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					ABSTRACT  

					ARTICLE INFO  

					The effects of climate change are not just a looming threat but a present reality already being felt  

					worldwide. One of the most visible and alarming impacts is the disruption of our food systems,  

					caused by rising temperatures, changing precipitation patterns, and more frequent extreme  

					weather events. These disruptions are leading to lower crop yields, food shortages, and higher  

					prices, raising the spectre of a global food crisis that threatens the security of all nations. This  

					study explores biotechnology's role in mitigating climate change and advancing sustainable  

					agriculture in Nigeria. This work highlights how these approaches can significantly increase  

					agricultural production, enhance food security, and reduce greenhouse gas emissions by  

					leveraging innovative biotechnological techniques such as genetic engineering, biogas, biochar,  

					bioremediation, and precision agriculture. For instance, genetic engineering improves crop  

					resilience to environmental stresses, biochar enhances soil fertility while sequestering carbon, and  

					biogas provides sustainable energy solutions. The findings emphasize the transformative potential  

					of biotechnology despite challenges such as safety concerns and limited skilled personnel in  

					Nigeria. By adopting these innovative techniques, Nigeria can enhance agricultural productivity,  

					ensure food security, and actively contribute to global climate change mitigation efforts.  
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					Aside from climate change, non-climate stressors (e.g., population and  

					wealth increase, demand for animal products) endanger the food chain.  

					Introduction  

					According to the World Bank, agriculture would account for around  

					23.2% of Nigeria's GDP in 2020, employing a far larger proportion of  

					the people. In addition, the Food and Agriculture Organization (FAO)  

					claimed in 2020 that Nigeria's agricultural sector employs over 40% of  

					the country's workforce. This demonstrates that agriculture is the  

					primary source of income for a large portion of Nigeria's population,  

					and a drop in agricultural yields could result in a significant loss of  

					revenue and jobs. Expected yield losses are projected to raise food  

					prices, resulting in a GDP loss of billions of dollars yearly and  

					worsening poverty levels.1Over the years, the increasing global  

					temperature levels and the drastic change in weather patterns and  

					precipitation have been more than pressing issues. These abnormalities  

					bring about similar drastic weather conditions like floods and severe  

					rains, forest fires, the introduction of new illnesses, aberrant bacterial  

					growth, and an increase in insect pest prevalence. Therefore, it is  

					established that the primary reason for these global environmental  

					changes is anthropogenic greenhouse gases, and the expanding human  

					population, which is projected to reach 9 billion by 2050, is expected to  

					worsen things.2  

					These climate and non-Climate pressures impact food security (supply,  

					access, usage, and stability).3,4 Non-climate pressures are unrelated to  

					climate and substantially impact food systems. For example, as people  

					grow, so does the demand for food, putting enormous strain on  

					agricultural systems to fulfill rising demands. These changes intensify  

					the strain on natural resources such as land, water, and energy. In the  

					advent of climate change, these pressures are compounded as  

					agricultural systems must adapt to meet rising demand and overcome  

					the challenges of reduced productivity, resource scarcity, and disrupted  

					supply chains.3 Together, non-climate stresses and climate change  

					create a complex interplay that threatens global food security, requiring  

					innovative and sustainable solutions to ensure resilience in food  

					systems. Furthermore, Nigeria continues to have challenges in  

					providing safe, healthy, and nutritional food.5 The COVID-19  

					epidemic, interruptions in global food supply chains as a result of the  

					Ukraine crisis, and insecurity induced by armed conflicts and  

					community disputes have all contributed to more Nigerians sliding into  

					poverty as food prices rise. High inflation continues to erode household  

					purchasing power, resulting in decreased food consumption, sale and  

					consumption of productive assets, and negative coping techniques,  

					making it difficult for some communities to recover from the shock.5  

					Additionally, the ongoing depreciation of Nigeria’s currency against  

					major foreign currencies negatively influences the trade balance.5 In  

					this review, the employment of biotechnological approaches, such as  

					genetic engineering, biogas, biochar, bioremediation, and precision  

					agriculture to alleviate the consequences of climate change in Nigeria  

					are discussed, focusing on the agricultural sector and reducing  

					greenhouse emissions. By highlighting the transformative role of  

					biotechnological tools, this review underscores their capacity to  

					mitigate climate impacts, improve food security, and support  

					sustainable agriculture in Nigeria.  
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					advanced or underutilized methods, including CRISPR/Cas9 for  

					precision gene editing, precision agriculture, and large-scale systems,  

					are being proposed for implementation.86 While some of these practices  

					are already in use, further research is needed to evaluate their  

					productivity—how much value and waste products can be derived from  

					them—and how to improve their sustainability to minimize waste. By  

					optimizing these processes, Nigeria can ensure that these  

					biotechnologies deliver maximum value, minimize waste, and operate  

					in a way that conserves resources and supports long-term environmental  

					and economic goals.87  

					Materials and Methods  

					This review synthesizes information from various scientific journals  

					and articles accessed through PubMed, IEEE Xplore, JSTOR,  

					ScienceDirect, and the Google Scholar search engine. The keywords  

					used during the search included biotechnology, food sustainability, and  

					climate change, often combined with terms like Nigeria and agriculture.  

					Inclusion criteria focused on peer-reviewed articles published within  

					the last ten years, particularly those addressing biotechnological  

					applications in Nigeria's agricultural sector. Relevant government and  

					organizational reports were also included to provide additional context.  

					Articles were evaluated for relevance based on their contribution to  

					understanding the role of biotechnology in mitigating climate change  

					and improving food sustainability.  

					Biochar  

					Heating in the absence of oxygen or pyrolysis of organic compounds  

					like plant and animal waste produces a highly porous stable form of  

					carbon called biochar, which is resistant to decomposition.14 Pyrolysis  

					is a form of thermochemical reaction that transforms biomass, in the  

					absence of air, within 350 and 700 °C into charcoal, bio-oil, and  

					syngas.15 Biomass is feedstocks such as woodchips, wood bark, dairy  

					manure, rice husk, plant residues, sugar beet tailing, and human manure.  

					Effect of climate change on food security in Nigeria  

					According to the Food and Agriculture Organization, a sustainable food  

					system (SFS) is characterized as a system that ensures the equitable  

					provision of food and nutrition while safeguarding the economic, social,  

					and environmental support responsible for the continued production of  

					food and nutrition for future generations. This means it is profitable to  

					the economy, benefits the population, and positively or neutralizes the  

					natural environment (environmental sustainability).3  

					15  

					Global interest in applying biochar to soil is increasing due to its  

					ability to promote the growth and activity of microorganisms involved  

					in biodegradation. It can absorb soil contaminants, mitigate climate  

					change, improve soil quality, and raise soil pH levels across various soil  

					types.16 Biochar can be particularly useful in Nigeria. This is because  

					the organic residues and wastes produced in the country are often  

					underutilized, making biochar an attractive option for waste  

					management and sustainable resource utilization.17  

					A sustainable food system ensures that food production, processing,  

					distribution, and consumption are socially, economically, and  

					environmentally sustainable. Therefore, the primary purpose of food  

					security is to ensure proper access to adequate quantities and good  

					quality food. However, temperature, precipitation, and atmospheric  

					carbon dioxide concentration changes significantly impact the  

					agricultural sector.6 Since 1970, greenhouse gas concentrations have  

					increased by 70% globally, especially carbon dioxide (CO2).7 This has  

					become dangerous for the economy of developing countries like  

					Nigeria, which depend largely on the agricultural sector.8 For instance,  

					the northern regions of Nigeria, which rely heavily on rain-fed  

					agriculture, are already experiencing more frequent droughts, leading to  

					a decline in crop yields, especially for staple crops like millet and  

					sorghum.9 Extreme weather occurrences have increased in frequency  

					and severity, particularly in the country's north. As a result of these  

					climatic threats, per-capita food production has already been dropping  

					therefore the share of the population facing undernutrition has increased  

					from 6.5% in 2004 to 12.7% by 2020.5 Water content, high or low  

					temperature, length of growing season, variation in seasons, and other  

					climatic extremes affect plants, crops, and livestock inherently.  

					Flooding and droughts in Nigeria significantly impact crop yields and  

					food availability, especially in communities already at risk of poverty.  

					Some of the most severely affected crops in terms of decline due to  

					climate change include coffee, cocoa, sugarcane, and maize, among  

					others.11 Compared to 2000, maize yields could decrease by 24% by  

					2050.10  

					When used as a soil amendment, it improves soil quality. It reduces  

					greenhouse gas emissions from agriculture.14 Biochar retains the cell  

					wall structure of the biomass feedstock from which it is generated,  

					giving it a high porosity. Incorporating biochar into the soil increases  

					its porosity and reduces its bulk density.14 This results in a less compact  

					soil structure with increased pore spaces, which can enhance soil water  

					retention, gas exchange, and nutrient retention and availability. The  

					high porosity of biochar is attributed to its unique physical and chemical  

					properties, which enable it to act as a physical barrier, providing a large  

					surface area for the attachment of microorganisms and adsorption of  

					inorganic nutrients and soluble organic matter. This property also  

					allows biochar to act as a soil conditioner. The characteristic porosity  

					of biochar aids in the retention of nutrients and water, making it an  

					effective tool for improving soil fertility and water retention, which in  

					general improves soil physical properties and biodiversity to withstand  

					better drought, heat waves, and even heavy rains that are becoming  

					more severe and frequent due to climate change. Biochar can also  

					improve soil quality by retaining harmful pollutants.18 Using biochar to  

					improve crop yields will also reduce the need for synthetic fertilizers,  

					contributing to GHG emissions. Additionally, biochar can decrease  

					GHG emissions from agriculture by reducing nitrous oxide and  

					methane produced by soil microbes.19 Several biochar companies in  

					Nigeria produce biochar from agricultural waste, such as rice husks and  

					cassava peels, for use in agriculture, water filtration, and carbon  

					sequestration.20  

					Therefore, climate change adaptation strategies and enhancing adaptive  

					capacity within the agricultural sector are critical in advancing food  

					security in a nation with heightened vulnerability like Nigeria.12 While  

					Nigeria has some national policies like the National Climate Change  

					Policy (2021-2030), these measures have yet to be fully implemented  

					in the agricultural sector. More targeted policies are needed to support  

					smallholder farmers with climate-resilient technologies and access to  

					insurance programs.  

					However, biochar faces several significant challenges in Nigeria.  

					Production costs remain a major barrier, as converting biomass into  

					biochar can be expensive, particularly on a large scale. Additionally,  

					biochar has the potential for nutrient leaching, which can reduce soil  

					fertility over time if not carefully managed. Another critical challenge  

					is the long-term impact of biochar on soil health and ecosystems, which  

					remains uncertain and requires further research. Biochar technology  

					access is also limited in regions like Nigeria due to inadequate access  

					to skilled labour, suitable feedstocks, and advanced production  

					technologies. 21  

					Biotechnological techniques as a mitigation strategy for climate change  

					The Intergovernmental Panel on Climate Change (IPCC) reported in  

					2019 that approximately 23% of global greenhouse gas (GHG)  

					emissions are attributed to agriculture, forestry, and land degradation.  

					This includes emissions associated with deforestation, fertilizer use,  

					waste management, and other relevant practices. Biotechnology has  

					emerged as a promising tool to mitigate climate change impacts in  

					Nigeria. This promising technology can help Nigeria develop  

					sustainable solutions that reduce greenhouse gas emissions, promote  

					sustainable agriculture, and manage natural resources more  

					efficiently.13  

					Bioremediation  

					Gaseous substances that can release UV light within a specific thermal  

					infrared range are greenhouse gases (GHGs). Less heat can escape back  

					into space because greenhouse gases maintain high temperatures in the  

					lower atmosphere. Global warming and the greenhouse effect are the  

					downstream effects of this.21 Waste products from transportation,  

					manufacturing, agriculture, electricity, and construction operations  

					Biotechnological techniques currently employed in Nigeria, such as  

					biochar application, biogas production, and bioremediation, have  

					shown potential for addressing various challenges.85 Additionally,  
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					cause environmental pollution and are the source of greenhouse gases  

					and the primary drivers of climate change.22  

					easy to use to generate electricity and heat. Although processing is  

					needed to use biogas as vehicle fuel, increasing filling stations are  

					taking advantage of its environmental benefits. Biogas also has the  

					potential to reduce dependence on fossil fuels and mitigate  

					Remediation involves removing these contaminants from the  

					environment.23 Bioremediation is  

					a

					flexible, cost-effective, and  

					environmentally sustainable treatment strategy that employs living  

					organisms, primarily microorganisms, to degrade environmental  

					contaminants into less toxic forms.16 This technique can filter  

					contaminants or pollutants before they escape into the atmosphere to  

					prevent global temperature increases. Environmental conditions can be  

					improved by applying bioremediation to reduce greenhouse gas release  

					to mitigate climate change. However, the limitations of bioremediation  

					are considerable. It is limited to degradable compounds, and sometimes,  

					by-products of degradation may be more harmful than the parent  

					compound.24 The development of modern engineering aimed at  

					bioremediation strategies for sites with pollutants is not evenly  

					distributed in the environment.24 Additionally, bioremediation  

					processes require much time for full effectiveness. It is also limited to  

					certain conditions, such as temperature and pH, and is ineffective in  

					saturated soils.25  

					environmental damage.31  

					32  

					According to  

					“biogas could be a promising source of energy in  

					southwest Nigeria as the hydrogen gas derived from it has the potential  

					to produce 19.46 million kWh of power in a year”.32 This could  

					potentially replace 7.446 million liters of diesel fuel in the area and  

					generate 1.489 billion Naira.  

					Another study by 33 “identified 8 out of 43 abattoirs in Anambra State  

					as hotspot sites for large-scale biogas generation”. This highlights the  

					potential of biogas to improve Nigeria's energy sector if properly  

					harnessed.33 However, high initial investment costs for biogas plants  

					and the required infrastructure often deter farmers and small-scale  

					enterprises. The availability and accessibility of suitable feedstock, such  

					as organic waste, can also be inconsistent, impacting the reliability of  

					biogas production. Furthermore, a lack of knowledge regarding the  

					benefits of biogas and limited government support, including subsidies  

					and capacity-building initiatives, impedes the broader implementation  

					of this sustainable energy alternative. 34,35 By overcoming these hurdles,  

					biogas can play a pivotal role in reducing reliance on fossil fuels and  

					advancing global sustainability goals.  

					Figure 1: Advantages of Bioremediation  

					Biogas  

					Biogas is an environmentally friendly alternative to fossil fuels due to  

					its low generation of hazardous emissions and minimal negative effects.  

					In contrast, fossil fuels significantly contribute to greenhouse gas  

					emissions, a key cause of climate change, global warming, and polar ice  

					melting.26 Furthermore, biogas is a localized energy source, eliminating  

					the need for transportation and reducing environmental threats.26  

					According to the Asian and Pacific Centre for Agricultural Engineering  

					and Machinery, biogas converts agricultural waste into fuel and  

					fertilizer through anaerobic digestion.27 Anaerobic digestate, a residue  

					slurry from biogas production, is a rich source of plant nutrients and a  

					good substitute for mineral fertilizers.28  

					Nigeria faces a significant solid waste management challenge, with over  

					32 million tons of garbage produced yearly, of which 20–30% are  

					collected, leading to environmental pollution and health hazards.  

					Households produce most waste, while local industries, artisans, and  

					traders contribute to the problem.29 To address this challenge,  

					environmentally friendly solutions such as biogas have been proposed.  

					Biogas transforms waste and other organic materials into gas, a  

					renewable energy source contributing to a more circular economy.30  

					Besides addressing the issue of waste management, biogas technology  

					also provides a sustainable way to generate energy.27  

					Using fossil fuels releases carbon dioxide (CO2) into the atmosphere,  

					contributing to global warming as a greenhouse gas. Biogas production,  

					on the other hand, releases CO2 but is different from fossil fuels as the  

					carbon in biogas was recently taken from the atmosphere. Biogas  

					production also lowers nitrous oxide and methane emissions from  

					untreated animal manure, which have higher greenhouse gas potential  

					than carbon dioxide. When biogas replaces fossil fuels, it reduces  

					emissions and mitigates global warming. Biogas is a versatile and cost-  

					effective source of energy that has various applications, including  

					heating buildings, generating electricity and heat, serving as vehicle  

					fuel, being injected into gas networks, and being utilized in industries  

					such as sugar refineries, distilleries, dairies, and paper mills. Biogas is  

					Figure 2: Biogas Production Diagram  

					Precision Agriculture  

					Precision agriculture is a management approach that collects, organizes,  

					and examines individual, spatial, and temporal data to support  

					management decisions according to estimated variability, intending to  

					improve resource use efficiency, productivity, quality, profitability, and  

					sustainability of agricultural production.36 This explanation, adopted by  

					the International Society of Precision Agriculture, highlights the  

					importance of using data-driven technologies and tools to optimize  

					farming practices and achieve better outcomes. Precision Agriculture  

					enables farmers to gain precise and detailed insights into the specific  

					requirements of crops in terms of optimal parameter values, spatial  

					distribution, and timing by integrating data from various sources such  

					as soil nutrients, pest, and weed presence, chlorophyll content in plants,  

					and weather conditions.37 Farmers can tailor their approach to each land  

					area by leveraging precision agriculture techniques, accounting for soil  

					quality, moisture levels, and crop growth patterns. This can help reduce  

					waste, increase yields, and lead to more sustainable and profitable  

					agricultural production.37 The adoption of precision agriculture offers  

					significant environmental benefits. It reduces the overuse of  

					agrochemicals, which can degrade soil health, pollute water sources,  

					and harm biodiversity. Additionally, by improving resource efficiency,  

					precision agriculture supports sustainable farming practices and  

					mitigates the environmental footprint of agricultural activities.36  

					Despite its advantages, it faces notable challenges, particularly in  

					developing countries. The high initial cost of acquiring precision  

					farming technologies is a significant barrier for many farmers,  

					38  

					especially smallholder farmers.  

					Limited access to technology,  
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					inadequate infrastructure, and a lack of skilled labor further constrain  

					adoption. The digital divide, characterized by unequal access to digital  

					tools and the internet, exacerbates these issues. Furthermore, managing  

					the vast amounts of data generated by PA systems requires expertise  

					many farmers do not yet possess. Concerted efforts are needed to  

					address these challenges and realize the full potential of precision  

					agriculture. Governments, private sector stakeholders, and agricultural  

					institutions can play a pivotal role by providing subsidies, investing in  

					infrastructure, and offering training programs to build farmers’  

					capacity. With these interventions, precision agriculture can become a  

					transformative force for achieving sustainable food production and  

					improving global food security.  

					yields even during periods of low rainfall. These varieties provide  

					higher yields than traditional maize, making them valuable for Nigerian  

					farmers facing pest infestations and climate variability.43  

					The release of these varieties supports Nigeria's agricultural  

					development goals by addressing pest resistance and climate change  

					challenges, helping to reduce crop losses, enhance food security, and  

					contribute to the sustainability of agriculture in the country. Also,  

					several crops are currently being tested in the field, including Maruca-  

					resistant cowpeas (Bt cowpeas), Africa biofortified sorghum, Nitrogen  

					Use Efficient, Water Use Efficient, Salt Tolerant Rice, and Bt cotton.44  

					Furthermore, several projects have been reported to be ongoing in  

					Nigeria; they include the development of improved crop varieties, as  

					shown in Table 2, to ease the burden and expenses of weed  

					management.  

					Genetic engineering techniques (GETs) involve using artificial methods  

					to modify a cell or organism's genetic material or genome to alter its  

					hereditary traits. This involves transferring specific genes or traits from  

					one living cell to another, even across distinct species.45 Site-specific  

					nucleases (SSNs) with RNA sequences or DNA binding domains have  

					been employed in conventional GETs to target and edit the genome.  

					Zinc-finger nucleases (ZFNs), transcription activator-like effector  

					nucleases (TALENs), and Mega nucleases are forms of SSNs; however,  

					they are outdated owing to their reliance on a limited amount of loci,  

					the need to construct specific enzymes, the high-cost of creating specific  

					protein domains, the need to construct suitable vectors with specific  

					monomers, and the associated off-target effects.46  

					With the progress made in molecular biology and plant breeding,  

					advanced genetic engineering techniques (such as Clustered regularly  

					interspaced palindromic repeats (CRISPR/Cas9, CRISPR/Cpf1), prime  

					editing, base editing, and epigenetic modification tools) have  

					emerged.47 These techniques enable the precise and efficient editing of  

					plant genomes within a shorter time frame.48 Conjointly, these  

					mechanisms are termed recombinant DNA technology, and they have  

					been used to modify crops to address several challenges in agriculture  

					and contribute to global food security.49  

					One potential application of these technologies is to develop  

					nutritionally superior crops enriched with protein, vitamins, minerals,  

					and healthy fatty acids. Another application is to create crops tolerant  

					to various stresses, such as high and low temperatures, salinity, and  

					drought, which could help mitigate climate change. Additionally, crops  

					can be engineered to resist diseases and insect pests, reducing the need  

					for harmful pesticides and improving crop yields. Crops that are  

					genetically modified through these mechanisms are referred to as  

					Genetically Modified Crops or organisms (GMOs). These crops include  

					herbicide-tolerant soybeans and insect-resistant maize, soybean cotton,  

					and canola.50 The challenges associated with genetic engineering  

					include biosafety issues surrounding genetically modified organisms  

					(GMOs), such as the potential for environmental hazards and genetic  

					erosion; concerns about potential health risks persist despite scientific  

					safety evaluations and gene flow risks.51  

					Figure 3: Precision Agriculture Workflow  

					Biotechnological strategies toward food sustainability  

					Finding strategies to reduce the danger of drought, maintain production,  

					and motivate small-scale farmers to adopt appropriate management  

					practices are vital to achieving food security and improving livelihoods  

					on the continent.39 Biotechnological strategies in Sub-Saharan Africa  

					focus on improving crop resilience and nutrition through genetic  

					engineering, plant tissue culture, and marker-assisted selection. These  

					technologies aim to address challenges like drought, pests, and  

					malnutrition, with initiatives such as TELA Maize and biofortified  

					crops enhancing food security.  

					Biotechnological Techniques for Food Sustainability  

					Plant Tissue Culture  

					Biotechnological strategies currently in use in crop improvement  

					toward food sustainability include the following: (i) Genetic  

					Engineering, (ii) Plant Tissue Culture for mass propagation, (iii)  

					Molecular Marker-assisted selection.40  

					Plants are frequently exposed to several biotic and abiotic stressors that  

					may harm their development and growth, reducing yields for  

					economically significant crops and causing substantial economic losses  

					worldwide. To mitigate these effects, breeding stress-tolerant plant  

					varieties has been a widespread practice for many decades, and plant  

					tissue culture has emerged as a cost-effective and efficient method for  

					this purpose.52 Plant tissue culture is a method for rapidly cultivating  

					many plants with enhanced genetic traits in a regulated environment.53  

					It involved techniques for growing or maintaining plant cells, tissues,  

					or organs under sterile conditions on a known composition nutrient  

					culture medium. Plant tissue culture has led to tremendous advancement  

					in recent years, and it is now a vital instrument for developing  

					agricultural sciences and modern agriculture.54 Using tissue culture,  

					researchers can develop and screen stress-tolerant genotypes and  

					investigate alterations in metabolism and physiology when under stress.  

					In-vitro selection in controlled environments offers a highly effective  

					and cost-efficient plant stress tolerance development approach.52  

					Genetic Engineering Techniques  

					The primary objectives of sustainable agriculture are to increase the  

					yield of nutritious crop products, use environmental resources as  

					efficiently as possible with the least amount of harm done, improve  

					societal well-being through equitable food distribution, and reward  

					farmers economically; this can be achieved through Genetic  

					engineering techniques (GETs).41  

					In 2018, Nigeria introduced two commercially available Bt cotton  

					varieties, MRC 7377 BG 11 and MRC 7361 BG 11.42 These varieties  

					were developed through conventional breeding methods, focusing on  

					improving resistance to pests, diseases, and environmental stressors.  

					The maize varieties also showed improved resistance to the Fall  

					Armyworm and other major pests, reducing the need for chemical pest  

					control. They performed better under drought conditions, ensuring good  
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					Category  

					Biogas  

					Biochar  

					Precision Agriculture  

					Bioremediation  

					Biochar is created by heating  

					Produced  

					decomposition of organic matter in  

					How it Works a digester, generating methane and  

					CO2. Controlled temperature and  

					carbon-nitrogen ratios.  

					through  

					anaerobic  

					Uses GPS-guided machinery, Uses  

					remote sensing, and VRT for site- degrade pollutants in soil or  

					microorganisms  

					to  

					organic materials in  

					a

					low-  

					oxygen  

					environment  

					specific  

					management  

					of water,  

					improving  

					and  

					crop  

					(pyrolysis), improving soil  

					resources like water, fertilizers, resilience  

					reducing  

					quality  

					and  

					carbon  

					and pesticides.  

					agrochemical reliance.  

					sequestration.  

					Enhances crop yield and  

					sustainability, especially for  

					Converts agricultural, food, and Improves soil quality, enhances  

					Applications animal waste into renewable carbon sequestration, and  

					energy, reducing reliance on fossil mitigates climate change by  

					Improves crop resilience and  

					nutritional value, reduces  

					reliance on agrochemicals, and  

					enhances soil health.  

					smallholder  

					farmers,  

					by  

					in Nigeria  

					optimizing input use and  

					improving resource management.  

					fuels.  

					utilizing waste materials.  

					Reduces CO2 emissions, aids Reduces  

					overuse  

					of  

					Reduces  

					greenhouse  

					gases,  

					Reduces pollutants in the  

					environment, improves soil  

					health.  

					carbon  

					sequestration,  

					climate  

					and agrochemicals, improving soil  

					change health, water quality, and  

					biodiversity.  

					Benefits  

					minimizes waste, and promotes  

					cleaner air and healthier soil.  

					supports  

					mitigation.  

					Reduces the need for costly  

					Cost-effective for small systems, Turns agricultural waste into a Optimizes input use, reducing  

					chemical  

					fertilizers  

					and  

					can generate energy and sell excess. resource, reducing costs.  

					waste and costs.  

					pesticides.  

					Improves public health by  

					productivity, reducing harmful pollutants,  

					Provides accessible energy in rural Improves soil quality, boosting  

					areas, improves health, and creates agricultural productivity and  

					Increases  

					supporting food security.  

					supports  

					sustainable  

					employment.  

					food security.  

					agriculture.  

					Soil Variability: Different soils  

					respond differently, requiring  

					localized studies to determine  

					optimal application rates.  

					Scale: Expensive for large-scale  

					production, requires significant  

					investment.  

					High Initial Costs: Expensive Regulatory Challenges: Strict  

					Challenges  

					equipment  

					and  

					training regulations on bioremediation  

					practices.  

					requirements.  

					Technology: Needs further research Biotoxicity: High application Knowledge Gap: Need for Affordability: Access and  

					to optimize production processes rates may inhibit microbial specialized training, especially affordability issues in rural  

					and monitoring.  

					activity.  

					for smallholder farmers.  

					areas.  

					Resource Constraints: Financial  

					and infrastructural barriers,  

					Resource Constraints: Requires Resource Availability: Requires  

					controlled conditions for optimal sufficient biomass and  

					production. technology.  

					Research: Limited research and  

					development, restricted access  

					to quality seed.  

					especially  

					countries.  

					in  

					developing  

					Available, but limited adoption due Emerging  

					technology, Early stages of adoption, limited Limited  

					research  

					and  

					Availability in to costs and lack of awareness, challenges with access to access to technology, lack of development, strict regulations,  

					Nigeria  

					government support and capacity- technology, skilled labor, and skilled labor, and inadequate and restricted access to quality  

					building programs are needed.  

					suitable feedstocks.  

					infrastructure.  

					seed.  

					35,69,75, 77, 78  

					34, 79, 84  

					38,80,81  

					82,83  

					Reference  

					Table 1: Analysis of Agricultural Tools in Nigeria.  

					Table 2: Table of Ongoing Products in Development.  

					Project Name  

					Herbicide  

					Tolerant  

					Soybeans  

					TELA maize  

					Crop used  

					Soybeans  

					Modification  

					Collaborating Researchers  

					1

					2

					Glyphosate  

					(HT) genes  

					tolerance Michigan State University, NCRI Badeggi, Niger State  

					Maize  

					Tomato  

					Rice  

					Resistance  

					to  

					fall Institute of Agricultural Research (IAR), Zaria  

					armyworm and stem  

					borers  

					A) Increasing shelf-life  

					B) Adoption in the field  

					3

					Tomato  

					International Institute of Tropical Agriculture, Ibadan  

					NCRI Badeggi, Niger State  

					4

					5

					NEWEST Rice  

					Nitrogen-efficient,  

					water-efficient,  

					tolerant  

					salt-  

					VIRCA  

					Cassava  

					Plus Cassava  

					Virus resistance, elevated NRCRI Umudike, Donald Danforth Plant Science Centre  

					iron and zinc levels  
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					7

					Africa  

					Biofortified  

					Sorghum (ABS)  

					Sorghum  

					Biofortification  

					increased β-carotene, iron, NABDA, and others  

					zinc  

					with Africa Harvest Biotech Foundation, Corteva Agriscience, IAR,  

					Blight Resistant Potatoes  

					Potatoes  

					Blight resistance  

					NRCRI Jos Station, AATF  

					Source: Biotechnology and Other Annual Technologies Annual Report, Lagos, 2023.  

					Table 3: Biotechnological Techniques for Food Sustainability  

					Biotechnological Technique  

					Genetic Engineering (GET)  

					Purpose  

					Examples  

					Modifies genetic material to enhance traits CRISPR/Cas9, CRISPR/Cpf1, Bt cotton,  

					such as stress tolerance and pest resistance  

					Cultivates plant cells or tissues in sterile  

					environments for rapid propagation and stress  

					tolerance  

					Bt maize, herbicide-resistant soybeans  

					In-vitro selection for stress-tolerant  

					genotypes  

					Plant Tissue Culture  

					Molecular Marker-assisted Selection Uses molecular markers to identify and select  

					(MAS) plants with desirable traits efficiently  

					Microsatellite markers, SNPs, SSRs  

					Plant tissue culture requires a controlled environment, technical  

					expertise, high costs of setting up facilities, and the availability of  

					suitable plant materials, which are related to the success of any project.  

					55 These pose hindrances to adopting Tissue Culture.56  

					and reduced crop losses due to pest and disease attacks were key  

					benefits.60  

					The TELA Maize Project is an African Agricultural Technology  

					Foundation (AATF) initiative to commercialize drought-tolerant and  

					insect-resistant transgenic maize varieties in Sub-Saharan Africa to  

					enhance food security. Using TELA maize can be advantageous for  

					smallholder farmers, as it offers heightened resistance to drought,  

					protection against stem borers, and a significant defense against fall  

					armyworms. Smallholders can decrease their insecticide expenses and  

					minimize their interaction with the chemicals, benefiting from  

					increased crop yields and improved grain quality. The project is being  

					executed in several African nations: South Africa, Kenya, Ethiopia,  

					Nigeria, Mozambique, Uganda, and Tanzania. However, testing and  

					commercializing TELA hybrids in Nigeria is being approved.61  

					This research is highly relevant to Nigeria's agricultural goals,  

					particularly in addressing food security challenges. Maize is a staple  

					crop, and with the rising threat of climate change, which brings erratic  

					weather patterns and pest outbreaks, the TELA maize varieties offer a  

					solution for increasing maize productivity. This aligns with Nigeria’s  

					efforts to ensure food security, improve agricultural resilience, and  

					reduce reliance on imported products. Additionally, it contributes to  

					climate change mitigation by improving the resilience of crops to  

					unpredictable weather patterns.61  

					Marker-assisted selection  

					Molecular marker-assisted selection, or MAS, is a tool used by  

					geneticists and plant breeders as a practical approach to breeding to  

					increase selection efficiency and speed up the breeding cycle.  

					Compared to the conventional phenotypic selection, MAS is more  

					efficient, reliable, and effective. Molecular markers can quickly identify  

					economically significant traits in the breeding population, allowing  

					them to be manipulated further in a shorter period. By applying markers  

					at the seedling stage, high-level accuracy can be achieved at a reduced  

					cost, enhancing positive selection responses. In MAS, DNA-level  

					polymorphism accelerates the selection process, with co-dominant  

					markers such as microsatellite markers/SSRs, RFLP markers, and SNPs  

					being the most used markers.57  

					Nigeria has used biotechnology to increase agricultural resilience to  

					environmental stress. Three molecular markers associated with cassava  

					mosaic disease CMD2 (main dominant gene), RME1, SSRY28, and  

					NS158, were created using MAS methods. These indicators are  

					extremely valuable and show tremendous potential in accelerating  

					cassava improvement for CMD-resistant diseases.58 However, marker-  

					assisted selection faces constraints such as a skilled labor shortage and  

					limited access to required technologies. These constraints prevent  

					widespread technology implementation, especially in locations with  

					poor infrastructure and resources.88  

					Climate-resilient and biofortified crops, including biosafety risks and  

					potential environmental impacts, encounter regulatory concerns.  

					Additionally, public awareness and access to planting materials remain  

					critical barriers to their adoption among farmers.62  

					Biofortified crops  

					Climate-Resilient Crops  

					A lack, overabundance, or imbalance of energy and other macro- and  

					micronutrients is associated with malnutrition.63 About 6 million  

					children from the age of 0-5 years in Northwest and Northeast Nigeria  

					are suffering from malnutrition from 2022-2023 and are expected to be  

					affected by acute malnutrition.64 Also, about 511,890 pregnant and  

					breastfeeding women are likely to be acutely malnourished and  

					therefore need nutrition interventions.65 Several methods can be  

					employed to resolve malnutrition in Nigeria; among these are  

					biofortification, dietary diversification, and supplement distribution.66  

					Biofortification refers to enhancing crops' nutritional value by  

					increasing their vitamin and mineral content. This is done using  

					agronomy, plant breeding, or transgenic technology. Introducing  

					biofortified crops (rich in essential nutrients) into the limited access to  

					diverse diets will improve the overall health status of the populations.  

					Agriculture in Sub-Saharan Africa (SSA) has significantly suffered due  

					to the threat of climate change. Since most of SSA's agriculture depends  

					on rain, the unpredictable rainfall patterns over the past few decades  

					have significantly worsened the issue.59 Several initiatives, such as the  

					TELA Maize project, have been developed to mitigate this effect. Maize  

					(Zea mays) is one of the significant staple diets in SSA. Still, the  

					production falls behind in terms of food security due to the effects of  

					fall armyworm (Spodoptera frugiperda) and environmental stresses.  

					The TELA Maize Project is a collaborative research effort to develop  

					genetically modified (GM) maize varieties resistant to pests, diseases,  

					and adverse environmental conditions like drought. It focuses on  

					increasing maize's resilience and yield potential, a critical staple crop in  

					Nigeria. The project is part of broader efforts to improve sub-Saharan  

					Africa's food security and agricultural productivity. TELA maize  

					varieties were shown to be resistant to several pests, including the Fall  

					Armyworm, which has severely affected maize production in Nigeria  

					and other African countries. The research demonstrated that TELA  

					maize could tolerate drought conditions better than conventional  

					varieties, improving yields during dry spells. The new maize varieties  

					also exhibited increased resistance to certain diseases, such as maize  

					streak virus, contributing to more stable harvests. Higher yield potential  

					The Nigerian population has experienced  

					a

					prevalence of  

					undernourishment of 12.6% between 2017 and 2019, affecting a total  

					of 24.6 million people, according to the FAO. Estimates suggest that  

					the prevalence of undernourishment could increase to 18%, affecting a  

					total of 41.71 million people by 2030, and this problem is expected to  

					worsen. This represents a concerning trend in the problem of  

					undernourishment.57  
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					To address this issue, various crops in Nigeria have undergone  

					biofortification, including vitamin A cassava, maize, and orange sweet  

					potatoes, as well as testing of other crops such as zinc maize, iron pearl  

					millet, vitamin A banana/plantain, iron-zinc cowpea, and zinc-iron  

					sorghum. Twenty-nine crop varieties have been released across sweet  

					potato, millet, maize, and cassava, the most recent being the LCIC MV5  

					Iron Pearl Millet and the Oba Super 8 Vitamin A Maize, released in  

					2023.89  

					The LCIC MV5 Iron Pearl Millet is a biofortified variety developed to  

					combat iron deficiency, a major nutritional issue in Nigeria, particularly  

					among women and children in rural areas. Millet, a drought-tolerant  

					crop, is well-suited for Nigeria's arid and semi-arid regions, making it a  

					strategic choice. The biofortification process increased the iron content  

					of the millet, aiming to alleviate iron deficiency anaemia while  

					maintaining yield levels comparable to non-biofortified varieties. This  

					ensures that farmers can grow sufficient food while improving the  

					nutritional value of their crops. The crop retains its drought tolerance,  

					making it ideal for cultivation in semi-arid regions. This aligns with  

					Nigeria's agricultural and health goals by addressing food security and  

					malnutrition. Furthermore, its resilience to drought supports the  

					country's efforts to adapt to climate change, ensuring a stable food  

					supply despite fluctuating weather patterns.90  

					Vitamin A deficiency can lead to vision problems, weakened immunity,  

					and other health complications. The Oba Super 8 Vitamin A Maize aims  

					to provide a sustainable nutrient source, reducing reliance on costly  

					supplements or fortified foods. The variety contains significantly higher  

					Vitamin A levels than traditional maize and demonstrates good  

					resistance to common pests and diseases, making it suitable for local  

					farming conditions. It can be integrated into farming systems,  

					improving nutritional content and yield potential. These efforts aim to  

					combat undernourishment and enhance food security in Nigeria.57  

					A study conducted by Finkelstein et al. demonstrated that the  

					consumption of iron-biofortified rice led to an increase in the total  

					amount of iron consumed and yielded more significant improvements  

					in cognitive measures related to attention and memory span.67  

					Criticisms and concerns surrounding the use of biotechnology for  

					climate change mitigation and food sustainability  

					Regulatory Framework  

					Subject to permission from the country's biosafety regulatory agency,  

					Nigeria's food and agricultural industry is open to commercial activity  

					from domestic and foreign biotechnology businesses, farming and seed  

					companies, and research groups. The National Biosafety Management  

					Agency (NBMA) oversees the implementation and regulation of  

					biosafety activities in Nigeria, according to the country's biosafety law  

					signed in 2015. In 2019, the scope and application of the NBMA Act of  

					2015 were expanded through an amendment. This included active and  

					developing aspects of modern biotechnology, such as gene drives, gene  

					editing, and synthetic biology.91  

					The modification aims to ensure biosecurity in Nigeria by preventing  

					adverse effects on human health and the environment. It also  

					demonstrates the government's commitment to keeping pace with  

					biotechnology advances and regulating its applications to preserve  

					public health and the environment. Promoting biosafety and laboratory  

					biosecurity involves implementing safe and secure working practices to  

					minimize the potential of unintentional vulnerability to harmful  

					pathogens and toxins and prevent the accidental release of such  

					materials. This approach also includes measures to protect, manage, and  

					account for valuable biological materials (VBM) within laboratory  

					settings to prevent unauthorized access, loss, theft, misuse, diversion,  

					or intentional release. The ultimate goal of biosafety and laboratory  

					biosecurity is to ensure that research is conducted safely and  

					responsibly, with minimal risk to laboratory personnel, the  

					environment, and public health.62  

					Public Knowledge and Acceptance  

					In 2019, Egbe et al. conducted a study in Kaduna State, Nigeria, to  

					investigate the level of awareness and attitudes towards genetically  

					modified foods (GMFs) among the population. The study found that  

					most participants (86%) were aware of GMFs but had low knowledge  

					of the underlying technology.71 Among the respondents, 70.9% held  

					degrees, and 81.6% had postgraduate qualifications. The majority of  

					participants believed that GM technology could elevate their standard  

					of living and were willing to consume GM products. However, they  

					relied on scientists' and religious leaders' opinions to guide their choices  

					regarding GM foods. Social and public media and lectures were the  

					study participants' primary information sources about GMFs.71 Also,  

					Yusuf et al. conducted a study in Kwara state, Nigeria, 2020 to  

					investigate farmers' interest in growing genetically modified (GM)  

					cassava enriched with pro-vitamin A. The study revealed that the pro-  

					vitamin variety was new to most local farmers, as there had been no  

					previous efforts to introduce improved cassava varieties.71 About 68.9%  

					of farmers had never heard of the pro-vitamin, while only 30% knew it.  

					Among those who knew about the pro-vitamin, 73.68% had never  

					grown it, with 75% citing the unavailability of stem cuttings. The  

					remaining 25% were not interested in the improved variety.71  

					The knowledge of genetically modified (GM) crops and product  

					awareness are crucial for dispelling misconceptions and negative  

					attitudes towards GM technology and promoting its acceptance and  

					adoption. Lack of awareness and availability of planting materials can  

					hinder farmers' adoption of improved GM varieties. Policymakers also  

					need a comprehensive understanding of GM technology to develop  

					effective policies and regulations that balance potential benefits and  

					risks.92 Therefore, promoting knowledge and awareness of GM  

					technology is critical for public acceptance, adoption, and regulation of  

					GM crops and products.  

					Crop production transformation (cassava)  

					According to data from the Food and Agriculture Organization (FAO),  

					cassava was the top crop in annual production in 2019, with 59.2 million  

					tons produced.68 However, despite this large quantity, only 182 tons  

					were exported from the country, resulting in a revenue of only $101  

					thousand. The International Institute of Tropical Agriculture (IITA) has  

					significantly transformed cassava production in Africa by creating  

					enhanced cassava cultivars that are disease and pest-resistant, low in  

					cyanide, drought-tolerant, producing large yields and maturing quickly.  

					These varieties have resulted in sustainable yields that are 50% higher  

					than local varieties. CMD-resistant varieties have helped East and  

					Central Africa recover production levels to pre-epidemic levels in less  

					than five years. A program of IITA for biological control has reduced  

					cassava mealybug and cassava green mite damage by 95% and 50%,  

					respectively.  

					They have also implemented post-harvest strategies that involve  

					developing simple and effective tools and machinery to minimize the  

					processing duration, labor, and production setbacks. These machines  

					have reduced losses by 50% and labor by 75%. Additionally, about 20%  

					of the cassava harvest can be transformed into animal feed components.  

					IITA is now modifying a stage gate method for cassava breeding to  

					increase the social inclusion and demand-driven nature of breeding. A  

					multidisciplinary group of social scientists, gender specialists, and  

					marketing experts is guiding the cassava breeding project traits and  

					characteristics that are in demand by different users within the cassava  

					value chain. Overall, these efforts have helped to transform cassava  

					production in Africa by increasing yields, reducing losses, and creating  

					more opportunities for value-added processing of cassava products.69  

					Innovative applications in cassava production are hindered by the  

					unavailability of improved varieties and a lack of interest among  

					farmers. Inadequate knowledge and resources further delay the  

					adoption of these technologies, limiting their potential to improve  

					cassava yields and resilience.70  

					Human Capacity and Research Infrastructure  

					The lack of biotechnology scientists, particularly in advanced fields, is  

					a significant obstacle to biotechnology progress in Sub-Saharan African  

					countries like Nigeria. Limitations related to finance and infrastructure  

					hinder national agricultural research systems from integrating programs  

					beyond the trial run phase, which enhances this problem. To address  

					this issue, innovative approaches are needed to form research teams  

					across sectors and share resources.  

					Furthermore, the lack of adequate infrastructure and trained personnel  

					to service and maintain biotechnology equipment is another challenge  
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					that needs to be addressed. In response, collaborative national platforms  

					for biotechnology, such as the BecA-ILRI Hub have been established  

					to support biotechnology capacities strengthening in the near to distant  

					future. Inadequate coordination between sectors and their  

					administrative divisions limits efficiency in technology development  

					and consolidating synergies across industries. Building and enhancing  

					biotechnology research and developing multisectoral networks at the  

					national, subregional, and continental levels is crucial to overcoming  

					these challenges. Such networks can leverage resources, facilitate  

					learning and the transfer of technologies, uphold best practices, and  

					enhance efficiency.55 Moreover, the biotech industry faces a scarcity of  

					skilled workers, further exacerbated by brain drain. This phenomenon  

					refers to migrating experts from developing nations to developed ones  

					for improved employment opportunities and a more favorable working  

					atmosphere. Brain drain is further exacerbated by poor motivation and  

					low salaries. As a result, numerous lecturers and researchers are parting  

					from public universities in Nigeria for better job offers in other parts of  

					Africa and Europe. This further highlights the need to strengthen the  

					training and retraining programs for research officers in Nigeria to  

					prevent the loss of skilled personnel in the biotech sector. 72  

					crucial to minimize unintended consequences through proper risk  

					assessment and management. Overall, biosafety concerns and safety  

					considerations play a pivotal role in shaping the discourse and  

					implementation of genetic engineering in agriculture, particularly in  

					developing nations.75  

					Conclusion  

					The integration of ground-breaking solutions into Nigeria’s  

					Agricultural sector holds immense promise for addressing the  

					implications of climate change and promoting sustainability. This  

					encompasses a range of innovative approaches, such as genetic  

					engineering, biochar utilization, bioremediation, biogas production, and  

					precision agriculture. As Nigeria confronts the multifaceted challenges  

					posed by climate change and environmental degradation, the  

					responsible application of biotechnological techniques in agriculture  

					provides a pathway toward a more resilient and sustainable future.  

					However, it is crucial to consider the ethical implications, potential  

					risks, and regulatory frameworks associated with these technologies to  

					ensure their responsible and safe deployment.  

					Funding  

					One of the biggest hurdles for biotechnology research and development  

					is obtaining the necessary investment capital to start or continue  

					research and bring products to market. Investment in Agricultural  

					Research and Development (ARD) has increased in several countries,  

					but biotechnology funding remains insufficient, hindering innovative  

					research. Donor funding is the primary source of support for  

					biotechnology Research & Development programs in most countries,  

					while domestic investment only covers personnel salaries. Therefore, it  

					is essential to mobilize domestic and other research resources to achieve  

					scale and complementarity efficiencies. Cross-sector coordination is  

					also crucial to making the most of available investments. Although  

					public funding and ARD implementation dominate, exploring other  

					options is necessary due to funding instability.55  

					Universities in sub-Saharan Africa are an untapped resource that can  

					boost research output if given targeted funding. Strengthening the  

					training and retraining programs for research officers in Nigeria is also  

					essential to prevent the loss of skilled personnel in the biotechnology  

					sector, further advancing biotechnology Research & Development in  

					the country. Providing adequate funding for research institutes in  

					Nigeria is crucial for biotechnology research.73 It will lead to the  

					availability of funds for the implementation of research programs, the  

					employment of more research officers, the development of  

					infrastructure and facilities, the improvement of capacity building for  

					researchers, increased research publications, conducting cutting-edge  

					intensive research, and aiding socio-economic and technological  

					development in Nigeria.73  
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