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As global demand for animal protein rises, improving feed efficiency in beef cattle has become a central focus for sustainable livestock production. Feed efficiency, often quantified through residual feed intake (RFI), is a complex trait influenced by genetic, physiological, and environmental factors. Among these, skeletal muscle plays a pivotal role due to its central function in growth, metabolism, and nutrient utilization. This mini-review explores the molecular and metabolic mechanisms linking muscle development to feed efficiency, highlighting recent advances in gene expression profiling, hormone signaling, and energy metabolism. Studies have identified key genes and pathways, such as those involved in the electron transport chain and insulin-like growth factor 1 (IGF1) signaling, that contribute to muscle growth and efficient energy use. Additionally, the role of the rumen microbiome in modulating nutrient absorption and its interaction with host muscle metabolism is discussed. Integrating these insights with genomic selection tools provides a promising avenue for enhancing feed efficiency while maintaining production goals. Understanding the biological foundations of muscle development offers valuable opportunities to refine genetic selection and management practices for a more profitable and environmentally sustainable beef industry.
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1 Introduction

Beef and buffalo are the third most consumed meat sources globally, with production increasing dramatically from approximately 50 million tonnes per year in 1961 to over 350 million tonnes per year today (Ritchie et al., 2019). While meat serves as a critical protein source for human nutrition, livestock production is often scrutinized for its environmental impact, including greenhouse gas emissions, land use, and resource consumption (González et al., 2020). As the global population continues to grow, projected to nearly double within the next two decades, food production systems must adapt to meet rising demands while maintaining economic viability and minimizing environmental consequences (Scialabba et al., 2013). This necessitates the implementation of innovative strategies and research methodologies to enhance the sustainability of livestock production.

Despite its nutritional value and consumer demand, beef production incurs the highest cost per unit of edible product compared to other livestock species such as poultry, pork, or dairy (Kenny et al., 2018). One of the primary contributors to this high cost is feed, which represents the largest expense in cattle production systems. Over the past several years, the cost of grain and land required for feed production in the United States has increased by 40–60%, a trend that is expected to continue (Lawrence et al., 2008). Furthermore, cattle have a higher feed conversion requirement than other livestock species, meaning they require significantly more feed per unit of body weight gain (Nielsen et al., 2013). Thus, improving feed efficiency, defined as an animal’s ability to convert feed into body mass, has become a focal point of research, as it offers potential benefits for both economic sustainability and resource conservation (Crews, 2005). Enhancing feed efficiency could enable producers to reduce feed costs while optimizing land use and overall productivity.

Feed efficiency is influenced by multiple factors, including genetics, diet composition, and environmental conditions (Khanal et al., 2023). Cattle that exhibit superior feed efficiency require fewer resources to produce muscle, the primary economic and consumer-driven product in beef operations (McKenna et al., 2021). Additionally, improving feed efficiency has broader implications for environmental sustainability, particularly in reducing methane emissions. Methane, a potent greenhouse gas, is a byproduct of microbial fermentation in the rumen, and studies have indicated that cattle with higher feed efficiency may produce lower methane emissions due to differences in rumen microbial activity and metabolic efficiency (Hegarty et al., 2007; Manzanilla-Pech CIV et al., 2022). This relationship underscores the potential for selective breeding and management strategies to mitigate the environmental footprint of beef production while simultaneously enhancing productivity.

Significant progress has been made in understanding the genetic basis of feed efficiency, with numerous studies identifying genetic markers and metabolic pathways associated with variations in efficiency among cattle (Pryce et al., 2014). Research has provided strong evidence linking specific genetic factors to feed utilization, growth rate, and metabolic function (Herd and Arthur, 2009). However, despite these advancements, further investigation is required to fully elucidate the genetic mechanisms underlying feed efficiency and to determine the extent to which environmental factors influence these traits (Crowley et al., 2010; Jiang et al., 2024). Addressing these knowledge gaps will be critical for developing targeted breeding programs and management strategies aimed at optimizing feed efficiency in beef cattle production systems.




2 Measuring feed efficiency

Feed efficiency is a critical phenotype in cattle production, with ongoing advancements in measurement techniques aimed at improving genetic selection for more sustainable and economically viable livestock systems (Archer et al., 1999). Traditionally, feed efficiency has been quantified using feed conversion ratio (FCR), which is used to measure the efficiency with which animals convert feed into body mass, and represents the ratio of weight gain per day to daily dry matter intake (DMI) (Koch et al., 1963; Yi et al., 2018). While FCR has been commonly used in animal agriculture to help producers assess growth performance, optimize feeding practices, and improve overall production efficiency, it is highly correlated with growth rate, meaning animals that grow faster often appear more efficient, even if they consume more feed overall. This makes FCR a poor indicator for genetic selection because it can favor larger or faster-growing animals without truly identifying those that use feed more efficiently, independent of growth (Koch et al., 1963; Arthur et al., 2001; Carstens and Tedeschi, 2006).

The limitations of FCR highlight the value of residual feed intake (RFI), which is phenotypically independent from growth rate, making it a more precise trait for genetic improvement (Carstens and Tedeschi, 2006). RFI is calculated as the difference between an animal’s expected feed intake and its actual feed intake, determined using multiple regression models that account for variations in growth, maintenance, and activity (Koch et al., 1963; Hu et al., 2023). This method incorporates DMI and average daily gain (ADG) to estimate efficiency, where animals with positive RFI consume more than average, while those with negative RFI consume less (Savietto et al., 2014; Kenny et al., 2018). While RFI offers a more refined measure of feed efficiency by adjusting for growth and intake, it does not capture the full range of biological processes that contribute to an animal’s overall efficiency, such as metabolic processes, nutrient absorption, and energy partitioning. Therefore, to fully understand and improve feed efficiency, it is essential to consider additional physiological and genetic factors beyond what RFI captures (Koch et al., 1963; Williams et al., 2011). To ensure these factors are accurately reflected in performance data, the Beef Improvement Federation recommends a standardized testing protocol that includes a 21-day acclimation period followed by a minimum 42-day evaluation phase (contributors, B.G.W). Together, these approaches provide a more comprehensive and reliable framework for evaluating and selecting animals with superior feed efficiency.

Variability in feed intake among cattle is largely driven by differences in energy utilization, which are influenced by physiological states such as lactation, growth stage, and metabolic rate (Allen, 2014). To optimize feed use in beef production systems, it is essential to understand energy metabolism and its role in supporting tissue development and overall animal function (Moe, 1981). Energy derived from the oxidation of feed is partitioned among maintenance, production (e.g., growth, reproduction, lactation), or lost as heat and waste (Patience et al., 2015). As Nielsen (2013) emphasizes, feed efficiency is a multifaceted trait shaped by a combination of age, body weight, genetics, and environmental factors (Nielsen et al., 2013). For instance, growing calves and mature, reproducing cows exhibit distinct feed intake patterns due to varying metabolic demands, digestive efficiency, and activity levels. Although body weight alone offers limited insight into feed efficiency, precise measurements of feed intake are essential for identifying underlying biological variation and informing both genetic selection and management strategies aimed at improving efficiency.




3 Feed efficiency heritability

Genetic selection is an important tool in the beef industry, particularly following the development of artificial insemination (AI), which has revolutionized breeding practices. Historically, livestock breeding focused on maximizing phenotypic traits through the evaluation of offspring performance (García-Ruiz et al., 2016). In modern cattle breeding, advancements in genomics have enabled more precise mapping of the genome to analyze production traits, facilitating the targeted selection of animals for desirable characteristics such as breed, fat deposition, and size. These advancements have significantly enhanced the efficiency and accuracy of genetic selection, allowing producers to make more informed breeding decisions that align with both economic and production goals in the beef industry (Silva Neto et al., 2023). While breeding for feed efficiency has shown potential (Ojo et al., 2024), the genetic underpinnings that govern these complex biological processes remain poorly understood (Tempelman and Lu, 2020). Feed efficiency is a multifactorial trait influenced not only by genetics but also by environmental interactions, making its genetic analysis particularly challenging. Cattle have been selectively bred for traits related to feed efficiency, including end weight, DMI and ADG. However, these traits do not fully capture the complexity of feed efficiency, which is influenced by a range of biological processes such as energy partitioning and metabolic efficiency (Bottje and Carstens, 2012).

Recent research has provided valuable insights into the genetic basis of feed efficiency, with studies indicating that cattle with greater feed efficiency may exhibit altered gene expression related to immune function and hepatic lipid metabolism, two critical systems involved in regulating homeostasis (Salleh et al., 2018; Fonseca et al., 2019). Although Salleh et al. focused on liver gene expression in dairy cattle, their findings suggest potential metabolic similarities in other biological systems, such as muscle tissue, which may also contribute to feed efficiency. Efficient muscle growth relies on the effective utilization of nutrients like amino acids for protein synthesis, directly influencing body weight gain. As bovine genomics research advances, the ability to improve the genetic selection for traits related to muscle metabolism and growth holds great potential for improving nutrient use efficiency in cattle.

Efforts to enhance muscle growth through genetic selection must also account for how animals respond to their environments, as nutrient utilization is shaped not only by genetics but also by external factors. Understanding this gene-environment interaction is critical for improving traits like feed efficiency across diverse production systems. Recent work by Silva Neto et al. (2023) highlighted the relationship between phenotypic gradients and environmental gradients for both DMI and RFI (Silva Neto et al., 2023). As depicted in the adapted Figure 1, based on data from Silva Neto et al. (2023), their study reported moderate heritability estimates for both DMI and RFI, indicating that these traits are influenced by both genetic and environmental factors, with notable interaction between the two. In the adaptation, selected panels from the original figure and data were restructured and re-illustrated to better align with the focus on gene-environment interactions in feed efficiency and to emphasize key differences in how the data were interpreted. These data illustrate that both genetic and environmental influences shape feed efficiency traits like DMI and RFI, reinforcing the importance of accounting for environmental variation in genetic selection strategies.

[image: Two line graphs show heritability versus environmental gradient. Panel A displays residual feed intake, with heritability decreasing then fluctuating. Panel B shows dry matter intake, with a similar pattern. Both graphs use the same axis range.]
Figure 1 | Residual feed intake (RFI) (A) and dry matter intake (DMI) (B) heritability across environmental gradients. Adapted from Silva Neto et al., 2023 (Silva Neto et al., 2023).




4 Molecular and metabolic targets for genetic selection



4.1 Muscle growth and development

Muscle development is the primary economic driver in beef cattle production, as it directly impacts the quality and quantity of the final product. Understanding the underlying mechanisms governing muscle growth, along with the factors that influence feed efficiency, is critical for optimizing production practices. Skeletal muscle is a complex and heterogeneous tissue that functions as an essential organ within the muscular system (Mohammadabadi et al., 2021). Muscle mass plays a crucial role in regulating resting energy expenditure (REE), the energy required for maintaining homeostasis. This energy is primarily derived from carbohydrates, fats, and proteins, and during these metabolic processes, oxygen is consumed, and carbon dioxide is released. While genetics are the primary determinant of muscle growth and development, external factors such as diet, physical activity, and lifestyle also significantly influence muscle mass and efficiency (Westerterp, 2000).

A study by McKenna et al. (2021) explored the molecular basis of muscle growth by analyzing differential gene expression (DEGs) in muscle biopsy samples from heifers and bulls (McKenna et al., 2021). While the number of DEGs found in heifers divergent for RFI was small, all identified genes were associated with the electron transport chain, a crucial component of cellular energy metabolism. This suggests a direct link between RFI and gene expression related to muscle growth and energy utilization. However, the study highlighted the need for further research to strengthen the evidence of these molecular associations and their implications for improving feed efficiency through genetic selection (McKenna et al., 2021).

Investigating early developmental processes such as muscle fiber development offers valuable insight into how genetics and physiology interact to influence growth potential. Muscle fiber development begins early in embryonic stages, and although new muscle fibers are not generated post-embryonically, existing fibers can undergo hypertrophy (Wicks et al., 2019). Nutrition plays a pivotal role in muscle development, with poor nutrition leading to a reduced production of muscle fibers and adipocytes, contributing to the formation of intramuscular fat. These early nutritional influences can significantly affect the progression of myogenesis by altering the number and function of muscle fibers formed during embryonic development, ultimately shaping muscle growth and composition throughout the animal’s life.

Myogenesis, the process of muscle tissue formation, occurs in three main stages that begin during embryonic development (Mohammadabadi et al., 2021). The first stage involves the expression of specific genes and the fusion of myoblasts to form muscle fibers. These myoblasts can either proliferate into additional fibers if adequate growth factors are present or differentiate into myotubes. The second stage involves the alignment of myoblasts, which is essential for proper fiber formation. In the third stage, myoblasts undergo fusion, leading to the formation of multinucleated muscle fibers. During the later stages of myogenesis, satellite cells play a critical role by proliferating and contributing to muscle hypertrophy. Satellite cells are also key in muscle repair and regeneration following injury, as they differentiate into new muscle cells and fibers (Mohammadabadi et al., 2021). Key molecular regulators, such as myogenic regulatory factors (MRFs) and the transcription factors PAX3 and PAX7, play vital roles in myogenesis. MRFs activate genes that promote cell proliferation, while PAX3 regulates their activity, and PAX7 maintains satellite cells in a quiescent state while also activating myoblast formation (Mohammadabadi et al., 2021). Understanding the genetic regulation of these processes is crucial for research aimed at identifying genetic variations associated with muscle growth, which has significant implications for breeding programs targeting muscle mass and efficiency in livestock.




4.2 Growth factor signaling and the role of IGF1

The neuroendocrine system plays a pivotal role in regulating metabolic processes such as growth in mammalian species. This system includes growth hormones that are primarily produced in the hypothalamus and serve to regulate various growth signals throughout the body (Al-Samerria and Radovick, 2021). One such growth hormone is insulin-like growth factor 1 (IGF1), a polypeptide growth factor that is structurally similar to insulin and binds to insulin receptors, influencing a wide range of physiological processes (Laron, 2001). While IGF1 is produced in various tissues, its primary synthesis occurs in the liver, where it is secreted into the bloodstream and transported to target tissues, including skeletal muscle, where it exerts significant effects on growth, protein synthesis, and muscle repair (Al-Samerria and Radovick, 2021).

IGF1 plays a crucial role in regulating cellular growth, promoting protein synthesis, and aiding in muscle regeneration and degradation (Yoshida and Delafontaine, 2020). Figure 2, adapted and based on a study by Ahmad (2020) (Ahmad et al., 2020), illustrates the molecular mechanisms of IGF1 action, particularly in skeletal muscle tissue. The significance of IGF1 is further underscored by studies investigating Laron Syndrome (LS), previously known as Laron dwarfism, a condition caused by mutations in the IGF1 gene. Research summarized by Laron (2001) reveals that individuals with LS experience severe growth deficiencies in multiple tissues, including muscle, skeletal structure, brain, and heart, from birth through adulthood (Laron, 2001). In experimental studies, mice with IGF1 gene knockouts displayed a dramatic reduction in size, approximately half the normal body weight, and exhibited fatal developmental issues, particularly in the diaphragm, emphasizing the essential role of IGF1 in proper growth and development (Laron, 2001).

[image: Diagram showing the process of growth hormone secretion from the anterior pituitary, entering the bloodstream, and interacting with hepatic receptors in the liver to release IGF-1. IGF-1 plays roles in fetal development, adolescent growth, muscle regulation, neuronal protection, and cell growth. It affects muscle mass, protein synthesis, and regeneration. Causes for decreased IGF-1 include hypothyroidism, liver disease, diabetes, and aging. Other potentials include tumor risk and livestock feed efficiency.]
Figure 2 | Molecular mechanisms of Insulin-like growth factor 1 (IGF-1) and impacts on muscle development and animal physiology. Adapted from (Ahmad et al., 2020).

In addition to its role in general growth, IGF1 has been implicated in improving feed efficiency in livestock. A study by Montelli et al. (2020) investigated the relationship between leptin and IGF1 in lambs over a 56-day feeding trial (Montelli et al., 2021). The lambs were classified based on their RFI and residual intake and gain (RIG), and it was found that lambs with greater feed efficiency (low RFI and high RIG) exhibited significantly greater levels of both leptin and IGF1 (Montelli et al., 2021). These findings suggest that IGF1 may play a key role in regulating feed efficiency and growth performance, making it an important target for genetic selection in livestock breeding programs aimed at improving muscle mass and feed utilization.




4.3 The rumen microbiome

Ruminants have evolved a highly specialized digestive system that enables them to consume and derive nutrients from plant materials that are typically inedible for humans. This capability arises from their compartmentalized stomachs, which house a diverse community of microorganisms, including bacteria, fungi, protozoa, and methanogens, that play a critical role in breaking down complex feedstuffs (Hackmann and Firkins, 2015). During fermentation in the rumen, microorganisms break down carbohydrates into volatile fatty acids (VFAs), along with gases such as methane and carbon dioxide, and microbial biomass. Many of these fermentation products and byproducts are subsequently absorbed and utilized by the animal to help meet its energy and protein requirements (Hackmann and Firkins, 2015). However, the efficiency of this digestive process is influenced by several factors, such as breed, diet, genomics, and the composition of the rumen microbiome, which in turn can affect nutrient use efficiency and methane emissions (Tapio et al., 2023).

The rumen microbiome has a profound impact on a ruminant’s ability to utilize and store energy, and research has demonstrated its significant role in influencing feed efficiency, particularly through RFI. Clemmons et al. (2019) identified specific microbial and metabolic biomarkers associated with feed efficiency, particularly RFI, in Angus steers (Clemmons et al., 2019). The researchers found that low-RFI steers had distinct microbial and metabolite profiles, including higher serum levels of pantothenate and greater relative abundance of the bacterial class Flavobacteriia. These features were predictive of RFI using machine learning models, suggesting that both Flavobacteriia and pantothenate may serve as useful biomarkers for selecting more feed-efficient animals. Importantly, the study highlighted the complex interaction between microbial communities and host metabolism, offering insight into the biological basis of feed efficiency.

Research in dairy cattle has shown that the composition and functionality of the rumen microbiome are strongly associated with variations in RFI. Tapio et al. (2023) conducted a study with 87 Nordic Red dairy cows in late lactation, ranking them based on their feed efficiency traits (Tapio et al., 2023). The microbial composition of their rumen was sequenced to examine correlations between microbial networks and feed efficiency. The study found that more efficient animals exhibited greater abundances of glycoside hydrolases, enzymes responsible for breaking down sugars, as well as increased bacterial motility and sensing. In contrast, animals with lower feed efficiency exhibited greater activity of glycosyltransferases and other enzymes involved in metabolic pathways. The data revealed that more efficient cows had a microbiome that supported enhanced carbohydrate utilization, as illustrated by the comparison of carbohydrate-active enzyme (CAZy) profiles in high- and low-efficiency groups. These results suggest that cows with greater feed efficiency harbor a microbiome capable of more efficiently processing polysaccharides, whereas less efficient animals expressed enzymes that facilitated carbohydrate degradation rather than utilization. This study provides compelling evidence that the microbiome’s diversity and functional capacity play key roles in optimizing feed efficiency, and that a more specialized microbial community may be linked to improved digestive and metabolic performance.





5 Discussion

Despite significant advancements in the genetic and physiological understanding of feed efficiency in beef cattle, critical research gaps remain, particularly in linking metabolic efficiency to muscle development. Traits like RFI have improved the ability to measure feed efficiency independently of growth rate, but the biological mechanisms driving variation in RFI are still not fully elucidated. Recent studies, such as Clemmons et al. (2019), have identified microbial and serum metabolite biomarkers, namely Flavobacteriia and pantothenate, as potential predictors of feed efficiency (Clemmons et al., 2019), yet further research is needed to validate these findings across diverse populations. At the same time, early life processes such as myogenesis are heavily influenced by both genetic and environmental factors. The interaction between nutrient availability, embryonic muscle development, and long-term growth efficiency remains an area where deeper mechanistic understanding is needed.

Future research should adopt integrative, systems-based approaches that combine genomic, metabolomic, molecular, microbiome, and phenotypic data to improve prediction and selection for both feed efficiency and muscle development. Particular attention should be given to critical developmental windows, such as prenatal and early postnatal stages, where interventions in maternal nutrition or genetic selection could optimize muscle fiber number and hypertrophy potential. Advances in omics technologies and machine learning provide powerful tools to explore these complex interactions, potentially identifying regulatory pathways that control both metabolic efficiency and muscle growth. Additionally, translating this research into practical on-farm tools, such as biomarker-based selection strategies, could accelerate genetic progress and enhance the sustainability of beef production by increasing lean tissue yield while reducing input costs and environmental impact.

As the global population is projected to increase significantly over the next decade, efficient animal production systems will be vital to ensure a sustainable and adequate supply of protein for human consumption. With continued research, beef production can be optimized for both efficiency and sustainability. A deeper understanding of the genetic and physiological mechanisms regulating muscle growth and feed efficiency in cattle will enable the development of more efficient breeding programs. Such advancements could not only meet the growing food demands of the population but also make beef production more economically viable for producers while minimizing its environmental impact.
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