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Preface

Many developed countries are actually facing a ban of animal food products, pro-
moted mainly by urban and vegetarian activists who have never experienced living 
in farms and who do not acknowledge that their modern way of life is largely the 
result of hard work of their elders with the help of farm animals. However, since the 
start of society, animal production has been an essential agricultural sector world-
wide providing food, labor, aesthetics and social values, and even today many farm-
ers would not survive without animals. This book entitled ‘Animal Biotechnology 
for Livestock Production 1’ is our first volume providing advanced knowledge on 
biotechnological methods to improve the livestock production, with focus on ani-
mal reproduction, health, diagnosis and nutrition. Chapter 1 presents on artificial 
insemination in cattle, with focus on physiology aspects of the estrous cycle, estrus 
synchronization program, ovulation synchronization program for timed artificial 
insemination, strategies for improving fertility and use of sexed semen in artificial 
insemination. Chapter 2 reviews biotechnological applications for production of 
dromedary camels, with details on camel herd reproduction, reproduction control 
and artificial insemination. Sperm dilution, thawing, conservation, and insemina-
tion techniques are also discussed. Recent biotechnological applications for live-
stock production are summarized in Chap. 3, with emphasis on somatic cell nuclear 
transfer, artificial insemination, embryo transfer, embryonic stem cell technology 
and marker assisted selection.
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Chapter 4 reviews applications of stem cells in livestock, with emphasis on mes-
enchymal stem cells. Immunomodulatory, antimicrobial activity, migration and 
reparative functions of stem cells are detailed. Chapter 5 presents techniques for 
profiling proteins and metabolites associated with feed efficiency in dairy cattle. 
Recent findings on key metabolites and proteins of metabolic pathways are also 
disclosed. Chapter 6 focuses on processing, packaging, and safety of dairy products. 
Applications of biotechnologies in food diagnosis are also explained. Chapter 7 
reviews ‘on-farm point-of-care’ diagnostic technologies in animals. This chapter 
covers various point-of-care and on-farm diagnostic technologies for monitoring 
animal health and disease with focus on molecular, electrochemical-biosensors 
diagnostics. Chapter 8 presents biotechnological applications in the poultry indus-
try. This chapter covers the concepts and developments of biotechnologies for poul-
try production, breeding, feed and nutrition. This chapter also discusses applications 
in poultry vaccines, biologics, disease diagnosis and food processing.

We express our thanks to all authors who have contributed high quality chapters. 
Our special thanks are due to the Indian Council of Agricultural Research (ICAR), 
the Government of India and the Director of the ICAR National Dairy Research 
Institute (NDRI), Karnal, India for providing the institutional support. We would 
like to acknowledge Dr. Sudarshan Kumar, Scientist, ICAR-NDRI, Karnal, India 
for his help in choosing contributors and reviewers. We would like extend our thanks 
to the staff of Springer Nature, for their generous assistance, constant support, and 
patience in initializing and publication of this book. We acknowledge our thanks to 

Cattle production in France. Copyright 2021 Eric Lichtfouse

Preface
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Department of Biotechnology, Government of India for providing financial support 
from “DBT-RA Program in Biotechnology & Life Sciences”.

Karnal, India� Vinod Kumar Yata

Karnal, India� Ashok Kumar Mohanty  

Eric LichtfouseAix-en-Provence, France
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Chapter 5
Metabolomics and Proteomics Signatures 
in Feed-Efficient Beef and Dairy Cattle
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Abstract  Feed accounts for 40–60% of total expenses of beef and dairy cattle pro-
duction costs. Therefore, feed-efficient cattle have a great potential to reduce pro-
duction costs without compromising meat or milk production levels, resulting in a 
greater profit margin for producers. Many approaches for measuring feed efficiency 
are available with residual feed intake being one of the most common. The residual 
feed intake is defined as the difference between actual dry matter intake and expected 
dry matter intake based on animal size and production level. Therefore, compared 
with a least-efficient animal, the most-efficient animal would have a negative resid-
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ual feed intake coefficient value, indicating that it consumed less dry matter intake 
while maintaining the same level of production. Recent studies have focused on 
investigating changes in key metabolites and proteins that would shift metabolic 
pathways to support better feed efficiency. Recent reports highlighted that in most-
efficient cattle metabolic pathways associated with energy, vitamins, and amino 
acid metabolism in rumen and skeletal muscle are upregulated to provide extra 
energy, thus, allowing for a similar level of production despite lower dry matter 
intake. Other studies demonstrated that most-efficient cattle reduce protein turnover 
in skeletal muscle including upregulation of key protein synthesis pathways, such as 
mechanistic target of rapamycin signaling, and the downregulation of key proteins 
in protein degradation such as ubiquitin-proteasome pathway, resulting in greater 
protein deposition in muscle. In this chapter, we discuss applications of novel com-
prehensive techniques for protein and metabolite profiling in rumen, intestine, 
blood, liver, and skeletal muscle to elucidate adaptive biological functions that sup-
port better feed efficiency in beef and dairy cattle.

Keywords  RFI · Cow · Calves · Metabolomics · Proteomics · Rumen · Blood · 
Liver · Muscles · Hindgut

5.1  �Introduction

Feed costs in the beef and dairy cattle industry are the most expensive inputs, and 
represent on average 40–60% of total expenses (Montaño-Bermudez et al. 1990). 
Therefore, enhancing feed efficiency would dramatically decrease overall costs, 
raise producer profitability, and increase animal protein availability for consumers 
(Clemmons et  al. 2020). Hence, discovering robust biomarkers for selecting the 
most-efficient beef and dairy cattle is crucial.

Residual feed intake (RFI) is a commonly-used measurement of feed efficiency 
in beef and dairy cattle (Li et al. 2020; Zhang et al. 2020). The RFI is defined as the 
divergence of predicted dry matter intake (DMI) for maintenance and meat or milk 
production from the actual DMI after adjusting DMI for the level of production 
through a linear regression model (Xi et al. 2016). The predicted DMI is calculated 
as a function of changes in body weight (BW) and production level (Potts et al. 
2017). The regression model defines which animal is below (negative) or above 
(positive) the predicted DMI (Durunna et al. 2011). The fact that RFI is a trait inde-
pendent of body size and production level renders it a reliable measurement of feed 
efficiency (Gomes et al. 2012). Most-efficient (M-eff) cattle, i.e. with the favorable 
negative RFI coefficient, utilize less DMI than predicted to cover both maintenance 
and production requirements (Potts et al. 2017). Therefore, M-eff cattle are biologi-
cally- and economically-efficient compared with their least-efficient (L-eff) 

A. A. Elolimy et al.
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counterparts having an undesirable positive RFI coefficient (Gomes et  al. 2012; 
Lawrence et al. 2013). Despite the proven value of the RFI, the underlying biology 
associated with this trait is still not well known, hence, supporting the use of modern 
technologies in an effort to uncover putative biomarkers.

Metabolomics profiling provides a novel approach for rapidly-identifying M-eff 
animals. These techniques focus on detecting, identifying, and quantifying available 
free metabolites in a given biological sample (Fontanesi 2016). The origin of these 
metabolites could be either endogenous (i.e. derived from the animal) or xenobiotic 
(i.e. metabolites from plants or microbes) (Fontanesi 2016). Metabolites are inter-
mediates or products of metabolic pathways (Clemmons et al. 2020) involved in 
energy, protein, and vitamin metabolism, all of which are of particular interest for 
feed efficiency divergence in cattle (Nafikov and Beitz 2007; Ferrell and Jenkins 
1984). Liquid chromatography-mass spectrometry (LC-MS) techniques have been 
used to detect differences in ruminal, intestinal and circulating metabolite abun-
dance between beef and dairy cattle divergent in RFI (Clemmons et  al. 2017; 
Elolimy et al. 2020), with several metabolites identified as having a key contribution 
to better feed efficiency (summarized in Table 5.1). These alterations in metabo-
lome profiles between M-eff and L-eff cattle could be used as predictive biomarkers 
for feed efficiency (Clemmons et al. 2019b; Artegoitia et al. 2017; Novais et al. 2019).

The study of protein profiles in a biosample collected at a certain physiological 
state is called “proteome” (Reinhardt et al. 2012).Proteomics data provide a wealth 
of information that gene expression analysis could not. Therefore, proteomics anal-
yses provide a better understanding of the biological functions in cattle. Few studies 
in recent years have applied proteomic approaches to unmask alterations in protein 
profiles in blood and skeletal muscle associated with RFI divergence that would 
help our understanding of the biology behind this trait (summarized in Table 5.2).

5.2  �Metabolomic Signature in Feed-Efficient Cattle

In a recent study, Clemmons et  al. (2020) used DionexUltiMate 3000 ultra-high 
performance liquid chromatography (UHPLC) system with an Exactive Plus 
Orbitrap MS to identify the metabolic signature in ruminal fluid between M-eff and 
L-eff beef steers. Authors used 50 purebred Angus steers at the age of 7 months and 
264 ± 2.7 kg of BWfed individually using the GrowSafe System for 70 days to 
evaluate RFI divergent groups. At day 70 of the trial, the authors selected the 
extreme M-eff (n = 14) and the top L-eff (n = 15) steers. Rumimal fluid samples 
were collected on day 70 of the study using stomach tubing. Results revealed 8 
DEM between M-eff and L-eff steers, with M-eff steers having greater succinate. In 
the rumen, bacteria such as Selenomasruminantium metabolize succinate in the 
presence of several bacterial enzymes and coenzyme A (CoA) to propionate (Wirth 
et al. 2018), a vital volatile fatty acid (VFA) used in the liver for gluconeogenesis 
(Wirth et al. 2018). Therefore, the greater ruminal succinate in M-eff group indi-
cates a better capacity for hepatic gluconeogenesis to maintain similar meat 

5  Metabolomics and Proteomics Signatures in Feed-Efficient Beef and Dairy Cattle
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production levels relative to L-eff animals. In support of this notion, Myer et al. 
(2015) reported that M-eff cattle had more succinate- and propionate-producing 
bacteria in the rumen such as Succiniclasticum spp. Similarly, M-eff steers had a 
greater concentrations of pantothenate in the serum, a precursor of CoA (Clemmons 
et al. 2017). These results indicate greater hepatic energy production in in M-eff 
steers, which likely contribute to maintain growth in M-eff steers despite lower DMI 
(Fan et al. 2015).

Clemmons et  al. (2020) also reported that M-eff steers had more abundant 
nucleic acids and nucleic acid derivatives in the rumen including uracil, thymine, 
and hypoxanthine, indicating an increased production of microbial protein in M-eff 
steers (Leng and Nolan 1984). Additionally, Clemmons et al. (2020) highlighted 
that M-eff steers had greater pyridoxic acid, a byproduct of vitamin B6 catabolism 
(Linkswiler and Reynolds 1950), suggesting better protein and muscle accretion in 
the M-eff group (Clemmons et  al. 2020). Other key metabolites associated with 
carbohydrate metabolism such as citraconate was more abundant in ruminal fluid in 
M-eff steers (Clemmons et al. 2020). Citraconate is a metabolite generated through 
TCA cycle activity suggesting higher energy production took place in the rumen of 
M-eff steers (Clemmons et al. 2020). Collectively, data indicate that M-eff cattle 
have greater capacity for energy production in the rumen and liver to maintain simi-
lar growth performance despite lower DMI.

A recent study useduntargeted metabolomics via liquid chromatography-mass 
spectrometry (LC-MS) to uncover differencs in serum metabolomic profiles 
between young M-eff and L-eff Nellore bulls (Novais et al. 2019). In this study, 
serum samples from 98 Nellore bulls at 16–20 months of age and 376 ± 29 kg BW 
were collected 21 days before the start of a 70 day RFI evaluation period (Novais 
et al. 2019). Authors detected 7808 DEM between M-eff and L-eff groups (Novais 
et al. 2019). Seven metabolites had lower concentrations in the M-eff group includ-
ing retinal, progesterone, stearic acid, vomifoliol, 2,3 dihydroflavone, limonoate 
and phytanic acid (Novais et al. 2019). Retinal is involved in the retinol pathway, 
previously reported to be downregulated in feed-efficient beef cattle (de Almeida 
Santana et al. 2016). Similarly, progesterone (a key metabolite in steroid hormone 
biosynthesis) was suppressed in the liver of M-eff Jersey cows (Salleh et al. 2017). 
Interestingly, this study revealed metabolites exclusively produced by bacteria or 
plants inclduing vomifoliol, 2,3 dihydroflavone, limonoate and phytanic acid that 
were lower in the M-eff group (Novais et al. 2019), likely due to lower DMI.

Clemmons et  al. (2019a) conducted a study to discover differences in serum 
metabolome between M-eff and L-eff beef cattle. In this study, they used LC-MS 
analysis for untargeted metabolomics of serum samples collected from M-eff 
(n = 14) and L-eff (n = 15) weaned Angus steers at 7 months old and 264 ± 2.7 kg 
of BW. The GrowSafe system was used to monitor individual DMI for each steer 
during the 70-day RFI trial (Clemmons et al. 2019a). Weekly, 9 mL of blood sam-
ples were collected via venipuncture from the coccygeal vein to separate serum. 
Results indicated that pantothenate was greater in the M-eff group (Clemmons et al. 
2019a). Pantothenate, a substrate for CoA synthesis, is produced by ruminal bacte-
ria such as Flavobacteriiathen absorbed via ruminal epithelium to reach the 
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circulation (Clemmons et al. 2019a). Interestingly, Clemmons et al. (2019a)reported 
that Flavobacteriia were more abundant in M-eff steers, a result that is in line with 
previous studies revealing a better capacity for energy production from lower DMI 
in M-eff cattle.

Using commercial enzymatic kits, Broleze et al. (2020) evaluated differences in 
targeted metabolites in blood between M-Eff and L-eff beef cows. In this study, 
DMI of 53 primiparous Nellore beef cows at 36.8  ±  1.23  months of age and 
484 ± 40.9 kg of BW was monitored individually using the GrowSafe System for 
168 days between 22 and 190 days in milk (DIM; early-tomid-lactation stage) to 
calculate RFI coefficients for each cow (Broleze et al. 2020). Blood samples were 
collected from all animals for analysis of glucose, cholesterol, triglycerides, andß-
hydroxybutyrate (Broleze et  al. 2020). Cholesterol was the only metabolite that 
differed in concentrationse, being greater in M-eff beef cows (204  mg/dL vs. 
192 mg/dL) (Broleze et al. 2020). Because another study reported increased plasma 
cholesterol in feed-restricted dairy cows (Gross et al. 2015), authors suggested that 
lower DMI in M-eff cows (consumed 11.5% DMI) partly explaind the response 
observed (Broleze et al. 2020). In another study, Bonilha et al. (2017) used com-
mercial enzymatic kits to evaluate differences in specific serum metabolites includ-
ing insulin, non-esterified fatty acids (NEFA), insulin-like growth factor I (IGF-I), 
and cortisol between M-eff (n = 13) and L-eff (n = 12) Nellore bulls at 210 days of 
age and 207 kg BW monitored for individual DMI for 70 days. Cortisol, a bio-
marker of stress, was lower in M-eff bulls indicating a lower degree of systemic 
stresss (Bonilha et  al. 2017) and providing support to previous studies reporting 
lower circulating cortisol in M-eff cattle (Gomes et al. 2013; Richardson et al. 2004).

In a recent study, Elolimy et al. (2020) detected shifts in hindgut metabolomics 
profiles between M-eff and L-eff dairy preweaned calves. In this study, DMI in 26 
neonatal Holstein heifer calves was individually monitored from birth to weaning at 
42  days of age. Calves were retrospectively classified into two groups: M-eff 
(n = 13) and L-eff (n = 13) heifers based on individual RFI coefficient (Elolimy 
et al. 2020). Fecal samples were collected every two weeks throughout the study to 
perform untargeted metabolomics using an LC-MS approach (Elolimy et al. 2020). 
At birth, M-eff calves had an enrichment of metabolites belonging to energy-
producing pathways including pyruvate metabolism, gluconeogenesis, TCA cycle, 
and biotin suggesting a greater availability of energy for growth and development 
during the preweaning period (Akram 2014; Vailati-Riboni et  al. 2016; Elolimy 
et al. 2020). Furthermore, the M-eff group upregulated vitamin (biotin metabolism), 
fatty acid (arachidonic acid metabolism), and amino acid (alanine metabolism) 
related pathways that would likely enhance gut function and development (Elolimy 
et  al. 2020; León-Del-Río 2019). During the preweaning period, Elolimy et  al. 
(2020) demonstrated that M-eff calves had greater supply of B vitamins in the hind-
gut including vitamins B6, B7 (biotin) and B9 (folate). Vitamin B6 is essential for 
metabolism of fatty acids, amino acids, and glucose (Rodriguez-Melendez and 
Zempleni 2003). Vitamin B7 is important for mucosal immune responses (Jenkins 
et al. 2017). M-eff calves also had greater capacity for metabolism of amino acids 
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such as tyrosine, tryptophan, and phenylalanine (Elolimy et al. 2020) likely contrib-
uting to the similar growth achieved (Elolimy et al. 2020).

Another study measured the concentrations of leptin, prolactin, neuropeptide Y 
(NPY), insulin-like growth factor 1 (IGF-1), ghrelin, insulin, β-hydroxybutyrate, 
glucose, NEFA and growth hormone (GH) in serum between M-eff and L-eff dairy 
cows (Xi et al. 2016). The authors selected 29 lactating Holstein cows from a total 
of 84 based on their RFI coefficients to end up with two groups including M-eff 
(n = 15) and L-eff (n = 14) dairy cows (Xi et al. 2016). Blood samples were col-
lected from all 29 cows through jugular venipuncture on day 1, 25 and 50 during the 
feeding period (Xi et al. 2016). The authors reported no differences in serum prolac-
tin, IGF-1, ghrelin, insulin, β-hydroxybutyrate, glucose and GH (Xi et al. 2016). 
However, M-eff cows had greater concentration of NPY and lower leptin and NEFA 
(Xi et  al. 2016) indicating lower propensity for fat mobilization, suggesting that 
M-eff cows likely had sufficient energy supply and experienced a lesser degree of 
negative energy balance.

Sharma et al. (2016) calculated RFI coefficients for 18 growing male Murrah 
buffalo calves at 4–6 months old and 70 ± 1.0 kg of BW after 99 days of a feeding 
trail, resulting in M-eff (n = 7) and L-eff calves (n = 11). Blood samples were col-
lected at the start and end of the feeding trial by venipuncture of the anterior vena 
cava to evaluate plasma content of IGF-1, GH, creatinine, insulin, albumin, 
hydroxyproline, triio-dothyronine (T3), thyroxin (T4), and total protein using com-
mercial kits (Sharma et al. 2016). No differences in plasma concentrations of creati-
nine insulin, albumin, hydroxysproline and total protein were detected (Sharma 
et al. 2016). However, M-eff calves had greater plasma IGF-1, and T3, but lower T4 
(Sharma et al. 2016).

Overall, the above findings of alterations in several metabolites associated with 
better feed efficiency in beef and dairy cattle provide a list of robust biomarkers that 
could be studied in the future for their potential as physiological indicators predic-
tive of feed-efficient cattle.

5.3  �Proteomics Signature in Feed-Efficient Cattle

Elolimy et al. (2019) investigated changes in ruminal epithelium protein abundance 
between M-eff (n = 6) and L-eff (n = 6) Red Angus heifers and steers using the 
western blot approach. In this study, Elolimy et  al. (2019) evaluated 29 proteins 
involved in protein synthesis (MTOR signaling) and degradation (ubiquitin-
proteasome pathways) in ruminal epithelium collected after slaughter at the end of 
70 days of a feeding trail. The M-eff group had greater abundance of proteins cru-
cial for cellular protein synthesis such as phosphorylated eukaryotic elongation fac-
tor 2 kinase (p-EEF2K), phosphorylated eukaryotic elongation factor 2 kinase:total 
eukaryotic elongation factor 2 kinase (p-EEF2K:EEF2K, and phosphorylated 
eukaryotic translation initiation factor 2A:total eukaryotic translation initiation fac-
tor 2A (p-EIF2A:EIF2A)(Elolimy et al. 2019). On the other hand, M-eff cattle had 
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lower abundance of proteins involved in protein degradation pathways such as total 
ubiquitin like modifier activating enzyme 1 (UBA1), total neural precursor cell 
expressed, developmentally downregulated 4, E3 ubiquitin protein ligase (NEDD4), 
total STIP1 homology and U-box containing protein 1 (STUB1), and total MDM2 
proto-oncogene (MDM2) (Elolimy et  al. 2019). No differences were detected in 
plasma insulin and ruminal epithelium insulin signaling proteins (Elolimy et  al. 
2019). These data indicated that M-eff beef cattle have a greater rate of protein syn-
thesis relative to protein degradation in ruminal epithelium. These changes likely 
result in better growth of ruminal epithelium to absorb more VFA produced from 
the anaerobic microbial fermentation of plant fiber in M-eff beef cattle.

Carvalho et al. (2019) employed a proteomics approach to unmask differences in 
key proteins associated with energy metabolism in skeletal muscle of RFI divergent 
beef cattle. Daily DMI was recorded for 129 young Nellore bulls at 7 months old 
and 239 ± 30.1 kg of BW during 98 days of RFI evaluation period (Carvalho et al. 
2019). At the end of the study, Carvalho et  al. (2019) selected 9 bulls for M-eff 
group and another 9 bulls for L-eff group. After slaughter, longissimus muscle was 
sampled for protein profiling using a two-dimensional electrophoresis (2D-PAGE) 
with mass spectrometry (ESI-MS) (Carvalho et al. 2019). Heat shock protein beta 1 
(HSPB1), a key protein for cellular development and differentiation (Zhang et al. 
2014; Carvalho et al. 2014) and inhibitor of protein degradation in muscle fibers, 
was greater in the M-eff group (Carvalho et al. 2019) suggesting greater protein 
synthesis. Therefore, this adaptation likely contributed to better feed efficiency in 
M-eff cattle through decrease protein turnover in skeletal muscle.

Another proteomics study conducted by Baldassini et al. (2018) used 2D-PAGE 
and ESI-MS techniques to profile hepatic proteins in RIF divergent Nellore bulls. In 
this study, Baldassini et al. (2018) used 18 Nellore bulls at 24–26 months of age 
during the finishing period (M-eff = 9 and L-eff = 9). After slaughter, liver samples 
were collected from the 18 animals for protein extraction and proteomic profiling 
(Baldassini et  al. 2018). Results indicated that hemoglobin subunit beta protein 
(HBB) was downregulated in the M-eff group (Baldassini et al. 2018) likely from 
lower numbers of red blood cells since hemoglobin binds to oxygen to form oxyhe-
moglobin inside the red blood cells (Hsia 1998). The data indicated a need to deter-
mine blood hemoglobin concentrations between M-eff and L-eff groups in future 
studies. Baldassini et al. (2018) reported that the M-eff group had lower abundance 
of oxidative stress-associated proteins such as aldehyde dehydrogenase, aspartate 
aminotransferase, and glycine amidino transferase proteins, highlighting a lower 
degree of hepatic oxidative stress and less reactive oxygen species (ROS) content in 
liver of feed-efficient cattle.

Davis et al. (2016) investigated differences in oxygen uptake by mitochondria in 
muscle and respiratory chain proteins between M-eff and L-eff beef cattle. They 
calculated RFI coefficients in 92 Hereford-crossbreed steers in63-day feeding 
period using the individual feed intake system. The top 10 M-eff and top 8 L-eff 
steers based on RFI coefficient ranking were used for subsequent analysis. 
Mitochondrial complex I (CI), II (CII), and III (CIII) protein concentration in M-eff 
and L-eff groups was assessed using bicinchoninic acid colorimetric procedures. 
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Lymphocytes were isolated from blood samples collected via jugular venipuncture 
from both groups (Davis et al. 2016). Results indicated that M-eff steers did not dif-
fer in CI, CII, and CIII protein concentration. Therefore, mitochondrial proteins do 
not seem to play a key role in the RFI divergence between M-eff and L-eff steers.

5.4  �Conclusions

Comprehensive metabolome and proteome studies revealed associations between 
RFI divergent cattle and shifts in metabolome/proteome profiles that might explain 
the biology behind superior feed efficiency in cattle. Overall, M-eff cattle are char-
acterized by metabolite and protein profiles that would provide extra energy and 
nutrients to help maintain similar levels of production despite a lower DMI. Further 
studies are warranted to expand our understanding of the biological contribution of 
key metabolites and proteins to RFI divergence in cattle at different production 
stages. Additionally, the relationship between metabolome/proteome profiling 
among different tissue in the same individual animals such as rumen, blood, skeletal 
muscles and milk should be examined in order to provide a more holistic overview 
into feed-efficient cattle.
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