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ABSTRACT: The objective of this study was to 
develop and validate a customized cost-effective 
single nucleotide polymorphism (SNP) panel for 
genetic improvement of feed efficiency in beef cat-
tle. The SNPs identified in previous association 
studies and through extensive analysis of candi-
date genomic regions and genes, were screened 
for their functional impact and allele frequency in 
Angus and Hereford breeds used as validation can-
didates for the panel. Association analyses were 
performed on genotypes of 159 SNPs from new 
samples of Angus (n = 160), Hereford (n = 329), 
and Angus-Hereford crossbred (n  =  382) cattle 
using allele substitution and genotypic models in 
ASReml. Genomic heritabilities were estimated 
for feed efficiency traits using the full set of SNPs, 
SNPs associated with at least one of the traits (at 
P ≤ 0.05 and P  <  0.10), as well as the Illumina 
bovine 50K representing a widely used commer-
cial genotyping panel. A total of 63 SNPs within 
43 genes showed association (P ≤ 0.05) with at 
least one trait. The minor alleles of SNPs located 
in the GHR and CAST genes were associated 
with decreasing effects on residual feed intake 
(RFI) and/or RFI adjusted for backfat (RFIf), 

whereas minor alleles of SNPs within MKI67 
gene were associated with increasing effects on 
RFI and RFIf. Additionally, the minor allele of 
rs137400016 SNP within CNTFR was associated 
with increasing average daily gain (ADG). The 
SNPs genotypes within UMPS, SMARCAL, 
CCSER1, and LMCD1 genes showed signifi-
cant over-dominance effects whereas other SNPs 
located in SMARCAL1, ANXA2, CACNA1G, 
and PHYHIPL genes showed additive effects on 
RFI and RFIf. Gene enrichment analysis indi-
cated that gland development, as well as ion and 
cation transport are important physiological 
mechanisms contributing to variation in feed ef-
ficiency traits. The study revealed the effect of the 
Jak-STAT signaling pathway on feed efficiency 
through the CNTFR, OSMR, and GHR genes. 
Genomic heritability using the 63 significant (P ≤ 
0.05) SNPs was 0.09, 0.09, 0.13, 0.05, 0.05, and 
0.07 for ADG, dry matter intake, midpoint meta-
bolic weight, RFI, RFIf, and backfat, respectively. 
These SNPs contributed to genetic variation in the 
studied traits and thus can potentially be used or 
tested to generate cost-effective molecular breed-
ing values for feed efficiency in beef cattle.
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INTRODUCTION

Selecting beef cattle for improved feed effi-
ciency or low residual feed intake (RFI) has two 
direct benefits: 1)  reduced feed intake without 
compromising growth and product quality (Mao 
et  al., 2013), and 2)  reducing the environmental 
footprint, particularly greenhouse gas emissions, 
per animal (Basarab et al., 2005; Manafiazar et al., 
2016). These benefits can increase profitability for 
producers. Therefore, it is important to identify ef-
ficient animals and utilize them for breeding and 
production purposes. A main challenge facing pro-
ducers is to cost-effectively measure individual feed 
efficiency because performance testing is expensive 
and takes time to accumulate sufficient feed intake 
records to identify efficient animals.

Utilizing genomics offers a potential alterna-
tive with several benefits including the ability to im-
mediately predict feed efficiency at a young age. In 
beef cattle, various studies have been used to iden-
tify genetic markers associated with feed efficiency 
including genome-wide association studies (GWAS) 
(Sherman et  al., 2008a; Sherman et  al., 2009; Lu 
et  al., 2013; Saatchi et  al., 2014a) and the candi-
date gene approach (Sherman et al., 2008b; Abo-
Ismail et al., 2013; Karisa et al., 2013; Abo-Ismail 
et al., 2014). These and other studies have reported 
a large number of single nucleotide polymorphisms 
(SNPs) associated with feed efficiency and its com-
ponents traits. It is important to validate the associ-
ations of these SNPs, genomic regions or candidate 
genes in other populations before they are consid-
ered for use in breeding programs.

The objectives of this study were to 1) identify 
SNPs located in genes within the regions reported 
to be associated with feed efficiency and to select 
SNPs with an increased likelihood of having a 
functional impact on the gene product or on gene 
expression; 2)  to validate the association of SNPs 
with RFI and its component traits using genetic-
ally distinct populations of beef cattle; and 3)  to 
measure the proportion of variance explained by 
these SNPs in order to develop a low cost SNP 
panel to select for feed efficiency.

MATERIALS AND METHODS

SNP Panel Development and Design

Previous work identified significant associa-
tions among genomic regions or SNPs with feed 
efficiency in “discovery populations” of mainly 
crossbred or hybrid cattle. The breed composition 

of the crossbred animals reported by Abo-Ismail 
et  al. (2014) were estimated as follows; Angus 
(45.9%), Simmental (20.7%), Piedmontese (5%), 
Gelbvieh (4.2%), Charolais (2%), and Limousin 
(1.4%). The crossbred and hybrid animals reported 
by Karisa et al. (2013) were raised at the University 
of Alberta Roy Berg Kinsella Research Ranch. 
These steers were sired by Angus, Charolais, or 
University of Alberta hybrid bulls. Their dams 
were produced from crosses among three composite 
cattle lines: Beef Synthetic 1 (BS1), Beef Synthetic 
2 (BS2), and Dairy × Beef Synthetic (DBS). Briefly, 
the BS1 is composed of about 33% each of Angus 
and Charolais, about 20% Galloway, with the re-
mainder comprised of other beef breeds, while the 
BS2 is made up of approximately 60% Hereford 
and 40% other beef breeds. The DBS is composed 
of approximately 60% dairy breeds (Holstein, 
Brown Swiss, or Simmental) and approximately 
40% beef breeds (Berg et al., 1990; Goonewardene 
et al., 2003; Karisa et al., 2013).

The workflow for the SNP panel development 
and design is illustrated in Fig.  1. Additionally, a 
comprehensive literature search was performed to 
identify additional genes or SNPs associated with 
feed efficiency traits and its components in pre-
vious studies (Connor et  al., 2010; Rempel et  al., 
2012; Rolf et  al., 2012; Serao et  al., 2013; Serão 
et al., 2013; Yao et al., 2013; Zhang et al., 2013; de 
Oliveira et al., 2014; Saatchi et al., 2014a; Saatchi 
et  al., 2014b; Lindholm-Perry et  al., 2015). These 
SNPs were then combined with those identified by 
screening sequences generated from the 1,000 Bulls 
Genome Project and the Canadian Cattle Genome 
Project (CCGP) (Daetwyler et al., 2014; Stothard 
et al., 2015). These resources were mined in silico 
to further improve the panel by seeking candidate 
genes within previously reported quantitative trait 
loci (QTL) (Hu et  al., 2013) and polymorphisms 
predicted to impact gene function or expression 
using NGS-SNP, a SNP annotation tool (Grant 
et al., 2011). In addition, we selected genes within 
each genomic region or confidence intervals for a 
QTL that had more than one candidate gene. In 
this case, these genes were filtered based on their 
in-silico biological background using bioinformat-
ics tools such as DAVID (Huang et  al., 2009) to 
refine the list of genes and to focus on those known 
to be involved in biological processes or pathways 
linked to feed efficiency. The impact of each pol-
ymorphism was assessed based on several criteria 
including sorting intolerant from tolerant (SIFT) 
scores to predict whether amino acid substitutions 
significantly affected protein function (Ng and 
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Henikoff, 2003). The SNP was declared deleterious 
if  the SIFT score was less than 0.05.

After initial filtering, we started with a set of 
25,331 SNPs and focused on predicting functional 
variants in candidate genes that were segregating 
in Angus (AN) and Hereford (HH) cattle. Selected 
SNPs within genes known to be biologically linked 
to growth as well as lipid and energy metabolism 
were identified for consideration in the candidate 
SNP list. Allele frequency was also used to help 
select SNPs with minor allele frequency more than 
0.005 based on 136 Angus and 31 Hereford individ-
uals from the data from the Canadian bulls (CCGP) 
in the 1,000 Bulls genome Project (Daetwyler et al., 
2014). By using minor allele frequency information 
from the previous step, the chance of detecting seg-
regating SNP in the genotyping step is increased. 
This would reduce the cost of genotyping nonseg-
regating selected SNPs. The final selected list con-
tained 250 SNPs used to optimize the multiplexes 
developed for this study. The number of multiplexes 
is a major factor in determining the final assay cost.

Blood samples were collected by jugular ven-
ipuncture into evacuated tubes containing eth-
ylenediaminetetraacetate (Vacutainer, Becton 
Dickinson and Co., Franklin Lakes, NJ, USA) and 
stored at −80  °C until DNA extraction using the 
QiagenDNeasy 96 blood and tissue kit (Qiagen 
Sciences, Germantown, MD, USA) and was 

completed at Delta Genomics (Edmonton, Alberta, 
Canada). The resulting samples were then used to 
develop multiplex sets for the Sequenom Mass-
Array platform (San Diego, CA, United States). 
The aim was to optimize the number of assays 
required to generate the maximum number of gen-
otyped SNPs. The final panel design achieved by 
Sequenom resulted in assays for 216 SNPs. The 
panel was divided into five polymerase chain reac-
tion-based assays or multiplexes in order to gener-
ate genotypes for the 216 SNPs by Delta Genomics.

Animals and Phenotypic Data

All animals in the current study were cared 
for according to the guidelines of the Canadian 
Council on Animal Care (1993). The protocols were 
approved by the University of Alberta Animal Use 
Committee. A  set of animals born between 2002 
and 2012 with accurate phenotypes for feed effi-
ciency were identified (Crowley et  al., 2014) from 
the Phenomic Gap project (PG1) which was initi-
ated in 2008 primarily to generate phenotypic and 
genotypic information needed to discover and val-
idate genome-wide selection methods and to help 
address the lack of data for difficult to measure 
traits in the Canadian beef cattle industry. Within 
the PG1 database, we selected 874 animals con-
sisting of AN, HH, and their crossbreds (ANHH) 

Figure 1. The workflow for development of the marker SNP panel in the current study.
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which represent a population that was reasonably 
genetically distinct from the research populations 
used for the initial SNP association studies, as pre-
viously described (Karisa et al., 2013; Abo-Ismail 
et al., 2014). Additionally, inclusion of crossbreds 
was considered as a representative of the com-
mercial beef industry, and to make the developed 
panel relevant for predicting feed efficiency for both 
purebred and commercial cattle. This assumption 
makes the selected population ideal for testing our 
hypothesis.

The validation population consisted of bulls 
(HH, n = 284), replacement heifers (HH, n = 25; AN, 
n = 88; ANHH, n = 185), and finishing heifers (AN, 
n = 1; ANHH, n = 14), and steers (HH, n = 23; AN, 
n = 71; ANHH, n = 183). The replacement heifers 
(n = 298) were born from 2004 to 2012 and tested 
from 2005 to 2013 whereas the finished heifers were 
born in 2002, 2003 and 2011 and tested in 2003, 2004 
and 2012 at the Lacombe Research Center (LRC). 
A detailed description of the breeding and manage-
ment for the replacement and finishing heifers were 
described in previous studies (Basarab et al., 2011; 
Manafiazar et  al., 2015). The steers were born in 
2002 to 2010 at LRC. Additional information on the 
breeding and management of the steers was reported 
by Basarab et al. (2007) and Basarab et al. (2012). 
Briefly, heifers and steer calves were placed into sep-
arate feedlot pens each fitted with eight GrowSafe 
(GrowSafe Systems Ltd., Airdrie, Alberta, Canada) 
feeding stations for the automatic monitoring of 
individual animal feed intake. The steers’ finishing 
diet consisted of an average of 1% alfalfa silage, 22% 
barley silage, 70% barley grain, and 7% supplement 
(as dry matter basis; Supplementary File 1) and was 
fed ad libitum. The HH bulls were born in 2012 

and tested at Olds College (n = 165) and Cattleland 
Feedyards (n  =  119) in 2012 and 2013. The bulls’ 
test diet consisted of ~50% roughage (silage and 
hay), and ~50% concentrate and vitamin/mineral 
supplement (as dry matter basis; Supplementary 
File 1). The feed intake testing protocol for the HH 
bulls was the same as in heifers and steer tests. Daily 
dry matter intake (DMI) was observed on all ani-
mal as well as frequent body weight measurements 
and ultrasound measurements at the start and end 
of test. The duration of the feed intake test ranged 
from 60 to 120  days. From the performance test 
data, animals were tested for the following pheno-
types: average daily gain (ADG), average daily DMI, 
midpoint metabolic weight (i.e., the body weight at 
the middle of the performance testing period pow-
ered 0.75, MMWT), off test back fat (BFat), RFI, 
and RFI adjusted for back fat (RFIf) (Table 1). RFI 
estimated as the difference between observed DMI 
and expected DMI was modeled on ADG, MMWT, 
and BFat measured at end of test. In addition, RFI 
was adjusted for the effect of gender, herd of origin, 
birth year, diet, and management group. The ADG 
was calculated as the regression coefficients (i.e., 
the slope) of animal’s body weights over the perfor-
mance testing period. The ADG with accuracy (R2) 
less than 90% were excluded. Animals with less than 
3 recorded weights were excluded so each animal 
had from 3 to 10 weights over the performance test-
ing period.

Genomic-based Breed Composition and  
Retained Heterozygosity

Breed composition was predicted using 43,172 
SNPs distributed across the 29 autosomes from the 

Table 1. The descriptive statistics for feed efficiency traits and its components of Herford, Angus and their 
crossbred beef cattle

Trait N1 Mean SD Minimum Maximum

Average daily gain, kg/d2 870 1.28 0.364 0.452 2.42
Average daily dry matter intake, kg3 831 8.577 1.259 4.97 12.43

Midpoint metabolic weight, kg4 822 87.77 9.037 64.72 114.81

Residual feed intake, kg/d5 855 0.038 0.450 -1.3 1.35

Residual feed intake adjusted for fatness, kg/d6 852 0.013 0.437 -1.25 1.26

Back fat thickness, mm7 865 6.833 2.590 1 14.81

1N = total number of animals used in the association analyses.
2ADG = average daily gain: recorded in kg per day from start to end of the finishing period.
3DMI = dry matter intake: recorded in kg per day from start to end of the finishing period.
4MMWT =midpoint metabolic weight: expressed in kg.
5RFI = residual feed intake: expressed in kg per day.
6RFIf = residual feed intake adjusted for backfat: expressed in kg per day;

BFat7= backfat: recorded as fat depth at the end of the finishing period in millimeters.
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Illumina Bovine 50K SNPs with ADMIXTURE 
software (Alexander et  al., 2009) to account for 
stratification due to breed effects in the association 
analyses. A larger dataset (n = 7,845) of purebred 
animals of different breeds was used as a reference 
population. Predicted breed composition using the 
genotypes for all individuals in the study is illus-
trated in Fig.  2. Additionally, the heterosis effect 
was accounted for in the association analyses, by 
calculating the retained heterozygosity (RH) for 
each individual according to (Dickerson, 1973) as 
follows:

	 RH = −
=

∑1
1

2

k

n

iP � (1)

where P is the predicted fraction of breed i from 
each of the n breeds. The predicted breed fractions 
using the genotypes and RH values were used as 
covariates in the following association analyses.

Association Analyses

Three models were used to evaluate SNP asso-
ciations, including allele substitution effects, gen-
otypic and additive/dominance models. Allele 
substitution effect is defined as the average change 
in phenotype value when the minor allele is sub-
stituted with the major allele. This effects included 

additive (a) and dominance (d) as in the following 
equation: 2pq[a + d(q-p)]2 where p and q are the 
alleles frequencies. The additive and dominance 
effect model adjusts the allele substitition effect 
with the dominance effect providing both effects 
and tests the significance of the a and d effects 
(Zeng et al., 2005). In addition, we used the geno-
typic model as provided by Fernando et al. (1998) 
which allows the mixed-model equations to be used 
to estimate the genotypes as fixed effects in order to 
identify the favorable genotype.
Allele substitution effect  model.  In order 
to estimate allele substitution effects for each 
SNP, genotypes were coded as 0, 1, or 2 corre-
sponding to the number of  minor alleles present 
using PLINK (Purcell et  al., 2007). A  univar-
iate mixed model was fitted where phenotypes 
were regressed on the number of  copies of  the 
minor allele (0, 1, or 2) using ASReml 4 software 
(Gilmour et  al., 2009). The mixed model was 
applied as follows:

	
Y SNP CG AET TL

AN HH RH a e
ijk i j

k ijk

= + + + +

+ + + + +

µ β β
β β β

1 2

3 4 5 � (2)

where Yijk is the trait measured in the kth ani-
mal of  the jth contemporary group; µ is the overall 
mean for the trait; SNPi is the fixed effect of  the 

Figure 2. The genomic based breed composition of all individuals in the study using BovineSNP50 chip. The breed composition of each indi-
vidual of 871 animals was calculated using ancestry components in Admixture software on Illumina Bovine 50K SNPs genotypes (43,172 SNPs) 
across the 29 autosomes. The ancestor HH is Hereford, AN is Angus, and other is the sum of other fractions of other breeds and may be due to 
errors. Animals were grouped based on the breed fractions and considered purebred AN or HH if  their breed fraction is ≥ 80%. An animal was 
considered ANHH crossbred if  its breed fractions ≤ 80% of any of the AN or HH breeds. Each individual within a particular population is repre-
sented by a vertical bar which presents the ancestral populations.



380 Abo-Ismail et al.

ith genotype for the SNP considered; CGj is the 
fixed effect of  the jth gender, herd of  origin, birth 
year, diet and management group; β1 is the partial 
regression coefficient for age at the end of  the test 
period (AET) of  the kth animal; β2 is the partial 
regression coefficient for test duration length (TL) 
of  the kth animal; β3 and β4 are the partial regres-
sion coefficients for the genomic-based breed pro-
portion of  AN and HH breeds in the kth animal; β5 
is the regression coefficient of  the linear regression 
on the percent of  genomic-based retained hete-
rozygosity of  the kth animal; ak is the random addi-
tive genetic (polygenic) effect of  the kth animal; and 
ejklm is the residual random effect associated with 
the kth animal record. Assumptions for this model 
are; ak: a ~ N (0, A σ2a) where A  is a numerator 
relationship matrix, and σ2a is the additive genetic 
variance; and eijk: e ~ (0, I σ2e) where I is the iden-
tity matrix and σ2e is the error variance. The expec-
tations are that E(ak) = 0; and E(eijk) = 0; and the 
variances are Var(ak)  =  σ2a; Var(eijk)  =  σ2e. Aσ2a 
is the covariance matrix of  the vector of  animal 
additive genetic effects and the relationship matrix 
(A). The number of  individuals within each CG 
ranged from 4 to 74 animals. Any contemporary 
group level that had less than three animals was 
excluded from the analyses. Phenotypic outliers 
were identified by the Median Absolute Deviation 
method using R (Team, 2016) and excluded from 
the analysis.

Genotypic model. This model included the same 
effects as those in the allele substitution effect 
model, except that the allele substitution effect was 
replaced with the genotypes as a class variable (e.g., 
AA and BB for homozygous genotypes and AB 
for the heterozygous genotype). The least square 
means for each genotypic class was estimated.

Additive and dominance effect model. The addi-
tive and dominance effects of a SNP were estimated 
by fitting the substitution effect model in 2 above 
and adding a covariate to the model with zeros for 
homozygous genotypes (coded 0 and 2) and ones 
for heterozygous genotypes (coded as 1)  (Zeng 
et al., 2005). Thus, the linear regression coefficient 
of the substitution effect is the additive effect and 
the linear regression coefficient of the added covar-
iate is the dominance effect for the SNP. For a SNP 
to be associated with a particular trait, the signifi-
cance threshold of SNP association was 5% abso-
lute P-value. Setting a relaxed significance threshold 
(P < 0.05) allows the identification of markers with 
small effects on feed efficiency and its components 

traits to subsequently explain more genetic vari-
ance in these traits.

Gene Ontology and Pathway Enrichment Analyses

Enrichment analyses were performed to 
assign the associated candidate genes, i.e., those 
having at least one significant (P ≤ 0.05) SNP, to 
predefined gene ontology (GO) terms and path-
ways based on their functional characteristics 
using the Database for Annotation, Visualization 
and Integrated Discovery (DAVID) v6.8 (Huang 
et al., 2009). The absolute P-value < 0.05 was used 
to report the enriched GO terms and pathways. 
This relaxed threshold produces false positive 
results but may help in understanding the bio-
logical information about the candidate genes. To 
account for multihypotheses testing, the P-value 
of  the enrichment analysis was adjusted using 
false discovery rate.

Heritability and Genetic Variance Explained by 
SNP Sets

Heritability was estimated using pedigree 
information and genomic-based methods. As the 
pedigree was available for all animals, the numer-
ator relationship (A) matrix was constructed. The 
estimated breeding values (EBVs) for individuals 
and heritability of  each trait were estimated using 
the univariate animal model using A  matrix as 
the kernel in ASReml 4 software (Gilmour et al., 
2009). To calculate the genomic based heritabil-
ity, the genomic additive relationship matrix (G) 
was constructed following the formulas set out 
in (VanRaden, 2008) implemented in GVCBLUP 
software (Da et  al., 2014). The genomic based 
heritability was calculated using the GREML 
method implemented in GVCBLUP software (Da 
et al., 2014) using different scenarios in terms of 
the number of  SNPs; 1) all SNPs genotyped that 
passed quality control criteria in the small cus-
tom panel (n = 158 SNPs), 2) a set of  associated 
(P < 0.05) SNPs with at least one of  the feed effi-
ciency traits (n = 63 SNPs within 43 genes), 3) a 
set of  associated (P < 0.1) SNPs with at least one 
of  the feed efficiency traits (n  =  92 SNPs), and 
4) a set of  SNPs (n = 40465 SNPs) of  the Illumina 
BovineSNP50 (50K SNP) panel that passed qual-
ity control criteria. The proportion of  genetic 
variance explained by the full list of  SNPs was cal-
culated by dividing the heritability calculated from 
GVCBLUP by the heritability estimated from the 
animal model.
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RESULTS AND DISCUSSION

Quality Control for the Developed Panel

A total of 874 animals were successfully geno-
typed for 216 SNPs. SNPs with call rates less than 
70% (n = 11), minor allele frequencies less than 1% 
(n = 48), and excess of heterozygosity above 15%, 
were excluded from the analyses. Additionally, 20 
animals with call rates less than 80% were excluded. 
Out of the initial 216 SNPs, 159 SNPs for 871 ani-
mals from AN (n = 160), HH (n = 329), and ANHH 
crossbred (n = 382) cattle were considered for asso-
ciation analyses (Supplementary File 2).

Association Analyses Using Allele Substitution 
Effect Model

A total of 54 markers within 34 genes were 
significantly (P ≤ 0.05) associated with at least one 
phenotypic trait using an allele substitution effect 
regression model (Table  2). Furthermore, signifi-
cant effects were identified for both feed efficiency 
traits (i.e., RFI and/or RFIf) for 15 SNPs in 10 of the 
genes. The minor allele of SNPs within 8 of these 
genes (polycystin-2 (PKD2), calpastatin (CAST), 
calcium voltage-gated channel subunit alpha1 G 
(CACNA1G), occludin (OCLN), growth hormone 
receptor (GHR), proprotein convertase subtilisin/
kexin type 6 (PCSK6), PAK1 interacting protein 
1 (PAK1IP1), and phytanoyl-CoA 2-hydroxylase 
interacting protein like (PHYHIPL)) was associ-
ated with a negative, favorable, effect on RFI and/
or RFIf (Table 2).

The minor alleles of three SNPs, rs137601357, 
rs210072660 and rs133057384, located in CAST 
were associated with decreases in RFI and RFIf 
(favorable effect). In addition, SNP rs384020496 
in CAST was associated with MMWT, ADG, and 
Bfat, whereas SNP rs110711318 was associated with 
an increase in MMWT and Bfat (Table 2). The asso-
ciation of SNP rs384020496 with RFI was reported 
previously (Karisa et al., 2013). SNP rs137601357 
is located 12 bases from SNP rs109727850 which 
had an additive effect on RFI (Karisa et al., 2013). 
Thus, the current results provide evidence that pol-
ymorphisms within CAST have important poten-
tial effects on feed efficiency and its component 
traits. The CAST gene is known to be associated 
with inhibition of the normal post-mortem ten-
derization of meat (Schenkel et al., 2006; Li et al., 
2010). Additionally, the CAST gene can also play 
an important role in the metabolism of the live ani-
mal. For example, a previous study reported that 

during nutrient intake restriction, activity of the 
calpain system is upregulated by decreasing the 
expression level of CAST gene in bovine skeletal 
muscles, whereas the activity of the calpain system 
in a fetus is downregulated through an increase in 
CAST expression maintaining fetal muscle growth 
during starvation (Du et  al., 2004). Nonetheless, 
when selecting for favorable alleles for tenderness, 
this would be associated with higher protein metab-
olism (i.e., turnover) without negative effects on 
growth, efficiency, temperament, or carcass charac-
teristics (Cafe et al., 2010).

The current study confirmed OCLN to be asso-
ciated with RFI and RFIf. The SNP rs134264563 
within OCLN was associated with RFI and RFIf. 
Another SNP rs109638814 within the OCLN gene 
was previously reported to be associated with RFI 
(Karisa et al., 2013), however, this was not the case 
in the current study. A previous study suggested an 
association between SNP rs134264563 and both 
cow as well as daughter conception rates in dairy 
cattle (Ortega et al., 2016). The SNP rs134264563 
was reported to segregate in nine beef cattle breeds 
(Ortega et  al., 2017). Although the SIFT values 
were 0.2 and 1 for rs134264563 and rs109638814, 
respectively, suggesting they are tolerated mis-
sense mutations, this may be in agreement with the 
hypothesis that when using causal or functional 
variants based selection (i.e., rs134264563), the 
SNP effect would be repeatable across different 
populations and breeds; this is in contrast to LD 
markers (i.e., rs109638814).

Our results indicated that a synonymous SNP 
rs110362902 within ABCG2 was associated with an 
increase in MMWT. The allele G of rs110362902 
SNP was reported to be associated with increas-
ing MMWT and decreasing intermuscular fat and 
marbling in beef cattle (Abo-Ismail et  al., 2014). 
Additionally, SNP rs43702346 on BTA 6, within 
PKD2, was significantly associated with RFI, 
RFIf, and MMWT, whereas substitution with the 
minor allele was associated with an increase of 
RFI, RFIf and MMWT, as well as a decrease in 
Bfat. These findings agreed with previous results 
reported for rs43702346 (Abo-Ismail et  al., 2014) 
where substitution with the minor allele was asso-
ciated with an increase in MMWT and a decrease 
in intermuscular fat percentage. The PKD2 gene is 
involved in negative regulation of G1/S transition 
of mitotic cell cycle process. Gene PKD2 is located 
near an identified QTL for bone percentage, fat per-
centage, meat percentage, meat to bone ratio, mois-
ture content, and subcutaneous fat (Gutiérrez-Gil 
et al., 2009). A SNP near to PKD2 (1063 Kbp) was 
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associated with body weight in Australian Merino 
sheep (Al-Mamun et al., 2015). The results suggest 
that the SNP may be in linkage disequilibrium with 
a causative mutation associated with these traits.

Our findings indicated that the minor allele 
of tolerated missense mutations rs109065702, 
rs109808135, rs110348122, and rs208660945 within 
the SWI/SNF (SWItch/Sucrose Non Fermentable)-
related matrix associated actin-dependent regulator 
(SMARCAL1) gene were significantly associated 
with a decrease in RFIf, whereas the minor allele 
of rs109382589, and having a deleterious mutation 
SIFT score = 0.02, was associated with an increase 
of RFI and RFIf. This study confirmed the signif-
icant association between rs109065702 (missense 
mutation) and RFI reported by Karisa et al. (2013). 
Furthermore, the minor allele of rs208660945 
within SMARCAL1 was associated with a decrease 
in RFI and RFIf (favorable effect) and a decrease 
in ADG (unfavorable effect). The SMARCAL1 
gene is involved in a network interacting with the 
Ubiquitin C (UBC) gene, which in turn, is involved 
in regulation of gene expression through DNA 
transcription, protein stability and degradation 
(Karisa et al., 2014).

The current results also revealed that the minor 
allele of the deleterious SNP rs476872493, within 
CACNA1G on BTA 19, was associated with decreas-
ing RFI and RFIf. SNP rs476872493 is located close 
to (23,710 bases) a synonymous SNP, rs41914675, 
which was reported to be associated with RFI, DMI 
and FCR (Abo-Ismail et  al., 2014). These results 
lend support to the relationship between CACNA1G 
and feed efficiency traits. Feed efficiency was also 
associated with a deleterious SNP (rs385640152), 
within the GHR, gene where the minor allele was 
associated with favorable effects by decreasing RFI 
and RFIf (Table  2). SNP rs385640152 is located 
close to (18,371 bases) to SNP rs209676814, which 
was previously reported to have an over-domi-
nant effect on RFI (Karisa et al., 2013). Another 
SNP in the 4th intronic region was associated with 
RFI (Sherman et al., 2008b). The minor allele of 
the deleterious SNP rs43020736, within PCSK6, 
was associated with decreasing DMI, MMWT, 
RFI, and RFIf (Table 2). This SNP was previously 
reported to affect DMI and RFI where animals with 
the C allele have lower DMI and RFI (Abo-Ismail 
et al., 2014). The current result is in agreement with 
the physiological role of PCSK6 as it is involved in 
apoptosis and other physiological processes (Wang 
et al., 2014). The results indicated that the marker 
of the proliferation Ki-67 (MKI67) gene har-
bours three SNPs (rs110216983, rs109930382 and 

rs109558734), which were associated with MMWT, 
DMI, RFI, and RFIf (Table 2). The minor allele of 
these SNPs was associated with increasing MMWT, 
DMI, RFI and RFIf. Other studies suggested that 
polymorphisms within MKI67 were associated with 
meat tenderness and meat quality traits in Blonde 
d’Aquitaine cattle (Ramayo-Caldas et  al., 2016). 
The findings in the current study are consistent 
with previous reports that RFI is phenotypically 
independent of growth, and body size, as well as 
fatness if  phenotypes were adjusted for fat, but this 
is not the case from a genetic standpoint (Crowley 
et al., 2010; Ceacero et al., 2016). Pleiotropic loci 
affecting MMWT and RFI have previously been 
reported in other studies of beef cattle populations 
(Saatchi et al., 2014a).

In total, minor alleles of 5 SNPs were associ-
ated with a decrease in DMI, while minor alleles 
of four SNPs were associated with an increase in 
DMI (Table  2). A  positive effect (i.e., decreased 
feed intake) of the minor allele provides the greatest 
opportunity for improvement. However, the value 
depends on the actual frequency in the population 
of interest and markers with a frequency less than 
0.8 associated with reduced intake are still expected 
to be useful for improvement, especially when com-
bined into a molecular breeding value (Uemoto 
et al., 2015).

Genotypic and Additive and Dominance Models

The genotypes of 46 SNPs within 32 genes 
were associated (P ≤ 0.05) with at least one feed 
efficiency trait or its component traits based on the 
genotypic model. Of these SNPs, 18 were associ-
ated with RFI and/or RFIf (Table  3). Four SNPs 
located in UMPS (rs110953962), SMARCAL1 
(rs208660945), CCSER1 (rs41574929), and 
LMCD1 (rs208239648) genes showed significant 
overdominance effects on RFI and RFIf (Table 3). 
Other SNPs located in SMARCAL1 (rs109382589), 
ANXA2 (rs471723345), CACNA1G (rs476872493), 
and PHYHIPL (rs209765899) showed significant 
additive effects on RFI and RFIf (Table 3).

Three SNPs within MKI67 showed strong addi-
tive effects on RFI (Table  3). In addition to the 
substantial effect reported previously, results char-
acterized the effect of rs210072660 SNP located in 
CAST on RFI as significantly additive in decreasing 
RFI. The MKI67 and CAST genes have both been 
reported to affect meat quality traits, particularly 
meat tenderness (Schenkel et  al., 2006; Ramayo-
Caldas et  al., 2016). The significant association 
between CAST and feed efficiency may explain 
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the correlation between the selection of efficient 
animals (low RFI) and a negative effect on meat 
tenderness through the changes in calpastatin and 
myofibril fragmentation (McDonagh et al., 2001). 
Also, the significant association of MKI67 may 
explain the relationship between RFI and meat ten-
derness and related meat quality traits (Ramayo-
Caldas et al., 2016) especially as these associations 
remained significant after adjusting RFI for fatness 
(i.e., RFIf) (Table 3). These associations support the 
link between body composition and the true ener-
getic efficiency of efficient animals (Richardson 
et al., 2001).

The genotypes of nine SNPs within six 
genes were associated (P  <  0.05) with DMI 
(Table  4). Genotypes of three SNPs located in 
MKI67 had significant additive effects on DMI 
(Table  4). Additionally, SNPs located in ERCC5 
(rs133716845) and LMCD1 (rs208239648) 
showed significant dominance effects increasing 
DMI (Table  4). Other SNPs located in ACAD11 
(rs210293774 and rs208270150) and SMARCAL1 
(rs109382589) showed significant dominance 
effects decreasing DMI (Table 4). If  SNP genotypes 
showed significant dominance or over-dominance 
effects, it should be taken into account in mating 
design or selection in planning a genetic improve-
ment program for a crossbreeding system. For 
example, for rs210293774 and rs208270150 may be 
useful in crossbreeding animals to combine the dif-
ferent alleles to decrease DMI. In a previous study, 
the rs133716845 SNP located in ERCC5 showed 
significant effects on carcass and meat quality traits 
by increasing lean meat yield and decreasing fatness 
(Abo-Ismail et al., 2014). A study in mice selected 
for high muscle mass found that ERCC5 was located 
in a QTL for lean mass (Kärst et al., 2011). Another 
16 SNPs were significantly associated with ADG 
and 12 SNPs showed additive effects (Table 4).

Genotypes of nine SNPs located within nine 
genes had significant associations with MMWT 
(Table 5). Out of these SNPs, five showed significant 
additive effects. For example, SNP rs133269500 
within the thyroglobulin precursor (TG) gene showed 
an additive effect on MMWT (Table  5). These 
findings are in agreement with TG gene biological 
role as the precursor for thyroid hormones which 
control fat and lean deposition. A previous study 
reported polymorphisms in the TG gene to have 
effects on growth and carcass composition (Zhang 
et al., 2015). Polymorphisms in TG were associated 
with marbling score (Gan et al., 2008) and one of 
the commercially available DNA markers known as 
GeneSTAR MARB for evaluating marbling in beef 

cattle is in TG (Rincker et al., 2006). Nonetheless, 
the DNA marker in TG5 in GeneSTAR was inde-
pendently validated by the National Beef Cattle 
Evaluation Consortium (NBCEC, www.NBCEC.
org). The results of this validation study reported 
that TG5 did not have a significant association 
on marbling score but the favorable allele of TG5 
showed a tendency for association with increasing 
quality grade (Van Eenennaam et  al., 2007). The 
current results also found that rs110519795 SNP, a 
missense mutation, located in DPP6, showed a sig-
nificant additive effect on MMWT, whereas SNP 
rs132717265 showed a significant additive effect on 
back fat (Table 5). The current associations are in 
agreement with the physiological role of DPP6 as 
the latter is involved in ion and cation transport, 
and which is reported to contribute to variation in 
feed efficiency (Richardson and Herd, 2004; Herd 
and Arthur, 2009). In a previous GWAS study in 
Angus and Simmental, as well as their crosses, an 
intronic SNP (rs110787048) located in DPP6, was 
reported to affect the efficiency of gain (i.e., resid-
ual ADG) (Serão et al., 2013). In another GWAS in 
Canchim beef cattle, DPP6 was reported to affect 
birth and weaning weights (Buzanskas et al., 2014). 
SNPs located in the C27H8orf40 (rs135814528), 
ELMOD1 (rs42235500), MAPK15 (rs110323635), 
AFF3 (rs42275280), and PPM1K (rs134225543) 
genes all showed significant additive effects on 
backfat (Table 5).

Gene Ontology and Pathways Enrichment Analyses

Gland development. The gene set enrichment 
analysis suggested that the biological process of 
gland development (GO:0048732) was significantly 
enriched (P = 0.0016) by the MKI67, PKD2, TG, 
and RB1CC1 genes (Table 6). Additionally, MKI67, 
PKD2, and RB1CC1 genes were each significantly 
(P  <  0.05) over-represented in liver development 
(GO:0001889) and mechanisms in the hepaticobil-
iary system (GO:0061008). The importance of these 
genes in organ development were presented in a 
study by Saatchi et al. (2014b) where the study iden-
tified eight pleiotropic QTLs affecting body weights 
and carcass traits, and having genes involved in 
tissue development. The PKD2 gene was identi-
fied in the confidence interval of across-breed and 
breed-specific pleiotropic QTL for carcass and meat 
quality traits and was over-represented in the tissue 
development process (GO:0009888) (Saatchi et al., 
2014b). Liver development and tissue development 
are part of the anatomical structure development 
biological process (GO:0048856).

http://www.NBCEC.org
http://www.NBCEC.org
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Ion transport (GO:0034220). The current results 
highlighted the importance of ion transport as a mech-
anism for controlling feed efficiency traits where it was 
promoted by DPP6, CNGA3, PKD2, ATP6V1E2, 
ANXA2, TG, and CACNA1G genes (Table  6). 
Previous studies have emphasized the importance of 
ion transport as part of the metabolic processes con-
trolling variation in feed efficiency (Herd et al., 2004). 
Metabolism was reported to account for 42% varia-
tion in observed RFI (Herd and Arthur 2009).

Jak-STAT signaling pathway (bta04630).  In the 
current study, JAK-STAT signaling was identi-
fied as a key pathway contributing to variation in 
feed efficiency traits. This pathway was enriched 
by the CNTFR, OSMR, and GHR genes (Table 6). 
Growth hormone binds its receptors (GHR) to ac-
tivate the Janus kinases (Jaks) signal transduction 
pathway affecting important processes such as 
lipid metabolism and the cell cycle (Richard and 
Stephens, 2014). The mRNA expression of GHR is 
greater in the muscle and liver of efficient animals 

when compared to nonefficient animals (Chen 
et al., 2011; Kelly et al., 2013) where RFI was nega-
tively associated with GHR expression (r = −0.5) 
(Kelly et al., 2013). The JAK-STAT pathway medi-
ates several biological mechanisms including lipid 
and glucose metabolism, insulin signaling, devel-
opment, and adipogenesis regulation (Richard and 
Stephens, 2014). Other studies suggested that the 
GHR and OSMR genes repress adipocyte differenti-
ation through an antiadipogenic activity of STAT5 
in different model systems (Richard and Stephens, 
2014). This might explain the relationship between 
variation in RFI and body composition, especially 
body fat (Richardson et al., 2001; Richardson and 
Herd, 2004; Herd and Arthur, 2009).

Pedigree and Genomic Heritability and Genetic 
Variance Explained by SNP Panel

The pedigree-based heritability (hp
2) estimates 

for feed efficiency traits in the current population 
were moderate to high, and ranged from 0.25 to 

Table 6. The enriched (at P ≤ 0.05) gene ontology terms and biological pathways having genes associated 
with feed efficiency and its components traits

Category1 Term P-Value2 Gene Names

BP GO:0001889~liver development 0.010& MKI67, PKD2, RB1CC1
BP GO:0034220~ion transmembrane transport 0.011& DPP6, CNGA3, PKD2, ATP6V1E2, ANXA2, 

CACNA1G

BP GO:0061008~hepaticobiliary system development 0.011& MKI67, PKD2, RB1CC1

BP GO:0055085~transmembrane transport 0.012& DPP6, CNGA3, PKD2, ATP6V1E2, ANXA2, 
CACNA1G, ABCG2

BP GO:0006812~cation transport 0.018 DPP6, CNGA3, PKD2, ATP6V1E2, ANXA2, 
CACNA1G

BP GO:0098655~cation transmembrane transport 0.018 DPP6, CNGA3, PKD2, ATP6V1E2, ANXA2

BP GO:0006811~ion transport 0.024 DPP6, CNGA3, PKD2, ATP6V1E2, ANXA2, TG, 
CACNA1G

BP GO:0070509~calcium ion import 0.031 PKD2, ANXA2, CACNA1G

BP GO:0030001~metal ion transport 0.034 DPP6, CNGA3, PKD2, ANXA2, CACNA1G

BP GO:0015672~monovalent inorganic cation transport 0.036 DPP6, CNGA3, PKD2, ATP6V1E2

BP GO:0006813~potassium ion transport 0.040 DPP6, CNGA3, PKD2

BP GO:0048732~gland development 0.040 MKI67, PKD2, TG, RB1CC1

MF GO:0008324~cation transmembrane transporter activity 0.009& SLC45A2, CNGA3, PKD2, ATP6V1E2, ANXA2, 
CACNA1G

MF GO:0004896~cytokine receptor activity 0.017& CNTFR, OSMR, GHR

MF GO:0005262~calcium channel activity 0.023 PKD2, ANXA2, CACNA1G

MF GO:0022890~inorganic cation transmembrane transporter 
activity

0.023 CNGA3, PKD2, ATP6V1E2, ANXA2, CACNA1G

MF GO:0005261~cation channel activity 0.028 CNGA3, PKD2, ANXA2, CACNA1G

MF GO:0015085~calcium ion transmembrane transporter activity 0.029 PKD2, ANXA2, CACNA1G

MF GO:0022843~voltage-gated cation channel activity 0.038 CNGA3, PKD2, CACNA1G

MF GO:0072509~divalent inorganic cation transmembrane trans-
porter activity

0.049 PKD2, ANXA2, CACNA1G

KEGG bta04630:Jak-STAT signaling pathway 0.027 CNTFR, OSMR, GHR

1Category = gene ontology (GO) and pathway categories where BP is biological process, MF is molecular function and KEGG is the Kyoto 
Encyclopedia of Genes and Genomes pathway.

2P-Value is the absolute P-Value; &P-value is significant at less than 20% false discovery rate.
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0.69 (Table  7). In general, the hp
2 for the studied 

traits were in agreement with published values for 
Hereford and Angus populations (Schenkel et al., 
2004). Generally, the estimated heritability for RFI 
(0.25) and RFIf (0.27) are within the reported range 
of 0.16 to 0.45 (Herd and Bishop, 2000; Crowley 
et al., 2010) in British Hereford and Irish beef cat-
tle breeds. Also, the heritability (0.69) for MMWT 
agreed with that reported by Crowley et al. (2010). 
For DMI, heritability (0.49) was within previous 
estimates ranging from 0.31 to 0.49 (Herd and 
Bishop, 2000; Crowley et al., 2010). The fact that 
the heritability estimates calculated for feed effi-
ciency traits were consistent with previously docu-
mented values support that the standard error and 
level of significance are appropriately estimated in 
the current population because the uncertainty of 
heritability has a large influence on SNP signifi-
cance tests (Hassen et al., 2009).

The genomic heritability using the different 
SNP sets ranged from 0.037 to 0.13 (Table 7). The 
associated (P < 0.05) SNPs list explained 19.4% of 
the genetic variance of RFI and RFIf with genomic 
heritability of 0.05. Up to 32%, 18%, 18%, 19.4%, 
19.4%, and 15% of the genetic variance, relative 
to that calculated from pedigree information (i.e., 
A  matrix) in ADG, DMI, midpoint metabolic 
weight, RFI, RFI adjusted for back fat, and BFat, 
respectively, were explained by the full set of the 
tested SNPs (n  =  159) or subsets of these SNPs. 
About 16% of the genetic variance of the DMI 
was explained by the full set of SNPs (n  =  159). 
Interestingly, the highest genomic heritability for 
the full set of the developed markers (n  =  159) 

was for MMWT (0.13). This might support the 
link between candidate genes and the tissue devel-
opment and energy maintenance mechanisms 
discussed previously. The population size used 
(n  =  871) in the current study was relatively low 
and the accuracy of prediction may improve as the 
number of individuals in the reference population 
increases (Goddard, 2009; VanRaden et al., 2009; 
Zhang et al., 2011). Candidate genes explained up 
to 19.4 % in genetic variance in feed efficiency (RFI 
and RFIf). Thus, using the SNP panel in marker 
assisted selection could be effective. Nonetheless, 
feed efficiency is a complex trait affected by many 
genes, and adding more informative SNPs to this 
panel would be needed to achieve the same propor-
tion of genetic variance explained by a larger panel 
such as 50K SNP which explained 87% of genetic 
variance in feed efficiency in this study.

This study sought to generate and validate 
a set of SNPs selected to have a high chance of 
being causative mutations, or closely linked to 
such mutations (i.e., in linkage disequilibrium), 
which could have an effect on feed efficiency. Such 
SNPs would likely be useful for genetic improve-
ment of feed efficiency across different populations 
of cattle or for selection in commercial crossbred 
populations which are prevalent in Canada. The 
results obtained are in good agreement with those 
from previous studies including those describ-
ing the roles of these genes and pathways in traits 
related to feed efficiency and its component traits. 
Generally, to develop a SNP panel as a selection 
tool, Crews et al. (2008) suggested it would be nec-
essary to explain at least 10% to 15% of the genetic 

Table 7. Heritability values estimated using the different SNP sets

Trait h2
p ± SE1 h2

50k ± SE2 h2
full ± SE3 h2

sig10 ± SE4 h2
sig5 ± SE5

ADG, kg/d6 0.276 ± 0.083 0. 254 ± 0.080 0.078 ± 0.030 0.089 ± 0.030 0.072 ± 0.027
DMI, kg7 0.499 ± 0.095 0.513 ± 0.077 0.079 ± 0.031 0.089 ± 0.032 0.077 ± 0.029

MMWT, kg8 0.690 ± 0.090 0.572 ± 0.072 0.126 ± 0.037 0.111 ± 0.036 0.076 ± 0.03

RFI, kg/d9 0.247 ± 0.078 0.213 ± 0.066 0.038 ± 0.020 0.048 ± 0.021 0.047 ± 0.021

RFIf, kg/d10 0.273 ± 0.080 0.240 ± 0.069 0.044 ± 0.021 0.053 ± 0.022 0.053 ± 0.022

BFat, mm11 0.446 ± 0.093 0.369 ± 0.073 0.037 ± 0.024 0.064 ± 0.027 0.067 ± 0.028

1h2
p = Heritability estimate from using the pedigree information.

2h2
50k = Heritability estimate from using the 50k panel (n = 40465 SNP).

3h2
full = Heritability estimate using the full SNPs set (n = 159 SNP).

4h2
sig10 = Heritability estimate from using the significant (P < 0.10) SNPs set (n = 92 SNP).

5h2
sig5 = Heritability estimate from using the significant (P ≤ 0.05) SNPs set (n = 63 SNP).

6ADG = average daily gain: recorded in kg per day from start to end of the finishing period.
7DMI = dry matter intake: recorded in kg per day from start to end of the finishing period.
8MMWT = midpoint metabolic weight.
9RFI = residual feed intake expressed kg per day.
10RFIf = residual feed intake adjusted for backfat.
11BFat = backfat: recorded as fat depth at the end of the finishing period in millimeters.
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variation in order to be cost effective. The current 
markers explained up to 19.5% of the genetic var-
iance, which is equal to 0.11 Beef Improvement 
Federation (BIF) accuracy (Bullock et  al., 2012). 
This BIF accuracy (i.e., 0.11) corresponds to test-
ing 5 and 3 progeny (i.e., equivalent progeny num-
ber; EPN) for medium to high heritability traits 
such as RFI and MMWT, respectively. This value 
is estimated in for the current population, and it 
may decrease when applied to independent popu-
lations. Nonetheless, if  we assumed that genomic 
data are the only source of information for feed 
efficiency or its components traits (i.e., an animal 
with 0 accuracy expected progeny difference, EPD), 
a small panel with a cost of approximately $12 will 
potentially save the producer the cost of progeny 
testing of around $48–96 per animal which repre-
sents a significant return. Although, the collection 
of data for correlated traits provides some accuracy 
this is often very limited. In addition, including the 
molecular breeding value (MBV) estimated using 
the SNP panel as a correlated trait (Kachman, 
2008) or blending information from genotypes (G 
matrix) with pedigree (A matrix) could potentially 
increase the accuracy of selection and subsequently 
increase the rate of genetic change. The ability 
of forming G using a very small number of SNP 
depends on linkage disequilibrium (LD) and minor 
allele frequency (MAF) (Rolf et  al., 2010). When 
fewer number of SNPs (less than 2,500 SNP) were 
randomly selected, the MBV estimates were sensi-
tive to the number of SNPs and based on LD and 
MAF. The correlations between G estimates calcu-
lated using 384 and 1,536 randomly selected SNPs 
from the 50k SNP panel and G estimates calculated 
from 50K ranged from 0.61 to 0.69 and from 0.85 
to 0.88 for 384 and 1,536 SNP, respectively. They 
also used a developed panel of 384 SNPs strongly 
associated with feed intake and correlation between 
G estimated from 384 SNP set and 50k SNP set 
was 0.62 which was slightly lower than using 384 
SNPs randomly selected. This study reported that 
a small panel selected based on significant associa-
tions could be used for the estimation of genomic 
relationship coefficients and generation of molec-
ular breeding values. Genomic selection is poten-
tially cheaper than phenotypic selection especially 
if  the number of SNPs on the panel is small and 
limited to only those with the largest effect (Zhang 
et al., 2011). Reducing the cost of the DNA test in 
this way could increase the uptake of the genomic 
testing significantly (Rolf et al., 2014). In addition, 
using a small DNA test panel with BIF accuracy 
0.11 is better than just selecting animals based on 

unrelated indicators such as appearance with accur-
acy zero. Thus, we have developed this panel to be 
used for commercial animal selection (e.g., com-
mercial heifer selection). The SNP panel can also 
be used with such panels for other traits by combin-
ing them into a larger panel for selection.

More recently, it has been shown that including 
causative mutations or functional annotations of 
polymorphisms, can potentially improve the perfor-
mance of genomic prediction (e.g., see (MacLeod 
et al., 2016). Thus, the current study incorporated 
biological information by selecting genes based on 
gene expression analyses, enriched data, and identi-
fied causal variants in other studies, to improve the 
power and precision of genomic prediction, includ-
ing for crossbred or less related cattle populations. 
The current study also supports the value of incor-
porating variants from candidate genes reported in 
previous studies and known to be related to feed 
efficiency.

CONCLUSION

An informative cost-effective SNP marker 
panel was developed that predicted a useful pro-
portion of variation in important feed efficiency 
traits for cattle. The study identified 63 SNPs asso-
ciated with substantial variation (19.4%) in feed 
efficiency which can subsequently be used in prac-
tice by the beef industry. Such a panel with a small 
set of SNPs may be useful to generate molecular 
breeding values for feed efficiency at relatively low 
cost. Further testing in other populations includ-
ing a wider variety of crossbred cattle is warranted. 
Some of the SNPs within the UMPS, SMARCAL, 
CCSER1, and LMCD1 genes showed signifi-
cant over-dominance effects, whereas other SNPs 
located in the SMARCAL1, ANXA2, CACNA1G, 
and PHYHIPL genes showed additive effects on 
RFI and RFIf. These results need to be taken into 
account in any cross breeding system to optimize 
useful allele combinations. Gland development, 
ion, and cation transport were important physio-
logical mechanisms contributing to variation in the 
feed efficiency traits. Finally, the study revealed the 
effect of a Jak-STAT signaling pathway on feed 
efficiency through the CNTFR, OSMR, and GHR 
genes which could be useful for genetic selection for 
feed efficiency.
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