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ABSTRACT: The objective of this study was to char-
acterize variation and identify SNP and chromosomal 
regions associated with mineral concentrations in LM 
of Angus beef cattle. Samples of LM from 2,285 Angus 
cattle were obtained, and concentrations of 7 minerals, 
including iron, magnesium, manganese, phosphorus, 
potassium, sodium, and zinc, were quantified. Genomic 
DNA extracted from the ground beef sample used for 
mineral composition was genotyped with the Bovine 
SNP50 Infinium II BeadChip, and effects of SNP on 
each trait were estimated using the Bayes-Cπ module 
of GenSel software. Pedigree-based estimates of heri-
tabilities and corresponding genetic variances indicate 
iron was the only mineral concentration that could 
be considered a good candidate for manipulation by 
genomic selection. The amount of variation that could 
be accounted for by SNP genotypes was concordant 
with pedigree-based heritabilities and varied from very 
low for potassium and sodium (<0.09) to medium high 
(0.37) for iron. Although significant chromosomal 
regions were identified for all minerals analyzed in this 
study, further study focused on iron. Seven regions on 

6 chromosomes (1, 2, 7, 10, 15, and 28) were identi-
fied to have a major effect on the iron content of LM 
in Angus cattle. The accuracy of direct genomic values 
(DGV) for iron concentration was estimated using a 
5-fold cross-validation strategy. The accuracy of DGV
estimated as the genetic correlation between DGV and
the phenotype (iron concentration) adjusted for con-
temporary groups was 0.59. A bivariate animal model
was used to estimate genetic correlations between iron
concentrations and a reduced set of economically
important carcass traits: HCW, rib eye area, calculated
USDA yield grade, percent KPH, and marbling score.
The genetic correlations between iron concentration
and HCW, percentage KPH, marbling score, and rib
eye area were small (-0.19 to 0.15) and nonsignificant.
Although still weak (0.22), a positive significant genet-
ic correlation was identified between iron content and
USDA calculated yield grade. Beef is a major contribu-
tor of iron and zinc in the human diet, and this study
found that iron content might be effectively manipulat-
ed through marker-assisted selection programs, without
compromising other carcass and palatability traits.
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INTRODUCTION

Genomic selection provides new opportunities in 
animal breeding. It is now possible to genotype cattle for 
at least 50,000 SNP, to estimate the marker effects from 

an analysis of a population with SNP genotypes and trait 
phenotypes, and to use them to generate direct genomic 
values (DGV), as proposed by Meuwissen et al. (2001). 
With this technology, we now have the ability to select 
for difficult-to-improve traits (i.e., traits expressed in 
only 1 sex or late in life, traits that require individuals to 
be sacrificed, or traits expensive to measure).

Consumers today are increasingly interested in a 
healthful diet. Meat is recognized as an important source 
of protein, vitamin B12, Vitamin D, and essential omega 
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3 fatty acids, as well as bioavailable minerals such as iron 
and zinc. The challenge for industry is to use the oppor-
tunities provided by genomics and respond to concerns 
of consumers with respect to healthfulness of beef. If im-
proving healthfulness of beef is deemed important for the 
industry, increasing iron and zinc concentration should 
receive priority as they are important minerals for human 
health and beef is one of the best dietary source of these 
minerals (Zanovec et al., 2010), which are well absorbed 
by the body. These traits are impractical to improve 
through traditional selection but are ideal candidates for 
genomic selection if genetic markers that account for a 
worthwhile proportion of the variation could be identified.

The objectives of this study were to estimate additive 
genetic variability and heritability of concentrations of min-
erals in LM of Angus beef cattle, to carry out a genome-
wide association study to identify chromosomal regions 
associated with these traits, and to explore the feasibility 
of using genomic selection to increase iron concentration.

MATERIALS AND METHODS

The Iowa State University and Oklahoma State 
University Institutional Review Boards approved the 
experimental protocol used in this study.

Animals and Sample Collection

A total of 2,285 Angus-sired bulls (n = 540), steers 
(n = 1,311), and heifers (n = 434) sired by 155 sires were 
used in this study. All cattle were finished on concentrate 
diets in Iowa (n = 1,085), California (n = 360), Colorado 
(n = 388), or Texas (n = 452). Animals were harvested 
at commercial facilities when they reached typical U.S. 
market end points, with an average age of 457 ± 46 d. 
Production characteristics and additional details of the 
sample collection and preparation of these cattle were 
reported previously (Garmyn et al., 2011). After exter-
nal fat and connective tissue were removed, the 1.27-cm 
steaks were freeze-ground in liquid nitrogen to produce 
a powder that was analyzed for nutrient composition. 
Nutrient composition analysis was conducted at Iowa 
State University (Ames, IA).

Minerals Concentration

Mineral content of LM samples was determined by 
inductively coupled plasma–optical emission spectros-
copy (ICP-OES; SPECTRO Analytical Instruments, 
Mahwah, NJ). The samples were dried at 105°C for 
18 to 20 h according to AOAC official method 934.01 
(AOAC, 2005), and moisture content was calculated. 
Dried samples were subjected to a closed-vessel micro-
wave digestion process (CEM, MDS-2000, Matthews, 

NC) with 5 mL concentrated nitric acid and 2 mL 30% 
hydrogen peroxide according to AOAC official methods 
999.10 (Jorhem and Engman, 2000). The microwave 
was programmed as follows: 250 W for 5 min, 630 W for 
5 min, 500 W for 20 min, and 0 W for 15 min. Digested 
samples were transferred to 25-mL volumetric flasks 
and diluted with deionized water. The concentrations of 
iron, magnesium, manganese, phosphorus, potassium, 
sodium, and zinc were then measured by ICP-OES as 
previously described (Garmyn et al., 2011).

Heritability of Mineral Concentration

The phenotypes were used to estimate heritability 
from pedigree information for each mineral based on a 
single-trait animal model fitted using a REML proce-
dure implemented in WOMBAT (Meyer, 2007; http://
didgeridoo.une.edu.au/km/wombat.php).

In matrix notation, the basic model equation was

Y = Xβ + Zu + e, [1]

where the design matrices X and Z relate phenotypic ob-
servations in the vector Y to fixed (β) and random (u) 
effects, respectively. The vector e contains random re-
sidual effects specific to animals. The vectors of u and 
e effects were assumed to be normally distributed with 
means of 0 and variances Aσ2

a and Iσ2
e, respectively.

The matrix I is an identity matrix of order equal to the 
number of animals with mineral observations, A is the 
additive relationship matrix, σ2

a is the additive genetic
variance, and σ2

e is the residual variance.
Contemporary groups were defined on the basis of 

cross classifications of gender at harvest (bull, heifer, or 
steer), finishing location (CA, CO, IA, TX), and har-
vest date, for a total of 33 groups. The 33 contemporary 
groups were fit as fixed effects.

A 5-generation pedigree file with 5,907 individuals con-
taining the identification of the animal, sire, and dam was 
used to define relationships among animals in the data set.

Genome-Wide Association Study

Genomic DNA was extracted from the ground beef 
sample used for mineral composition and was genotyped 
with the Bovine SNP50 Infinium II BeadChip (Illumina, 
San Diego, CA) for collection of high-density SNP geno-
types. Contemporary groups were fit as fixed effects in 
genomic analyses. Effects of SNP on each trait were esti-
mated using the Bayes-C module of the GenSel 4.0.1 pro-
gram (Habier et al., 2011 ; http://bigs.ansci.iastate.edu/). 
The values for π were 0.996, 0.96, 0.999, 0.96, 0.988, 
0.96, and 0.995 for iron, magnesium, manganese, phos-
phorus, potassium, sodium, and zinc, respectively. When 
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Bayes-C π estimated π to be less than 0.96, π was raised 
to 0.96 so that the number of SNP markers did not exceed 
the number of animals in the analyses. The Markov chain 
Monte Carlo approach used to estimate the effect of each 
SNP involved a 1,000-iteration burn-in period followed 
by 40,000 iterations used to obtain the posterior mean ef-
fect of each SNP (Kizilkaya et al., 2010).

The posterior means of the SNP effects were collec-
tively used to predict the genomic merit of sliding chro-
mosomal regions, and the variance of the DGV of these 
windows across individuals was expressed as a propor-
tion of the total variance (Fernando and Garrick, 2010). 
The estimate of the proportion of genetic variation ex-
plained by each window obtained from the genome-wide 
association study was plotted against genome region 
using SNPLOTz v.1.52 (Hu et al., 2010 ; www.anim-
algenome.org/bioinfo/tools/snplotz/). Individual SNP in 
windows that explained the largest proportion of genetic 
variation were then visualized in GBrowse (Stein et al., 
2002; /www.animalgenome.org/cgi-bin/gbrowse/bo-
vine/) to allow for a detailed inspection of the chromo-
somal region containing the specific SNP. Gene searches 
were performed for these genomic regions containing 
SNP with the greatest genetic variances.

Direct Genomic Value and Accuracy of Direct 
Genomic Value for Iron Concentration

The DGV for individual i was derived by multiply-
ing the number of copies of B alleles by their corre-
sponding posterior mean SNP effect and summing these 
values over all k marker loci:

DGV z ui j

k

ij j= =S( ) ,1


where DGVi is the DGV for individual i, zij is the marker 
genotype of individual i for marker j, and  is the posterior 
mean effect of marker j obtained from the 40,000 post-
burn-in samples. The accuracy of DGV is critical in 
determining if genomic selection can be successful. To 
assess the accuracy of DGV a 5-fold cross-validation 
strategy was used. The K-means clustering method was 
used to partition the resource population into 5 mutually 
exclusive groups based on additive relationships 
determined from a 5-generation pedigree, such that 
the relatedness among individuals was maximized 
within group and minimized between groups (Saatchi 
et al., 2011). For each analysis, the training population 
consisted of 4 groups to estimate marker effects, which 
were then used to predict DGV of the animals in the 
fifth group (validation group). At the end of the 5-fold 
analyses, every animal in the resource population had a 
DGV obtained when the individual was a member of the 
validation group and its molecular breeding value had 

been obtained without using its own phenotype.
The accuracy of DGV can be defined by their correla-

tion with true breeding values. The true breeding values 
are unknown, and the only available information to mea-
sure the accuracy is the phenotypes. The accuracy of DGV 
was assessed from the genetic correlation between DGV 
and the phenotype. A bivariate animal model was used by 
extending the model in Eq. [1] to include a second trait. 
The 2 traits were DGV and phenotype, with an effect for 
each fold fitted as fixed effects for genomic merit and con-
temporary groups fitted as fixed effects for the phenotype.

The extent of prediction bias when using DGV was 
assessed by regression of the phenotypes (adjusted for the 
contemporary groups) on DGV, pooled across each fold.

To assess the potential consequences if iron concen-
tration is included in the breeding goal, bivariate animal 
models were used to estimate genetic correlations between 
iron concentrations and HCW, rib eye area, calculated 
USDA yield grade, percent KPH, and marbling score.

RESULTS AND DISCUSSION

Heritability of Mineral Concentration
The genetic and residual variances as well as herita-

bilities were estimated for each mineral using a classic 
animal model that partitions phenotypic variation into 
its 2 components (genetic and residual) on the basis of 
the pedigree relationships among animals (Table 1). Iron 
had the largest heritability (0.48), followed by sodium 
(0.15) and zinc (0.06), whereas heritability for magne-
sium, manganese, phosphorus, and potassium were 0.

The discovery process generates an estimate, similar 
to heritability, of the proportion of phenotypic variation 
that can be accounted for using SNP markers (Table 2). 
The proportion of phenotypic variance explained by SNP 
genotypes varied from very low for potassium and so-

Table 1. Genetic variance, residual variance, and heri-
tability and its sampling error for mineral concentra-
tions (µg/g of meat) in LM of Angus cattle estimated 
with a restricted maximum likelihood procedure based 
on a single-trait animal model fitted to the data using 
WOMBAT software  (Meyer, 2007; http://didgeridoo.
une.edu.au/km/wombat.php)

Mineral
No. of  

observations
Genetic
variance

Residual
variance

Heritability
± SE

Iron 2,228 3.14 3.42 0.48 ± 0.08
Magnesium 2,241 0.003 554.63 0.000 ± 0.02
Manganese 1,978 0.000002 0.0014 0.000 ± 0.02
Phosphorus 2,239 0.02 30790 0.000 ± 0.02
Potassium 2,192 2.08 107347 0.000 ± 0.02
Sodium 2,240 460.10 2627.20 0.15 ± 0.05
Zinc 2,228 3.09 47.12 0.06 ± 0.04
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dium (<0.09), indicating that the marker predictions will 
be poor, to relatively medium high for iron (0.37), indi-
cating that markers may have adequate predictive power.

The estimated phenotypic variance (the sum of the 2 
components) is very similar for the 2 models, but its parti-
tion is different. On the basis of the present data set, com-
paring the proportion of phenotypic variance explained 
by SNP genotypes in Table 2 with heritability estimates in 
Table 1 shows that for iron and sodium, which have me-
dium and low heritability (0.48 and 0.15, respectively), 
the additive genetic variance explained by the markers is 
smaller (0.37 and 0.09 as proportion of total variance, re-
spectively), and this might be related to a phenomenon 
known as missing heritability (Visscher et al., 2008). For 
all other minerals with very low or 0 heritability, the vari-
ance explained by the markers is greater, relative to the size 
of the estimated additive genetic variance explained by fa-
milial relationships. This likely reflects the fact that some of 
the 54,000 SNP can spuriously fit data with no real genetic 
basis. Additional studies, ideally on larger data sets, will be 
necessary in the future to provide a clearer picture of the 
genetic architecture underlying these traits and to help im-
prove our knowledge of the real genetic associations.

Genome-Wide Association Study

Results of the genome-wide association study for 
mineral content including chromosomal location, num-
ber of SNP, and the percentage of genetic variation ex-
plained by these chromosomal regions are presented in 
Table 3. Although significant regions were identified for 
all minerals analyzed in this study, considering the heri-
tability estimates and the proportion of total variance 
explained by the markers, the best candidate mineral 
for genomic selection was iron concentration in muscle; 
therefore, only results for that trait are discussed below.

Iron is a key element in human metabolism and an 
essential component of hundreds of proteins and en-
zymes (Beard and Dawson, 1997; Wood and Ronnenber, 
2006). Although iron deficiency is a major public health 
problem worldwide (Andrews, 2008), beef contains 
the greatest amount of iron compared with other meat 
sources (Carpenter and Clark, 1995). In this study, 7 re-
gions on 6 chromosomes (1, 2, 7, 10, 15, and 28) were 
identified to have a major effect on iron content of LM in 
Angus cattle. Many of these chromosomal regions con-
tain, or are in close proximity to, genes associated with 
iron homeostasis or iron metabolism, providing strong 
candidate genes for further investigation as well as con-
firming the validity of the genome-wide association re-
sults. A number of the most important candidate genes 
are discussed below.

One strongly associated region on BTA1 harbors a 
critical iron-related gene, transferrin receptor protein 1 

(TfR1), a membrane protein required for iron delivery 
from transferrin to cells via receptor-mediated endocy-
tosis (Graham et al., 2007), and has been shown to be 
inversely regulated by cellular iron status via the post-
transcriptional iron responsive element-iron regulatory 
protein (IRE-IRP) mechanism (Eisenstein, 2000). The 
uptake of iron from transferrin is controlled by TfR1 
expression, which is modulated by intracellular iron 
concentrations via iron-regulatory proteins (Hentze and 
Kuhn, 1996). To add further complexity, the interaction 
of transferrin with the TfR1 is also regulated by the com-
petitive binding of the hemochromatosis protein (HFE) 
that is mutated in the iron-loading disease hemochro-
matosis (Chen et al., 2007). This molecule assembles 
with β2-microglobulin (β2-m) to form a complex that 
binds to the TfR1 at a site involved in transferrin binding 
(Lebron et al., 1999). The bovine TfR1 gene is located 
on chromosome 1, about 9 Mb from the most significant 
region on BTA1 associated with iron content in the pres-
ent study. The other transferrin receptor (TfR2), more 
recently identified, is unresponsive to intracellular iron 
levels (Kawabata et al., 2001), but its expression is also 
regulated by HFE. The bovine gene encoding TfR2 is 
located on BTA 25, and after a candidate gene study, 
our group has recently reported an association between 
genetic polymorphisms in TfR2 and beef iron content 
(Duan et al., 2012). This region of the genome does not 
appear to be one of the larger regions associated with 
iron content, reinforcing the importance of genome-
wide scans in identifying a larger array of genes under-
lying the genetic variation of complex traits than can be 
found by candidate gene studies alone. These 2 different 
approaches are complementary.

Two possible candidate genes near the greatest sig-
nificant chromosomal region on BTA 2 are solute car-
rier family 11 (proton-coupled divalent metal ion trans-
porters) member 1 (SLC11A1) and aldehyde oxidase 1 
(AOX1). The SLC11A1 (formerly known as NRAMP1) 

Table 2. Posterior means of variance components 
explained by genome-wide SNP markers for minerals 
content (µg/g of meat) in Angus cattle estimated using 
the Bayes-C module of GenSel software (Habier et al., 
2011 ; http://bigs.ansci.iastate.edu/)

Trait
No. of  

animals
Genetic 
variance

Residual  
variance

Proportion of 
phenotypic variance 

explained by markers
 
π

Iron 2,228 2.42 4.13 0.37 0.996
Magnesium 2,241 100.93 466.64 0.18 0.960
Manganese 1,978 0.0003 0.001 0.20 0.999
Phosphorus 2,239 3695.88 27376.70 0.12 0.960
Potassium 2,240 3391.91 105,406.00 0.03 0.988
Sodium 2,228 269.24 2831.57 0.09 0.960
Zinc 2,228 8.49 42.58 0.17 0.995
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has been shown to play a general role in macrophage 
function within the endocytic pathway. There is a link 
between SLC11A1 function and iron metabolism, as 
SLC11A1 acts as an iron pump that depletes the phago-
somal compartments of this nutrient, therefore influenc-
ing pathogen growth within the macrophage through 
starvation of the pathogen of iron (Brown et al., 1997; 
Gomes and Appelberg, 1998). Other genes related 
to iron transport and in near proximity to significant 
chromosomal regions in this study include erythrocyte 
membrane protein band 4.2 (EPB42) on BTA 10, prolyl 
4-hydroxylase, α polypeptide III (P4HA3) and butyrob-
etaine (γ), 2-oxoglutarate dioxygenase (γ-butyrobetaine
hydroxylase) 1 (BBOX1) on BTA 15, and prolyl 4-hy-
droxylase, α polypeptide I (P4HA1) on BTA 28.

Zinc is an essential mineral with several positive 
roles, including growth and development, boosting im-
munity, improving the ability of the body to heal wounds, 
and maintaining normal blood glucose concentrations. 
Although several animal and plant foods supply zinc in 
the human diet, similar to iron, zinc is better absorbed 

from beef (Nicklas et al., 2012). Zinc content has a low 
heritability (0.06), but it has a substantial genetic cor-
relation (0.49) with iron content in LM of Angus cattle 
(Mateescu et al., 2013). It is therefore of interest to see if 
this genetic correlation can be explained at the genomic 
level by finding pleiotropic genes.

Several genomic regions on BTA 2, 7, and 10 were 
identified in this study to be associated with both iron 
and zinc content, which indicates that some common 
gene networks may control both the iron and zinc con-
tent in LM. These regions contain several genes likely to 
be associated with both iron and zinc transport, metabo-
lism, and homeostasis. The ATP-binding cassette, sub-
family B, member 6 (ABCB6), a membrane-associated 
protein transporting various molecules across extra- and 
intracellular membranes located on BTA 2, has been 
suggested to be involved in human iron homeostasis, 
mitochondrial respiratory function, and maintenance of 
mitochondrial DNA stability (Mitsuhashi et al., 2000) 
but could also represent zinc ion transmembrane trans-
porter activity. The nuclear receptor subfamily 2, group F, 
member 1 (NR2F1) gene located on BTA 7 (also known 
as the COUP-TF1) is known to selectively and nonco-
valently interact with metal ions (Ritchie et al., 1990). 
The strong genetic correlation and the common genomic 
regions identified in this study for iron and zinc content 
indicate that a marker-assisted selection program aimed 
at increasing the iron content in beef would have the 
added benefit of a concomitant increase in zinc content.

Direct Genomic Value and Accuracy of Direct 
Genomic Value for Iron Concentration

The accuracy of DGV is key to the successful ap-
plication of genomic selection in animal breeding but 
cannot be assessed in the training set. In practice, cross 
validation can be performed in a sample of individu-
als that are related to those in the training set but that 
were not themselves included in training. We employed 
K-means clustering to pedigree estimates of the addi-
tive genetic relationships among the genotyped animals
to partition animals into training and validation groups,
with the aim of increasing within-group and decreasing
between-group relationships for cross validation. On the
basis of the heritability estimates (Table 1), the propor-
tion of phenotypic variation explained by the markers
(Table 2), and practical considerations, we estimated the
accuracy of DGV only for iron concentration. Using a
bivariate animal model, the estimate for genetic corre-
lation between DGV and iron concentration phenotype
was 0.59 ± 0.08. The lack of reported accuracies of DGV
for beef cattle does not allow for a direct comparison
of this estimate; however, accuracies ranging from 0.22
to 0.69 were reported on 16 routinely recorded traits in

Table 3. Chromosome (BTA), location, number of SNP, and 
percent genetic variation explained by chromosomal regions 
associated with mineral content in LM of Angus cattle

Trait BTA1
Location  

(start to end, Mb)
No. of 
SNP

Percent Variation 
explained by SNP

Iron 15 56.00 to 56.99 22 4.76
Iron 7 93.01 to 93.88 11 2.82
Iron 1 62.05 to 62.99 22 1.52
Iron 7 73.01 to 73.94 29 1.35
Iron 2 103.01 to 103.99 16 1.33
Iron 28 24.01 to 24.97 22 1.25
Iron 10 81.02 to 81.98 25 1.08
Iron 10 32.01 to 32.99 24 1.07
Iron 15 11.009 to 11.78 14 1.00
Magnesium 17 7.04 to 7.99 26 0.16
Magnesium 1 81.02 to 81.89 28 0.14
Magnesium 19 42.09 to 42.98 23 0.11
Magnesium 22 5.02 to 5.99 28 0.11
Magnesium X 108.14 to 108.97 15 0.10
Zinc 18 46.03 to 46.99 26 1.28
Zinc 11 42.07 to 42.97 18 1.19
Zinc 6 103.03 to 103.97 27 0.81
Zinc 7 94.11 to 94.97 15 0.79
Zinc 8 53.01 to 53.98 21 0.61
Zinc X 5.28 to 5.92 12 0.59
Zinc 2 123.15 to 123.99 24 0.55
Zinc 10 88.04 to 88.96 27 0.51
Phosphorus 5 114.01 to 114.86 5 0.13
Phosphorus 17 7.04 to 7.99 17 0.12
Phosphorus 9 23.00 to 23.94 9 0.11
Potassium 22 5.02 to 5.99 28 0.17
Sodium 1 52.03 to 52.98 25 0.09
Sodium 5 40.06 to 40.96 29 0.09
1X= X chromosome.
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American Angus beef (Saatchi et al., 2011), and a low 
accuracy of 0.3 was reported by Rolf et al. (2010) for 
ADFI, residual feed intake, and ADG. The estimated ac-
curacy of 0.59 for the DGV for iron concentration in-
dicates that selection based on genomic merit for iron 
concentration would be as efficient as selection based on 
individual phenotype for a trait with heritability of 0.35.

Estimates of regression coefficients of phenotype 
(adjusted for contemporary groups fixed effect) on DGV 
for sodium and iron concentrations (Table 4), the 2 min-
erals with moderate and low heritability, were both lower 
than the expected value of 1.0. The regression analysis 
indicated that if DGV for iron were used in selection, for 
each unit (µg/g of meat) improvement in iron DGV there 
would be 0.73 units (µg/g of meat) improvement in the 
actual iron concentration, which indicates that the DGV 
are biased upward, being more variable than they should.

Iron Concentration and Selection

It is increasingly clear that relative to the energy it 
contributes, the impact of red meat on the nutritional 
quality of the human diet via its contribution of protein 
and key micronutrients, such as iron and zinc, is underap-
preciated. For example, iron deficiency is the most com-
mon and widespread nutritional disorder in the world af-
fecting both developing and industrialized nations (WHO 
Multicentre Growth Reference Study Group, 2006). In 
the United States and Europe the iron deficiency is great-
er, particularly in pregnant women and infants living in 
lower socioeconomic groups (Agostoni et al., 2008).

Aging adults, the fastest growing segment of the 
population in the United States, are at increased risk 
of sarcopenia, the degenerative loss of skeletal muscle 
mass and strength associated with aging, and are highly 
vulnerable to iron and zinc deficiency. Zinc deficiency, 
shown to increase with age, is associated with a decline 
of the immune system and increased inflammation as-
sociated with many health problems and a decrease 
in the ability of an organism to repair genetic damage 
when the amount of such damage is actually increasing 
(Wong and Ho, 2012). The best approach to reduce these 
risks is to ensure adequate intake of these micronutrients 
through diet, especially in the elderly, and the combina-
tion of protein and micronutrients provided by lean red 
meats is perfect for this purpose.

To ensure long-term sustainability of the industry, a 
beef cattle improvement program should consider traits 
that influence production efficiency, traits that influence 
the quality of the eating experience, traits that influence 
animal health and well-being, and traits that would pro-
vide health benefits to humans consuming the product. 
Increasing the concentration of iron and zinc in beef 
muscle through selection should benefit the beef cattle 

industry as well as consumers by producing meat that 
is healthier for humans to eat and therefore encourag-
ing consumption. In addition, increasing iron concentra-
tion in muscle would contribute to improved functional-
ity of beef (defined as retention of red color at d 3 to 4 
of retail display) and improved beef flavor. Vitamin E 
and iron content in muscle are the most important fac-
tors determining the functionality of meat, with redness 
being positively related to both vitamin E and heme 
iron content in lamb meat (Ponnampalam et al., 2012). 
Increasing iron content in muscle is expected to also im-
prove color stability (shelf life) of beef at retail display. 
A significant genetic and phenotypic correlation was 
reported recently (Mateescu et al., 2013) between beef 
flavor and iron concentration, indicating an increase in 
iron concentration would contribute toward an improved 
beef flavor.

Before iron concentration in muscle can be consid-
ered as a candidate trait in future selection indices, ge-
netic correlations with other traits under selection should 
be investigated, especially the genetic correlation be-
tween iron concentration and carcass traits. Toward this 
goal, phenotypic and genetic correlations between iron 
concentration and several economically important car-
cass traits are presented in Table 5. The genetic correla-
tions of iron concentration with HCW, percentage KPH, 
marbling score, and rib eye area are not significantly 
different from 0, indicating that selection for iron con-
centration is not likely to have unfavorable correlated 
effect on these carcass traits. A weak (0.22) genetic cor-
relation was identified between iron content and USDA 
calculated yield grade. Although the SE of this correla-
tion prohibits any decisive conclusions, the positive sign 
of this correlation suggests selection for increased iron 
concentration will not erode yield grade.

Conclusion

New advances in genomic technologies open up new 
and exciting opportunities for improvement of difficult-
to-measure traits like mineral concentration in beef. As 
per capita consumption of red meat has been declining 
mostly because of prevailing nutritional guidelines, in-
creasing the concentration of key micronutrients is even 

Table 4. Estimates of coefficients and SE for regression of 
phenotype (adjusted for contemporary groups fixed effect) 
on direct genomic value (DGV) for sodium and iron con-
centrations (µg/g of meat) in LM in Angus cattle
Mineral Estimate SE t value P > |t|
Iron 0.73 0.08 9.18  <0.0001
Sodium 0.60 0.38 1.58 0.11

http://www.journalofanimalscience.org/


QTL and genomic prediction of iron concentrations in beef 3599

more urgent and can be accomplished only through 
marker-assisted selection programs. This study found 
that iron content might be effectively manipulated 
through selection based on genomic merit, without neg-
ative impact on other carcass and palatability traits.
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