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In the global food sector, extending shelf life and ensuring food safety continue to be major concerns that call for innovative approaches that go beyond traditional preservation methods. RNA interference (RNAi) and CRISPR have become cutting-edge biotechnological techniques with enormous potential for food preservation. CRISPR-mediated gene editing allows for precise modifications in food crops, livestock, and microbial systems to delay ripening, increase resistance to oxidative stress, and suppress enzymes responsible for rancidity. We have tried addressed this by introducing a comparative analysis of CRISPR and RNAi efficiency across climacteric and non-climacteric fruits, highlighted emerging targets (e.g., ethylene-independent ripening regulators and cell wall-modifying enzymes), and identified critical gaps in regulatory frameworks and delivery methods in less-explored crops like guava and papaya. This integration aims to present a more forward-looking perspective beyond existing literature. Similarly, to improve food stability and manage post-harvest degradation, RNAi-based techniques help to silence genes. By reducing mycotoxin contamination, improving disease resistance in livestock and aquaculture, and focussing on foodborne pathogens, these technologies provide revolutionary solutions for food safety that go beyond preservation. Despite its potential, the commercialisation and adoption of gene-edited food items are heavily influenced by legal frameworks, ethical issues, and public opinion. The mechanics and uses of CRISPR and RNA interference in food safety and preservation are examined in this review, along with ethical and legal issues and potential future developments for these technologies to ensure sustainable food security.
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1 INTRODUCTION
Food spoilage and waste are significant global issues that contribute to food insecurity, economic losses, and environmental degradation. According to the Food and Agriculture Organisation (FAO), roughly 1.3 billion tonnes of food—almost one-third of all food produced globally—are lost or wasted each year, resulting in nearly $940 billion in economic losses (FAO, 2019). Food spoiling is caused primarily by microbial contamination, enzymatic activity, and oxidative degradation, which result in changes in texture, colour, flavour, and nutritional content. Perishable foods, such as fruits, vegetables, dairy, and meat, are especially vulnerable, with post-harvest losses accounting for 40%–50% of total food waste in developing nations due to inadequate storage and preservation measures. Traditional food preservation techniques such as refrigeration, chemical preservatives, and irradiation serve to reduce spoiling, but they frequently raise issues about food safety, environmental effect, and consumer health (Vermeulen et al., 2012).
In recent years, biotechnology breakthroughs have provided fresh techniques to combat food spoiling, with CRISPR and RNA interference (RNAi) emerging as game-changing genome editing tools. CRISPR-Cas technology allows for precise alterations in food crops, livestock, and microbial ecosystems to delay ripening, increase oxidative stress resistance, and reduce lipid oxidation (Jinek et al., 2012). Similarly, RNAi-mediated gene silencing provides a tailored strategy to inhibit spoilage-related pathways and microbial contamination, hence improving food stability and safety (Baulcombe, 2004). Beyond preservation, these technologies provide unique food safety options, such as CRISPR-based bacteriophage engineering to target foodborne bacteria and RNAi-mediated inhibition of antibiotic resistance genes (Bikard et al., 2014; Kim et al., 2021). Furthermore, CRISPR and RNAi applications in minimising mycotoxin contamination and avoiding viral infections in cattle and aquaculture offer promising approaches to safer food production (Shin et al., 2018).
Despite the growing interest in CRISPR and RNAi in food biotechnology, most available reviews concentrate on their fundamental mechanisms or applications in agriculture and health (Barrangou and Doudna, 2016; Miao et al., 2019). However, there has been little extensive consideration of how these technologies are related to food preservation and safety. Our review fills this gap by thoroughly investigating CRISPR and RNAi applications for delaying ripening, increasing oxidative stability, reducing lipid oxidation, and preventing microbial contamination. We also present a critical assessment of the regulatory frameworks, ethical considerations, and consumer viewpoints that influence the commercialisation of gene-edited food products. Unlike earlier studies, which focused on either CRISPR or RNAi, we provide a comparative review of their processes and efficacy in food preservation. This review seeks to present a comprehensive view of how cutting-edge technology can revolutionise food sustainability while maintaining consumer safety by tackling both technological breakthroughs and socio-regulatory issues.
2 FUNDAMENTALS OF CRISPR AND RNA INTERFERENCE
Recent progress in gene-editing technologies has introduced a new generation of CRISPR and RNAi platforms tailored for food biotechnology applications. Tools like Cas12a, which cleaves DNA at staggered positions and enables multiplex editing in AT-rich genomes, and Cas13, which targets RNA for reversible gene silencing, have significantly broadened the scope of post-harvest food regulation (Tang et al., 2019; Li J et al., 2020). The discovery of CasΦ, a hypercompact enzyme from bacteriophages, enhances delivery possibilities in constrained systems like viral vectors (Batra et al., 2020). Moreover, base editors (e.g., cytidine and adenine deaminases) and prime editors enable precise nucleotide substitutions and insertions without double-strand DNA breaks, thus reducing genomic disruption while optimizing traits such as shelf life and flavor (Gaudelli et al., 2017; Anzalone et al., 2019). In microbial control and post-processing safety, CRISPR interference (CRISPRi) and activation (CRISPRa) offer reversible control of gene expression by targeting transcriptional regulators, allowing fine-tuning of microbial pathways or food quality traits such as oxidative stability and aroma (Qi et al., 2013). These have been coupled with Cas12a- and Cas13-based biosensors integrated into food packaging or cold-chain diagnostics for rapid detection of foodborne pathogens and spoilage biomarkers (Gootenberg et al., 2018; Li et al., 2022). Advances in RNAi delivery systems, notably topical sprays containing synthetic siRNAs or double-stranded RNAs supported by nanoparticles, enable gene silencing in crops without transgenic modification, thus aligning with non-GMO regulatory frameworks (Dalakouras et al., 2020). Likewise, virus-induced gene silencing (VIGS) facilitates temporary suppression of ripening and spoilage-related genes in produce such as tomatoes and melons (Senthil-Kumar and Mysore, 2011).
Both technologies are also driving biosensor innovation and microbial safety efforts. CRISPRi and base editors are being used to suppress virulence factors in spoilage microbes without eliminating beneficial flora (Tonutti et al., 2023), and RNAi-based sprays are in development for controlling mycotoxin-producing genes in fungi like Fusarium and Aspergillus, enhancing food safety from source to shelf (Stakheev et al., 2024). Moreover, CRISPR-mediated editing of lipoxygenase (LOX) genes and RNAi-mediated silencing of polyphenol oxidase (PPO) are now applied to reduce lipid oxidation and browning, respectively, extending the freshness and appeal of legumes, fruits, and dairy (Bhowmik et al., 2023).
2.1 CRISPR-cas system
The CRISPR-Cas system is an advanced genome-editing technology derived from bacterial adaptive immunity. It involves two primary components: CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats), which store genetic information from past viral infections, and Cas (CRISPR-associated) proteins, such as Cas9, which act as molecular scissors to precisely cut DNA at designated locations. The process begins with target recognition, where a guide RNA (gRNA) directs the Cas enzyme to a specific DNA sequence. Once the enzyme binds to the target sequence, it induces a double-strand break (DSB) in the DNA. The cell then repairs this break via non-homologous end joining (NHEJ) or homology-directed repair (HDR), leading to genetic modifications.
CRISPR technology has numerous applications in food biotechnology. It enhances crop improvement by increasing drought resistance, yield, and nutritional value (Touzdjian Pinheiro Kohlrausch Távora et al, 2022). It also contributes to disease resistance, allowing engineered plants to withstand pathogens and pests, thereby reducing reliance on pesticides (Okita et al., 2023). In terms of food safety, CRISPR is used to eliminate foodborne pathogens, enhancing food security and reducing the risk of contamination (Jinek et al., 2012). In livestock, genetic modifications improve disease resistance, growth rates, and nutritional composition, contributing to a more sustainable food supply (Velez et al., 2024). Additionally, CRISPR optimizes bioprocessing by engineering microbes to enhance fermentation efficiency in food production. Another significant application is allergen reduction, where CRISPR can silence allergenic genes in food products, decreasing allergic reactions. Furthermore, the technology extends shelf-life by delaying ripening and degradation, preserving food freshness for longer periods.
The potential of CRISPR technology in food biotechnology is immense, offering solutions to global food production challenges by promoting sustainability, reducing chemical dependency, and improving food quality. However, despite its benefits, CRISPR faces regulatory concerns, ethical considerations, and public acceptance challenges (Fire et al., 1998). The ongoing research and development in this field will determine the extent to which CRISPR can be effectively integrated into food biotechnology to address food security and agricultural sustainability.
2.2 RNA interference (RNAi)
RNA interference (RNAi) is a gene-silencing mechanism that regulates gene expression at the post-transcriptional level. It is a natural cellular process used by organisms to control gene expression and protect against viral infections. The RNAi mechanism involves two key types of small RNA molecules: small interfering RNA (siRNA) and microRNA (miRNA). These molecules guide the RNA-induced silencing complex (RISC) to target and degrade specific messenger RNA (mRNA), thereby preventing the production of particular proteins (Fire et al., 1998).
The applications of RNAi in food biotechnology are extensive. In crop improvement, RNAi has been used to develop plants with enhanced resistance to viruses, fungi, and pests, reducing the need for chemical pesticides (Zhang et al., 2020). It also plays a role in improving food quality by regulating genes involved in nutrient composition, such as reducing allergenicity in peanuts and tomatoes (Gelaye and Luo, 2025). In food safety, RNAi technology is employed to prevent the expression of genes responsible for toxin production in fungi and bacteria, mitigating food contamination risks (Velez et al., 2024). Moreover, RNAi can be used to extend the shelf-life of perishable food items by controlling genes responsible for ripening and spoilage.
RNAi technology also has significant regulatory implications. Due to its precision and ability to silence specific genes without introducing foreign DNA, RNAi-based modifications face fewer regulatory challenges compared to traditional genetic engineering methods. However, public perception and regulatory policies vary across countries, influencing the commercialization of RNAi-based food products (Velez et al., 2024). As research progresses, RNAi continues to be a promising tool for ensuring food security, sustainability, and enhanced agricultural practices.
2.3 Comparisons between CRISPR and RNAi for food safety and preservation
CRISPR and RNAi are both powerful gene-editing tools, but they function through distinct mechanisms. CRISPR directly edits DNA by introducing targeted cuts, while RNAi regulates gene expression at the mRNA level without altering the genetic sequence (Jinek et al., 2012; Fire et al., 1998). In food safety, CRISPR is more efficient for eliminating foodborne pathogens by permanently disabling genes responsible for virulence and toxin production, whereas RNAi provides a reversible gene silencing approach that can be used for temporary suppression of harmful traits (Touzdjian Pinheiro Kohlrausch Távora et al., 2022).
For food preservation, both technologies play essential roles. CRISPR can be used to extend shelf-life by modifying genes responsible for ripening and spoilage, whereas RNAi achieves similar results by silencing the expression of these genes without genetic modifications (Okita et al., 2023). Additionally, RNAi has been widely adopted in post-harvest preservation strategies, such as controlling enzymatic browning in fruits like apples and potatoes (Velez et al., 2024). In contrast, CRISPR offers a more precise and long-term solution for enhancing food longevity by permanently altering metabolic pathways involved in degradation processes. For instance, CRISPR/Cas9 has emerged as a more efficient and precise tool than RNAi, especially in climacteric fruits like tomato and banana, where targeted editing of key ethylene pathway genes such as ACS2 and ACO1 has led to significant improvements in shelf life and fruit quality (Martín-Pizarro et al., 2018; Hu et al., 2021). In contrast, RNAi continues to be widely applied in non-climacteric fruits like strawberry and grape, where ripening is often regulated by polygenic networks and partial gene silencing remains effective (Xue et al., 2020). Recent studies have also identified emerging gene targets beyond the classical ethylene pathway, including ethylene-independent regulators such as NOR-like1, SlAP2a, and F-box proteins, which offer broader applicability across fruit types (Tonutti et al., 2023). In addition, both CRISPR and RNAi have been employed to modify the expression of cell wall-modifying enzymes like polygalacturonase, pectin methylesterase, and expansin, which are crucial for fruit softening. For example, CRISPR-mediated knockout of PG2a in tomato resulted in firmer fruits and extended shelf life, while RNAi-based suppression of similar genes in papaya showed moderate improvements (Wang et al., 2019). Furthermore, CRISPR enables multiplex editing—for instance, simultaneous modification of SlAP2a and RIN in tomato has successfully enhanced both shelf life and flavor (Yuan et al., 2024). The development of transgene-free CRISPR delivery systems, such as ribonucleoprotein (RNP) complexes and virus-based vectors, offers a regulatory advantage over RNAi, positioning CRISPR as a superior platform for post-harvest trait improvement in fruits (Gao et al., 2023) (Table 3). Despite their advantages, both CRISPR and RNAi face regulatory and public acceptance challenges. CRISPR-modified foods often undergo stricter regulatory scrutiny due to permanent genetic modifications, while RNAi-based foods are generally perceived as more natural and face fewer regulatory hurdles (Touzdjian Pinheiro Kohlrausch Távora et al., 2022). However, ethical concerns and biosafety regulations remain critical aspects that need to be addressed before widespread adoption of both technologies in food biotechnology.
In conclusion, CRISPR and RNAi each offer unique advantages for food safety and preservation. CRISPR is best suited for permanent genetic modifications to enhance food security, while RNAi provides a flexible and reversible approach for temporary gene suppression. The choice between these technologies depends on the specific requirements of food biotechnology applications, regulatory considerations, and consumer acceptance.
3 CRISPR AND RNAI FOR ENHANCING FOOD SHELF LIFE
The extension of shelf life in perishable food products such as fruits, vegetables, meat, and dairy is a critical goal in post-harvest biotechnology. Among various molecular tools, CRISPR-Cas-based gene editing and RNA interference (RNAi) have emerged as promising technologies for modulating physiological processes related to ripening, senescence, oxidative stress, and lipid peroxidation. These approaches offer targeted, efficient, and heritable modifications for enhancing the quality and longevity of food products (Figure 1).
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3.1.1 CRISPR-mediated gene editing
CRISPR-Cas9 technology has enabled precise genome modifications that can suppress or activate specific genes involved in ripening pathways. A significant area of focus has been the regulation of fruit ripening and senescence, processes tightly controlled by hormonal and genetic factors. CRISPR/Cas9-mediated genome editing has shown promising results in modifying ripening-related genes to delay post-harvest deterioration. For instance, the targeted mutagenesis of the SlPL (Solanum lycopersicum Pectate lyase), SlPG gene in tomato (S. lycopersicum) has led to enhanced fruit firmness and extended shelf life without compromising essential ripening characteristics (Nie et al., 2022; Wang et al., 2019; Yang et al., 2017). Moreover, knockout of the RIN (Ripening Inhibitor) transcription factor in tomato delayed the onset of ripening, resulting in firmer fruits with prolonged shelf life without compromising taste or nutritional value (Li S et al., 2020). Similarly, CRISPR-based editing of ethylene biosynthesis genes, such as ACS2 (1-Aminocyclopropane-1-carboxylic acid Synthase 2), ACS4 (1-Aminocyclopropane-1-carboxylic acid Synthase 4), and ACO1 (1-Aminocyclopropane-1-carboxylic acid Oxidase 1), has been shown to significantly delay the climacteric phase in tomatoes and bananas (Li et al., 2025; Sharma et al., 2024; Hu et al., 2021).
3.1.2 RNAi-based approaches
RNAi has been extensively utilized to suppress ripening-associated genes post-transcriptionally. Silencing of ACC (1-aminocyclopropane-1-carboxylate) oxidase and ACC synthase,a key enzymes in the ethylene biosynthetic pathwayhas led to delayed ethylene production and extended shelf life in tomato (Gao et al., 2007). Additionally, the downregulation of ripening-specific N-glycoprotein processing genes, such as α-mannosidase (α-Man) and β-D-N-acetylhexosaminidase (β-Hex), has resulted in reduced cell wall degradation and softer fruits with longer post-harvest storage stability (Meli et al., 2010). The enzyme 1-aminocyclopropane-1-carboxylate (ACC) oxidase catalyzes the final step in ethylene biosynthesis from its precursor ACC. RNA interference (RNAi)-mediated suppression of ACC oxidase in tomato has successfully produced transgenic lines with significantly extended shelf life (Batra et al., 2010). Similarly, suppression of three homologs of ACC synthase (ACS) during ripening led to reduced ethylene production and delayed fruit ripening in tomato (Gupta et al., 2013). Similarly, RNAi technology has been effectively employed to silence ethylene biosynthesis genes, such as those encoding 1-aminocyclopropane-1-carboxylate synthase (ACS). Silencing of ACS gene homologs in tomato has resulted in delayed ripening and improved suitability for industrial processing (Gupta et al., 2013). These interventions enable better synchronization of ripening during transportation and retail display, thereby reducing post-harvest losses. Additionally, the SISGR1 gene, which encodes the STAY GREEN protein involved in ethylene signalling and fruit color development, was suppressed in transgenic tomato lines, leading to delayed ripening and prolonged shelf life (Luo et al., 2013). In banana (Musa acuminata), RNAi-mediated silencing of two SEPALLATA3-like MADS-box genes, MaMADS1 and MaMADS2, resulted in reduced fruit softening, delayed color development, and overall enhancement of shelf life (Elitzur et al., 2016) (Table 3).
3.2 Oxidative stress resistance
Post-harvest oxidative stress, resulting from the accumulation of reactive oxygen species (ROS), significantly impacts the shelf life of fruits and vegetables. CRISPR-based modifications have targeted genes involved in antioxidant biosynthetic pathways, leading to enhanced detoxification capacity and improved oxidative stress tolerance in crops (Cannea et al., 2025). Additionally, RNAi strategies have been deployed to downregulate genes implicated in ROS production or insufficient scavenging, thereby preserving cellular integrity during storage. Such modifications extend the functional shelf life of produce and improve their visual and nutritional quality by mitigating oxidative browning, tissue softening, and metabolic degradation.
3.2.1 CRISPR-modified antioxidant pathways
Oxidative stress, resulting from reactive oxygen species (ROS) accumulation, accelerates senescence and quality degradation. CRISPR-Cas9 has been used to upregulate antioxidant enzyme activity, such as superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT), by disrupting negative regulatory elements or editing transcriptional repressors. This strategy has been applied in leafy greens and tomatoes, improving freshness retention under storage conditions (Cannea et al., 2025).
3.2.2 RNAi strategies for regulating oxidative stress-related genes
RNAi-mediated silencing of genes involved in ROS overproduction, such as respiratory burst oxidase homologs (RBOHs), has led to reduced oxidative damage and delayed senescence in fruits like strawberry and apple (Zhang et al., 2020). Moreover, targeting polyphenol oxidase (PPO) via RNAi has been effective in reducing browning in produce such as potatoes and apples, contributing to extended visual and nutritional shelf life (Coetzer et al., 2001).
3.3 Lipid oxidation control in meat and dairy
Lipid oxidation is a major determinant of quality deterioration and off-flavor development in meat and dairy products. Although the application of CRISPR and RNAi in this sector is relatively nascent, initial studies indicate promising avenues. Targeted editing or silencing of genes encoding lipoxygenases and other rancidity-related enzymes can suppress lipid peroxidation, thereby maintaining flavor integrity and extending product shelf life. This molecular approach provides an alternative to synthetic antioxidants, aligning with consumer demand for natural and minimally processed foods.
3.3.1 Targeting rancidity-related enzymes through CRISPR and RNAi
Lipid peroxidation is a primary cause of quality deterioration in meat and dairy products. Both CRISPR and RNAi have shown potential in regulating genes involved in lipid degradation, such as lipoxygenases (LOX) and phospholipase A2 (PLA2). In dairy, the application of CRISPR has targeted the lipase genes responsible for free fatty acid accumulation and off-flavor development during storage (Hu et al., 2021). Similarly, RNAi-mediated suppression of rancidity-associated enzymes in meat products has resulted in reduced oxidative spoilage and improved shelf stability under refrigeration (Singh et al., 2025). These biotechnological innovations underscore the potential of CRISPR and RNAi not only in improving shelf life but also in reducing food waste, enhancing food security, and supporting sustainable supply chains. Table 1 summarizes recent advances and their functional outcomes.
TABLE 1 | CRISPR and RNAi strategies for enhancing food shelf life.	Target trait	Technology	Target Genes/Pathways	Food type	Reported benefits	References
	Delayed ripening
		CRISPR	RIN	Tomato	Delayed ripening, reduced lycopene production	Li R et al. (2018)
		CRISPR	ACO1	Melon	Extended shelf life	Nonaka et al. (2023)
		CRISPR	lncRNA1459	Tomato	Reduced ethylene production, delayed ripening	Li W et al. (2018)
		CRISPR	ALC	Tomato	Longer shelf life	Yu et al. (2017)
		CRISPR	SlPL, SIPG	Tomato	Increased firmness and extended shelf life	Nie et al., 2024; Wang et al., 2019; Yang et al., 2017
		CRISPR	ACS2, ACS4, ACO1	Tomato, Banana	Reduced ethylene production, delayed ripening	Li et al., 2025; Hu et al., 2021
		RNAi	α-Man, β-Hex	Tomato	Delayed fruit softening, extended shelf life	Meli et al. (2010)
		RNAi	1-aminocyclopropane-1-carboxylate synthase (ACS)	Tomato	Postponed ripening; improved processing quality	Gupta et al. (2013)
		RNAi	MaMADS1andMaMADS2	Banana	Reduced fruit softening, delayed color development	Elitzur et al. (2016)
	Oxidative Stress Resistance
		CRISPR	HyPRP1	Tomato	Enhanced tolerance to oxidative stress	Tran et al. (2023)
		RNAi	RBOH	Strawberry, Apple	Reduced ROS accumulation, delayed senescence	Xue et al., (2020)
		RNAi	PPO	Potato, Apple	Reduced enzymatic browning	Coetzer et al., 2001; Murata et al., 2001
		CRISPR	Superoxide dismutase (SOD), Ascorbate peroxidase (APX), and Catalase (CAT)	Green leaves and tomato	Improving freshness retention under storage conditions	Cannea et al. (2025)
	Lipid Oxidation Control
		CRISPR	LOX, PLA2	Meat	Reduced lipid peroxidation, improved meat quality	Singh et al. (2025)
		CRISPR	Lipase	Dairy	Lower rancidity, extended freshness	Hu et al., 2021
		CRISPR	Lipoxygenase genes	Yellow pea	Suppressed rancidity and prolonged freshness	Bhowmik et al. (2023)


4 APPLICATION OF CRISPR AND RNAI IN FOOD SAFETY
Globally, one of the most significant public concerns is food safety. Throughout the supply chain, food safety problems can arise from physical, chemical, and microbiological risks. One of the essential steps for ensuring food safety is the use of quick, precise, targeted, and field-deployable detection techniques that satisfy a variety of requirements. This will help address food safety concerns and protect consumer health. The CRISPR-Cas system and RNA interference (RNAi), two recently developed technologies, have been effectively used to biosensing and have shown great promise for developing theoretically new detection techniques with high sensitivity and specificity (Figure 2). With their unique combination of target recognition specificity, signal transduction, and effective signal amplification capabilities, the newly developed CRISPR-Cas systems and RNAi exhibit exceptional specificity and sensitivity, indicating great promise for resolving the aforementioned issues and creating next-generation methods for food safety detection (Table 3).
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Food safety events are mostly caused by foodborne microorganisms. It is crucial to detect foodborne pathogens quickly and accurately in order to protect human health and lives. There are many potentials uses for CRISPR-based technologies in the identification of foodborne pathogens. The characteristics of CRISPR-based nucleic acid detection and RNAi are high sensitivity, high specificity, modularization, programmability, ease, low cost, and fast time consumption that have made it a popular study topic in the field of food rapid detection (Alizadeh et al., 2021; Li R et al., 2018). For instance, in tomato (Solamnumlycopersicum), by using microRNA (miRNA)/artificial miRNA, the regulation of the expression of genes involved in biotic stress have been identified (Zuo et al., 2011; Jatan and Lata, 2019). Moreover, in Achyranthes bidentata the counter defence mechanism was to promote root growth and development and enhances transport activity in various stresses by integrated miRNA-mRNA (Yang et al., 2021). The enhancement of resistance against Fusarium ear rot (FER) in maize (Zea mays) has been achieved by miRNA (Zhou et al., 2020). In barley, wheat (Triticum astivum L.), and Arabidopsis enhancement of the resistance to Fusarium head blight (FHB) and Fusarium seedling blight (FSB) by host-induced gene silencing of the fungal chitin gene has been achieved with the help of RNAi technology (Cheng et al., 2015).
Additionally, using CRISPR-Cas9, the S gene and mildew resistance locus O (MLO)-resistant gene were developed along with rice ethylene response factor 922. (Das et al., 2019). Using CRISPR-Cas9, Tomelo is a nontransgenic tomato cultivar that is resistant to Oidium neolycopersici-caused powdery mildew disease (Nekrasov et al., 2017). Another example is rice resistance to the blast pathogen Magnaporthe has been created by employing CRISPR-Cas9 technology to target the OsERF922 gene (Das et al., 2019). The approach with the highest potential for controlling citrus pathogens was thought to be CRISPR-Cas combined with RNA interference (Goulin et al., 2019). Pto DC3000, a tomato variety resistant to bacterial speck disease, was developed using the CRISPR-Cas gene editing method (Ortigosa et al., 2019).
Moreover, the application of the CRISPR-Cas genome editing system has been documented in various industrially and technologically significant bacterial species, including Clostridium beijerinckii (a metabolic host for acetone and alcohol production), Lactobacillus reuteri (employed as a probiotic), and Streptomyces species (recognized as antimicrobial producers (Luo et al., 2016; Liu Z et al., 2020). Conversely, the food industry, particularly agricultural crops, has significantly profited from recent advancements in genetic engineering, which encompass enhancements in grain yield, herbicide tolerance, plant biomass, insect resistance, and even sensory and nutritional characteristics of the crops (Dong et al., 2021).
Furthermore, lactic acid-producing microbes, which are common in probiotics and starter cultures, are particularly common CRISPR-Cas systems; loci show up in 77% of bifidobacteria genomes and 62.9% of lactobacilli genomes that were examined (Briner et al., 2015; Sun et al., 2015). These bacteria’ diversity and distribution of CRISPR-Cas systems offer a historical perspective on the phage-microbial ecosystems of large-scale fermentations. Furthermore, CRISPR-Cas can be an effective technique for managing fermentation processes, with uses in genome editing, phage resistance, plasmid vaccination, strain-typing, and antibacterial activity. Numerous studies have demonstrated the potential of CRISPR-based sensors to target all food contaminants. For instance, Li J et al. (2020) developed a CRISPR-based biosensor to detect Pb2+ in the presence of other interfering cations including Ca2+, K+, Zn2+, Mn2+, Fe3+, Cd2+, Ni2+, Co2+, and Cu2+. Moreover, the liposome amplification technique in conjunction with CRISPR-Cas12a was used to distinguish between meat adulteration.
4.2 Mycotoxin reduction in food crops
Fungal diseases rank among the leading causes of agricultural losses and challenges to global food security (Almeida et al., 2019; Fones et al., 2020). Both the formation of new harmful species and the spread of existing ones are caused by climate change, transportation, and trade. Fungi belonging to the genera Fusarium, Aspergillus, Penicillium, and Alternaria can produce a variety of harmful secondary metabolites called Mycotoxins in addition to having direct effects on the amount and quality of yields. Mycotoxin contamination poses serious health risks to both humans and animals. The global issue of mycotoxin contamination of food and feed requires the use of highly effective and biologically safe methods. RNA interference (RNAi) is a naturally occurring mechanism that is crucial to many eukaryotic functions, such as controlling gene expression, preserving genomic stability, and defending against viruses, among others. The treatment of plant diseases, notably those brought on by fungi that produce mycotoxin, and food safety have recently seen a significant increase in the application of RNAi-based approaches (Stakheeve et al., 2024). For instance, although Monascus Red, derived from Monascus purpureus, is widely used as a natural food colorant, its application is restricted due to the co-production of citrinina nephrotoxic mycotoxin also synthesized by the fungus (Liu W et al., 2020). In recent years, the emergence of toxic fungi and the mycotoxins they create has been a huge agricultural disaster to provide a safe, wholesome food supply and a serious health concern (Thipe et al., 2021).
For instance, it has been established that certain fungi, such as Botrytis cinerea, create siRNAs during fungal infections. These siRNAs are then transmitted to the plant host, where they occupy its RNAi machinery, downregulate defence genes, and suppress an innate immune response. According to Rampersad (2020), host-derived sRNAs have been found to target the virulence genes of the pathogen Verticillium dahliae in order to prevent fungal invasion. Furthermore, research has demonstrated that RNA silencing signals in plants can travel both through short-range transport, which covers roughly 10–15 cells, and long-range transport, which covers the entire tissue, to neighbouring cells. Moreover, the exact process by which siRNA is transferred from pathogen to host is still unknown. Exosomes or extracellular vesicles, which start in intraluminal plant vesicles, are thought to mediate the exchange (Rutter and Innes, 2018). The finding that plant cell exosomes proliferate during an infection process provides evidence in support of this theory. The clathrin-mediated endocytosis pathway in the necrotrophic fungus Sclerotinia sclerotiorum has been identified during RNAi-based therapies (Šečić and Kogel, 2021; Wytinck et al., 2020), suggesting that endocytosis may then facilitate fungal uptake.
4.3 Viral disease prevention in livestock and aquaculture
Virus-resistant crops that express sense/antisense constructs are examples of gene-silenced GM crops that use RNA interference (RNAi) for pest management. For example, sequences of virus coat proteins from invasive viruses have been used to modify a variety of crops. For instance, cucurbits have been made resistant to the cucumber mosaic virus or zucchini yellowing mosaic virus, potatoes to the potato leaf roll virus or potato virus Y, and papaya to the papaya ringspot virus (Khalid et al., 2017). The range of marketed GM crops that impose RNA interference in pests has been expanded to include GM maize that targets Western maize rootworm larvae and expresses double-stranded RNA (dsRNA; with a hairpin loop). This insect belongs to the Coleoptera order, which is known to be more sensitive to the effects of dsRNA administered orally, in contrast to other insects, such as Lepidoptera, which may be less sensitive (Baum et al., 2007).
Aquaculture is the industry that produces food at the quickest rate in the world, and as production has increased, viral infections have surfaced, posing a problem for sustainable growth. Therefore, it is essential to control and prevent sickness. The habitat, reservoir hosts, susceptibility of farmed species, transmission dynamics, viral pathogenicity, and viral characteristics will all play a role in this. For instance, the characteristics of some viruses that have been found in recent years, including piscine orthoreovirus (PRV) (Palacios et al., 2010) and piscine myocarditis virus (PMCV) (Haugland et al., 2011), have not yet been thoroughly described. Similar to this, a new virus that has been known to cause a significant mortality rate in Israeli farmed tilapia has recently been discovered (Eyngor et al., 2014) and described as an orthomyxo-like virus that most likely belongs to a new genus within the Orthomyxoviridae family (Bacharach et al., 2016).
5 REGULATORY, ETHICAL, AND CONSUMER PERSPECTIVES
The commercialisation of CRISPR and RNA interference (RNAi)-modified foods is influenced by differing global regulatory frameworks, which affect their acceptance and market availability. Countries such as the United States and Brazil have comparatively lenient rules, with gene-edited crops that do not contain foreign DNA not categorised as genetically modified organisms (GMOs) and so exempt from severe regulatory scrutiny (Waltz, 2018). In contrast, the European Union (EU) has taken a strict stance, finding that all genome-edited foods are subject to existing GMO legislation and must undergo comprehensive safety evaluations and traceability procedures before approval (Court of Justice of the European Union, 2018). Similarly, countries like China and India are building regulatory frameworks that strike a balance between biotechnological developments and biosafety concerns, with a focus on comprehensive risk assessments prior to commercialisation (Table 2).
TABLE 2 | International regulatory frameworks for foods modified by CRISPR and RNAi: Regulations, authorisations, and labelling needs.	Region/Country	Regulatory Authority	Regulation type	Key features	LabellingRequirements
	United States	U.S. Department of Agriculture (USDA), Food and Drug Administration (FDA), Environmental Protection Agency (EPA)	Less stringent (case-by-case basis)	Gene-edited crops without foreign DNA are mostly exempt from GMO regulation under the SECURE Rule (2020) (Waltz, 2018)	Mandatory for bioengineered foods with detectable modified DNA (NBFDS, 2020)
	European Union (EU)	European Food Safety Authority (EFSA), European Commission	Highly stringent (GMO regulations apply)	All genome-edited organisms currently classified as GMOs under the 2018 ECJ ruling; however, proposals (2024) may exempt SDN-1/2 edits. (Ahmed et al., 2023; Court of Justice of the European Union (CJEU), 2018)	Mandatory labeling for all GMOs and gene-edited foods
	Brazil	National Technical Biosafety Commission (CTNBio)	Moderate	Gene-edited crops that do not introduce foreign DNA are exempt from GMO regulation and can be fast-tracked for approval (Scheid et al., 2020)	No mandatory labeling if no foreign DNA is present
	China	Ministry of Agriculture and Rural Affairs (MARA)	Strict approval process	Requires extensive biosafety trials and multi-tiered risk assessments before commercialization (Huang et al., 2020)	Likely to require labeling, but policies are still evolving
	India	Genetic Engineering Appraisal Committee (GEAC)	Evolving, currently strict	2022 draft guidelines propose tiered regulation: SDN-1/2 edits with no foreign DNA may be exempted; still under GMO framework pending finalization. (Gupta et al., 2021)	Expected to mandate labeling
	Australia & New Zealand	Food Standards Australia New Zealand (FSANZ)	Moderate	Gene-edited foods with no foreign DNA are not regulated as GMOs but require safety assessments (FSANZ, 2019)	No mandatory labeling if no foreign DNA is present
	Canada	Health Canada, Canadian Food Inspection Agency (CFIA)	Case-by-case basis	Focuses on the novel trait rather than the method of modification; gene-edited foods undergo voluntary safety assessment (Smyth, 2019)	Labeling is voluntary unless allergens are introduced
	Japan	Ministry of Health, Labour and Welfare (MHLW), Food Safety Commission	Moderate	SDN-1 gene-edited foods with no foreign DNA are not classified as GMOs; only notification required; commercialized, e.g., GABA tomato, larger fish (Ishii and Araki, 2021)	No mandatory labeling for non-GMO-like edits
	Argentina	National Advisory Commission on Agricultural Biotechnology (CONABIA)	Lenient	Gene-edited foods not classified as GMOs if no foreign DNA is introduced (Whelan and Lema, 2019)	No mandatory labeling if non-GMO.


CRISPR and RNA interference (RNAi) have slightly different regulatory approaches due to their distinct mechanisms and outcomes. CRISPR introduces permanent, heritable changes at the DNA level through targeted genome editing, making the resulting organisms subject to GMO regulations in many countries, particularly when foreign DNA is involved (Wolt et al., 2016; Podevin et al., 2013). In contrast, RNAi works by temporarily silencing gene expression at the mRNA level, resulting in non-heritable effects that are frequently transient and limited to the treated organism or generation (Jagtap et al., 2011). Regulatory agencies are more stringent with CRISPR-edited crops, particularly in the EU, where all genome-edited organisms are currently regulated as GMOs under the 2018 ECJ ruling. In the United States, however, CRISPR-edited crops that do not contain foreign DNA and mimic natural mutations may be exempt from GMO regulation under the USDA’s SECURE rule (USDA, 2020). In contrast, RNAi-based productsparticularly when used externally as biopesticidesare generally subject to less stringent regulation. For example, in the United States, RNAi-based sprays are regulated as biopesticides by the EPA (EPA, 2014), whereas non-transgenic RNAi approaches may be exempt from GMO labelling or oversight in many regions. Thus, the primary regulatory difference arises from the permanence and heritability of CRISPR modifications versus the transient, reversible nature of RNAi-based gene silencing.
Beyond regulatory concerns, ethical considerations and public perception are critical in deciding consumer acceptability of gene-edited food products. While CRISPR and RNAi provide more precise and targeted alterations than traditional genetic engineering, public worries remain about unintended genetic effects, long-term health consequences, and environmental dangers. Ethical conflicts also centre on corporate control over biotechnology, intellectual property rights, and access to genome-editing technologies, generating concerns about food sovereignty and equitable rewards for farmers and consumers (Feeney et al., 2021). Public view varies by area, with consumers in North America and parts of Asia being more accepting of gene-edited foods, whilst European consumers are sceptical, frequently demanding clear labelling and comprehensive safety evaluations.
Before CRISPR- and RNAi-modified foods reach the market, safety studies and risk management techniques must be implemented to ensure their reliability. To address potential safety concerns, regulatory agencies such as the United States Food and Drug Administration (FDA), the European Food Safety Authority (EFSA), and the Codex Alimentarius Commission emphasise the importance of comprehensive molecular characterisation, allergenicity testing, and environmental risk assessments. Furthermore, developments in bioinformatics and off-target effect studies are being used to improve risk evaluation processes, ensuring that gene-edited foods meet stringent safety requirements (Tang et al., 2019). Another key problem is the labelling and commercialisation of CRISPR and RNAi-modified food products. While clear labelling may increase customer trust and allow for more informed decisions, there is no global agreement on labelling regulations for gene-edited goods. The EU requires strict labelling for all genetically modified foods, whereas the US National Bioengineered Food Disclosure Standard (NBFDS) only requires labelling for items with detectable changed DNA (National Academies of Science, Engineering, and Medicine, 2016). The lack of standardised labelling policies impedes international trade and raises worries about gene-edited foods’ market accessibility. To successfully integrate CRISPR and RNAi technologies into the food sector, global cooperation, clear communication, and comprehensive safety assessments will be required (Table 3).
TABLE 3 | Comparative analysis of CRISPR and RNAi technologies in food shelf-life and safety applications.	Parameter	CRISPR/Cas system	RNA interference (RNAi)	References
	Mechanism	DNA-level editing through targeted double-strand breaks using Cas enzymes and guide RNA.	Post-transcriptional gene silencing via siRNA/miRNA-mediated mRNA degradation	Jinek et al., 2012; Fire et al., 1998
	Heritability and Reversibility	Permanent, heritable genome edits passed to progeny	Reversible and non-heritable; gene expression is temporarily silenced	Zhang et al., 2020; Zimny et al., 2019
	Target Specificity & Off-target Risk	High specificity with newer Cas systems; off-targets minimized using RNPs	Moderate specificity; risk of off-target effects due to siRNA sequence homology	Gao et al., 2023; Dalakouras et al., 2020
	Delivery Systems	RNPs, Agrobacterium, biolistics, nanoparticles, viral vectors (e.g., geminivirus)	VIGS, synthetic siRNA/dsRNA sprays, Agrobacterium, nanoparticles	Li J et al., 2020; Senthil-Kumar and Mysore, 2011
	Regulatory Landscape	Subject to GMO regulations; more stringent in EU, lenient in US (if no foreign DNA)	Generally less regulated; RNAi sprays often exempt from GMO categorization	USDA, 2020; ECJ, 2018; EPA, 2014
	Public Perception	Mixed to skeptical due to permanent DNA edits and biosafety concerns	More acceptable as it avoids genomic alterations; aligns with non-GMO preferences	Shew et al., 2018; Ahmad et al., 2023
	Application in Climacteric Fruits	Efficient in editing ethylene-related genes (ACO1, ACS2, SlRIN) for shelf life	Effective for silencing ethylene biosynthesis and ripening genes temporarily	Li et al., 2025; Hu et al., 2021; Xiong et al., 2005
	Application in Non-Climacteric Fruits	Less common; emerging targets include NOR-like1, AP2a, F-box	Widely used in crops like strawberry and grape for controlling browning and ripening	Xue et al., 2020; Tonutti et al., 2023
	Multiplex Targeting	Supports simultaneous editing of multiple genes (e.g., SlAP2a + RIN)	Limited; complex siRNA design may reduce efficiency	Yuan et al., 2024; Velez et al., 2024
	Biosafety in Pathogen Control	Targets virulence genes in microbes; CRISPR-based detection and phage engineering	Host-induced gene silencing (HIGS) used to suppress fungal and viral pathogen genes	Bikard et al., 2014; Stakheev et al., 2024
	Industrial Applications	Used in microbial strain engineering, flavor/aroma regulation, CRISPR biosensors	Applied in allergen suppression, enzymatic browning control, and mycotoxin mitigation	Bhowmik et al., 2023; Liu Z et al., 2020
	Cost and Scalability	Higher upfront cost; scalable through modular editing platforms	Lower cost; scalable with topical applications (e.g., sprays, coatings)	Pan and Barrangou, 2020; Dalakouras et al., 2020


6 FUTURE PROSPECTS AND CHALLENGES
In the imminent future, it will be feasible to produce novel foods with enhanced characteristics on an industrial scale (Pan and Barrangou, 2020). The safe management of food-associated microbes, a subject of extensive research, is the primary concern in the food industry, focusing on the regulation of spoilage bacteria, pathogens, and beneficial microbes such as probiotics and starter cultures. Due to its origins in food microbiology, CRISPR-Cas research has exploded in order to examine its ability to execute specific DNA sequences and its potential uses in genome editing (Ahmad A et al., 2021). The advantages of genome-edited crops for human health and agriculture, such as preventing the spread of diseases, eradicating invasive species that harm the environment and agriculture, and combating herbicide and pesticide-resistant plants, must be weighed against the ethical and ecological issues surrounding their use (Chapman et al., 2017). Researchers can ascertain the DNA sequence of foodborne pathogens, investigate their genes and activities, and perform a worldwide analysis of their gene expression thanks to the ongoing improvement of detection techniques and intervention strategies (Taniguchi et al., 2021). Foodborne pathogen gene editing and extremely specific detection are made possible by CRISPR-based technology. The detection and identification of food safety issues has undergone a fresh revolution thanks to omics-based and CRISPR-based technology. Despite their immense potential, the widespread application of CRISPR and RNAi in food biotechnology remains constrained by regulatory discrepancies, ethical concerns, and varied consumer perceptions across regions. Moving forward, harmonized global regulations, robust safety evaluations, transparent communication, and inclusive public engagement will be essential to foster the responsible adoption of these technologies. As research advances and public awareness grows, CRISPR and RNAi are poised to play a pivotal role in revolutionizing food sustainability, reducing post-harvest losses, and ensuring global food security. The CRISPR-Cas system for food and agricultural engineering will grow even more in the near future, as evidenced by the simultaneous description of newly found CRISPR-Cas techniques and the creation of innovative gene editing tools.
7 CONCLUSION
CRISPR and RNA interference (RNAi) represent transformative biotechnological tools in addressing critical challenges related to food preservation and safety. Their precise gene-editing and gene-silencing capabilities have been successfully leveraged to delay ripening, enhance oxidative stress resistance, and control lipid oxidation in perishable food products, thereby significantly extending shelf life. Additionally, these technologies offer novel approaches to mitigate foodborne pathogens, reduce mycotoxin contamination, and improve disease resistance in both crops and livestock, promoting a safer and more resilient food system. The development of functional foods that satisfy consumer expectations may be made possible by the CRISPR-Cas technology, which can already predict how DNA can be engineered to address issues related to the agriculture and food industries at all levels of food manufacturing, from farm to fork (Stout et al., 2017). Given the relatively unexplored reservoir of novel and distinct CRISPR-Cas arrays found in the human and food microbiomes, CRISPR-Cas systems may be a good tool for use in food-grade systems. Furthermore, because diverse bacterial species are present in all aspects of food production and consumption, the CRISPR-Cas system may be able to regulate every type of bacterium found in food, including fermentative, probiotic, pathogenic, and spoilage bacteria. By using these technologies, the food sector can create next-generation food cultures and modify various microbial populations, among other benefits. Numerous CRISPR-Cas applications have been enhanced for use in food science, including genome editing of food-grade bacterial strains, identification of closely related bacterial strains, protection of starter cultures from phages, modulation of specific strains, and vaccination of starter cultures against plasmid uptake. The flexible programmability of CRISPR in relation to targeted killing enables food scientists to combat foodborne bacteria. Even while CRISPR-Cas technology offers remarkable benefits for real-time detection, there are still technological obstacles in the way of its transition from cutting-edge to useful technology. Employing CRISPR technology in food packaging applications requires answers to two important questions: economic viability and societal acceptability. In light of these concerns, it is imperative that the next-generation of food packaging cut waste in food and packaging materials and its negative environmental effects (such as pollution, greenhouse gas emissions, and resource consumption) by 2050.
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