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HARNESSING TRANSCRIPTOMICS FOR LIVESTOCK AND POULTRY IMPROVEMENT

ABSTRACT
The demand for efficient and sustainable livestock production is increasing due to global population growth and changing dietary preferences. Conventional breeding methods, although successful, are often limited in addressing complex traits controlled by multiple genes and environmental interactions. Transcriptomics, which focuses on the comprehensive analysis of RNA expression, has emerged as a transformative approach for understanding functional genomics in livestock species. With the advancement of high-throughput sequencing technologies such as RNA sequencing and single-cell transcriptomics, researchers can now investigate gene expression patterns with high precision. Additionally, spatial transcriptomics enables localization of gene expression within tissue architecture, providing deeper insights into cellular heterogeneity and functional organization. AI-driven bioinformatics integration further enhances transcriptomic data analysis by enabling predictive modelling, pattern recognition, and multi-omics data interpretation. This review provides an overview of transcriptomic technologies, highlighting their applications in improving disease resistance, productivity, reproduction, and environmental adaptability in livestock. The integration of transcriptomics with advanced computational tools and multi-omics approaches holds great promise for next-generation livestock improvement strategies.
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1. INTRODUCTION
Livestock production is a vital component of the global agricultural economy, supplying essential products such as meat, milk, and eggs. Improving the efficiency and sustainability of livestock systems is increasingly important in the face of climate variability, disease outbreaks, and resource constraints. Beyond serving as a cornerstone of local livelihoods, it significantly bolsters the national economy. Traditional genetic improvement programs have primarily relied on phenotypic selection and pedigree-based methods are often slow and limited in their ability to dissect complex traits influenced by many genes and environmental factors. Many economically important traits, such as fertility, disease resistance, and feed efficiency are complex and influenced by numerous genes. As a result, there is a growing need for molecular-level approaches to understand the biological basis of these traits better.
In response, molecular approaches that link genetic variation with functional expression are increasingly central to livestock improvement strategies. Among these, transcriptomics, the comprehensive study of all RNA transcripts expressed in cells or tissues has emerged as a pivotal tool for understanding the biological mechanisms that underlie economically important traits in farm animals (Maru & Kumar, 2024). Transcriptomics provides insight into gene activity by analysing RNA molecules expressed in specific tissues or conditions. Unlike static genomic information, transcriptomic data reflect dynamic biological processes, making it particularly useful for studying functional responses to environmental and physiological changes.
With the rapid advancements in molecular biotechnology, numerous studies have been conducted to explore the metabolic and genetic mechanisms that govern the regulation of genes linked to various traits. Researchers have extensively explored gene expression, for example, in chickens, targeting key areas such as Adipose tissue and fat deposition revealing differentially expressed genes involved in lipid metabolism, Immune response to Salmonella exposure, regulation of adrenal function and feed efficiency, response to roxarsone, used as a growth promoter, Marek’s disease vaccination, mapping gene pathways involved in host responses and susceptibility to Marek’s disease, helping identify protective immune factors (Kano et al., 2009). Together, these diverse studies highlight how genomic tools are uncovering the genetic architecture of economically important traits.
Transcriptomic analysis of early B-cell development in the chicken embryo has been performed to assess gene expression across B-cell development in response to differentiation factors within the bursal microenvironment (Nuthalapati et al., 2019). Transcriptomic technologies, particularly RNA sequencing (RNA-Seq) and related high-throughput platforms, enable researchers to quantify gene expression patterns across tissues and developmental stages with unprecedented depth and accuracy. By identifying differentially expressed genes and regulatory networks associated with production traits such as feed efficiency, fertility, disease resistance, and stress adaptation, transcriptomics provides functional insights that complement genomic and phenotypic data. For example, liver transcriptome analyzes in dairy cattle have revealed candidate genes and pathways linked to feed efficiency, offering molecular targets for more precise selection (Salleh et al., 2017).
The integration of transcriptomic data into breeding programs not only enhances marker discovery and functional annotation of genomes but also supports the development of advanced selection models that improve breeding accuracy and efficiency. Moreover, combining transcriptomics with other “omics” layers, such as genomics, proteomics, and metabolomics, creates a systems-level understanding of complex traits that drives innovative approaches to livestock improvement (Shashank et al., 2024). Numerous studies have been undertaken to delve into the intricate regulation of various genes linked with different traits in livestock and poultry. The transcriptomic response under heat stress in chickens has revealed the heat stress environment regulates heat shock protein genes to protect the cells and proteins from an altered metabolism and observed that the response to heat stress led to a more pronounced variation in expression levels across the entire transcriptome in 6-week-old chickens compared to their younger counterparts. A positive correlation between genes with elevated expression estimates in microarray data and their expression levels in RNA sequencing results was also discovered (Kim et al., 2022).
Chicken pituitary transcriptomic responses to acute heat stress have revealed that heat-stressed birds displayed altered gene expression in their pituitaries in response to hyperthermia. These changes were associated with variations in genes responsible for regulating the cell cycle, transcription factors, as well as secreted peptide hormones, including prolactin (Pritchett et al., 2023). Functional genomics studies have been extensively used to identify genes associated with several production traits, immunogenetic mechanisms, host-pathogen interactions, and pathogen biology in livestock and poultry. 
Various functional genomics studies have been devoted to identifying the genes associated with the function and regulation of the oviduct, shell gland and egg shell proteins. Recent studies have associated the prolactin promoter polymorphism and gene expression with egg production, egg quality and sexual maturity in different breeds of chicken (Cui et al., 2006; Bhattacharya et al., 2011). Differential gene signalling towards innate and adaptive immune response stimulated with Salmonella enteritidis and Campylobacter jejuni was studied (Chiang et al., 2008; Duerkop et al., 2009), paving the way for the utilisation of such information for the development of commercially important broiler and layer strains with reduced susceptibility to bacterial or viral diseases (Ask et al., 2006; Cavero et al., 2009). The epithelial and erythropoietic cells of the yolk sac, showed a significant up-regulation of the epithelial genes involved in lipid synthesis and metabolism from the 13th to 19th day of incubation. Genes associated with cytoskeletal structure and haemoglobin synthesis showed down-regulation as the days reached near hatch, supporting the degradation of the yolk sac, which occurs during hatch (Yadgary et al., 2014).
Whole transcriptome analysis has determined that feed restriction, fasting and delayed feeding significantly alters gene networks associated with hepatic lipogenic metabolism, energy metabolism, signal transduction and cholesterol synthesis in broiler (Dèsert et al., 2008; Richards et al., 2010; Wang et al., 2010). Using global cDNA array analysis, genes participating in neuronal plasticity, neuropeptides, lipid metabolism, DNA metabolism, repair, induction of apoptosis and metabolism were found to be differentially expressed among different lines (Ka et al., 2011). In addition to the transcriptomic analysis, a proteomic approach using two-dimensional electrophoresis has been performed to elucidate mechanisms underlying the abdominal adipose tissue fat deposition in broiler chicken. A total of 20 differentially expressed proteins were found to be involved in lipid metabolism, signal transduction and fatty acid transport (Wang et al., 2009). Hence, large amounts of information have been gathered on functional genomics, which facilitates the exploration of molecular mechanisms involved in productivity, disease resistance and better feed conversion efficiency.
The whole transcriptomic approach following stimulation with Salmonella endotoxins identified genes involved in cell-to-cell cross-talk, haematological systems development and function, immune cell trafficking, consistent expression of NFκB, IL-1B, IL-8, and CCL4 genes (Ciraci et al., 2010). The differentially expressed genes for aggressive behaviour were identified in a high feather pecking selection line developed from White Leghorn layer strain and the genome-wide profiles of brain samples from aggressive and receiver hens were used to identify the number of genes involved in aggressive behavioural processing, including genes coding for synaptosomes and proteins engaged in the regulation of the excitatory postsynaptic membrane potential (Buitenhuis et al., 2009). Another similar study on Lohmann selected Leghorn hens was performed (Brunberg et al., 2011), revealing that the genes involved in feather pecking are associated with some disorders like intestinal inflammation and insulin resistance. The molecular processes that are different among the two layer lines of Lohmann selected Leghorn and Lohmann Brown layer lines were characterized using whole genome RNA expression profiles (Habig et al., 2012). The repertoire of functional genes involved in egg formation through transcriptome analysis of the ovary and three oviduct segments (magnum, isthmus and uterus) was elucidated (Yin et al., 2020). Apart from these, the transcriptional studies of yolk sac and its involvement in embryonic development have been analyzed by various researchers. 
2. TRANSCRIPTOMIC TECHNOLOGIES
2.1 Evolution from Microarrays to RNA Sequencing
Initial efforts to study gene expression in livestock relied heavily on microarray-based platforms, which function by hybridizing RNA samples to a set of predefined probes. While these systems enabled simultaneous measurement of thousands of genes, their dependence on prior sequence knowledge limited their ability to detect unknown transcripts or novel splice variants. Additionally, microarrays often suffer from issues such as background noise, cross-hybridization, and a restricted dynamic range, which can affect the accuracy of expression quantification.
The introduction of RNA sequencing (RNA-seq), driven by next-generation sequencing technologies, has fundamentally transformed transcriptomic research. Unlike microarrays, RNA-seq does not rely on predefined probes; instead, it sequences cDNA fragments derived from RNA, enabling an unbiased and comprehensive assessment of the transcriptome. This allows researchers to capture both known and previously unannotated transcripts across different biological conditions (Wang et al., 2009).
Due to its high sensitivity, reproducibility, and declining cost, RNA-seq has become the preferred method for transcriptomic analysis in livestock species, supporting both basic research and applied breeding programs (Mortazavi et al., 2008). Recent studies highlight that RNA-seq can identify alternative splicing events, low-abundance transcripts, and regulatory non-coding RNAs, all of which play crucial roles in controlling complex traits in livestock (JiaYu et al., 2025). It provides precise quantification of gene expression across a wide dynamic range, enabling the detection of both highly abundant and rare transcripts. Furthermore, it facilitates the identification of alternative splicing events, gene fusions, allele-specific expression, and post-transcriptional modifications. These capabilities are particularly valuable in livestock research, where complex traits such as growth, milk production, reproduction, and disease resistance are regulated by intricate gene networks (Pertea et al., 2016). 
2.2 Single-Cell Transcriptomics
Traditional transcriptomic approaches typically analyze RNA extracted from bulk tissue samples, producing an average gene expression profile across a heterogeneous population of cells. However, tissues are composed of diverse cell types, each with distinct functional roles. Bulk analysis can therefore mask important differences between individual cells.
Single-cell RNA sequencing (scRNA-seq) has emerged as a transformative technology that overcomes this limitation by enabling gene expression profiling at the resolution of individual cells. This approach allows researchers to dissect cellular heterogeneity, identify rare or previously unknown cell populations, and reconstruct lineage relationships and developmental trajectories (Tang et al., 2009; Luecken & Theis, 2019).
In livestock research, it is increasingly being applied to investigate immune responses, reproductive biology, and tissue development. For example, it enables detailed characterization of immune cell subsets involved in disease resistance, providing insights into host–pathogen interactions. Similarly, in reproductive studies, single-cell analysis has been used to examine gene expression patterns during early embryonic development, improving understanding of fertility and developmental success.
Another important application is in disease research, where it helps identify cell-type-specific responses to infections or stress conditions. This level of resolution enhances the ability to pinpoint critical regulatory genes and pathways that may serve as targets for genetic improvement or therapeutic intervention (Tang et al., 2009). Recent advances in these technologies, such as droplet-based platforms and improved computational pipelines, have significantly increased throughput and reduced costs, making large-scale single-cell studies more feasible. In livestock research, it is increasingly applied to investigate immune system dynamics, reproductive biology, and tissue development. Despite its advantages, scRNA-seq also presents challenges, including technical noise, dropout events, and the complexity of data analysis. Nevertheless, continuous improvements in experimental design and computational methods are enhancing its robustness and applicability in livestock systems.
2.3 Emerging Approaches: Spatial and Integrative Transcriptomics
While single-cell transcriptomics provides detailed information on gene expression at the cellular level, it often lacks spatial context because tissues must be dissociated into individual cells. Spatial transcriptomics addresses this limitation by preserving the physical organization of tissues while simultaneously measuring gene expression. This technology enables researchers to map where specific genes are expressed within a tissue, thereby linking molecular data with histological structure. In livestock species, spatial transcriptomics is particularly useful for studying complex organs such as the mammary gland, liver, and muscle, where cellular interactions play a critical role in determining function and productivity.
In parallel, integrative transcriptomics involves combining transcriptomic data with other layers of biological information, such as genomics, proteomics, metabolomics, and epigenomics. This multi-omics approach provides a more holistic understanding of biological systems by capturing interactions across different molecular levels. For example, integrating transcriptomic and genomic data can enhance the identification of expression quantitative trait loci (eQTLs) and functional genetic variants associated with economically important traits. Similarly, combining transcriptomics with metabolomics can reveal how gene expression regulates metabolic pathways influencing feed efficiency, growth performance, and milk composition (Hasin et al., 2017).
Recent advancements in spatially resolved transcriptomics, including high-resolution imaging-based methods and sequencing-based platforms, have improved sensitivity and resolution, allowing near-single-cell or even subcellular analysis. These approaches are being used to study tissue-specific gene regulation, cellular interactions, and microenvironmental effects in livestock production systems.
2.4 Data Processing and Bioinformatics
The analysis of transcriptomic data involves a series of computational steps that transform raw sequencing reads into biologically meaningful insights. The workflow typically begins with quality control and preprocessing, including the removal of low-quality reads and adapter sequences using tools such as FastQC and Trimmomatic. High-quality reads are then aligned to a reference genome or transcriptome using efficient alignment algorithms such as HISAT2 or STAR. Alternatively, pseudo-alignment tools like Salmon and Kallisto are increasingly used due to their speed and accuracy (Patro et al., 2017).
Following alignment, gene expression levels are quantified using normalized metrics such as fragments per kilobase of transcript per million mapped reads (FPKM) or transcripts per million (TPM). Differential gene expression analysis is then performed using statistical packages such as DESeq2, edgeR, or limma, which identify genes that show significant changes between experimental conditions (Love et al., 2014; Robinson et al., 2010).
To interpret biological significance, functional enrichment and pathway analyzes are conducted using databases such as Gene Ontology (GO), KEGG, and Reactome. Network-based approaches are also employed to identify key regulatory genes and interaction pathways underlying complex traits. Recent developments in bioinformatics include the application of machine learning and artificial intelligence to transcriptomic data, enabling improved prediction of gene function, trait associations, and disease outcomes (Libbrecht & Noble, 2015; Eraslan et al., 2019). Cloud computing and high-performance computing platforms are also facilitating the analysis of large-scale datasets.
Despite these advances, several challenges remain, particularly in livestock species with incomplete or poorly annotated reference genomes. Issues such as batch effects, data integration across studies, and reproducibility continue to require careful consideration. Ongoing improvements in genome annotation, standardized pipelines, and data-sharing initiatives are essential for maximizing the utility of transcriptomics in livestock research (Conesa et al., 2016).
3. TRANSCRIPTOMIC APPLICATIONS IN LIVESTOCK IMPROVEMENT
Transcriptomic analysis enables the identification of gene networks and molecular pathways associated with production traits, reproductive efficiency, immunity and disease resistance, stress adaptation, climate resilience, and nutrigenomics. Information generated through gene-expression profiling can be utilized to identify functional biomarkers, understand biological mechanisms, and support precision breeding strategies for genetic improvement and sustainable animal production as illustrated in Fig. 1. Overall, the integration of transcriptomic information across these functional domains contributes to precision breeding and genetic improvement.
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[bookmark: _Hlk228357401]Fig.1. Transcriptomics based Livestock Improvement Framework or Integration of transcriptomic data for livestock improvement showing key application areas
3.1 Production Traits
Transcriptomic approaches have become indispensable for understanding the molecular architecture of key production traits in livestock, including feed efficiency, growth rate, muscle development, milk yield, and meat quality. High-throughput technologies such as RNA sequencing (RNA-Seq) allow comprehensive profiling of gene expression across tissues, facilitating the identification of differentially expressed genes (DEGs) and regulatory pathways associated with phenotypic variation (Wang et al., 2009; Conesa et al., 2016). In ruminants, particularly cattle, transcriptomic analyzes of metabolically active tissues such as the liver have revealed distinct expression patterns between animals with divergent residual feed intake (RFI). Genes involved in mitochondrial activity, lipid metabolism, and energy utilization are often differentially regulated, indicating their central role in feed efficiency (Alexandre et al., 2015; Salleh et al., 2017). Similarly, transcriptomic studies in skeletal muscle across species such as cattle, pigs, and poultry have identified genes controlling myogenesis, muscle fiber differentiation, and intramuscular fat deposition which are the key determinants of meat quality traits like tenderness, marbling, and water-holding capacity (Hocquette et al., 2010; Zhao et al., 2011). 
Feed efficiency is a crucial trait affecting both economic returns and environmental sustainability in livestock production systems. Transcriptomic studies have identified key genes and metabolic pathways involved in nutrient utilization, energy metabolism, and growth regulation (Alexandre et al., 2015; Salleh et al., 2017). RNA-Seq analyzes of liver, muscle, and adipose tissues have revealed that animals with superior feed efficiency exhibit distinct expression patterns of genes associated with mitochondrial function, oxidative phosphorylation, and lipid metabolism. These findings highlight the importance of metabolic efficiency in determining feed conversion ratios. Recent advancements in transcriptomic technologies have enabled large-scale and cost-effective gene expression profiling, making it feasible to integrate transcriptomic data into livestock breeding programs. Moreover, the integration of transcriptomics with other omics approaches, such as metabolomics and proteomics, provides a systems-level understanding of feed efficiency, facilitating the development of precision breeding strategies.
3.2 Reproduction and Fertility
Reproductive performance is a complex trait with low heritability and strong environmental influence. Transcriptomic profiling has significantly improved understanding of the biological mechanisms underlying fertility and reproductive success (Walsh et al., 2011). Gene expression studies in reproductive tissues—including ovaries, uterus, and follicles—have identified critical genes and signaling pathways involved in folliculogenesis, steroidogenesis, oocyte maturation, and embryo implantation (Hatzirodos et al., 2014; Mamo et al., 2011). These pathways include TGF-β, Wnt, and IGF signaling, which are essential for reproductive regulation. Comparative transcriptomic analyzes between high- and low-fertility animals have revealed differential expression of genes associated with immune response, metabolic balance, and endocrine signaling, demonstrating the multifactorial nature of fertility (Diskin & Morris, 2008). Additionally, RNA-Seq studies on early embryos have provided insights into genome activation and developmental competence (Graf et al., 2014).
3.3 Immune Function and Health
Improving disease resistance and immune competence is essential for sustainable livestock production. Transcriptomic approaches have been widely applied to study host–pathogen interactions, immune responses, and vaccine efficacy (Jenner & Young, 2005). Bulk RNA-Seq studies have identified key immune-related genes involved in cytokine signaling, antigen presentation, and innate immune responses during infections (Everts et al., 2005). These findings provide insights into the genetic basis of disease resistance.
Recent advances in single-cell transcriptomics have revolutionized this field by enabling high-resolution characterization of immune cell populations. This approach allows identification of distinct immune cell subsets and their functional states, which are often masked in bulk transcriptomic analyzes (Lu et al., 2024). For example, single-cell RNA sequencing studies in cattle have revealed immune cell heterogeneity and key transcriptional signatures associated with vaccine response and pathogen resistance (Wilson et al., 2025). 
3.4 Enhancing Disease Resistance
Transcriptomic approaches have substantially advanced our understanding of how livestock respond to infectious diseases at the molecular level. By comparing gene expression profiles between healthy and infected animals, researchers can identify differentially expressed genes (DEGs) and signaling pathways involved in innate and adaptive immune responses (Jenner & Young, 2005; Everts et al., 2005). These include pathways related to cytokine signaling, toll-like receptor (TLR) pathways, antigen processing, and interferon responses, which are critical for pathogen recognition and clearance.
Recent RNA-Seq studies have enabled the identification of host genetic factors associated with resistance to economically important diseases such as mastitis, foot-and-mouth disease, and parasitic infections. Furthermore, integration of transcriptomics with genome-wide association studies (GWAS) has facilitated the discovery of expression quantitative trait loci (eQTLs), linking gene expression variation to disease resistance phenotypes.
Advancements in single-cell transcriptomics have further refined this understanding by enabling the characterization of immune cell heterogeneity and cell-specific responses during infection. For instance, distinct transcriptional profiles of macrophages, T cells, and B cells have been identified in response to pathogens, providing insights into immune regulation and vaccine responsiveness (Lu et al., 2024). These findings have practical implications for developing molecular markers for disease resistance, improving vaccine strategies, and reducing reliance on antibiotics, thereby promoting sustainable livestock production.
3.5 Improving Reproductive Efficiency
Reproductive efficiency is a key determinant of livestock productivity, yet it is influenced by complex interactions among genetic, physiological, and environmental factors. Transcriptomic analyzes of reproductive tissues like ovaries, testes, uterus, and early embryos, have enabled the identification of genes regulating gametogenesis, fertilization, implantation, and embryonic development (Mamo et al., 2011; Graf et al., 2014). Additionally, transcriptomic profiling of embryos has provided insights into early developmental competence and pregnancy establishment.
The emergence of single-cell RNA sequencing (scRNA-Seq) has revolutionized reproductive biology by enabling high-resolution analysis of cellular heterogeneity within reproductive tissues. This approach has uncovered distinct cell populations and their functional roles in spermatogenesis, follicular development, and embryo–maternal interactions (Lu et al., 2024). Such insights facilitate the identification of molecular biomarkers for fertility, supporting improved reproductive management and genetic selection strategies.
3.6 Meat Quality and Product Characteristics
Meat quality traits, including tenderness, juiciness, flavor, and fat composition, are influenced by complex molecular processes that occur during muscle development and postmortem metabolism. Transcriptomic profiling of muscle tissue has identified genes involved in myogenesis, lipid metabolism, and proteolytic pathways that contribute to these traits (Hocquette et al., 2010; Zhao et al., 2011). Gene expression studies have revealed the role of regulatory pathways such as insulin signaling, adipogenesis, and oxidative metabolism in determining intramuscular fat deposition and muscle fiber characteristics. These factors directly influence marbling, tenderness, and water-holding capacity, which are critical for consumer acceptance. Recent RNA-Seq studies have further identified novel candidate genes and non-coding RNAs associated with meat quality traits, providing new targets for genetic improvement. The integration of transcriptomic data into breeding programs enables more precise selection for desirable product characteristics, enhancing both product quality and market value.
3.7 Stress Adaptation and Climate Resilience
Climate change poses significant challenges to livestock systems through heat stress, drought, and environmental variability. Transcriptomics has become a key tool for investigating molecular responses to these stressors (Renaudeau et al., 2012). Exposure to heat stress leads to substantial changes in gene expression across livestock species, affecting pathways related to heat shock proteins, oxidative stress, apoptosis, immune regulation, and metabolism (Collier et al., 2017; Sejian et al., 2018; Akbarian et al., 2016). These responses are essential for maintaining cellular homeostasis under stressful conditions. Transcriptomic studies of tissues such as liver, skin, and mammary glands have identified adaptive mechanisms that help animals cope with thermal stress (Tao & Dahl, 2013). 
These findings are crucial for developing breeding strategies aimed at improving climate resilience and ensuring sustainable livestock production. Livestock are increasingly exposed to environmental stressors such as heat, humidity, and water scarcity, which can adversely affect productivity and welfare. Transcriptomic analyzes have provided valuable insights into the molecular mechanisms underlying stress responses and adaptation (Renaudeau et al., 2012; Collier et al., 2017). Exposure to heat stress induces the expression of genes encoding heat shock proteins (HSPs), antioxidant enzymes, and stress-responsive transcription factors, which play crucial roles in maintaining cellular homeostasis (Sejian et al., 2018). Additionally, genes involved in immune function, apoptosis, and energy metabolism are differentially regulated under stress conditions. Environmental stress first activates cellular stress sensors, which trigger protective mechanisms including the induction of heat shock proteins (HSP70, HSP90) and oxidative stress pathways involving reactive oxygen species (ROS) and antioxidant systems. These early responses lead to changes in gene regulation, affecting key gene groups involved in apoptosis, immune function, and metabolism. The coordinated regulation of these genes helps the animal adjust its physiological processes. Ultimately, these molecular adjustments result in physiological adaptation, enabling thermotolerance, improved survival, and maintenance of productivity under stressful environmental conditions (Fig. 2).
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[bookmark: _Hlk228310325]Fig.2. Stress Response and Climate Adaptation Pathway or Molecular response of livestock to environmental stress based on transcriptomic studies
Recent studies using RNA-Seq and single-cell transcriptomics have identified genetic markers associated with thermal tolerance and environmental resilience in livestock species. These findings support the development of breeding strategies aimed at enhancing climate resilience, ensuring sustainable production under changing environmental conditions. 
3.8 Nutritional Genomics (Nutrigenomics)
Nutritional genomics, or nutrigenomics, focuses on the interaction between diet and gene expression, providing insights into how nutrients influence metabolic pathways and physiological functions. Dietary inputs such as protein, energy, and minerals regulate gene expression in livestock through nutrigenomic interactions. These changes affect genes involved in metabolism, growth, and immune function, which in turn influence key metabolic pathways. Ultimately, this leads to measurable phenotypic outcomes such as growth performance, milk yield, and overall animal health (Fig. 3). 
[bookmark: _Hlk228357318]Transcriptomic approaches have been widely used to investigate the effects of different diets on gene expression in livestock. Studies have shown that dietary components can modulate the expression of genes involved in lipid metabolism, immune function, and growth regulation. For example, variations in dietary energy and protein levels can influence the expression of genes associated with feed efficiency and milk production. Recent advances in transcriptomics have enabled more precise characterization of diet–gene interactions, supporting the development of optimized feeding strategies tailored to specific genetic backgrounds.
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Fig.3. Interaction between diet and gene expression in livestock (nutrigenomics)
Nutrigenomics thus plays a critical role in precision livestock nutrition, contributing to improved animal health, productivity, and sustainability. 
CONSTRAINTS AND PRACTICAL CHALLENGES OF TRANSCRIPTOMICS IN LIVESTOCK AND POULTRY IMPROVEMENT
Although transcriptomics has become a powerful tool for understanding gene activity and improving economically important traits in livestock and poultry, its practical application still faces several limitations. One of the major challenges is the incomplete annotation of livestock genomes. Unlike humans and laboratory animals, many farm animal species do not yet have fully detailed and well-annotated reference genomes. Because of this, researchers may find it difficult to accurately identify genes, transcripts, splice variants, and regulatory RNAs, which can affect the interpretation of transcriptomic data. Another important concern is reproducibility. Gene expression can change easily depending on environmental conditions, nutrition, stress, disease status, age, tissue type, and management practices. Therefore, results obtained in one study may not always be reproduced in another population or under different farming conditions. Differences in laboratory procedures, sequencing platforms, and bioinformatics methods can also lead to variations in findings across studies.
Small sample size is another common limitation in transcriptomic research. RNA-sequencing experiments are expensive and require specialized laboratory procedures, so many studies are conducted using only a limited number of animals. This reduces statistical reliability and may produce results that are specific to a particular population rather than universally applicable. Transcriptomic studies also involve high computational and financial costs. Analyzing large RNA-seq datasets requires advanced software, powerful computing systems, data storage facilities, and trained bioinformatics experts. These requirements can make transcriptomic research difficult for smaller laboratories and institutions with limited resources.
In addition, integrating transcriptomics into routine breeding programs remains challenging. While transcriptomic studies can identify genes and biomarkers associated with important traits such as growth, milk production, feed efficiency, reproduction, and disease resistance, converting these findings into practical breeding tools is not straightforward. Gene expression is highly dynamic and changes across tissues, developmental stages, and environmental conditions. Unlike DNA markers, expression profiles are not constant throughout an animal’s life. As a result, applying transcriptomic information in large-scale breeding programs requires repeated sampling, strict standardization, and additional costs.
Despite these limitations, advances in sequencing technology, bioinformatics, and multi-omics approaches are gradually improving the usefulness of transcriptomics in animal breeding. In the future, combining transcriptomics with genomics, proteomics, and artificial intelligence may help overcome current challenges and support more accurate and efficient livestock and poultry improvement programs.
CONCLUSION
Transcriptomics has emerged as a transformative tool in livestock research, offering valuable insights into the functional regulation of genes underlying economically important traits. By enabling comprehensive analysis of gene expression across tissues, transcriptomic approaches have significantly enhanced our understanding of complex traits such as production efficiency, reproductive performance, disease resistance, meat quality, and environmental adaptation. It has allowed the identification of key regulatory genes, pathways, and molecular networks that directly influence phenotypic variation in livestock populations. Its application in areas such as immune response, nutrigenomics, and stress physiology has further strengthened its role in addressing contemporary challenges, including disease outbreaks, climate change, and the need for sustainable production systems. Moving forward, integrating transcriptomic data with genomic selection and precision breeding approaches can enhance the rate of genetic improvement. With ongoing reductions in sequencing costs and improvements in analytical tools, transcriptomics is expected to become increasingly useful in developing productive, resilient, and sustainable livestock systems while supporting animal health, welfare, and resource-efficient production.

LITERATURE SEARCH METHODOLOGY
Relevant literature published between 2005 and 2025, was retrieved from major scientific databases, including PubMed and Google Scholar. The search strategy utilized keywords related to transcriptomics, livestock genomics, gene expression, single-cell transcriptomics, multi-omics integration and livestock improvement. Peer-reviewed studies focusing on gene expression profiling, functional genomics, and animal trait improvement were included. Additional emphasis was placed on research addressing stress physiology, disease resistance, reproduction, and production traits in livestock and poultry species.
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