risk of complete crop failure. Globally, 

herbicide-resistant soybean, insect-resistant maize and 

genetically modified cotton together account for 85% of the 

total area planted with transgenic crops [57]. 

3.4. Plant Tolerance to Abiotic Stress 

The development of crop plants with inherent resistance 

to abiotic stresses can help stabilize agricultural production 

and enhance food security in developing countries. In 

transgenic plants, the expression of bacterial enzymes 

trehalose-phosphate synthase and trehalose-phosphate 

phosphatase, which are responsible for trehalose 

biosynthesis, has resulted in increased leaf size, altered stem 

growth and improved stress tolerance. Furthermore, 

increased expression of glutamate dehydrogenases (GDH), 

particularly the α and β subunits from Chlorella 

sorokiniana, enhances plant growth under stress conditions 

[58]. 

Rice plants engineered with the barley LEA (late 

embryogenesis abundant) gene have shown improved stress 

resistance, highlighting the potential of genetic 

interventions. Other strategies include engineering plants to 

increase citric acid production in roots for aluminum 

toxicity tolerance in acidic soils and introducing plant 

farnesyltransferase genes to enhance salt tolerance via 

activation of functional calcineurin pathways. Inhibition of 

these enzymes in plants has been associated with improved 

drought resistance, delayed senescence and altered growth 

patterns. The salt tolerance gene from the mangrove species 

Avicennia marina has successfully been cloned and has 

potential uses in crop plants. Additionally, the gutD gene 

from E. coli has been used to enhance salinity tolerance in 

plants [57]. 

3.5. Commercial Production of Transgenic Agricultural 

Crops 

Between 1996 and 2004, herbicide tolerance was the 

most widely introduced trait in commercial transgenic 

crops, followed by insect resistance. In 2004, herbicide-

tolerant soybean and cotton accounted for 72% of the global 

transgenic crop area, corresponding to 58.5 million hectares. 
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The Bt insect-resistant crops accounted for 15.7 million 

hectares (20%), while stacked trait crops (cotton or maize 

containing both herbicide tolerance and insect resistance) 

represented 8% of the global area, equivalent to 6.8 million 

hectares. 

1. Foods produced through modern biotechnology can be 

classified into four categories: 

2. Foods that contain or consist of living/active organisms 

(e.g., maize). 

3. Raw materials derived from transgenic crops (e.g., flour, 

proteins and soybean oil). 

4. Substances or additives produced by genetically 

modified microorganisms (GMM) such as pigments, 

vitamins and essential amino acids. 

5. Raw materials processed using enzymes produced by 

GMMs (e.g., high-fructose corn syrup produced from 

starch using glucose isomerase) [58]. 

4. Further Trends in Transgenic 

Products 

4.1. Quality Traits 

Quality traits refer to the characteristics of final 

agricultural products, including their appearance and 

chemical composition as well as the increased concentration 

of essential macro and micronutrients needed for human 

nutrition. Incorporating such traits into staple food crops can 

particularly be beneficial for low-income populations that 

lack access to further nutritious and higher-value foods. For 

example, researchers have successfully developed 

transgenic rice varieties with significantly enhanced vitamin 

A content, which are used in rice breeding programs. 

Promising advances in biotechnology research have been 

reported for improving the concentration of other essential 

vitamins and minerals [55]. 

4.2. Agronomic Traits 

The first generation of transgenic crops was primarily 

introduced to improve agronomic characteristics. Research 

and innovation in this field continue, with a focus on 

simultaneously enhancing agronomic performance and 

nutritional quality of crops [55]. Agronomic traits or “input 

traits,” involve genetic modifications that stabilize or 

increase crop productivity under field conditions. From the 

most prominent traits are resistance to pests and diseases, 

which are often encoded by single genes (monogenic traits) 

[8]. Pest- and disease-resistant transgenic crops have widely 

been commercialized. This is particularly important because 

biotic stresses such as pests, pathogens and viruses account 

for approximately 25–30% of global crop losses. Enhanced 

viral resistance plays a key role in improving agricultural 

productivity and biotechnological interventions can 

significantly decrease these losses while decreasing the need 

of chemical pesticides [58]. 

In addition to first-generation transgenic crops, new 

technologies include genome editing (CRISPR/Cas) for 

precise trait modification without foreign DNA integration, 

RNA interference (RNAi) for gene silencing (e.g., non-

browning apples and virus-resistant papaya), gene stacking 

for combining multiple traits (e.g., insect, herbicide and 

drought tolerances) and development of climate-resilient 

crops with enhanced heat, drought and/or salinity tolerance. 

Other valuable agronomic traits include increased yield 

potential and tolerance mechanisms to abiotic stresses such 

as drought, cold and nutrient deficiency. These traits are 

typically polygenic and recent advances in molecular 

mapping and functional genomics suggest that their 

development becomes significantly further possible in the 

near to medium term [59]. 

4.3. Changes in Nutritional Value and Product 

Composition 

Diverse quality traits can be targeted to improve the 

nutritional value of agricultural products, including 

carbohydrates, proteins, oils, vitamins, iron and amino 

acids. The selection of these traits is generally affected by 

the needs of consumers, agricultural producers and 

associated industries. Current research in this field has 

shifted from simple agronomic traits such as herbicide and 

pest resistance to further complex traits that provide direct 

nutritional benefits to consumers, including improved grain 

composition. For example, transgenic rice capable of 

producing beta-carotene to address vitamin A deficiency has 

been developed [8]. 

Rice, as a staple food, is naturally deficient in essential 

vitamins and minerals such as iron [60]. Through genetic 

modification, rice varieties with increased levels of vitamin 

A (as beta-carotene), iron and improved protein content 

have been developed. Similar nutritional enhancements 

have been used to other staple crops such as cassava, banana 

and potato. Biofortified rice, known as golden rice, offers 

significant dietary benefits, particularly due to its high beta-

carotene content as a precursor of vitamin A. Vitamin A 

plays a critical role in supporting immune function, 

preventing visual disorders and blindness and promoting 

healthy growth and development. The development of such 

biofortified crops can significantly decrease child mortality 

and ease pressure on healthcare systems in low-income 

countries. Various strategies available to address vitamin A 

deficiency, including food fortification and vitamin 

supplementation and development of vitamin A-enriched 

rice have widely been discussed in expert communities and 

international organizations such as FAO [11, 61]. 

4.4. Sugar and Starch Metabolism 

Sucrose phosphate synthase (SPS) plays a key role in 

regulating sucrose metabolism in plants. Transgenic plants 

expressing maize SPS under the control of the small subunit 
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promoter of tobacco Rubisco have shown a higher sucrose-

to-starch ratio in leaves and decreased leaf carbohydrate 

accumulation under increased CO₂ conditions. Changes in 

metabolite activity in the TCA cycle such as decreased 

levels of NAD-malic enzyme contribute to increased starch 

accumulation. Other metabolic engineering strategies 

include the introduction of inorganic pyrophosphatase from 

E. coli to affect sugar levels and the modification of 

hexokinases, which act in sugar sensing. Alterations in 

sucrose-binding proteins and a class of proteins known as 

“cupins,” which are involved in sugar unloading during seed 

development in legumes, have been investigated. These 

approaches offer promising opportunities to modify the 

chemical composition of food grains and adapt them to 

specific nutritional needs [62]. 

4.5. Modification of Fatty Acid Composition 

Advances in genetic engineering have enabled the 

modification of fatty acid composition in agricultural crops 

to improve nutritional value and processing quality. For 

example, increasing the level of monounsaturated fatty 

acids such as oleic acid while decreasing polyunsaturated 

fatty acids such as linoleic acid allows oil processing 

without hydrogenation; thereby, preventing the formation of 

harmful trans fatty acids. Genetic modifications have been 

used to alter starch composition in crops, particularly the 

amylose-to-amylopectin ratio. Decreasing certain 

oligosaccharides such as raffinose and stachyose improves 

digestibility and decreases gastrointestinal discomfort such 

as bloating. Changes in starch and lipid profiles are 

important for developing healthier food products. For 

example, increasing starch content in potatoes decreases oil 

absorption during frying, resulting in lower-fat products. 

The fatty acid profiles of soybean and rapeseed have been 

modified to produce oils with decreased saturated fat 

content. Current research focuses on transgenic soybean, 

rapeseed and palm oil. In the USA, two transgenic crops 

with modified lipid profiles have been approved for 

cultivation and use in food and animal feed, including high-

oleic soybean and high-lauric rapeseed [63]. 

4.6. Increase in Antioxidant Content 

Transgenic biotechnology can enhance levels of 

beneficial phytochemicals in food crops while decreasing 

anti-nutritional compounds. For example, the contents of 

lycopene and lutein in tomato and isoflavones in soybean 

have increased through genetic modification [8]. Table 1 

summarizes recent research on transgenic products, 

including quality traits, agronomic traits, nutritional 

composition, sugar and starch metabolisms, fatty acid 

modification and antioxidant enhancement. 

 

 

 

 

 

Table 1: Reports on transgenic products, including quality traits, agronomic traits, nutritional composition, sugar and starch 

metabolisms, fatty acid modification and antioxidant enhancement. 
 

Section Key Focus Specific Examples / Mechanisms Outcomes / Benefits References 

Quality 

Traits 

Appearance, chemical composition, 

macro-/micronutrients 

Transgenic rice with enhanced 

vitamin A (beta-carotene) 

Benefits low-income 

populations; supports 

breeding programs 

[55], [8], [9], 

[61] 

Agronomic 

Traits 

Pest/disease resistance, abiotic stress 

tolerance, yield 

CRISPR/Cas, RNAi (e.g., non-

browning apples, virus-resistant 

papaya), gene stacking 

Reduces 25–30% global 

crop losses; decreases 

chemical pesticide use; 

climate resilience 

[55], [8], [58], 

[59] 

Nutritional 

Value & 

Composition 

Carbohydrates, proteins, oils, 

vitamins, iron, amino acids 

Golden Rice (beta-carotene), iron-

enriched rice, biofortified 

cassava/banana/potato 

Addresses vitamin A 

deficiency; supports 

immunity, vision, growth; 

reduces child mortality 

[8], [60], [9], 

[61] 

Sugar & 

Starch 

Metabolism 

Sucrose phosphate synthase (SPS), 

TCA cycle, hexokinases, cupins 

Maize SPS in tobacco, E. coli 

pyrophosphatase, modification of 

sugar-sensing proteins 

Higher sucrose/starch 

ratio; altered grain 

composition for nutritional 

needs 

[62] 

Fatty Acid 

Modification 

Oleic acid increase, linoleic acid 

reduction, amylose/amylopectin 

ratio 

High-oleic soybean, high-lauric 

rapeseed, reduced 

raffinose/stachyose 

No hydrogenation → no 

trans fats; improved 

digestibility; lower-fat 

fried products 

[63] 

Antioxidant 

Content 

Phytochemical enhancement, 

reduction of anti-nutritional 

compounds 

Increased lycopene/lutein in 

tomato, increased isoflavones in 

soybean 

Improved health benefits 

from enhanced 

antioxidants 

[8] 
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5. Further Trends in Transgenic 

Products 

5.1. Genetic Engineering in the Production of Animal 

Proteins 
Transgenic animals contain a specific recombinant DNA 

sequence that is transmitted to subsequent generations and 

is capable of expressing specific proteins. Due to the 

uniformity of nucleotides across all living organisms, these 

genes can function appropriately in various species, whether 

animal, plant or microbial species. Proteins produced in 

transgenic animals include therapeutic proteins for human 

diseases, disease-resistant proteins for animals and proteins 

that improve the quality of animal products such as milk, 

eggs and meat [64, 65]. 

Genetic engineering goes beyond the limitations of 

conventional selective breeding and enables the production 

of novel high-value proteins. Many therapeutic human 

proteins need post-translational modifications that can only 

be carried out in animal cells. Currently, the production of 

these proteins is majorly carried out in bioreactors, which 

are limited in capacity and associated with high costs. 

Transgenic animals provide a further economical efficient 

alternative by expressing recombinant proteins in body 

fluids, plasma or eggs, enabling high-yield production of 

biologically active proteins. A prominent example of this 

technology is ATryn (antithrombin III), produced from 

genetically engineered goats, which was approved in 2006 

for the treatment of hereditary antithrombin deficiency [66]. 

Transgenic animals in agriculture have been developed 

to improve productivity, disease resistance and decrease 

environmental impacts; however, greater economic support 

and progress have been addressed in medical and 

therapeutic biotechnology uses. The commercialization of 

agricultural biotechnology faces challenges such as high 

costs, lengthy regulatory approval processes and limited 

consumer acceptance. Investors are still cautious due to 

ethical concerns, safety issues and lower public acceptance 

of genetically modified animals for food production [67]. 

In the USA, Food and Drug Administration (FDA) 

regulates transgenic animals under the “new animal drug” 

framework. This regulation primarily focuses on animal 

safety, the functional efficacy of the introduced gene and the 

safety of derived food products. However, the FDA has not 

issued formal guidelines on the genetic information needed 

for assessment, leaving the commercialization of transgenic 

food animals unclear and limited [68]. Growth hormone 

genes have been modified in fish species such as tilapia to 

increase production efficiency and improve access to fish 

protein in local diets. Currently, no transgenic food animal 

has been approved for sale in the USA; however, fast-

increasing fish species represent the closest candidates for 

commercialization, with several species under regulatory 

review in at least three countries [69]. 

Transgenic Atlantic salmon, modified with a growth 

hormone gene from Chinook salmon, grows up to five times 

faster, decreasing production time while maintaining a size 

similar to conventional salmon. Genetic engineering has 

been used to enhance growth rates in at least eight other fish 

species, including carps, trout, tilapias and catfishes. Based 

on the increasing global demand for fish, this technology 

can play a significant role in supplying dietary protein in 

both developed and developing countries [70]. Researchers 

develop improved feed formulations and growth-enhancing 

genes in livestock to improve phosphorus absorption, 

decrease phosphorus excretion and enhance meat and milk 

qualities. Although these products are not commercialized, 

promising uses are under investigation [71]. 

6. Emerging Biotechnology Platforms in 

Food Production 

6.1. CRISPR/Cas and Advanced Gene Editing 

Emerging biotechnology platforms are profoundly 

reshaping contemporary food production by providing 

innovative solutions to pressing challenges associated to 

food security, environmental sustainability, nutritional 

enhancement and resilience to climate change. From these 

technologies, CRISPR/Cas-based genome editing has 

emerged as a highly precise and efficient approach for 

targeted modification of plant and microbial genomes [72]. 

This technology enables the development of crop varieties 

with improved resistance to pests, pathogens, drought and 

salinity, while decreasing the likelihood of unintended 

genetic alterations. In comparison with conventional genetic 

engineering, CRISPR offers greater specificity, operational 

efficiency and cost-effectiveness; thereby, making it 

particularly valuable for agricultural uses. Moreover, recent 

advances in multiplex genome editing and base editing have 

expanded its potential to improve crop yield, nutritional 

composition and post-harvest quality traits. In parallel, 

synthetic biology is transforming food systems through the 

rational design and engineering of biological components, 

genetic circuits and metabolic pathways. This field has 

facilitated the production of high-value food ingredients, 

enzymes, flavor compounds and alternative proteins using 

engineered microorganisms [73]. Similarly, cellular 

agriculture has enabled the cultivation of meat, dairy and 

seafood products directly from animal cells under controlled 

conditions; thereby, decreasing reliance on conventional 

livestock production and its associated environmental 

burdens. 

6.2. Single-cell Protein (SCP) 

Single-cell protein (SCP) refers to protein-rich edible 

biomass derived from microorganisms, including bacteria, 
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yeasts, fungi and microalgae. Microbial species (e.g. 

Methylococcus capsulatus, Saccharomyces cerevisiae, 

Candida utilis, Fusarium venenatum and Spirulina) have 

widely been investigated as SCP sources due to their high 

protein content and favorable nutritional profile. The SCP is 

addressed as a promising alternative protein source because 

it can be produced rapidly and needs substantially less land 

and water than conventional livestock-based protein 

systems [74]. In addition, the use of low-value substrates 

and agro-industrial byproducts—such as using date wastes 

for the production of high-protein mycoprotein—supports 

circular bioeconomy principles and may improve the 

sustainability and economic feasibility of food and feed uses 

[75–76]. 

6.2.2. Microbial Production of Single-cell Protein (SCP) 

and Single-cell Oils (SCO) 

Microorganisms, including oleaginous yeasts, molds and 

microalgae, serve as robust platforms for the microbial 

production of alternative proteins and functional lipids. In 

addition to single-cell protein (SCP), these microbial 

systems are highly efficient in synthesizing single-cell oils 

(SCO) and essential fatty acids. Using agro-industrial 

wastes, sub-quality food byproducts or cheap carbon 

sources as substrates, oleaginous microorganisms can 

accumulate high concentrations of lipids within their cells. 

This microbial approach presents a sustainable and scalable 

alternative to traditional animal and plant-derived fats, 

significantly decreasing land and water usage while 

contributing to a circular bioeconomy [77,78]. 

6.3. Artificial Intelligence (AI) in Food Biotechnology 

Artificial intelligence (AI) is increasingly being 

integrated into food biotechnology as a complementary 

platform that enhances the efficiency, precision and 

scalability of biological innovation. Machine learning 

algorithms can analyze large-scale genomic, transcriptomic, 

metabolomic and phenotypic datasets to identify candidate 

genes, optimize metabolic engineering strategies and 

accelerate strain development for food-associated uses. For 

cellular agriculture, AI-based models contribute to the 

optimization of cell culture parameters, bioreactor 

performance and production costs; thereby, improving the 

commercial feasibility of cultivated food products [75]. 

Furthermore, AI supports predictive modeling for food 

quality assessment, safety assessment and supply chain 

management, enabling more informed and data-driven 

decision-making across the food production continuum 

[79]. Collectively, genome editing, synthetic biology, 

cellular agriculture and AI are converging to form an 

integrated technological framework with the potential to 

redefine further food systems toward greater sustainability, 

resource efficiency and resilience in response to population 

growth and environmental pressures. 

7. Ethical Implications of Biotechnology 

Research involving transgenic animals is subject to 

ethical regulations governing the use of animals in scientific 

studies. Institutions receiving federal funding must comply 

with the Animal Welfare Act of 1966 and establish an 

Institutional Animal Care and Use Committee (IACUC) to 

ensure ethical oversight of research activities. This 

committee reviews protocols involving a wide range of 

animals, including pets, rodents, primates and farm animals 

used in non-agricultural scientific and educational projects 

[80]. 

Additionally, the Animal Welfare Act needs institutions 

to implement veterinary care programs, ensure that 

personnel responsible for animal handling are appropriately 

trained and qualified and establish systems for reporting 

animal welfare concerns. The law is enforced by the United 

States Department of Agriculture (USDA), including 

unannounced inspections by veterinary officers. Globally, 

the Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC) assesses and accredits 

institutions that adhere to ethical and responsible animal 

care standards [81]. 

7.1. Genetic Engineering of Animals 

Several methods have been used to produce transgenic 

livestock, each with various efficiency. Over the past two 

decades, microinjection of foreign DNA into fertilized 

embryos has been the most common method. However, this 

approach is relatively inefficient, with only 3–5% of animals 

successfully incorporating the foreign gene. Moreover, 

random integration of DNA into the genome leads to 

variability in gene expression and may negatively affect 

animal health such as growth abnormalities addressed in 

animals carrying growth hormone genes. Techniques such 

as intracytoplasmic sperm injection (ICSI) have been 

investigated to improve DNA delivery; however, success 

rates are still limited [82]. 

7.2. Ethical Dimensions of Genetic Engineering in 

Animals 

Public opinion research indicates that genetic 

modification of animals raises significant ethical concerns. 

Two primary issues include the violation of species 

boundaries and the transformation of life into a manipulable 

tool for economic benefit, as well as disruption of the 

animal’s “telos,” meaning its natural set of needs and 

behaviors shaped by the interaction of genetics and 

environment. However, some argue that similar changes 

occur through conventional breeding methods [67]. In the 

USA, there is no unified framework for addressing ethical 

concerns. Although a 2005 survey found that 63% of 

respondents supported the inclusion of ethical 

considerations in government decisions regarding cloning 
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and genetic engineering, the FDA continues to prioritize a 

science-based and risk-assessment approach, placing less 

emphasis on ethical issues [83]. 

7.3. International Perspectives on Ethical Frameworks 

In addition to the US regulatory system, other 

international bodies have established distinct ethical and 

regulatory approaches to genetically modified (GM) food 

products. The European Food Safety Authority (EFSA) 

applies the precautionary principle, which needs more 

rigorous pre-market authorization, mandatory labeling and 

traceability of GM products. This approach places greater 

emphasis on consumer choice, environmental ethics and the 

right to know, reflecting a different ethical balance 

compared to the US risk-assessment model [84]. 

The Codex Alimentarius Commission (CAC), 

established by the Food and Agriculture Organization 

(FAO) and the World Health Organization (WHO), 

provides internationally harmonized guidelines through the 

"Principles for the Risk Analysis of Foods Derived from 

Modern Biotechnology" (CAC/GL 44-2003). This 

framework explicitly recognizes that individual consumers 

may ethically or morally wish to avoid foods derived from 

modern biotechnology. Therefore, Codex allows various 

countries to adopt various labeling approaches based on 

their national policies and consumer needs, while 

maintaining internationally addressed food safety standards 

[85]. Therefore, a comprehensive ethical discussion of 

animal biotechnology must integrate not only the US 

science-based framework but the precautionary approach of 

the European Union (EU) and the consumer-rights-oriented 

guidelines of the CA. 

8. Challenges and Perspectives 

Food biotechnology, particularly based on 

microorganisms and advanced fermentation processes, 

includes significant potential for achieving sustainable food 

production and decreasing dependence on animal-based 

resources. However, scaling up from laboratory to industrial 

production is still one of the major challenges in this field. 

Issues such as fermentation scalability, high capital and 

operational costs, process control complexity and variability 

in substrate composition (especially agricultural wastes) can 

affect production efficiency and sustainability. In addition, 

regulatory barriers, safety standards, consumer acceptance 

and ethical concerns further limit large-scale deployment. 

From a scientific perspective, progress in this field needs 

an integrated, multidisciplinary approach. The use of 

advanced tools such as synthetic biology, omics 

technologies and metabolic engineering can improve 

microbial strains, increase production yields and enhance 

process stability. Furthermore, optimization of fermentation 

parameters, development of flexible processes and use of 

biowastes as substrates are key strategies for cost decrease 

and transition toward a circular bioeconomy. Realizing the 

full potential of biotechnology in the food industry needs 

effective collaboration within researchers, industry 

stakeholders and regulatory authorities with transparent 

regulatory frameworks and improved public awareness. 

Such an approach can enable the production of safer, further 

nutritious and further sustainable foods, playing a vital role 

in ensuring food security and environmental protection. 

9. Conclusion 

Modern biotechnology, including genetic engineering, 

gene editing and use of modified microorganisms, has 

played a transformative role in food industry. These 

technologies have not only increased agricultural 

productivity and improved crop quality—exemplified by 

higher-yielding and further stress-resistant transgenic 

crops—but have widely been used in food processing. Key 

uses include the production of microbial enzymes, 

optimization of fermentation processes, extension of 

product shelf life and enhancement of nutritional value. In 

addition, biotechnology has enabled development of 

functional foods, contributed to the decrease of food waste 

and improved supply chain efficiency. These advances 

collectively support food security and promote consumer 

health. Moreover, biotechnological innovations in medicine 

and environmental protection highlight the 

multidisciplinary and integrative nature of this field in 

enhancing overall human quality of life. However, the 

effective and responsible use of biotechnology in food 

industry needs careful consideration of several critical 

factors, including safety assessments, social and ethical 

acceptances, transparent regulatory frameworks and 

equitable access to technologies across various regions and 

communities. Sustainable development of the food industry 

depends on the responsible use of biotechnology, adequate 

support for producers, continuous improvement of 

production efficiency and design of sustainable and cost-

effective food systems. Such an integrated approach can 

simultaneously ensure food security, protect public health 

and preserve the environment. 
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 مرکز تحقیقات پوست، دانشگاه علوم پزشکی شهید بهشتی، تهران، ایران .2

ی تهران، پزشکدرمانی، دانشگاه علوم های بنیادی، پژوهشکده آنکولوژی، هماتولوژی و سلولشناسی( و پیوند سلولشناسی(، انکولوژی )سرطانمرکز تحقیقات هماتولوژی )خون .3

 .تهران، ایران و مرکز کنترل سرطان ایران )مکسا(، تهران، ایران

 های نوین پزشکی، دانشگاه علوم پزشکی شهید بهشتی، تهران، ایرانهای گوارش و کبد، دانشکده فناوریمرکز تحقیقات گوارش و کبد، پژوهشکده بیماری .4

 .لوم پزشکی شهید بهشتی، تهران، ایرانمرکز تحقیقات کاربرد لیزر در علوم پزشکی، دانشگاه ع .5

 مرکز تحقیقات پروتئومیکس، دانشکده پیراپزشکی، دانشگاه علوم پزشکی شهید بهشتی، تهران، ایران .6

 ریخچه مقالهتا

  2026 مه 10دریافت 

 2026 ژوئن 9داوری 

 2026ن ئژو 15پذیرش 

    2026 یهژوئ 8 چاپ

  چکیده 

نوترکیب استوار است، به ابزاری کلیدی در  DNA فناوری و ژنتیک مهندسی هفناوری نوین که بر پایزیست

 های میزبان مناسب و فرایندهایهای ژنی، انتخاب سلولسازی ناقلپیشرفت صنعت غذا تبدیل شده است. بهینه

یفیت ا کهای زیستی بفعال و افزودنیها، ترکیبات زیستها، آنزیمشده، امکان تولید کارآمد پروتئینتخمیر کنترل

های جایگزین، ترکیبات عملکردی و ها از تولید پروتئینسازد. این فناوریو خلوص بهبودیافته را فراهم می

کنند. مهندسی ژنتیک گیاهان، مقاومت راهبردهای مبتنی بر میکروب برای کنترل آلودگی پشتیبانی می

 با تراریخته محصولاته دهد و توسعهای زیستی و غیرزیستی افزایش میمحصولات کشاورزی را در برابر تنش

ای، . کاربردهای نوظهور این فناوری بر بهبود کیفیت تغذیهکندمی تسهیل را بهبودیافته کشاورزی عملکرد

اکسیدانی متمرکز است. اگرچه مهندسی ژنتیک ها، ترکیب اسیدهای چرب و محتوای آنتیمتابولیسم کربوهیدرات

 های اخلاقی در این زمینهنوترکیب در حال پیشرفت است، اما همچنان نگرانیهای جانوران برای تولید پروتئین

 .شودگزارش می

، Scopus  هایمیلادی برگرفته از پایگاه 2024تا  1999 هایسال انتشارات بررسی به روایتی، مروری هاین مطالع

PubMed ،Science Direct  و Google Scholar فناوری کاربردهای تخمیر میکروبی، زیستپردازد. این مقاله، می

و هوش مصنوعی را در بهبود تولید، ایمنی و ارزش  CRISPR/Cas9 های نوظهوری همچونگیاهی و فناوری

سازی محصولات مبتنی بر سازد. علیرغم پتانسیل چشمگیر آن، تجاریای مواد غذایی برجسته میتغذیه

پذیری و موانع نظارتی مواجه های مقیاسهای بالای تولید، چالشهایی همچون هزینهفناوری با محدودیتزیست

 و ایمن پایدار، غذایی هایسیستم هاست. رفع این موانع از طریق حاکمیت مؤثر و نوآوری فناورانه، برای توسع

 .ری استضرو چرخشی زیستی اقتصاد سوی به گذار از حمایت همچنین و باکیفیت

امنیت غذایی، تخمیر، موجودات تراریخته، کاربردهای میکروبی، مهندسی ژنتیک ، یوتکنولوژیب :یدیواژگان کل

 گیاهی
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