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SUMMARY

Residual feed intake (RFI) is defined as the difference between actual feed consumption and the predicted feed intake based on
a bull’s live weight, growth, and maintenance needs. Bulls with low RFI values are considered more efficient because they have
reduced feed costs compared to those with high RFI values. Identifying marker genes that control RFI is challenging due to the
significant variation in differentially expressed genes (DEGs) and the antagonistic expression of genes that regulate the RFI trait
in bulls. In this literature review, we searched for potential genes, their positional single nucleotide polymorphisms (SNPs), their
chromosomal locations, and their expression patterns to better understand the regulation of RFI traits in bulls. Based on spe-
cific inclusion criteria, this review explored over 200 studies on RFI in beef bulls and steers published between 2012 and 2022.
The review utilized genome-wide association studies (GWAS) and gene set enrichment analysis (GSEA) and identified 511 genes
located on 240 chromosomal loci in 7,992 beef bulls. Of these genes, 52 were consistently reported as modulating RFI, while 469
were unique and only reported once. During this period, 228 of the 244 chromosomal loci were reported multiple times, while
16 were reported only once. The literature search revealed that 11 studies linked the bovine chromosome 6 (BTA6) to RFI quan-
titative trait loci (QTLs) in bulls. Similarly, eight studies linked BTAS, ten linked BTA7, and eight linked BTA11 to RFI QTLs. Ad-
ditionally, 228 SNPs were identified across 30 chromosomal locations between 2012 and 2023. This review provides novel in-
sights into the molecular mechanisms underlying feed efficiency (FE) regulation and lays the groundwork for identifying mo-
lecular markers associated with FE in bulls across all breeds and populations.
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INTRODUCTION

similarly estimates that feed and sustainability account for about
three-quarters of total costs (3, 4), highlighting the global im-

In 2023, the United States ranked 9th globally in cattle popu-
lation, with 94.4 million cattle. A significant portion of the fi-
nancial resources allocated to cattle production is consumed
by feed expenditures, which account for 55% to 75% of the over-
all costs in beef cattle farming (1). This makes feed efficiency
(FE) a critical factor in the profitability of the livestock industry,
especially since feeding costs are often volatile and beyond the
direct control of producers (2). One of the key metrics used
to evaluate FE is RFI, which measures the difference between
an animal’s actual feed intake and its expected feed intake based
on maintenance and growth. Improving RFI is essential because
it directly impacts FE and overall cost reduction in cattle pro-
duction. For example, studies suggest that reducing the feed-
to-gain ratio from 2.75 to 2.45 could save U.S. bull producers
an estimated $500 million annually (5). The European Union
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portance of optimizing FE through metrics like RFI.

RFI is a heritable trait in bulls that can be selected to improve
feed intake and feed conversion ratio (FCR) (6). Bulls with high
RFI typically have higher daily dry matter intake (DMI) and
a less efficient FCR, while bulls with low RFI exhibit the op-
posite pattern (7). Cow-calf producers also recognize the eco-
nomic significance of RFI in bull sales (8).

RFI is a metric used to assess the efficiency of feed utilization
in beef cattle. It is determined by calculating the discrepancy
between the actual amount of feed consumed and the expected
amount. The trait is influenced by both genetic and environ-
mental factors, with heritability estimates ranging from 0.30
to 0.35 (9). RFI can serve as a selection criterion for optimiz-
ing animal efficiency and reducing feed costs while maintain-
ing production levels. However, the effectiveness of its appli-
cation in breeding programs is debated, with some suggesting
that a more precise approach might involve selecting based on
individual traits (10). Studies have explored the genetic basis
of RFI and identified genes that are expressed differently in beef
cattle with high and low RFI (11-14). These findings suggest
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that RFI could be valuable in animal breeding. Nevertheless,
further research is needed to fully understand its genetic ba-
sis and enhance its application.

The focus of breeding goals has shifted from increasing the num-
ber of beef cattle to selecting feed-efficient bulls in order to ob-
tain the best heritable traits in the beef industry (15-17). How-
ever, accurately estimating RFI is costly due to the need for ex-
pensive equipment, labor, and, most importantly, the use of in-
dividual animals for measurement (18). Selecting feed-efficient
bulls based on RFI has significant economic and environmental
advantages for the beef industry. By choosing bulls with low-
er RFI, producers can reduce bull maintenance costs by 9-10%,
while simultaneously cutting methane emissions by 25-30%
and lowering manure output (19). These combined benefits
make RFI an important trait for improving overall sustainability
in cattle farming. Additionally, multiple studies have shown that
RFI has a moderate heritability, ranging from 0.18 to 0.41 in
heifers (20, 21), making it a viable selection criterion to enhance
FE alongside traits like faster growth and reduced body fat. While
determining RFI phenotypes requires the costly and challenging
collection of average daily feed intake (ADFI), identifying genes
or markers associated with RFI would allow for more efficient,
marker-assisted selection for FE at an early age, reducing re-
liance on direct ADFI measurements. Therefore, RFI could be
an excellent alternative for improving FE in bulls (22). RFI has
become a preferred metric for characterizing the FE of bulls
because it offers energy savings beyond those related to
growth and maintenance, accounting for variations between
animals at different stages of production and development (23).
This literature review will explore the genetic basis of RFI.

RESIDUAL FEED INTAKE (RFI)
CALCULATION AND MEASUREMENT

RFI measures an animal’s FE by calculating the difference be-
tween its actual feed intake and the expected intake based on
its size and growth rate. A lower RFI indicates greater FE, as the
animal consumes less feed without sacrificing growth (20, 24).
This study explores the current knowledge on RFI, which has
been shown to have moderate heritability. Selecting for low RFI
can produce offspring that consume less feed while maintaining
the same productivity levels as higher RFI cattle.

According to Nielsen et al. (4), accurately quantifying feed in-
take in national cattle evaluation systems is essential because
variations in feed intake among cattle cannot be determined
solely based on body weight and productivity levels. To address
this, a standardized criterion has been developed for measur-
ing, recording, and assessing FE, requiring RFI data over a pe-
riod of at least 70 days (approximately 2.5 months) (25). Ad-
ditionally, a 21-day acclimatization period, live weight meas-
urements on two consecutive days at the start and end, and pe-
riodic measurements at irregular intervals have been includ-
ed (26). Some recent studies have shortened the testing inter-
val (27, 28), such as measuring body weight over 63 days (29)
and 84 days, as defined by Manafiazar et al. (30). The short-
est duration noted is between 35 and 42 days. However, reducing
the RFI testing period may impact the accuracy of the results,
as it has been shown to decrease the Spearman correlation co-
efficient by 5% to 7% (30). The accuracy of shorter test dura-
tions depends on factors such as animal growth rate and diet
composition (31).

RFI is the difference between an animal’s actual feed con-
sumption and its expected feed consumption. A bull with a neg-
ative RFI is considered efficient, as it consumes less feed than
expected based on its body weight and growth rate. However,
the application of RFI as an indicator of FE is limited by the
lack of facilities capable of recording daily feed intake for each
bull, as well as the associated costs (32). While the regression-
based calculation of RFI is independent of the traits used to cal-
culate DMI phenotypically, it does not guarantee genotypic in-
dependence (33). The traditional multiple regression model used
in many studies to predict DMI typically includes metabolic
live weight and average daily gain (ADG).

OUTLINING THE GENETIC
SELECTION OF RFI

RFI is a polygenic trait, meaning multiple genes contribute to
its expression. Identifying key candidate genes or markers as-
sociated with RFI can facilitate marker-assisted selection
(MAS) for FE, offering a cost-effective alternative to traditional
methods like measuring ADFI. Recently, research has been fo-
cused on the development of selection lines for RFI to estab-
lish a resource population for studying the biological and ge-
netic elements of RFI (34).

Next-generation sequencing technology and genome-wide as-
sociation studies (GWAS) employing high-density single nu-
cleotide polymorphism (SNP) genotypes are effective method-
ologies for identifying genes or genomic areas that account for
the variability observed in livestock attributes (35). Using ge-
nomic methodologies presents new possibilities for identify-
ing and selecting bulls with enhanced efficiency. By establish-
ing the associations between genetic markers and FE, it becomes
possible to extrapolate this knowledge to bulls who have been
genotyped but have not undergone expensive phenotypic as-
sessments of feed intake (36).

Since 2000, noteworthy progress has been made in high
throughput genotyping and sequencing methods, leading to
the development of high-density SNP chips. An example of such
a chip is the Illumina Bovine SNP50 Bead Chip (37). Using the
Bovine SNP50 in the context of beef cattle has enhanced pre-
cision in estimating animals’ genetic worth (38). Implement-
ing these advancements in bulls’ production will yield advan-
tages for several qualities, particularly those that are challenging
to quantify or necessitate animal slaughter for phenotype record-
ing, such as FE and carcass attributes (39). Multiple GWAS have
provided evidence suggesting that numerous genes contribute
to FE features, with the bulk of these genetic effects being of
small magnitude (40-45). However, despite the extensive in-
vestigation of several SNPs, the comprehensive understanding
of the genetic framework underlying FE remains incomplete.
The Present study integrates the research of Yang et al. (46) and
other researchers (34, 47-62) to predict 527 genes requiring fur-
ther investigation to pinpoint the exact mutations causing dif-
ferences in FE in steers or bulls, as shown in Table 1.

This paper reviews and gives an in-depth look at the genes linked
to FE in bulls found in beef cattle through GWAS and Gene set
enrichment analysis (GSEA) from 2012 to 2023. During this
time frame, 511 genes related to regulating the RFI character-
istic in bulls were identified among 30 chromosomes. Among
the 511 identified genes, 52 had been repeatedly reported com-
monly in this investigation and considered very crucial in con-
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trolling the RFI trait, while the other 469 were unique as re-
ported single time. We looked at these genes in 7,992 bulls or
steers using GWAS and GSEA analysis. Furthermore, this lit-
erature review identified that eleven studies linked the bovine
chromosome 6 (BTA6) to quantitative trait loci (QTLs) that
control the RFI trait in bulls. Ten studies linked BTA7 to QTLs
that control the RFI trait, and eight studies linked BTA8 to QTLs
that control the RFI trait. Lastly, eight studies linked BTA11 to
QTLs that control the RFI trait. This review found 228 SNPs
in 30 chromosomal locations between 2012 and 2023.

The study also covers the breed(s) of beef cattle /steers, sam-
ple size, country of research, and statistical method used to an-
alyze the impact of different genes on FE in bulls during the
specified period. Overall, the research has enhanced compre-
hension of the genetic elements impacting RFI in beef cattle,
paving the way for enhanced breeding approaches to increase
livestock production efficiency across all bull breeds and
populations.

The current study also provides a chart-format overview of the
corresponding genes, year, and beef breed used, as shown in
Figure 1.

ECONOMIC IMPLICATIONS OF RFI
FOR THE BEEF INDUSTRY

Currently, the focus of selection techniques is on enhancing the
efficiency of breeding sires. The reason behind sires is that most
genetic improvement occurs when sires transmit their traits to

their offspring (15, 66). The potential cost reductions result-
ing from enhanced animal efficiency, particularly in the case
of replacement of heifers with extended periods of herd
tenure, would be substantial. The process of selecting for en-
hanced FE has the potential to yield several advantageous out-
comes for the cow herd. These include a potential decrease of
9 to 10% in maintenance costs, a reduction of 10 to 12% in feed
intake, a decrease in methane emissions by 25 to 30% (67, 68),
and a reduction in manure production by 15 to 20%, all while
maintaining ADG and mature cow size (69). The selection for
enhanced efficiency yields substantial economic advantages. Ac-
cording to Crews (70), there is a cost difference of approximately
$38 between feeding an efficient bull and an inefficient bull over
150 days. This cost difference will increase because of the ris-
ing grain and fuel costs.

The primary factor influencing the profitability of a beef op-
eration is the reduction of input or production expenses, par-
ticularly those related to feeding. This is because cattle farm-
ers have negligible control over the market value of their prod-
ucts (71). Integrating FE into breeding goals would enhance
the genetic capacity of animals to exhibit reduced feed intake
while sustaining equivalent production levels. Previous stud-
ies have provided evidence for the advantageous characteris-
tics of more efficient beef cattle, including reduced DMI, de-
creased manure generation, and lower methane emissions (67,
68). According to the concept presented by Koch et al. (72) feed
intake could be partitioned into two components: anticipat-
ed intake based on a specific output level and a residual com-
ponent representing the disparity between observed and an-
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Table 1 - An overview of the RFI-linked genes predicted through genome-wide association studies (GWAS) in beef cattle.

Author & Title

Yang et al. (55)

Taiwo et al. (59)

Lindholm-Perry et al. (62)

Li et al. (61)

Taiwo et al. (60)

Lietal. (57)

McKenna et al. (56)

Yang et al. (55)

Zhang et al. (53)

Total No. & list of Genes N
controlling RFI in Bulls

30 genes were identified that’s controls the RFI trait 37
in bulls:

RNF170, MCC, LIMSC2, NEDDAL, B2M, MAN2BI,

MPDZ, QSER1, TAOK1, TMEM245, CAMKK2, ATP5PD,
TMISF4, SEPTIN7, NSD1, RSF1, NR2C2, NDUFAF1,

GAPVD1, AHCTF1, ENPP2, DIP2A, RBM33, ROCKS,

ENPP2, DOT1L, ARHGAP5, GYG2, SLC39A14, TMISF3

13 genes: 56
CRAT, SLC27A5, SLC27A2, ACSBG2, ACADL,

ACADSB, ACAA1, ACAA2, AADAT, MAT1A,

GOT2.

UQCRCH1 and ATP5GT.

83 genes were identified that control RFI: 34
LOC789569, LOC101904916, TECR ATP6AP1, PAMR1,
EGLN3, LOC100848775, LYPD3, KAT2B, KLK13, PLP2,
HTRA1, RHOG, TUBA4A, CD52, SH3BGRL3, SESN3,
ZDHHC5, ZNF750, RPS15, ODF21, SH3GLB2, HGS,
MYL12A, ZDHHC3, ASB3, MYADM, LOC104976804,
LYPD2, ASB2, CBX2, VARS, GLULP, RC3H1, HSPBH1,
ZNF146, LYBG6C, CYP1B1, PSMB5, ALPK1, DNM2,
PSMB6, B3gNT3, C1QBP, NBEAL1, SH3GL1, 1L1RN,
TUBB, SLC35D1, TMEM54, LOC104971374, CCDC66,
MAN2B1, NDUFA9, CFL1, PIBF1, C7H50RF46,
LOC100848030, YPEL3, MTERF2, FRK, ATR, REXO5,
RUVBL1, LOC104973218, PRR5, DNAJB1, MTAP,
MAPK1, TMSB10, UACA, ARAF, DCUN1D4, GABARAP,
MALL, RGS5, FAM107B, LOC100139345, PNPT1,
RWDD3, SNX15, ELF5, S100A11

12 candidate genes associated with RFI traits in bulls 368
were identified namely:

CYP2E1, FAM13A, FAM184A, GALNTL6, GPRC5A,

KCNJ16, LINC01588, LOC101903052, LOC101903477,
LOC101904559, LOC101905089, LOC101906021.

Canada:

41 genes: 56
HBA, HBA1, HBB, LOC101907518, RPL39,

10C101902490, UBE2D1, FUCA2, B4GALT6, FBXL3,

SOCS3, COMMDS, RPLP2, RPL34, HSPA1A, HSPHI,

BAG2, DNAJA1, JUN, HSPA4, UBE2D1, DNAJBI,

H3C13, H2BC7, H4C2, ELOC, ELOB, H2ACS8, SIRT1,

FLCN, ATP6V1G1, HSPA14, H2BU1, HSPA1A, HSPH1,

BAG2, DNAJA1, JUN, HSPA4, UBED1.

26 genes: 368
ADGRF1, ADGRF5, ANXA8L1, ATG3, BOC, CD2AP,

DAB1, DYNC1LI1, ESR2, ITPR2, KATNAT1, LATS1,

NEDD4, SHROOM3, SPICE1, SYNE2, ADGRF5, ATG3,

BOC, CD2AP, ESR2, NEDD4, SLC9A9, SYNE2,

ADGRF1, ADGRF5

11 genes were identified as key genes controlling 16
the RFI trait. The genes were:

HSPA5, CRELD2, HYOU1, MANF, ACTA2, DNAJB11,

GMPPB, GNPNATT1, LIMS2, GSTT1 and DBP.

20 genes: 30
SSH2, CHD8, PCBP2, [0C407163, TDP2, CERS5,

WDR11, STYX, NDUFS1, H2AFY, VPS37C, TADA2A,

ATP2B4, SLC6A20, LRRC28, BAZ2A, WAC, CLOCK,

TXLNA, SMTN

Identified 100 genes having key role for RFI trait: AMPH, 3984
ARHGAP32, ATL1, BID, C3AR1, CAMP, CCND1, CD4,
CFTR, CHL1, CLEC11A, CLIC4, CNTFR, CSTB, CTHRCT,
CULS, DVL1, EPO, FGL1, GDF3, GSDMD, HAND1,
HAUS4, HELLS, IFNA2, INHA, INTU, KCNE2, KCNK2,
KIF11, KIF13B, KIFC1, LGALS1, LIF, LIMK2, MAPK1,
MAPT, MMP20,NDUFAB1,NEFHNFIA, NGFR, NMNAT3,
NTRK2, OSMR, P2RY12, PALLD, PARD3, PARD6B,

PCTP, PEG10, PKP1, PLXNB2, POLG, PPARGC1A,
PPARGC1B, PTHLH, PTPN1, RIPK1, RNF4, RXRB,
SCYL1, SERPINA3, SERPINE2, SGCE, TRAK2,
UCP1UPK2, VDAC1, ADNP, ATG4B, ATG4C, BID, CAMP,
CBLB, CCND1, CD4, CHL1, CLEC11A, CLIC4, CTHRC1,
ENC1, EXO5, FSCN1, HAND1, IDE, KCNK2, KIF11, KIFC1,
KLHDC8B, LANCL1, LGALS1, MAPT, NDUFAB1,
NDUFS2, NEFH, NGFR, NLGN1, NR5A1, NTRK2, OLA1,
P2RY12, PARD3, POLG, PPARGC1A, PPARGC1B,
SERPINA3, SLC25A5, SRCIN1, SS18, SSNA1, TP53INP1,
TTR, UCP1, VDAC1, LANCL1, ST8SIA1, PARDS, ATL1,
PPARGC1A, CCDC103, PARD6B, CD4, SS18, RIPK1,

Chromosome
number

BTA 27, 10, -, 24, 8,
15,19,17,13,4, 7,
29,22, 11,
16,14,1,4,14, 21,

X, 26

BTA 11, 18, 10, 7,
2,22,24,8,28,18

BTA 7,15,21,18,1,
26,2,19,11, 24, 22,
14,16, 25, 23, 3, 5,
29,12, 9, 25, 17,10,
6, 13

BTA 18,6, 9, 8,
5,19

BTA 25, 15, 4,9, 24,
12,19, 6, 29, 23, 18,
8,3,7,26,BTA 2,
16, 14, 25, 28, 13

BTA 28, 28, 1, 3, 22,
10,5,9,6,1

BTA 11, 5, 15, 22,
26,1,10,2,17,18

BTA 19, 5, 23, 26,
10, 2, 28, 29, 19, 22,
21,13,6,1,17

BTA 4, 29, 10, 5, 22,
29,18, 2,8,1, 14,
16, 25, 27, 7, 26, 17,
23,19, 15, 20,13,4,
21,6,3,11,6, 24

Beef Breed &
Country

China
Charolais breed

Crossbreed beef
steers were used
in the USA

Angus and Hereford
crossbred steers

of the USA and
Canada

Charolais, Hereford-
Angus crosses, and
beef booster

Canada & USA
Cross breed beef
steers

Canadian Cross
breeds: Charolais,
Hereford-angus
and beef booster

Simmental steers
from Ireland

China
Qinchuan bulls

Canada Angus,
Charolais, Kinsella
Composite, Elora
crossbred

Statistical
analysis

GSEA

GSEA

Meta-analysis of
GWAS approach

GWAS

GSEA

GWAS

GWAS

WGCNA

GWAS



Author & Title

Duarte et al. (63)

de las Heras-Saldana
et al. (51)

Alexandre et al. (52)

Kern et al. (50)

Weber et al. (48)

Al-Husseini et al. (64)

Kong et al. (65)

Karisa et al. (47)

Note: GSEA (Gene set enrichment analysis), GWAS (Genome Wide Association studies), Qpcr (Quantitative Polymerase Chain Reaction)
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Total No. & list of Genes N
controlling RFI in Bulls

CELSR2, CLEC11A, UCP1, COQ7, CTHRCH, LIF,
SERPINA3, NFIA, NDUFAB1, CCDC39, EPO, CHL1,
CCND1, BID, KCNK2, VDAC1, LGALS1, TP53INP1,
TCF7L1, CAMP, KIF11, KIF13B, P2RY12, NLGN1,
PPARGC1B, POLG, PLXNB2, ARMC4, CLIC4, MAPT,
NTRK2, IFNA2, FSCN1, TRAK2, DVL1, NMNAT3, HAND1,
NEFH, NDUFS2, IDE, FCGR2B, NGFR, ARHGAP32,
KIFC1, TFCP2L1, ACSL6, AGMO, AKR1C3, AKR1C4,
AKR1C1/AKR1C2, ALPI, ANGPTL4, ANGPTL6, ATP5PF,
BID, BMP7, CAMP, CD4, CERS5, CFTR, CLDN16,
CLEC11A, CNTFR, CTDNEP1, CYP2C18, CYP2J2,
CYP7B1, DEGS2, DHRS4, ELOVL4, ERLIN1, FCGR2B,
FGL1, GNAI1, GPCS, IL1RN, INHA, KCNE1B, KIF13B,
LGALST, LIF, MAPK1, MOGAT2, MRAS, NGFR, NR5A1,
NTRK2, P2RY12, P2RY13, PARD3, PCTP, PDK2, PIGP,
PIK3CB, PLA2G2A, PLEKHA3, PLVAP, POLG,
PPARGC1A, PPARGC1B, PRKCB, PTHLH, PTPN1,
RGS2, SERPINE2, ST8SIA1, TFCP2L1, TRHR, TTR,
UCP1, UGT2B4, UGT2B11, UGT2B17, GPC3, ST8SIA1,
KLF15, MRAS, INHA, PIK3CB, ANGPTL4, CLDN16,
PPARGC1A, IL1RN, PDK2, P2RY13, PRKCB, FGL1,
CD4, CA4, CTDNEP1, PCSK2, CLEC11A, UCP1,
MOGAT2, DIOS, LIF, DUOXA2, SLC37A2, ANGPTLS,
PTPN1, HBA1/HBA2, CFTR, BID, PLA2G2A, TTR, GNAI1,
KCNE2, VDAC1, ALPI, LGALS1, PKN1, TRHR, CAMP,
TP53INP1, KIF13B, PPARGC1B, POLG, CLIC4, NTRK2,
NR5A1, BMP7, GCNT4, SLC22A6, PTGER1, KCNE1B,
SLC20A2, PCTP, FCGR2B, AGMO, PLVAP, NGFR, IP6K1,
MAPK1, AOC3, GRPR, PTHLH

3 key genes were identified: 02
MCCC1, AOX1, PCCA

24 genes: 2190

DUSP1, ERGIC1, RPL26L1, STK10, ATP6VOE1, STC2,
CPEB4, NEURL1B and BOD1(Genomic region BTA20,
3.88-5.88). SDS, SDSL, DTX1, SLC8B1, OAS2, PTPN11,
RPL6, LHX5, TPCN1 (Genomic region BTA17-6.26-6.46).
XKR4 and SOX17 (Genomic region BTA14, 2.31-2.51).
VEPH1, PTX3 and MFSD1 (Genomic region BTA1,
1.10-1.11) LOC104968862 and LOC104968863
(Genomic region BTA6, 5.41-5.61). MINPP1

(BTA26, 7.90-9.90)

22 genes: 18
NR2F6, and TGFB1, SST, SNORA73,

ENSBTAG00000047700, ENSBTAG00000047121,
ENSBTAG00000047816, ENSBTAG00000039928,

ANXA13, FST, PBLD, ENSBTAG0000001368, JCHAIN,

IGFBP1, SBK2, ACTC1, MYH1, HR, TAGLN, SFRP2,

FN1, CAV1

17 genes: 32
ARHGAP27, ACAT1, BOK, CTSD, DGCR6, GSTA4,

HSPB1, KLK10, MIF, MRPL41, NDUFS8, NME3, NQO1,

RAB25, RGS5, TRABD, RNH1

Total 12 genes controlling the RFI was identified: 16
APOA2, CCL2, CDKN2A, E2F1, GC, HHEX, IGFBP2,
IL8, MYOD1, PCSK2, SHC3 and ZEB1.

Total 35 genes including: 60
AVPR1A, CNN1, CXCR7, EDNRB, FGA, GHR, IGFBP3,
NKIRAS1, RGS2, AHR, CD4, gSTM1, S100A10,

HELZ, HLA-DRB1, POSTN, AP3B2, ESPN, MAOA,

CPEB1, AHSG, COL3A1, CYP2C18, MEP1B, SLC27A8,
ABCC4, ABHD5, COL4A6, MAP2K6, SNAI2, DDC,

DHRS3, SLC22A7, SOD3.

Total 38 genes: 175
TPI, TECR, COX8A, SLC25A39, PKM2, SUZ12,

TMSB10, TECR, TUBA4A, RPL10, HSPB1, PSMBS,

DNAJB1, RPS15, TUBBS5, TUBB5, RPL36, CLPTM,

ETHE1, HGS, HSF1, CFL1, CAPNS1, PSMD5, ACTB,

UBC, UBA52, mYL9, TP11, GNB2, UBE2V1, DSTN,

GNB1, DNM2, GTF21, SUCLG2, TMSB4, UACA.

Total 24 genes: 531
PQLC2, NECAP2, CAST, INSIG1, UMPS, OSMR, LRP5,

LIFR, UGT3A1, PARP14, ACAD11, UBA5, BINT,

ASNSD1, MKI67IP, AOX1, SMARCAL1, PLEKHA7,

APAIP, CYP2B, OCLN, GHR, SLC45A2, MYO10.

Chromosome
number

BTA 1, 02 &12

BTA 20, 17, 1,6, 26
(Identified SNPs=57)

BTA 7,1, 18,19, 20,
11, 14, 28, 6, 18, 10,
8,15,17,2

BTA 19, 15, 3, 29,
17, 23, 25,18,11, 5

BTA
3,19, 8, 13, 6, 26,
2,24,15

BTA

5,7,83,12,17, 20, 4,
27,19, 23, 21, 16, X,
1,2, 26,24, 22,
X,14, 6

BTA

5,7,29,19, 23,11, 2,
X, 25,19, X, 18,14, 8,
17,13, 16, 22, 10

BTA
2,4,7,15, 18, 20,
29 (SNPs, =24)

Beef Breed &
Country

Angus Bulls, UK

Genomic Data from
2190 Australian
Angus steers were
used in this study

Brazil
Nelore Bulls

USA Angus and
Hereford steers

USA Angus steers

Australian Angus
bull breed

Canada,
Hereford x Aberdeen
Angus hybrid steers

Canadian steers
from Angus and
Charolais and
hybrid bulls

Statistical
analysis

GWAS

GWAS

GWAS

NGS-SAS

GWAS

NGS DEseq

GWAS

GWAS
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ticipated intake. The residual can be used to identify animals
exhibiting low (negative) RFI or those displaying high (posi-
tive) RFI (73).

Bull selection is the primary way of achieving genetic ad-
vancements in the cattle sector. In conjunction with the ex-
pansion of growth characteristics, there has been a growing em-
phasis among buyers of bulls on attributes related to the qual-
ity of carcasses (74). Recent developments in whole GWAS have
led to a novel metric for assessing individual animal feed con-
sumption, known as RFL. The RFI, independent of growth traits,
is determined by subtracting the projected feed intake from the
actual feed intake. An animal exhibiting a harmful RFI
demonstrates a reduced consumption of feed in comparison
to the anticipated amount, indicating a higher level of FE (35).
The present review study has shown that machine learning al-
gorithms can discern the most and least feed-efficient groups
of beef cattle by utilizing genomic information, thus obviat-
ing the need for costly and challenging-to-measure features like
feed intake and performance measures. The results of our study
indicate that the highest and lowest percentiles (1%, 5%, 10%,
and 15%) of the bull population may be identified as the most
and least feed-efficient groups through the utilization of SNP
markers. This classification method demonstrates high accu-
racy and can enhance the productivity and competitiveness of
the beef industry. Therefore, the enhancement of FE by selecting
breeding animals with lower RFI values can impact the prof-
itability and competitiveness of the beef sector. This im-
provement can account for around 55-75% of the overall pro-
duction costs as stated earlier (75).

CHALLENGES IN THE ADOPTION
OF RFI

The adoption of RFI in cattle breeding programs faces signif-
icant challenges, primarily due to the high costs and technical
complexities involved in evaluating this trait (4). In contrast
to the utilization of feed conversion as a selection criterion, the
utilization of RFI for selection appears to favor animals with
reduced feed intake and decreased maintenance needs with-
out any discernible impact on adult weight or weight gain (76-
78). According to Berry et al. (33), utilizing molecular infor-
mation in genetically assisted selection methods can enhance
selection precision and expedite genetic advancement in bull
breeding.

Extensive investigation is currently being conducted to ascer-
tain the genetic underpinnings of RFI, and the findings thus
far have shown promise (17, 41, 42). Nevertheless, the num-
ber of published studies on this topic still needs to be higher.
One investigation conducted by Barendse et al. (40), conducted
a comprehensive analysis of the entire genome using the Meg
Allele Genotyping Bovine 10K SNP panel, as previously de-
scribed by Hardenbol et al. (79) The average marker spacing
on this chip was 325 kilobase pairs (kbp). The genotyping chip
was used to analyze the genetic makeup of 189 cattle. This group
included various breeds such as Angus, Brahman, Belmont Red,
Hereford, Murray Grey, Santa Gertrudis, and Shorthorn.
These animals were selected explicitly for having extreme RFI
values. It is important to note that this group of bulls was a sub-
set taken from a larger population of 1,472 cattle. In the study
above, a total of 161 SNPs were identified as having a signifi-
cant association (P < 0.01) with RFI when assessed individu-

ally. 76% of total genetic variation was noted among the 20 iden-
tified SNPs, positively associated with the RFI trait.
According to the meta-analysis conducted by Berry and
Crowley (12), the overall heritability estimates for RFI in de-
veloping beef cattle were found to be 0.33, with a range of 0.07
to 0.62. Nevertheless, gene prediction accuracy in male cattle
must be higher to select candidates without a suitable pheno-
typic measurement Kenny et al. (25). The estimation of
breeding values that incorporate genomic information relies
on the establishment of a reference population in which the trait
of interest (such as FE) should have been measured, and bulls
have been genotyped using suitable genomic markers (38, 80,
81). However, to our understanding, there is much lacking in
the reference population data for beef cattle regarding the val-
idation of the genomic data. The formation of such a popu-
lation would require addressing various challenges, including
diverse breeds, age variations, and nutritional management dif-
ferences among beef cattle across the different research groups
(25).

Currently, the primary emphasis of research in the field of ge-
netic regulation of FE in bulls is the discovery of sets of genetic
variants that have biological relevance to this feature (82, 62,
83). Extensive studies have been conducted on the genetic un-
derpinnings of RFI in male bovines. In a study conducted by
Chen et al. (84), some genes, namely GSTM1, GSTM2, and
S100A10, were discovered as exhibiting differential expression
in bulls characterized by high and low RFI. In a study conducted
Cowan et al. (85), compelling evidence was discovered regarding
the presence of a previously unidentified growth hormone al-
lele that is linked to RFI in Holstein bulls. Similarly, another
study by Herd and Bishop (86), provided empirical evidence
highlighting the heritability of RFI in British Hereford cattle,
as well as its positive associations with FCR and predicted main-
tenance energy expenditure. In a study conducted by Wang et
al. (87), the researcher examined the consequences of choos-
ing bulls with low RFI on breeding soundness and reproduc-
tive performance. The findings of the study indicated that there
were no adverse impacts seen. The findings collectively indi-
cate a multifaceted genetic foundation for RFI in male cattle,
which may have significant ramifications for both the efficiency
of feed use and reproductive capabilities.

A comprehensive study was conducted by Yang et al. (46), to
display the integration and comparison of various transcrip-
tome sequence data through the utilization of differential analy-
sis, including functional enrichment analysis, protein-protein
interaction (PPI) network analysis, weighted co-expression net-
work analysis (WGCNA), and GSEA methodology. The re-
searchers made predictions regarding the potential genes and
functional analysis pathways strongly associated with beef cat-
tle’s RFL. In addition, their study’s findings showed the ex-
pression of 20,002 genes, encompassing 345 genes that exhibited
differential expressions (DEGs). Among these DEGs, 167
genes were upregulated, while 178 genes were observed to be
downregulated in their group. Table 2 lists the 50 most up-
regulated genes and the 10 most downregulated genes and their
gene locations. Out of the DEGs analyzed, four candidate genes
(SHC1, GPX4, ACADL, and IGF1) were successfully identified
and validated as marker genes for RFI in beef cattle.
Nevertheless, these variations must exhibit appropriate ro-
bustness across various bull breeds, developmental stages, and
nutrition regimens, if they prove advantageous to the overall
beef business. In a recent investigation by Seabury et al. (80),
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a genome-wide association analysis was performed to inves-
tigate the relationship between QTLs and FE-related traits. The
study utilized the Illumina Bovine HD (778K) and SNP50 as-
say platforms to identify QTLs that could potentially be uti-
lized for genomic selection. In addition, some programs seek
to integrate global DNA sequence data, such as the Global ini-
tiatives, the Canadian Cattle Genome Project, aim to integrate
vast amounts of DNA sequence data, providing a foundation
for the development of genomics-driven tools that can enhance
the efficiency and sustainability of beef production (81), to cre-
ate genomics-driven tools to improve beef production’s ef-
fectiveness and long-term viability. The primary objective of
joint investigations should center on identifying functional vari-
ants, with the support of imputation if required, to establish
the association between these variants and economically sig-
nificant traits such as FE and related characteristics (8). The
future achievement in enhancing FE in beef cattle breeding will
rely on integrating genetic data into national and international
breeding programs that utilize multi-trait genomic selection.

CONCLUSION

This literature review concludes that RFI is an effective meas-
ure of FE in beef bulls and steers that is independent of growth
and body measurements. The review analyzed over 200 stud-
ies conducted from 2012 to 2023, ultimately including 17 re-
search papers that met the inclusion criteria. It identified 511
genes associated with RFI traits, distributed across 30 chro-
mosomes, along with QTL regions for all identified genes. No-
tably, the study linked QTLs associated with RFI traits to chro-
mosomes BTA6, BTA7, BTA8, and BTA11. Additionally, the re-
view found 228 SNPs across these 30 chromosomal locations
between 2012 and 2022. These findings highlight the poten-
tial to predict efficient beef bulls without compromising re-
productive performance and fertility in multi-sire groups, pend-
ing further validation in other populations.
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