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ABSTRACT

The progressive effect of biotechnology on crop improvement is tested in this review, boosting nutritional quality and sensory features while strengthening resilience to biotic and abiotic challenges. Despite their effectiveness, conventional breeding methods are often expensive and prolonged. Crop engineering has been transformed by the emergence of modern genetic technologies, mainly CRISPR/Cas9, which allows for specific gene alteration without the creation of transient DNA. Growing disease-tolerant crops and improving traits like drought resistance and nutritional value have shown potential in this era. Transgenic processes for manipulating pests and diseases are also covered in the review, emphasizing how modified organisms can offer environmentally friendly substitutes for chemical insecticides. Moreover, metabolic engineering is investigated to enhance the nutritional value by modifying biosynthetic pathways. Through demonstrating how beneficial bacteria can improve nutrient absorption and strain resilience, the relevance of microbiome manipulation in increasing agricultural output is highlighted. The review additionally discusses the implications of artificial biology in agriculture, which allows the introduction of innovative organic systems to deal with the complicated problems driven by rising food demands and global warming. Through evidence-based decision-making and real-time tracking, the mixing of precision agriculture technology improves resource efficiency. The examination concludes with the help of reflecting on the popularity and commercialization of biotechnology crops, considering both public concerns and the potential benefits for agricultural productivity. This thorough analysis emphasizes how essential biotechnology is in shaping future sustainable farming practices.
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Introduction

Crop development has been a point of interest for plant breeders and agronomists, with the need to develop plants that might be resistant to various biotic and abiotic stresses and also enhance their dietary and morphological features. Traditional breeding strategies, though powerful, are time-consuming and complex, as they regularly contain a series of backcrossing and selection to introduce perfect developments into stronger germplasm. However, the utilization of recombinant DNA technology and, more recently, CRISPR/Cas9 have revolutionized crop development by providing cost-effective and precise tools for genetic manipulation.1

CRISPR/Cas9, mainly, has proven extraordinary potential in developing disease-tolerant crops. This gene-editing technology can overcome the limitations of conventional breeding with the targeted modification of specific genes related to disease tolerance without creating exogenous DNA. The CRISPR/Cas9 device has been successfully applied to engineer resistance toward diverse plant pathogens, such as viruses, microorganisms, and fungi, through disruption or modification of the expression of host susceptibility genes or by introducing pathogen-derived resistance genes.2,3 In addition to disease tolerance, CRISPR/Cas9 has additionally been utilized to improve ideal crop characteristics, including drought tolerance, improved nutrient content, and better taste and structure.4

The combination of biotechnology in agriculture has revolutionized crop resistance strategies, improving food safety and sustainability. Current improvements highlight the capacity of modern strategies, such as genome editing and RNA interference, which permit precise modifications in plant traits to fight biotic and abiotic stresses. Using those biotechnological methodologies, researchers propose to develop crops that resist pests and diseases more effectively and additionally improve nutritional content. This ongoing evolution in crop biotechnology is vital for adapting to the challenges arising from temperature fluctuation and growing global food demands.



Methodology

This review followed the PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) 2020 statement methodology, which allowed for complete and transparent reporting of systematic review methods. This work has been reported in line with the PRISMA criteria.5 A comprehensive literature search was performed, focusing on published peer-reviewed literature from 2010 to 2025 among several databases, including PubMed, Scopus, and Google Scholar. We searched for relevant studies using keywords related to metabolic engineering, microbiome manipulation, crop development, precision agriculture, synthetic biology (SynBio), and gene-editing technologies (e.g., CRISPR/Cas9). The articles were screened, selected, and synthesized under the guidance of PRISMA principles to ensure methodological rigor and reproducibility. To assess progress in plant biotechnology methods for crop improvement, data were systematically extracted and assessed. To promote evidence-based judgments and modern research guidelines, this study is presented according to the PRISMA guidelines, which aim to offer a comprehensive and systematic synthesis of modern-day agricultural biotechnology studies.



Transgenic Approaches to Pest and Disease Control

Managing pests and diseases is a crucial challenge in agriculture and environmental management. Conventional techniques have often relied on chemical pesticides, which can have negative impacts on the surroundings and human health.6 Furthermore, the repetitive use of insecticides has caused the development of resistance in many pest populations but lowered their effectiveness over time.7

Recently, there has been growing interest in developing alternative, increasingly sustainable pest management strategies. One such approach is transgenic organisms, which may be engineered to resist or repel pests and pathogens. Transgenic procedures offer the potential for increased targeted and environmentally friendly pest manipulation, with the capacity to precisely target unique pest species or intermediate hosts.7,8

One promising application of the transgenic era is the utilization of the entomopathogenic fungi Metarhizium anisopliae as a microbial control agent. These fungi are engineered for targeted pathogenicity, presenting a powerful and environmentally friendly alternative to chemical insecticides. Similarly, the usage of genetic modification approaches, which could spread genetic modifications through pest populations, has additionally been explored for controlling insect pests and disease carriers.7



Targeted Gene Editing in Crop Plants

Targeted gene editing in crop plants has gained traction in recent years, in most cases due to improvements in genome editing technology, such as CRISPR/Cas9. Figure 1 shows that this system allows for precise modifications to plant genomes, facilitating the improvement of crops with better traits, including improved yield, immunity against disease, and enhanced nutritional content. CRISPR/Cas9 has been recognized for its precision, efficiency, and versatility compared to traditional breeding methods and genome-enhancing strategies like zinc finger nucleases and transcription activator-like effector nucleases.9-11
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Fig 1 | CRISPR/Cas9



These improvements not only exhibit the potential of CRISPR/Cas9 for creating genetically modified organisms but also emphasize its role in accelerating the breeding process. Several studies have proven the successful applications of this technology to improve traits, including flowering time in soybeans and pathogen resistance in tomatoes and wheat.12

One tremendous advantage of CRISPR/Cas9 technology is its ability to bring particular genetic modifications without incorporating foreign DNA. This feature has addressed public concerns, particularly genetically modified organisms, and resulted in the development of nontransgenic varieties with improved traits. To combat food deficits in developing countries, researchers have, for instance, used CRISPR/Cas9 to improve beta-carotene production in corn, greatly increasing its levels in specific genotypes. Cas enzyme variations like Cas12a (formerly known as Cpf1) are being investigated by researchers because they might provide higher specificity and enhanced activity.12,13

Additionally, though CRISPR/Cas9 has shown high specificity in targeted genes, off-target effects can still occur, necessitating further refinement of the technology to ensure accuracy.14,15



Metabolic Engineering for Enhanced Nutritional Quality

Metabolic engineering has emerged as a powerful tool for enhancing the nutritional content and safety of crops. Plants and algae exhibit various metabolic pathways that may be harnessed to produce an extensive range of valuable compounds, which include vitamins, other nutrients, and specialized metabolites. Advances in genetic engineering and genome editing technologies have enabled researchers to rewire plant metabolism for enhanced bioproduction. For example, modifying the biosynthetic pathways for primary metabolites can enhance the nutritional value of crops, whereas the optimization of secondary metabolic pathways can lead to the overproduction of specialized compounds with medicinal or industrial programs.16

One example is the metabolic engineering of hairy root cultures to enhance the production of valuable secondary metabolites.17 Alteration of the expression of key regulatory genes enables researchers to improve the deposition of energy-rich compounds, such as tropane alkaloids and ginsenosides in engineered hairy roots.18 Furthermore, creating heterologous biosynthetic pathways in microalgae has enabled the production of valuable lipids, pigments, and antioxidants.16,19



Nutritional and Palatability Improvements Through Biotechnology

Biotechnology has focused on numerous methods to biofortify staple plants with essential vitamins and enhance their sensory attributes. High-oil corn, for example, is being developed by incorporating high-protein genes and increasing essential amino acid content material in grains. This molecular breeding method aims to fortify cereals with essential amino acids like lysine, methionine, threonine, and tryptophan, potentially lowering the need for exogenous amino acid supplementation in feed rations. Biofortification efforts amplify past cereals to encompass different crops, consisting of wheat, soybeans, and canola. These projects address dietary deficiencies in developing countries and also cater to the evolving dietary needs of emerging economies through the production of novel nutrients in grains. As our knowledge of the human genome and biochemical methods associated with fitness and disorder progression deepens, biotechnology enables the elimination of antinutrients and the enhancement of beneficial vitamins in our food.20

Traditional plant breeding, molecular breeding, and agronomic practices are employed to develop nutrient-rich plants. The HarvestPlus biofortification program, a collaborative effort involving international research, aims to improve vitamin A, iron, and zinc content in various crops, including beans, pearl millet, maize, cassava, potato, wheat, and rice. This initiative’s goal is to combat micronutrient malnutrition in developing countries by delivering nutrient-rich crops.21

Biotechnology is also applied to improve the palatability and storage qualities of plants. For instance, research on tomatoes has explored mutations in genes like alcobaca (alc) that can extend storage life while retaining fruit color and aroma. Moreover, research has investigated the role of cell-wall-degrading enzymes in fruit texture, with RNA interference of the pectate lyase gene resulting in fruit phenotypes and extended shelf life without compromising organoleptic and nutritional qualities.22



Microbiome Manipulation for Crop Productivity

Manipulating the plant microbiome, the diverse community of microorganisms that live inside and on the plant is one promising technique to enhance crop productivity. Researchers have found that those microbial groups play a crucial role in plant growth, nutrient acquisition, and strain tolerance. By gaining insights into the mechanisms of plant-microbe interactions and factors involved in microbial network assembly, researchers aim to harness the potential of these microorganisms as biofertilizers and biopesticides, decreasing the reliance on synthetic chemical inputs.23,24

Analysis of the recent literature highlights the rising traits in microbial application for crop productivity.23 One key focus is the role of microbial phytohormones in promoting stress tolerance in crops. Microorganisms can produce a healthy range of phytohormones, including auxins, cytokinins, and gibberellins, that may modulate plant morphophysiological traits and enhance stress resilience.25 Researchers are particularly interested in identifying effective microbes that can improve plant development and health under adverse environmental fluctuations. Another area of interest is the synergistic effects of nanomaterials and plant probiotics, enhancing the effectiveness of microbial inoculants. Nanomaterials have been proven to modify the survival, colonization, and activity of beneficial microbes, leading to improved crop yield and stress tolerance.26

The review additionally highlights the significance of the complex interactions in the mycorrhizosphere, the soil area shaped by the symbiotic relationship between plant roots and mycorrhizal fungi. Mycorrhizal fungi can form symbiotic relationships with plant probiotics, such as bacteria, leading to additive and synergistic effects on plant development and health, such as improved nutrient uptake and pathogen resistance.25-28 Figure 2 illustrates the effect of microbiome manipulation on crops.
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Fig 2 | Effects of microbiome manipulation





SynBio in Agricultural Systems

Current advancements in SynBio significantly influence agricultural structures, imparting innovative solutions to enhance crop productivity and resilience. Conventional breeding strategies have traditionally been important for developing agronomically important traits; however, they are increasingly seen as insufficient in addressing the complicated and demanding situations posed as a result of global warming and biotic stresses. SynBio gives a transformative technique by establishing novel biological components and systems, which could introduce multiple genes at a locus or create novel genomes from standardized genetic components. This functionality permits enhanced trait development, together with improved resistance to diseases, pests, and environmental stressors like drought and high temperature, ultimately aiming to preserve and increase crop yields in an era of escalating agricultural demands.29

The use of SynBio in agriculture drives fundamental advancements. For example, it permits the rational reprogramming of plant development and growth, leading to large breakthroughs comparable to a green Revolution. By systematically manipulating biological structures, researchers can explore fundamental questions about plant biology and simultaneously address practical challenges in sustainable agriculture. The integration of SynBio principles can facilitate the engineering of crops for enhanced nutritional value and reduce harmful compounds, contributing to a sustainable bioeconomy.30

However, the complexity of plant structures remains a substantial obstacle, necessitating precise information on their molecular and cell interactions to fully leverage SynBio technology.31 Furthermore, current agricultural practices face mounting pressure to enhance food production by about 70% by 2050 to satisfy global needs. SynBio is an essential tool in this endeavor, using engineering ideas to improve plant morphology and structure. Innovative approaches, such as synthetic carbon-recycling pathways enhance crop yields, optimize nutrient utilization, and decrease fertilizer dependency. For instance, engineering nitrogen fixation into plants and growing synthetic plant-microbiota structures are promising approaches that could improve agricultural sustainability.32



Precision Agriculture and Sensor Technologies

Smart sensors play a pivotal function in precision farming by providing practical insights into improving soil profile, climate ranges, and crop health. These sensors include soil moisture, temperature, and nutrient level sensors, enabling precise irrigation and fertilization strategies, resulting in resource efficiency and better crop yields.33,34

The evolution of Internet of Things technology has revolutionized precision agriculture. For example, cloud-based platforms permit seamless information collection and analysis from many sensor types, allowing farmers to monitor environmental factors remotely. This integration optimizes greenhouse control and also supports decision-making processes through predictive modeling.33

On-farm experimentation practices have gained popularity as a means of validating the effectiveness of technology in real-global settings. Recent research emphasizes the importance of farmer-centric methods in generating credible scientific knowledge while addressing localized agricultural challenges. This shift toward participatory research enhances the relevance of precision agriculture techniques by incorporating various farmer experiences and insights into technology deployment.35



Commercialization and Adoption of Biotech Crops

The commercialization and adoption of biotechnological crops are presently a subject of growing interest. The dramatic increase in the GM crop industry has caused significant changes in both the extent of adoption and the overall effect of these technologies.36 The creation of genetically modified crops has been a debatable subject globally, with stakeholders advocating for their adoption to enhance food safety and reduce poverty. In contrast, others express concerns regarding their health, environmental impacts, and moral issues. The global area of biotechnological crops has increased substantially in recent years, accomplishing 191.7 million hectares in 2020, with America, Brazil, and Argentina leading their cultivation.37

Conversely, the commercialization of genetically modified plants has been challenged by several regulations throughout the European Union, Australia, and beyond based on social concerns about potential risks.38 Regardless of a few consumer concerns, the global distribution and adoption of GM crops have accelerated rapidly over the last decade.39



Biotechnology for Climate-Smart Agriculture (CSA)

In the face of the developing issues of global warming, the application of biotechnology in agriculture has become increasingly vital. Figure 3 illustrates that drought, temperature, salinity tolerance, improved nutrient use efficiency, and disease tolerance are some important traits that may be engineered through superior biotechnological tools to develop climate-resilient plants.4,40,41
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Fig 3 | Addressing climate change through biotechnology



A systematic review of CSA practices shows that integrating advanced technologies can significantly enhance farm productivity and economic viability. For example, the adoption of precision agriculture tools, which include sensors and drones, allows for better tracking of environmental conditions, optimizing irrigation and crop management, and improving resource use efficiency. Such technologies help in increasing crop yields and also in reducing greenhouse gas emissions from agricultural activities, which are responsible for a sizable portion of worldwide emissions.42,43

In sub-Saharan Africa, there is a developing emphasis on adopting CSA technology customized to regional contexts. It includes advanced plant breeding and genomics, which offer insights into how crops can tolerate climate stresses. The combination of artificial intelligence and robotics in farming practices is gaining traction, permitting farmers to make data-driven decisions that enhance productivity and minimize environmental impacts.44

Moreover, practices consisting of agroforestry and soil carbon sequestration are being promoted as powerful techniques to sequester carbon dioxide and mitigate global warming effects. These techniques not only maintain soil health but also contribute to biodiversity conservation and enhanced soil water-holding capacity.43



Integrated Pest Management with Biotech Approaches

Integrated pest management has been a subject of extensive debate and interpretation historically. The word “integrated control” was coined to describe the potential for integrating chemical and organic control tactics to manage pests. As global health challenges regarding pesticide presence in food and the environment have grown, there has been an increased plant stress tolerance to lessen chemical pesticide use and explore environmentally safe alternatives.45

Another technique is agroecological crop safety, which takes a holistic view of farming systems and emphasizes promoting biodiversity. The agroecological approach to pest management has been successful in a few contexts, including in Réunion, where it has been proven to contribute to sustainable pest management.46

In the context of incorporated pest management, combining various management processes, such as chemical, biological, cultural, and host plant resistance, is desired to mitigate the harmful effects of pest control and attain more sustainable crop manufacturing. The success of biological control applications often relies on the compatibility of the natural enemies with different management practices, including chemical control. Increasing concerns about the destructive effects of insecticides have brought about the development of rationally designed insecticidal molecules and the expansion of environmentally safe production systems, including organic farming, where the synthetic component is constrained. However, even organic insecticides have been documented to have deadly and sublethal effects on beneficial insects, consisting of parasitoids of stinkbug eggs.45-48



Gaps in Current Research and Future Directions

Despite the fact that gene editing has been revolutionized by CRISPR/Cas9, problems with off-target effects and transportation efficiency in different crop genotypes still exist, and better variants of Cas enzyme (including Cas12a) with increased selectivity need to be developed. Since metabolic flux manipulation is not fully understood, especially in secondary metabolite pathways, metabolic engineering attempts often lack scalability and necessitate novel strategies to optimize biosynthetic networks. Future research is required to create artificial microbial consortia that cooperatively improve nutrient absorption and stress tolerance without disturbing soil ecosystems, as microbiome manipulation techniques are not yet fully understood in terms of their long-term ecological impacts.

Regulatory and socioeconomic barriers to the adoption of biotechnologically modified crops are frequently overlooked, particularly in developing countries where access is impeded by proprietary information and public skepticism. Because fragmented data limits predictive analytics, precision agriculture faces data integration issues. This gap can be filled by integrating these datasets using AI-driven systems. Furthermore, specialized research on individual stressors (such as drought) ignores eventualities of compounded stress that are exacerbated by climate change and require multifactorial resilience engineering. Ultimately, international governance frameworks for SynBio projects and the ethical issues surrounding genetic engineering necessitate immediate interdisciplinary cooperation to align innovation with global sustainability goals.



Conclusion

This review provides a comprehensive evaluation of the modern function that biotechnology plays in enhancing crop resilience and promoting nutritional value. It highlights the drawbacks of conventional breeding techniques and underlines the advantages of genetic technologies, especially CRISPR/Cas9, which permit specific gene modification without using foreign DNA. This method has confirmed its ability to develop genotypes that can be more nutritious and resilient against environmental stressors and disease. The study examines several biotechnology techniques, which include metabolic engineering for dietary development, microbiome modification to increase crop output, and transgenic strategies for pest management. These methods tackle essential problems like food safety and adapting to climate change by providing sustainable alternatives to traditional farming techniques. Incorporating precision agriculture technology is also emphasized as a way to enhance farming and maximize resource utilization. To sum up, biotechnology is at the vanguard of modern-day agriculture, supplying creative ways to improve the dietary cost and resilience of crops. They improve food security, and the potential benefits of these technologies also support sustainable farming strategies. For biotechnology plants to be successfully implemented, commercialization and public acceptance are still vital. Navigating these boundaries and attaining the full potential of biotechnology in agriculture would require ongoing studies and discussion.
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Appendix 1.




	Section
	Item #
	Checklist Item
	Location in Document



	Title
	1
	Identify the report as a systematic review, meta-analysis, or both.
	Title of the document indicates a review (Pg. No. 1)



	Abstract
	2
	Report the review’s main objective(s).
	Described in the Introduction (Pg. No. 1)



	
	
	State the eligibility criteria.
	Mentioned in the Methodology. (Pg. Nos. 1–2)



	
	
	Indicate the main information sources.
	PubMed, Scopus, and Google Scholar are mentioned in the Methodology. (Pg. Nos. 1–2)



	
	
	Present key results.
	Present in the Abstract and in the Conclusion (Pg. No. 5)



	
	
	Provide the main conclusions.
	Pg. No. 5



	Introduction
	3
	Describe the rationale for the review in the context of existing knowledge.
	The Introduction provides background on crop improvement and the need for biotechnology. (Pg. No. 1)



	
	4
	State specific objectives for the review, including the research question.
	Objectives are outlined in the Introduction and Methodology, focusing on engineered crops, optimized processes, etc. (Pg. Nos. 1–2)



	Methods
	5
	Specify the study characteristics (e.g., PICO).
	Engineered crops (Pg. No. 1–2)



	
	6
	Indicate the eligibility criteria.
	Eligibility criteria are mentioned in the Methodology. (Pg. No. 1–2)



	
	7
	Describe all information sources (databases, registers, websites, organizations, reference lists).
	PubMed, Scopus, and Google Scholar are specified in the Methodology. (Pg. No. 1–2)



	
	8
	Present the search strategies used.
	Keyword searches are mentioned in the Methodology. (Pg. No. 1–2)



	
	9
	Describe the selection process.
	The Methodology mentions the assimilation, scrutinization, and synthesis of publications. (Pg. Nos. 1–2)



	
	10
	Describe the data collection process.
	Data was collected from peer-reviewed publications (Methodology). (Pg. No. 2)



	
	11
	Describe the data synthesis methods.
	Data synthesis is described in the Methodology. (Pg. No. 2)



	Results
	12
	For each study, present the characteristics.
	Characteristics of included studies are generally discussed in the context of each topic (e.g., transgenic approaches, gene editing). (Pg. Nos. 2, 3, and 4)



	
	13
	Present the main results of the review.
	Main results are presented throughout the document, discussing advancements in each area.



	
	14
	Present assessments of risk of bias.
	N/A



	
	15
	Present the results of any synthesis performed.
	Synthesis is presented in the discussion of each topic. (Pg. Nos. 2–5)



	Discussion
	16
	Discuss the main limitations of the review process.
	Limitation is mentioned in the discussion of each topic.



	
	17
	Provide a general interpretation of the results.
	The entire Conclusion interprets the results in the context of crop improvement. (Pg. No. 5)



	Other
	18
	Report the review protocol registration number.
	Not applicable



	
	19
	Indicate sources of funding and other support.
	Not applicable
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