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Abstract 

The field of livestock nutrition is undergoing a significant transformation, driven by advancements in precision feeding, gut 

microbiome research, and the adoption of sustainable feed resources. This review explores the latest innovations in these areas, 

highlighting their potential to improve animal health, enhance productivity, and promote environmental sustainability. Precision 

feeding utilizes data-driven approaches to optimize nutrient delivery, minimizing waste while maximizing feed efficiency. 

Advances in sensor technology, artificial intelligence, and real-time monitoring enable precise dietary adjustments tailored to 

individual animals, reducing environmental impacts such as nitrogen and phosphorus excretion. Gut microbiome modulation, 

through probiotics, prebiotics, and microbiota engineering, enhances nutrient absorption, immune function, and disease 

resistance, reducing reliance on antibiotics. Additionally, alternative feed resources, including agro-industrial byproducts, 

insect-based proteins, and algal biomass, offer sustainable solutions to feed scarcity and contribute to circular economy practices. 

These innovations not only address the growing demand for animal products but also mitigate the environmental footprint of 

livestock production. However, challenges such as high initial costs, technical expertise, and regulatory hurdles must be 

addressed for widespread adoption. Future research should focus on refining these strategies, improving scalability, and 

integrating them into practical farming systems. By combining precision feeding, microbiome modulation, and sustainable feed 

resources, the livestock industry can achieve a more resilient and sustainable future, balancing productivity with environmental 

stewardship. 
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1. Introduction 

The global livestock industry is at a critical juncture, facing 

the dual challenges of meeting the rising demand for animal 

products while addressing the urgent need for environmental 

sustainability. As the world’s population continues to grow, 

projected to reach nearly 10 billion by 2050 the demand for 

meat, dairy, and other animal-derived products is expected to 

increase significantly. This surge in demand places immense 

pressure on existing agricultural systems, which are already 

strained by limited natural resources, climate change, and 

environmental degradation. Traditional livestock farming 

practices, characterized by high resource consumption and 

significant greenhouse gas emissions, are increasingly un-
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sustainable in this context. Consequently, there is a pressing 

need for innovative approaches that can enhance productivity 

while minimizing the ecological footprint of livestock pro-

duction. [1]. 

Precision Livestock Farming (PLF) has emerged as a 

transformative solution, integrating advanced technologies 

such as big data analytics, artificial intelligence (AI), and 

sensor-based monitoring to optimize animal nutrition and 

management these technologies enable real-time tracking of 

animal health, feeding patterns, and environmental conditions, 

allowing for precise dietary formulations that reduce waste 

and improve efficiency. For instance, AI-driven models and 

wearable sensors are being used to monitor body condition 

scores in dairy cows, enabling tailored feeding regimens that 

maximize milk production while minimizing resource use 

(Additionally, advancements in feed processing, such as the 

use of microbial inoculants to enhance nitrogen utilization in 

alfalfa silage, have demonstrated significant potential in re-

ducing protein losses and improving ruminal efficiency [2]. 

Beyond precision feeding, the role of the gut microbiome in 

livestock nutrition has gained considerable attention. The gut 

microbiome, a complex community of microorganisms re-

siding in the digestive tract, plays a crucial role in nutrient 

digestion, immune regulation, and overall metabolic effi-

ciency. Innovations in microbiome modulation, including the 

use of probiotics, prebiotics, and fecal microbiota transplan-

tation (FMT), have shown promise in enhancing feed con-

version ratios and reducing the reliance on antibiotics; these 

interventions not only improve animal health and productivity 

but also contribute to the broader goal of sustainable livestock 

production by reducing the environmental impact of farming 

practices. [3]. 

Furthermore, the exploration of alternative and sustainable 

feed resources is becoming increasingly important. Conven-

tional feed ingredients such as soybean and maize are asso-

ciated with high environmental costs, including deforestation, 

water usage, and greenhouse gas emissions. In response, 

researchers and industry stakeholders are turning to alterna-

tive feed sources such as agro-industrial byproducts, in-

sect-based proteins, and algal biomass. These resources offer 

a dual benefit: they provide cost-effective and nutrient-rich 

feed options while reducing waste and promoting circular 

economy practices. For example, black soldier fly larvae and 

mealworms are gaining traction as high-protein feed alterna-

tives with a significantly lower ecological footprint compared 

to traditional feed sources [4]. 

The integration of these innovative strategies precision 

feeding, gut microbiome modulation, and sustainable feed 

resources holds the key to revolutionizing livestock nutrition. 

By combining these approaches, the livestock industry can 

achieve a balance between productivity and sustainability, 

ensuring food security for a growing population while miti-

gating environmental impacts. However, the successful im-

plementation of these technologies requires overcoming sev-

eral challenges, including high initial costs, technical exper-

tise, and regulatory hurdles. Moreover, farmer education and 

policy support will be critical in driving the adoption of these 

innovations on a global scale. [5]. 

This review aims to provide a comprehensive overview of 

the latest advancements in livestock nutrition, focusing on 

precision feeding, gut microbiome modulation, and sustaina-

ble feed resources. It highlights the potential of these innova-

tions to transform the livestock industry, offering solutions to 

some of the most pressing challenges faced by modern agri-

culture. By exploring the benefits, challenges, and future 

prospects of these technologies, this review seeks to contrib-

ute to the ongoing dialogue on sustainable livestock produc-

tion and provide a roadmap for future research and policy 

development. 

2. Precision Feeding in Livestock 

Nutrition 

2.1. Principles and Technologies 

Precision feeding leverages real-time data, artificial intel-

ligence (AI), and automated systems to optimize nutrient 

supply for individual animals, significantly improving feed 

efficiency while minimizing waste. Recent advancements in 

sensor technology and computer vision have enabled the 

automated monitoring of livestock health and feeding patterns, 

allowing for precise dietary adjustments [6]. AI-driven mod-

els, such as deep neural networks integrated with 3D imaging, 

are being utilized to assess body condition scores in dairy 

cows, enabling more accurate feed distribution based on re-

al-time physiological states [7]. In precision livestock farming 

(PLF), wearable multi-sensor systems are providing contin-

uous health and activity tracking for animals, further en-

hancing the customization of feeding regimens [8]. Addi-

tionally, big data analytics and machine learning algorithms 

are improving antibiotic-free precision feeding, reducing 

reliance on medication while maintaining productivity [9]. 

These technologies contribute to sustainable agriculture by 

reducing feed costs, lowering methane emissions, and im-

proving overall animal welfare [5]. The future of precision 

feeding lies in its integration with AI-driven decision-making 

systems and IoT-based monitoring, ensuring a more efficient, 

ethical, and environmentally responsible livestock industry. 

2.2. Benefits and Challenges 

Precision livestock feeding enhances efficiency by reduc-

ing feed costs while maximizing growth and milk production 

through AI-driven automation, sensor-based monitoring, and 

big data analytics [10]. This approach not only optimizes 

nutrient utilization but also significantly lowers nitrogen and 

phosphorus excretion, mitigating environmental pollution and 

improving sustainable nutrient management [5]. Recent ad-

vancements in digital twin technology and multi-sensor sys-
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tems have further refined feeding strategies by dynamically 

adjusting feed rations in real-time, minimizing waste and 

enhancing efficiency [11] However, despite these benefits, 

challenges remain, particularly the high initial investment 

required for sensor networks, IoT integration, and AI-driven 

feed optimization. Additionally, implementing these tech-

nologies demands technical expertise and interoperability 

solutions, as data management and decision support systems 

must be seamlessly integrated [12] Addressing these barriers 

through cost-effective solutions and farmer education will be 

critical for the broader adoption of precision feeding, ensuring 

both economic viability and environmental sustainability in 

modern livestock production. 

2.3. Future Prospects 

Emerging tools such as non-invasive biomarkers, digital 

twins, and blockchain-based feed traceability are poised to 

significantly enhance precision feeding systems in livestock 

agriculture. Digital twins, which simulate real-time conditions 

of livestock environments, enable farmers to optimize feed 

management by integrating data from biometric sensors that 

monitor animal health and behavior [13]. This integration 

allows for predictive analytics, improving decision-making 

and operational efficiency, as evidenced by reduced food 

costs and labor in aquaculture settings [14]. Furthermore, 

blockchain technology ensures secure traceability of animal 

products, enhancing transparency and consumer trust while 

mitigating risks associated with disease outbreaks [15]. The 

adoption of these technologies is also linked to substantial 

reductions in greenhouse gas emissions, as precision livestock 

farming (PLF) tools improve production efficiencies and 

health monitoring, leading to lower emissions per unit of 

output [16]. Collectively, these innovations represent a 

transformative shift towards more sustainable and efficient 

livestock production systems. 

3. Gut Microbiome Modulation for 

Nutritional Optimization 

3.1. Role of the Gut Microbiome in Livestock 

The gut microbiome plays a crucial role in nutrient diges-

tion, immune regulation, and metabolic efficiency, with in-

creasing evidence supporting the benefits of probiotics, 

prebiotics, postbiotics, and fecal microbiota transplantation 

(FMT) in improving feed conversion ratios (FCR) and re-

ducing antibiotic reliance. Probiotics introduce beneficial 

bacteria that enhance gut microbiota composition, while 

prebiotics serve as non-digestible carbohydrates that selec-

tively nourish these microbes, promoting a balanced gut en-

vironment [17]. Postbiotics, which include bioactive metabo-

lites such as short-chain fatty acids (SCFAs) and antimicro-

bial peptides, provide direct health benefits without the need 

for live bacteria, thereby minimizing disruptions to the ex-

isting microbiota [18] Research indicates that FMT is a 

promising strategy for restoring microbiota balance, particu-

larly in cases of severe dysbiosis, such as Clostridium difficile 

infections, and has demonstrated significant metabolic bene-

fits [19]. Collectively, these interventions contribute to im-

proved nutrient absorption, enhanced immune function, and 

metabolic efficiency, making them valuable tools in reducing 

the need for antibiotics in both human and veterinary medi-

cine. However, further studies are needed to refine their ap-

plication, particularly in terms of personalized microbi-

ome-based therapies. 

3.2. Emerging Strategies 

Next-generation probiotics, microbiota engineering, and 

phytogenic feed additives are revolutionizing gut health 

management by enhancing digestion, nutrient absorption, and 

overall metabolic efficiency. Target-specific microbial strains 

in next-generation probiotics optimize digestion by modu-

lating gut microbiota composition, improving feed efficiency, 

and boosting immune responses [20]. Microbiota engineering, 

particularly CRISPR-based modifications, is emerging as a 

powerful tool for precise manipulation of gut microbes to 

enhance fiber degradation and metabolic outputs, holding 

promise for sustainable agricultural and medical applications 

[21]. Phytogenic feed additives, derived from natural plant 

extracts, exhibit antimicrobial and growth-promoting effects, 

contributing to gut health modulation while reducing the 

reliance on synthetic antibiotics [22]. These innovations, 

collectively, represent a paradigm shift in microbiome re-

search, providing sustainable and targeted strategies to opti-

mize gastrointestinal function and overall health. However, 

further studies are necessary to refine their efficacy, safety, 

and regulatory frameworks for widespread adoption. 

3.3. Challenges and Future Directions 

Despite their promise, microbiome-based interventions 

require standardized formulations and deeper host-microbe 

interaction studies before widespread adoption. The com-

plexity of the gut microbiota necessitates rigorous method-

ologies to ensure reproducibility and efficacy in clinical ap-

plications [23] Recent research highlights the role of ad-

vanced in vitro models, such as 3D organotypic cultures, in 

replicating host-microbe interactions, allowing for controlled 

studies on microbial colonization and therapeutic interven-

tions [23] However, variability in microbiome composition 

across individuals remains a significant challenge, under-

scoring the need for personalized approaches [24] Addition-

ally, emerging evidence suggests that microbiome modulation 

plays a crucial role in neurological health, influencing im-

mune responses and neurotransmitter pathways, further em-

phasizing the need for precise microbiome engineering 

strategies [24]. Future advancements in microbiome thera-
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peutics will require a multidisciplinary approach, integrating 

molecular tools such as CRISPR-based microbiome editing 

and standardized culture models to optimize intervention 

outcomes [25]. 

4. Sustainable Feed Resource Utilization 

4.1. Alternative Feed Ingredients 

The reliance on conventional feed ingredients such as 

soybean and maize is increasingly unsustainable due to en-

vironmental concerns and resource limitations, necessitating 

the exploration of alternative feed sources. Agro-industrial 

byproducts, including brewer’s grains, oilseed cakes, and fruit 

processing residues, offer a cost-effective and sustainable 

means of enhancing animal nutrition while reducing waste 

[26]. Insect-based proteins, particularly from black soldier fly 

larvae and mealworms, have gained attention as high-protein 

alternatives with a lower ecological footprint compared to 

traditional feed sources, as their production requires minimal 

land and water inputs [27] Additionally, algal biomass and 

fermented feeds, such as microalgae and single-cell proteins, 

provide promising solutions rich in essential amino acids and 

bioactive compounds, addressing both protein scarcity and 

feed sustainability challenges [26]. These novel feed alterna-

tives not only improve nutrient availability but also contribute 

to circular economy practices by utilizing waste streams effi-

ciently. However, large-scale adoption requires further re-

search into optimizing production processes, improving di-

gestibility, and ensuring regulatory compliance. 

4.2. Economic and Environmental Impacts 

The adoption of sustainable feed resources offers multiple 

advantages, including reduced dependency on imported 

grains, lower feed costs for smallholder farmers, and im-

proved circular economy in livestock farming. By integrating 

alternative feed ingredients such as agro-industrial byproducts, 

insect-based proteins, and locally available crops, reliance on 

costly imported grains can be minimized, ensuring greater 

food security and economic resilience [28]. Additionally, 

sustainable feeding strategies enhance feed efficiency, re-

ducing overall production costs for smallholder farmers while 

maintaining nutritional adequacy [29]. Circular feed systems, 

which incorporate residues, by-products, and co-products, 

contribute to a more sustainable livestock sector by reducing 

greenhouse gas emissions, optimizing land use, and enhanc-

ing nutrient cycling [29] Furthermore, the implementation of 

feed innovations such as fermented feeds and up cycled ag-

ricultural waste strengthens local economies by creating value 

from waste streams while promoting environmental sustain-

ability. However, policy support and investment in research 

are needed to scale these solutions for widespread adoption 

and economic feasibility. 

4.3. Future Research Needs 

Further research in animal production should prioritize 

scaling production, enhancing digestibility, and evaluating 

long-term health impacts on both animals and humans. The 

integration of health-enhancing fatty acids (HEFA) and an-

tioxidants into animal diets can improve the nutritional quality 

of meat, yet it poses challenges such as increased suscepti-

bility to oxidative deterioration [30]. Additionally, optimal 

gut health is crucial for animal performance, influencing 

nutrient absorption and overall health, which underscores the 

need for sustainable alternatives to antibiotics in production 

systems [31]. Moreover, understanding the nutritional quality 

of terrestrial animal source foods (TASFs) and the effects of 

various feeding practices on digestibility and health outcomes 

is essential for improving food systems [32] Finally, assessing 

long-term health effects remains complex, necessitating 

comprehensive studies that consider multiple factors influ-

encing animal and human health [33]. 

5. Integration of Innovative Nutritional 

Strategies 

A holistic approach that integrates precision feeding, mi-

crobiome modulation, and sustainable feed resources is es-

sential for enhancing livestock productivity while minimizing 

environmental impacts and ensuring economic viability. Pre-

cision Livestock Farming (PLF) utilizes advanced technolo-

gies such as real-time monitoring and machine learning to 

optimize resource efficiency and improve animal welfare, 

aligning with sustainable agriculture principles [34]. Sus-

tainable feeding solutions, including the use of alternative 

protein sources and regenerative agricultural practices, can 

significantly reduce greenhouse gas emissions and enhance 

ecosystem resilience [35]. Furthermore, the emerging field of 

"feedomics" leverages omics technologies to understand the 

complex interactions between feed, environment, and animal 

health, thereby improving productivity and product quality 

[36]. In developing countries, enhancing feed resource utili-

zation and adopting good management practices are critical to 

meeting the growing demand for animal products sustainably 

[37] Integrating these strategies with artificial intelligence, 

blockchain technology, and climate-smart policies will be 

pivotal in achieving a sustainable livestock sector. 

6. Conclusion 

The integration of precision feeding, gut microbiome 

modulation, and sustainable feed resources is poised to rev-

olutionize livestock nutrition. These innovations hold the 

potential to enhance productivity while reducing environ-

mental impacts. However, their widespread adoption will 

require economic viability, policy support, and farmer en-

gagement. Future research should focus on practical imple-

http://www.sciencepg.com/journal/ijem


International Journal of Engineering Management http://www.sciencepg.com/journal/ijem 

 

28 

mentation, scalable solutions, and data-driven advancements 

to ensure these technologies are accessible and effective. With 

continued innovation and collaboration, the livestock sector 

can achieve a more sustainable and resilient future. 

Abbreviation 

AI Artificial Intelligence 

CRISPR Clustered Regularly Interspaced Short 

Palindromic Repeats (A Gene-editing 

Technology) 

FCR Feed Conversion Ratio 

FMT Fecal Microbiota Transplantation 

HEFA Health-Enhancing Fatty Acids 

IoT Internet of Things 

PLF Precision Livestock Farming 

SCFAs Short-Chain Fatty Acids 

Author Contributions 

Danayit Alem is the sole author. The author read and ap-

proved the final manuscript. 

Conflicts of Interest 

The author declares no conflicts of interest. 

References 

[1] Egon, K., & Eugene, R. (2023). Big data and analytics in 

precision livestock farming (PLF). OSF Preprints. 

https://doi.org/10.31219/osf.io/z2jnt 

[2] Egon, K., & Oloyede, J. O. (2023). Advancements in sensor 

technologies for precision livestock farming. OSF Preprints. 

https://doi.org/10.31219/osf.io/av68m 

[3] Xia, T., Wang, T., Zhang, J., Li, H., Sun, J., Liu, S., Yun, F., 

Teng, K., Jin, S., Wang, S., Fu, Z., & Zhong, J. (2024). In-depth 

proteomic analysis of alfalfa silage inoculated with Lacti-

plantibacillus plantarum reveals protein transformation 

mechanisms and optimizes dietary N utilization. Research 

Square Preprints. https://doi.org/10.21203/rs.3.rs-4190256/v1 

[4] Kühl, S., Schäfer, A., Kircher, C., & Mehlhose, C. (2024). 

Beyond the cow: Consumer perceptions and information im-

pact on acceptance of precision fermentation-produced cheese 

in Germany. SSRN Preprints.  

https://doi.org/10.2139/ssrn.4823197 

[5] Egon, K., Karl, L., & Eugene, R. (2023). Precision livestock 

farming (PLF) and sustainable agriculture. OSF Preprints. 

https://doi.org/10.31219/osf.io/ayzkp 

[6] Bhujel, A., Wang, Y., Lu, Y., Morris, D., & Dangol, M. (2024). 

Public computer vision datasets for precision livestock farming: 

A systematic survey. arXiv Preprints.  

https://doi.org/10.48550/arxiv.2406.10628 

[7] Lee, J.-G., Lee, S. S., Alam, M., Lee, S. M., Seong, H.-S., Park, 

M. N., Nguyen, H.-P., Nguyen, D. C., Baek, M. K., Dang, C. G., 

& Han, S. (2024). Body condition score assessment of dairy 

cows using deep neural network and 3D imaging. Preprints.  

https://doi.org/10.20944/preprints202401.1156.v1 

[8] Yin, M., Ma, R., Huang, W., Chi, F.-H., Zhao, Q., & Zhang, M. 

(2024). Flexible wearable multi-sensor system for the health 

precise tracking of live sheep in smart farms. SSRN Preprints. 

https://doi.org/10.2139/ssrn.4713204 

[9] Bothe, H., Kamble, L., & Bothe, S. (2024). Precision farming: 

A new era of antibiotic-free agriculture. Preprints.  

https://doi.org/10.20944/preprints202401.0957.v1 

[10] Xu, J., Xiong, Y., Wang, R., Xie, Y., & Fang, Y. (2024). Smart 

pastures need high-precision maps. SSRN Preprints.  

https://doi.org/10.2139/ssrn.4713195 

[11] Lan, H.-Y., Cheng, S.-C., Lu, H.-Y., Chang, C.-C., Li, S.-Y., & 

Huang, C.-F. (2024). A novel process-based digital twin for 

intelligent fish feeding management using multi-mode sensors 

and smart feeding machine. Preprints.  

https://doi.org/10.20944/preprints202401.0927.v1 

[12] Huynh, T., & Nguyen, K.-D. (2024). Deep-learning methods 

for efficient real-time droplet tracking in crop-spraying sys-

tems. Research Square Preprints.  

https://doi.org/10.21203/rs.3.rs-3921706/v1 

[13] Suresh, Neethirajan., Bas, Kemp. (2021). 2. Digital Livestock 

Farming. Sensing and bio-sensing research,  

https://doi.org/10.1016/J.SBSR.2021.100408 

[14] Hsun-Yu, Lan., Shyi-Chyi, Cheng., Hoang‐Yang, Lu., Chia‐

Chi, Chang., Shih‐Yu, Li., Chen‐Fen, Huang. (2024). 3. A 

Novel Process-Based Digital Twin for Intelligent Fish Feeding 

Management Using Multi-Mode Sensors and Smart Feeding 

Machine.  

https://doi.org/10.20944/preprints202401.0927.v1 

[15] Ingrid, Vasiliu-Feltes, MB, EMBA., Michael, Mylrea,, PhD., 

Christina, Yan, Zhang,, PhD., Tyler, Cohen, Wood,, CISSP., 

Brian, Thornley,, BSc. (2023). 4. Impact of Blockchain-Digital 

Twin Technology on Precision Health, Pharmaceutical Industry, 

and Life Sciences Conv2X 2023 Report. Blockchain in 

healthcare today, https://doi.org/10.30953/bhty.v6.281 

[16] Louise, C., McNicol., J, M, Bowen., Holly, J., Ferguson., Julian, 

Bell., R.J., Dewhurst., Carol-Anne, Duthie. (2024). 5. Adop-

tion of precision livestock farming technologies has the po-

tential to mitigate greenhouse gas emissions from beef pro-

duction. Frontiers in sustainable food systems,  

https://doi.org/10.3389/fsufs.2024.1414858 

[17] Al-Habsi, N., Al-Khalili, M., Haque, S. A., Elias, M. C., Al 

Olqi, N., & Al Uraimi, T. (2024). Health benefits of prebiotics, 

probiotics, synbiotics, and postbiotics. Nutrients.  

https://doi.org/10.3390/nu16223955 

[18] Zhou, P., Chen, C., Patil, S., & Dong, S. (2024). Unveiling the 

therapeutic symphony of probiotics, prebiotics, and postbiotics 

in gut-immune harmony. Frontiers in Nutrition.  

https://doi.org/10.3389/fnut.2024.1355542 

http://www.sciencepg.com/journal/ijem


International Journal of Engineering Management http://www.sciencepg.com/journal/ijem 

 

29 

[19] Sheetal, K. R., Diksha, K., Kumari, S., Tamana, K., Baby, K. C., 

Vibhuti, A., Gupta, A., Priyadarshini, A., & Pandey, R. P. 

(2024). A new therapeutic approach utilizes probiotics, prebi-

otics, synbiotics, postbiotics, and gut microbiota. Preprints. 

https://doi.org/10.20944/preprints202404.1866.v1 

[20] Xu, H., Huang, W., Hou, Q., Kwok, L. Y., Laga, W., Wang, Y., 

Ma, H., Sun, Z., & Zhang, H. (2019). Oral administration of 

compound probiotics improved canine feed intake, weight gain, 

immunity, and intestinal microbiota. Frontiers in Immunology. 

https://doi.org/10.3389/FIMMU.2019.00666 

[21] Yeoman, C. J., & White, B. A. (2014). Gastrointestinal tract 

microbiota and probiotics in production animals. Annual Re-

view of Animal Biosciences.  

https://doi.org/10.1146/ANNUREV-ANIMAL-022513-11414

9 

[22] Gao, P., Ma, C., Sun, Z., Wang, L., Huang, S., Su, X., Xu, J., & 

Zhang, H. (2017). Feed-additive probiotics accelerate yet an-

tibiotics delay intestinal microbiota maturation in broiler 

chicken. Dataset.  

https://doi.org/10.6084/m9.figshare.c.3842167_d5 

[23] Rikken, G., Meesters, L. D., Jansen, P. A. M., Rodijk-Olthuis, 

D., van Vlijmen-Willems, I. M. J. J., Niehues, H., Smits, J. P. 

H., Oláh, P., Homey, B., Schalkwijk, J., Zeeuwen, P. L. J. M., & 

van den Bogaard, E. H. (2023). Novel methodologies for 

host-microbe interactions and microbiome-targeted therapeu-

tics in 3D organotypic skin models. Microbiome.  

https://doi.org/10.1186/s40168-023-01668-x 

[24] Nasir, O., Bibi, R., Qamar, M. U., Fatima, A., Ahsan, Z., Khan, 

F., & Amjad, S. (2023). Microbiome-host interactions: The role 

of gut bacteria in neurological disorders. International Journal 

of Research Publication and Reviews.  

https://doi.org/10.55248/gengpi.4.1023.102705 

[25] Wang, S., Gong, X., Xiao, F., & Yang, Y. (2024). Recent ad-

vances in host-focused molecular tools for investigating 

host-gut microbiome interactions. Frontiers in Microbiology. 

https://doi.org/10.3389/fmicb.2024.1335036 

[26] Bogale, T. T. (2020). Microbial protein production from 

agro-industrial wastes as food and feed. American Journal of 

Life Sciences. https://doi.org/10.11648/J.AJLS.20200805.16 

[27] Smetana, S., Palanisamy, M., Mathys, A., & Heinz, V. (2016). 

Sustainability of insect use for feed and food: Life Cycle As-

sessment perspective. Journal of Cleaner Production. 

https://doi.org/10.1016/J.JCLEPRO.2016.07.148 

[28] Dierenfeld, E. S. (2023). Sustainable feeding solutions across 

the animal kingdom: Identifying and implementing. Journal of 

Animal Science. https://doi.org/10.1093/jas/skad281.142 

[29] Alvarez-Rodriguez, J., Ryschawy, J., Grillot, M., & Martin, G. 

(2024). Circularity and livestock diversity: Pathways to sus-

tainability in intensive pig farming regions. Agricultural Sys-

tems. https://doi.org/10.1016/j.agsy.2023.103809 

[30] Eric, N., Ponnampalam., Michelle, Kearns., Ali, Kiani., 

Sarusha, Santhiravel., Payam, Vahmani., Sophie, Prache., 

Frank, J., Monahan., Cletos, Mapiye. (2024). 1. Enrichment of 

ruminant meats with health enhancing fatty acids and antiox-

idants: feed-based effects on nutritional value and human 

health aspects – invited review. Frontiers in animal science, 

https://doi.org/10.3389/fanim.2024.1329346 

[31] Michael, H., Kogut., Ryan, J., Arsenault. (2016). 2. Editorial: 

Gut Health: The New Paradigm in Food Animal Production. 

Frontiers in Veterinary Science,  

https://doi.org/10.3389/FVETS.2016.00071 

[32] Ana, María, Rueda, García., Patrizia, Fracassi., Beate, Scherf., 

Manon, Hamon., Lora, Iannotti. (2024). 3. Unveiling the Nu-

tritional Quality of Terrestrial Animal Source Foods by Species 

and Characteristics of Livestock Systems. Nutrients, 

https://doi.org/10.3390/nu16193346 

[33] Eldon, P., Savage. (1991). 4. Challenges in assessing long-term 

health effects studies.. Reviews of Environmental Contamina-

tion and Toxicology,  

https://doi.org/10.1007/978-1-4684-7106-9_5 

[34] Petru, Alexandru, Vlaicu., Mihail, Alexandru, Gras., Arabela, 

Elena, Untea., Nicoleta, Aurelia, Lefter., Mircea, Cătălin, Rotar. 

(2024). 1. Advancing Livestock Technology: Intelligent Sys-

temization for Enhanced Productivity, Welfare, and Sustaina-

bility. AgriEngineering,  

https://doi.org/10.3390/agriengineering6020084 

[35] Ellen, S, Dierenfeld. (2023). 3. 94 Sustainable Feeding Solu-

tions Across the Animal Kingdom: Identifying and Imple-

menting. Journal of Animal Science,  

https://doi.org/10.1093/jas/skad281.142 

[36] Hui-Zeng, Sun., Le, Luo, Guan. (2018). 4. Feedomics: Prom-

ises for food security with sustainable food animal production. 

Trends in Analytical Chemistry,  

https://doi.org/10.1016/J.TRAC.2018.07.025 

[37] Harinder, P., S., Makkar. (2013). 5. Sustainable increase in 

livestock productivity in developing countries through efficient 

utilisation of feed resources. Cuban Journal of Agricultural 

Science. 

 

http://www.sciencepg.com/journal/ijem

