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Chemical Group-Based Metabolome Analysis Identifies Candidate Plasma Biomarkers Associated With Residual Feed Intake in Beef Steers
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We applied chemical group-based metabolomics to identify blood metabolic signatures associated with residual feed intake in beef cattle. A group of 56 crossbred growing beef steers (average BW = 261.3 ± 18.5 kg) were adapted to a high-forage total mixed ration in a confinement dry lot equipped with GrowSafe intake nodes for period of 49 d to determine their residual feed intake classification (RFI). After RFI determination, weekly blood samples were collected three times from beef steers with the lowest RFI [most efficient (HFE); n = 8] and highest RFI and least-efficient [least efficient (LFE); n = 8]. Plasma was prepared by centrifugation and composited for each steer. Metabolome analysis was conducted using a chemical isotope labeling (CIL)/liquid chromatography–mass spectrometry, which permitted the analysis of metabolites containing amine/phenol-, carboxylic acid-, and carbonyl-chemical groups, which are metabolites associated with metabolisms of amino acids, fatty acids, and carbohydrates, respectively. A total number of 495 amine/phenol-containing metabolites were detected and identified; pathway analysis of all these metabolites showed that arginine biosynthesis and histidine metabolism were enriched (P < 0.10) in HFE, relative to LFE steers. Biomarker analyses of the amine/phenol-metabolites identified methionine, 5-aminopentanoic acid, 2-aminohexanedioic acid, and 4-chlorolysine as candidate biomarkers of RFI [false discovery rate ≤ 0.05; Area Under the Curve (AUC) > 0.90]. A total of 118 and 330 metabolites containing carbonyl- and carboxylic acid-chemical groups, respectively were detected and identified; no metabolic pathways associated with these metabolites were altered and only one candidate biomarker (methionine sulfoxide) was identified. These results identified five candidate metabolite biomarkers of RFI in beef cattle which are mostly associated with amino acid metabolism. Further validation using a larger cohort of beef cattle of different genetic pedigree is required to confirm these findings.
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INTRODUCTION

Due to rising feed costs, efficiency of feed nutrient use for better growth performance continues to be of significant interest (Holmgren and Feuz, 2015). Residual feed intake (RFI), a measure of feed efficiency in beef cattle, is known to be moderately heritable (Koch et al., 1963; Herd et al., 2004) and has been improved over the years via genetic selection (Arthur et al., 2001). However, factors other than genetic factors, including differences in host metabolism and gut microbiome contribute to variation in RFI (Herd and Arthur, 2009; Myer et al., 2017). Consequently, several studies have focused on understanding the physiological mechanisms that cause differences in RFI, the difference between an animal's actual intake vs. its predicted feed intake based on average daily gain (ADG) and metabolic body weight (Koch et al., 1963; Herd and Arthur, 2009). Animals with low (negative) RFI values consume less feed than expected and are feed efficient whereas animals with high (positive) RFI values consume more feed than expected and are feed inefficient (Koch et al., 1963).

In recent years, the advent of metabolomics has provided an opportunity to comprehensively analyze multiple metabolites in biological samples. Indeed, several studies have applied metabolomics to provide insight into the metabolic status of animals with varying RFI with a twin-goal of identifying blood metabolic signatures that could be used as predictive biomarkers due to the high cost associated with the direct measurement of RFI in animals (Goldansaz et al., 2020). Studies that have attempted to identify candidate biomarkers of RFI mostly applied analytical tools, such as nuclear magnetic resonance and liquid chromatography–mass spectrometry (LC-MS) (Connolly et al., 2019; Goldansaz et al., 2020). However, due to limited sensitivity and/or quantitative accuracy of these methods, only a small number of high-abundance metabolites can be analyzed (Pan and Raftery, 2007; Imperlini et al., 2016). The chemical isotope labeling (CIL) LC-MS is a metabolomics technique that provides a new opportunity to perform chemical-group-based metabolome profiling (Zhao and Li, 2020). This method can detect thousands of metabolites based on their chemical groups (such as amine/phenol, carbonyl, and carboxylic acid chemical groups) in biological samples thereby allowing a holistic view of the metabolome with highly accurate metabolite quantification (Zhao et al., 2019). Metabolites containing amine/phenol, carbonyl, and carboxylic acid chemical groups are common intermediates and/or end products of metabolisms of amino acids, carbohydrate (such as glucose), and fatty acids, respectively. Due to the functional roles of amino acids, carbohydrate, and fatty acids and their associated metabolic pathways on animal health and productivity, we hypothesized that metabolites related to their metabolisms could serve as candidate biomarkers of RFI. Therefore, the objective of this study was to analyze the plasma amine/phenol-, carbonyl-, and carboxylic acid-metabolome of crossbred beef steers divergent for high and low RFI to identify blood metabolic signatures that could serve as candidate biomarkers for divergent RFI in beef cattle.



MATERIALS AND METHODS


Animals, Feeding, RFI Determination, and Blood Sample Collection

The research procedures were approved by the Institutional Animal Care and Use Committees of West Virginia University (protocol number 1608003693). A group of 56 crossbred growing beef steers (average BW = 261.3 ± 18.5 kg) were adapted to a high-forage total mixed ration (TMR; primarily consisting of corn silage; ground hay; and a ration balancing supplement; CP = 13.2%, NDF = 45.9%, and NEg = 0.93 Mcal/kg) in a dry lot equipped with GrowSafe intake nodes. The dry lot was comprised of five pens of 1,500 m2 (with 312 m2 under roof), each served by six GrowSafe 8000 (GrowSafe Systems Ltd., Airdrie, Alberta, Canada) feeding nodes. Steers were assigned to the pens at random and identified with a passive, half-duplex, transponder ear tag (Allflex USA Inc., Dallas–Fort Worth, TX) before entry into the test facility. Specifically, the steers were allowed to adjust to the feeding facilities for 15 days before the start of the trial. After the adjustment period, individual feed intake was measured over 49 days. Daily BW for each animal were regressed on time using simple linear regression to calculate beginning BW, mid-test BW, and average daily gain (ADG). Animal ADG and metabolic mid-test BW (MMTW = mid-test BW0.75) were regressed against individual average daily dry matter intake (DMI), and RFI was calculated as the residual or the difference between the predicted value of the regression and the actual measured value based on the following equation: Y = β0 + β1X1 + β2X2 + ε, where Y is the observed DMI (kg/d), β0 is the regression intercept, β1 and β2 are the partial regression coefficients, X1 is the MMTW (kg), X2 is the ADG (kg/d), and ε indicates the RFI (kg/d) (Durunna et al., 2011).

At the end of the feed efficiency trial and after the RFI values were available, all animals were ranked by RFI coefficients. Based on the RFI coefficients, the most-efficient with the lowest RFI (HFE; n = 8) and the least-efficient with the highest RFI (LFE; n = 8) beef steers were selected, kept separate from other beef steers, and fed the same diet for additional 21 days (designated in this study as d 50 – 70). Blood samples from HFE and LFE steers were collected from the coccygeal vessels before the morning feeding on d 56, 63, and 70 into 10-mL vacutainer tubes containing sodium heparin (Vacutainer, Becton Dickinson, Franklin Lakes, NJ). Immediately after collection, the blood samples were placed on ice, and thereafter centrifuged at 1,500 × g for 20 min at 4°C to harvest the plasma. The plasma samples were then frozen at −80°C until later analysis.



Sample Preparation for Metabolome Analysis

The plasma samples collected on d 56, 63, and 70 were composited for each steer. Metabolites from the composited samples were first extracted using methanol-protein precipitation method as previously described by Zhao et al. (2019). The extracts were then re-dissolved in 200 μL water and stored at −80°C until metabolome analysis was performed.



CIL/LC-MS-Based Metabolomics Analysis

In-depth untargeted metabolome profiling of the extracted plasma was done using a CIL/LC-MS-based technique. The technique uses a differential 12C-/13C-isotope labeling to derivatize metabolites based on their chemical groups (amines/phenols, carboxylic acids, and carbonyls) (Zhao et al., 2019). Detailed description of the sample analysis including metabolite labeling, sample normalization using LC–ultraviolet quantification of the labeled metabolites, and LC-MS operating conditions and set-up have been described in a previous study (Zhao et al., 2019). Relative quantification of the 12C-/13C-labeled metabolites based on peak ratio values was analyzed using a Bruker Compact quadrupole time-of-flight MS (Bruker, Billerica, MA) linked to an UltiMate 3000 ultra-high-performance LC system (Thermo Scientific, MA). For each plasma sample, a total number of 16 LC-MS data files were generated (8 HFE samples and 8 LFE samples).



Metabolite Data Processing and Identification

All 16 raw LC-MS data files were processed using IsoMS Pro 1.0 using the procedures described by Mung and Li (2017). Briefly, the 12C-/13C-peak pairs were extracted from each run by the IsoMS software. In this step, the redundant pairs (those of adduct ions and dimers) and noise signal (having a singlet peak) were filtered out, only retaining a protonated ion of a peak pair for one true metabolite and then, the peak intensity ratio was calculated for each peak pair. The IsoMS-Quant program was then used to determine the chromatographic peak ratio of each peak pair and to generate the final metabolite-intensity table (Huan and Li, 2015). Metabolite identification was done using a two-tier identification approach. In tier 1, peak pairs from metabolite-intensity tables were searched against a chemical isotope-labeled (CIL) metabolite library based on accurate mass and retention time (RT) (Huan and Li, 2015). This CIL library contains 1,060 unique endogenous metabolites including 711 amines/phenols, 187 carboxylic acids, 85 hydroxyls, and 77 carbonyls. In tier 2, linked identity (LI) library was used for the identification of the remaining peak pairs based on accurate mass and predicted RT information. The LI Library contains over 2,000 metabolic-pathway-related metabolites extracted from the KEGG database (Li et al., 2013).



Statistical Analysis

Metabolite intensity values of each chemical group (amine/phenol, carbonyl, hydroxyl, and carboxylic acid) were separately imported MetaboAnalyst 5.0 software (https://www.metaboanalyst.ca/) for statistical analysis (Chong et al., 2019). Prior to statistical testing, log-transformation, normalization by median, and autoscaling of the data were performed. Median normalization was performed with the aim of eliminating undesirable inter-sample variations, and to ensure individual samples were truly comparable to one another. Auto-scaling was applied to make metabolites more comparable to each other in magnitude. Partial least squares discriminant analysis (PLS-DA) scores plot was generated to visualize the metabolome difference between treatments. Volcano plot analysis was performed to identify those metabolites that differed [false discovery rate (FDR) ≤ 0.05] between LFE and HFE steers. The utility of the metabolites with FDR ≤ 0.05 to serve as potential biomarkers of RFI was further tested using a receiver operating characteristic (ROC) curves as calculated by the ROCCET web server (Xia et al., 2013). Area under the curve (AUC), a value that combines sensitivity and specificity for a diagnostic test was used (Xia et al., 2013). Metabolites having AUC > 0.90 were chosen as potential biomarkers associated with RFI (Xia et al., 2013). Pathway analysis of all metabolites was also performed with a Bos taurus KEGG pathway library using global test for enrichment method and relative-betweeness centrality for topology analysis, to determine altered nutrient pathways between the two groups of animals.




RESULTS

The results of the performance of LFE and HFE steers are shown in Table 1. The average RFI values of HFE and LFE steers were −1.93 and 2.01 kg/d, respectively. The initial BW, final BW, and ADG were similar between the two groups (P > 0.05); however, LFE steers had greater (P = 0.01) DMI (16.0 kg/d) than HFE steers (11.9 kg/d).


Table 1. Performance of beef steers with divergent residual feed intake.
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Amine/Phenol-Metabolome Associated With Divergent RFI

A total number of 495 amine/phenol-containing metabolites were detected and identified (Supplementary Table 1). The PLS-DA plot showed clear separation between the two groups of steers using the first two principal components with 12.2 and 8.5% of explained variance (Figure 1), indicating that plasma amine/phenol-metabolome of the beef steers is associated with selection for RFI. A total of 42 differentially abundant (FDR ≤ 0.05) metabolites were detected between HFE and LFE steers (Figure 2). Plasma concentrations of 21 metabolites, including isomers of 4-chlorolysine, citrulline, ornithine, arginine, histamine, taurine, carnosine were greater (FDR ≤ 0.05) in HFE steers while 21 metabolites, including 3 isomers of 5-aminopentanoic acid, methionine, prolyl-methionine, and 2-aminohexanedioic acid were greater (FDR ≤ 0.05) in LFE steers (Table 2). The results of the ROC analysis revealed that four metabolites (methionine, 5-aminopentanoic acid, 2-aminohexanedioic acid, and 4-chlorolysine) with respective AUC values of 0.969, 0.906, 0.953, and 0.938 had sufficient specificity and sensitivity to qualify as candidate biomarkers of divergent high and low RFI values (Figure 3). The box plots showing the distributions of these candidate biomarkers in LFE and HFE steers are shown in Figure 4. Results of the pathway analysis of all metabolites showed that arginine biosynthesis and histidine metabolism were enriched (P < 0.10) in HFE, relative to LFE steers (Figure 5).


[image: Figure 1]
FIGURE 1. PLS-DA scores plot of amine/phenol-metabolome of LFE and HFE steers. HFE, beef steers with negative residual feed intake; LFE, beef steers with positive residual feed intake.
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FIGURE 2. Volcano plot showing the differentially abundant amine/phenol-containing metabolites. Metabolites with false discovery ratio ≤ 0.05 (red or blue) are differentially increased or reduced in HFE, relative to LFE. HFE, beef steers with negative residual feed intake; LFE, beef steers with positive residual feed intake.



Table 2. Differentially abundant amine/phenol-metabolites in beef steers with divergent residual feed intake.
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FIGURE 3. Biomarker analysis of plasma amine/phenol metabolome. ROC curve analysis of candidate plasma amine/phenol biomarkers (methionine, 5-aminopentanoic acid, 2-aminohexanedioic acid, and 4-chlorolysine) of beef steer with divergent RFI values.
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FIGURE 4. Relative distributions of the candidate plasma amine/phenol biomarkers of beef steer with divergent RFI values. HFE, beef steers with negative residual feed intake; LFE, beef steers with positive residual feed intake.
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FIGURE 5. Pathway analysis of the amine/phenol-metabolites of beef steers with divergent RFI values. Metabolic pathways with –log10(P) ≥ 1.0 (equivalent to P ≤ 0.10) are enriched in HFE steers, relative to LFE. HFE, beef steers with negative residual feed intake; LFE, beef steers with positive residual feed intake.




Carbonyl-Metabolome Associated With Divergent RFI

A total of 118 carbonyl-containing metabolites were detected and identified (Supplementary Table 2). The PLSDA score plot showed a slight overlap, indicating little or no alterations in the carbonyl-metabolome of both groups (Figure 6A). A total of five differentially abundant (FDR ≤ 0.05) metabolites were detected (Figure 6B). Plasma concentrations of two metabolites (ethyl acetoacetic acid and 7-oxoheptanoic acid) were greater (FDR ≤ 0.05) in HFE whereas three metabolites (2-hydroxymethyl-4-oxobutanoic acid, glycolaldehyde, and koeniginequinone B were greater (FDR ≤ 0.05) in LFE steers (data not shown). All the differentially abundant metabolites had AUC values <0.9 indicating that none of them had sufficient specificity and sensitivity to qualify as candidate biomarkers of divergent high and low RFI values. Pathway analysis of all the carbonyl-metabolites revealed no altered (P > 0.10) metabolic pathway (Supplementary Figure 1).
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FIGURE 6. (A) PLS-DA scores plot of carbonyl-metabolome of LFE and HFE steers; (B) Volcano plot showing the differentially abundant carbonyl-containing metabolites. Metabolites with false discovery ratio ≤ 0.05 (red or blue) are differentially increased or reduced in HFE, relative to LFE. HFE, beef steers with negative residual feed intake; LFE, beef steers with positive residual feed intake.




Carboxylic Acid-Metabolome Associated With Divergent RFI

A total of 330 carboxyl-containing metabolites were detected and identified (Supplementary Table 3). The PLSDA score plot showed a slight overlap, indicating slight alterations in the carboxyl-metabolome between HFE and LFE steers (Figure 7A). A total of five differentially abundant (FDR ≤ 0.05) metabolites were detected (Figure 7B). Plasma concentrations of four metabolites (5-carboxy-alpha-chromanol, ureidoacrylic acid, 6-hydroxynicotinic acid, N-acetyl-L-proline) were greater (FDR ≤ 0.05) in HFE whereas only one metabolite (methionine sulfoxide) was greater (FDR ≤ 0.05) in LFE steers. The results of the ROC analysis revealed that only methionine sulfoxide with AUC value of 0.938 had sufficient specificity and sensitivity to qualify as candidate biomarker of divergent high and low RFI values (Figure 8). Pathway analysis of all the carboxylic acid-metabolites revealed no altered (P > 0.10) metabolic pathway (Supplementary Figure 2).
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FIGURE 7. (A) PLS-DA scores plot of carboxyl-acid-metabolome of LFE and HFE steers; (B) Volcano plot showing the differentially abundant carboxylic acid-containing metabolites. Metabolites with false discovery ratio ≤ 0.05 (red or blue) are differentially increased or reduced in HFE, relative to LFE. HFE, beef steers with negative residual feed intake; LFE, beef steers with positive residual feed intake.
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FIGURE 8. Biomarker analysis of plasma carboxylic acid-metabolome. ROC curve analysis of methionine sulfoxide.





DISCUSSION

Metabolites containing amine/phenol chemical group are common intermediate and/or end products of amino acid metabolism (Zhao et al., 2019). Amino acid metabolism contributes largely to the productivity of farm animals due to its functional roles in various biochemical and metabolic processes in the cells of animals including growth, production, and reproduction. Altered plasma amine/phenol-metabolome of the beef steers suggests the significance of amino acid metabolism to productivity and feed efficiency of those animals. In this study, four amine/phenol-containing metabolites were identified as candidate biomarkers to classify beef steers into high and low-RFI groups: methionine, 5-aminopentanoic acid, 6-aminohexanoic acid, 4-chlorolysine, and 7-cyano-7-carbaguanine. Relative concentration of plasma methionine was lower in HFE, relative to LFE steers. Methionine is known to be the first limiting amino acid in growing beef cattle when microbial protein is the only source of amino acids (Richardson and Hatfield, 1978), and its deficiency in diet has been reported to be associated with poor growth performance in growing beef cattle (Ragland-Gray et al., 1997). In addition to the role of methionine in tissue protein synthesis, methionine can serve as a precursor for synthesis of other amino acids such as taurine, cysteine, apolipoprotein, and can donate its methyl groups, via S-adenosyl methionine, for synthesis of choline, carnitine, creatine, and phospholipids which are all essential for improved skeletal muscle and hepatic lipid metabolism for energy supply especially during reduced supply of glucose. In this study, lower plasma level of methionine in HFE steers was accompanied with higher plasma levels of taurine and creatine, which are known to regulate lipid metabolism in humans and farm animals (da Silva et al., 2014; Karisa et al., 2014; Ibrahim et al., 2019; Li et al., 2021). In a similar study, Karisa et al. (2014) reported that plasma concentration of creatine was associated with RFI. In the same study, creatine was reported to interact with AMP activated protein kinase which is known to stimulate hepatic and skeletal muscle fatty acid oxidation. When there is an insufficient glucose supply due to low DMI, as observed in HFE steers, to meet energy demands for growth and other physiological processes, there is normally an increased hepatic lipid catabolism to generate acetyl-CoA, which can enter the citric acid cycle to generate energy in the form of ATP and/or be converted to oxidative fuels including ketones (Rui, 2014). In support of our results, several studies have reported differences in tissue mitochondrial function, and amino acid and energy metabolisms in animals divergent for low and high RFI (Bottje and Carstens, 2009; Baldassini et al., 2018; Mukiibi et al., 2018). In a previous study, Mukiibi et al. (2018) reported upregulation of hepatic genes responsible for lipid secretion, transport and efux in more-efficient beef cattle compared to less-efficient ones. In dairy cattle, Salleh et al. (2018) reported that RFI status is associated with regulation of energy via hepatic lipid metabolism. Considering these facts, we speculate that reduced plasma concentration of methionine in HFE steers was probably due to its increased uptake by the hepatic cells to synthesize other metabolites that aid lipid beta-oxidation to compensate for reduced energy supply due to low DMI.

4-chlorolysine, a derivative of lysine, was identified as a candidate biomarker of RFI in this study. Lysine plays a significant role in tissue protein synthesis and energy metabolism (Tome and Bos, 2007). Plasma lysine concentration has been reported to be associated with RFI in two previous studies in beef heifer and steer (Karisa et al., 2014; Jorge-Smeding et al., 2019), although no AUC values were provided in both studies. In our study, higher level of 4-chlorolysine in HFE steers also corresponded to higher levels of 5-aminopentanoic acid and 2-aminohexanedioic acid, which were also identified as candidate biomarkers in this study. 5-aminopentanoic acid and 2-aminohexanedioic acid are intermediate products of lysine degradation (Guidetti and Schwarcz, 2003). In fact, in a recent study, 2-aminohexanedioic acid, also known as aminoadipic acid, has been previously identified as a candidate serum metabolite biomarker of RFI in sheep (Goldansaz et al., 2020). A study in rat revealed induced cell death and reduced tissue protein synthesis with in vitro supplementation of aminoadipic acid (Nishimura et al., 2000). Thus, a high level of 4-chlorolysine and low levels of 2-aminohexanedioic acid and 5-aminopentanoic acid would be expected to result in increased tissue protein synthesis in HFE steers.

Two amino acid metabolism-related pathways, histidine metabolism and arginine biosynthesis, were enriched in HFE steers, relative to LFE. Histidine metabolism results in production of several metabolites including glutamate, histamine, and carnosine, all of which were increased in HFE steers. Glutamate promotes neural functioning, cell proliferation, and the production of other amino acids (Wünschiers et al., 2012; Holeček, 2020). Histamine can function as a homeostatic neurotransmitter while carnosine exhibits anti-inflammatory and cytoprotective effects by scavenging free radicals and reducing protein glycation mostly in skeletal muscle (Mendelson, 2008; Wünschiers et al., 2012; Holeček, 2020). Arginine biosynthesis pathway synthesizes arginine and several intermediate products including citrulline and ornithine, all of which were increased in HFE steers. Arginine helps in the control of normal cell division, wound healing, and removal of ammonia via the urea cycle (Rhoads and Wu, 2009; Wünschiers et al., 2012). Enrichment of these aforementioned pathways and their associated metabolites in HFE steers is evidence of better health and immune status, relative to LFE steers. Our results concur with prior investigations that have attempted to associate blood metabolites with RFI in cattle; several of these studies have reported an association of a good number of amino acid metabolism-related metabolites including creatine, tyrosine, glycine, glutamine, ornithine, aspartate, lysine, and valine with RFI in beef cattle, although no AUC values for these metabolites were reported (Karisa et al., 2014; Clemmons et al., 2017; Jorge-Smeding et al., 2019).

Several studies that analyzed the hepatic transcriptome of beef cattle with divergent RFI reported altered expressions of genes related to lipid and carbohydrate metabolisms (Mukiibi et al., 2018; Higgins et al., 2019), indicating possibility of differences in their hepatic metabolisms which would be expected to lead to alterations in blood concentrations of their metabolites. In our study, none of the plasma metabolites related to carbohydrate and fatty acid metabolisms (carbonyl- and carboxylic acid-metabolome), except methionine sulfoxide, which is an oxidized form of methionine, qualified as candidate biomarkers in this study. In fact, very few related metabolites were differentially abundant, and no associated metabolic pathways were different between HFE and LFE steers. These results were unexpected given the significant roles of carbohydrate and fatty acid metabolisms to the health and productivity of ruminants. In fact, blood glucose, an important carbonyl-containing metabolite and non-esterified fatty acids (NEFA), which are carboxylic acid-containing metabolites, are often used as markers of health and energy status in ruminants (Gleghorn et al., 2004; Adewuyi et al., 2005). A possible explanation for the lack of difference may be because glucose is in continuous supply via gluconeogenesis in ruminants (Young, 1977). Increased concentrations of blood NEFA reflect extensive fat mobilization from body reserves due to negative energy balance and fatty acid release from adipocytes most especially during lactation period in high-yielding dairy cows (Bowden, 1971). Unlike in dairy cows, there is a little need for an extensive body fat mobilization which is not expected to cause a significant change in blood NEFA (Clemmons et al., 2017). In agreement with our results, two previous studies observed no differences in blood glucose and NEFA in beef cattle divergent for low and high RFI (Bourgon et al., 2017; Clemmons et al., 2017).



CONCLUSION

The findings of the present study demonstrate differences in the plasma amine/phenol-metabolome of beef steers with divergent high and low RFI values indicating an association between blood amino acid metabolic signatures and RFI divergence in beef steers. Two amino acid metabolic pathways, histidine metabolism and arginine biosynthesis, were found to be associated with RFI. Five candidate metabolite biomarkers of divergent RFI related to amino acid metabolism pathway (methionine, methionine sulfoxide, 5-aminopentanoic acid, 2-aminohexanedioic acid, and 4-chlorolysine) were identified in this study. Validation studies using a larger cohort of beef cattle of different genetic pedigree are needed to confirm the robustness of the candidate plasma biomarkers identified in this study.
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Asparaginyl-alanine 1.23 002
Carnosine 1.28 0.01
Creatinine 1.21 003
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5-Aminopentanoic acid 0.90 001
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Isomer 2 of 5-aminopentanoic acid 090 001
Methionine 089 001
Isomer of methionine 088 002
5-Hydroxylysine 088 002
4-Guanidinobutanal 087 001
2-Hydroxy-4-methylbenzaldehyde 086 005
L-Cysteinylglycine disulfide 086 002
Azetidinecarboxylic acid 086 003
Isoleucyl-alanine 0.85 0.01
Glutamyl-glutamine 085 003
Prolyl-methionine 0.84 003
Cystathionine sulfoxide 084 003
2-Aminohexanedioic acid 0.83 0.00
Glutaminyl-glutamic acid 083 001
Hydroxyprolyl-cysteine 083 003
Salsoline-1-carboxylic acid 081 002
Glutarminyl-methionine 080 002
Butylparaben 079 003
Methionyl-glutarmic acid 079 001

HFE, beef steers with negative residual feed intake; LFE, beef steers with positive residual
feed intake; FC, fold change relative to LFE.
Only metabolites with false discovery rate (FOR) < 0.05 are shown.
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