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tions with tenderness, marbling score, and intramuscular fat in Angus cattle!
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ABSTRACT: The objective of this study was to
estimate heritabilities for sensory traits and genetic
correlations among sensory traits and with marbling
score (MS), Warner-Bratzler shear force (WBSF), and
intramuscular fat content (IMFC). Samples of LM
from 2,285 Angus cattle were obtained and fabricated
into steaks for laboratory analysis and 1,720 steaks
were analyzed by a trained sensory panel. Restricted
maximum likelihood procedures were used to obtain
estimates of variance and covariance components
under a multitrait animal model. Estimates of heri-
tability for MS, IMFC, WBSF, tenderness, juiciness,
and connective tissue traits were 0.67,0.38,0.19, 0.18,
0.06, and 0.25, respectively. The genetic correlations
of MS with tenderness, juiciness, and connective tis-
sue were estimated to be 0.57 +£0.14, 1.00 £ 0.17, and
0.49 £ 0.13, all positive and strong. Estimated genetic
correlations of IMFC with tenderness, juiciness, and
connective tissue were 0.56 £ 0.16, 1.00 £ 0.21, and
0.50 £ 0.15, respectively. The genetic correlations of

WBSF with tenderness, juiciness, and connective tis-
sue were all favorable and estimated to be —0.99 +
0.08, —0.33 + 0.30 and —0.99 + 0.07, respectively.
Strong and positive genetic correlations were esti-
mated between tenderness and juiciness (0.54 + 0.28)
and between connective tissue and juiciness (0.58 +
0.26). In general, genetic correlations were large and
favorable, which indicated that strong relationships
exist and similar gene and gene networks may control
MS, IMFC, and juiciness or WBSF, panel tenderness,
and connective tissue. The results from this study
confirm that MS currently used in selection breeding
programs has positive genetic correlations with ten-
derness and juiciness and, therefore, is an effective
indicator trait for the improvement of tenderness and
juiciness in beef. This study also indicated that a more
objective measure, particularly WBSF, a trait not easy
to improve through phenotypic selection, is an excel-
lent candidate trait for genomic selection aimed at
improving eating satisfaction.
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INTRODUCTION

The 2011 National Beef Quality Audit assessed
the status and progress made toward improving qual-
ity and consistency of U.S. cattle, carcasses, and beef
products (Igo et al., 2013). The only quality category
identified by packers, food service buyers, and retail-
ers for which those sectors are willing to pay a pre-
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mium was “eating satisfaction.” Tenderness, juici-
ness, and flavor are the major determinants of beef
palatability and are often used to measure eating sat-
isfaction. Eating satisfaction is of great interest to the
beef industry as improving these traits should lead to
increased beef demand.

The beef industry has relied on marbling scores
as a major driver to determine USDA quality grades
and pricing of carcasses at wholesale level, with
higher quality grades expected to correspond to more
tender and palatable meat. Consumers also perceive
marbling as an indicator of tenderness and overall
meat quality, with consumer acceptance increasing
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approximately 10% for each unit increase in marbling
score (Platter et al., 2003). To address consumers’ de-
mand for high-quality product, more information on
genetic contributions to variation in sensory traits is
needed, as the ability to design effective breeding pro-
grams for genetic improvement of these traits depends
on availability of genetic parameters.

The objective of this study was to estimate heri-
tabilities for sensory traits and genetic correlations
among sensory traits and with marbling score (MS),
Warner-Bratzler shear force (WBSF), and intramuscu-
lar fat content (IMFC) measured by chemical extrac-
tion. Associations between sensory traits and MS are
particularly important, because MS is the trait used
in selection breeding programs as an indicator trait of
palatability and eating satisfaction, while WBSF and
IMFC are objective measures of tenderness and IMFC
and are obvious candidate traits for genomic selection.

MATERIALS AND METHODS

Animals and Sample Collection

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

A total of 2,285 Angus-sired bulls (n = 540), steers
(n = 1,311), and heifers (n = 434) representing off-
spring of 155 sires were used in this study. All cattle
were finished on concentrate diets in lowa (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 endpoints with
an average age of 457 + 46 d. Production characteris-
tics and additional details regarding sample collection
and preparation of these cattle were reported previous-
ly (Garmyn et al., 2011). Trained personnel obtained
carcass measurements. The amount of intramuscular
fat at the cut surface of the rib eye on the 12th rib sur-
face determines MS and the scale used for data entry
was 3.0 = traces, 4.0 = slight, 5.0 = small, 6.0 = modest,
7.0 = moderate, 8.0 = slightly abundant, 9.0 = mod-
erately abundant, and 10 = abundant. Rib sections or
strip loins were obtained from each carcass. All steaks
were vacuum packaged, aged at 2°C for 14 d from
harvest date, and then frozen at —20°C. One 1.27-cm
steak was trimmed of external fat and connective tis-
sue and analyzed at lowa State University (Ames, [A)
for nutrient composition including IMFC, determined
by ether extraction using AOAC International method
960.39 (AOAC, 2007) and expressed as grams fat per
100 g of muscle tissue, that is, percent fat. Two 2.54-cm
steaks were fabricated for WBSF and sensory analysis.
Steaks were cooked and subjected to sensory analysis

at Oklahoma State University Food and Agricultural
Products Center (Stillwater, OK).

Warner Bratzler Shear Force

This test measures the force required to shear a
cooked steak after postmortem ageing. The frozen
steaks were allowed to thaw at 4°C for 24 h be-
fore cooking, broiled in an impingement oven (XLT
Impinger, model 3240-TS [BOFI Inc., Wichita, KS]
or Lincoln Impinger, model 1132-000-A [Lincoln
Foodservice Products, Fort Wayne, IN]) at 200°C to
an internal temperature of 68°C, and cooled at 4°C
for 18 to 24 h as recommended by the American Meat
Science Association (1995). Six cores, 1.27 c¢cm in di-
ameter, were removed parallel to muscle fiber orienta-
tion and sheared once, using a Warner-Bratzler head
attached to an Instron Universal Testing Machine
(model 4502; Instron Corporation, Canton, MS). The
Warner-Bratzler head moved at a crosshead speed of
200 mm/min. Peak load (kg) of each core was record-
ed by an IBM PS2 (model 55 SX) using software pro-
vided by the Instron Corporation. Mean peak load (kg)
was analyzed for each sample.

Sensory Analysis

Detailed description of the selection and training
of sensory panel members and procedures were pro-
vided by Garmyn et al. (2011). Briefly, steaks were
assigned a randomized number for sensory sessions
and assigned to sensory panel session based on the
randomized number. Steaks were thawed at 4°C for
24 h before cooking, cooked to 68°C, sliced into ap-
proximately 2.54-cm by 1.27-cm by 1.27-cm samples,
and served warm for sensory evaluation by 8 trained
panelists. Samples were evaluated using a standard
ballot from the American Meat Science Association
(1995). Panelists evaluated samples in duplicate for
sustained juiciness and overall tenderness using an
8-point scale and for cooked beef flavor intensity us-
ing a 3-point scale. The average score of all panelists
for each animal was used in analysis. For juiciness,
the scale ranged from 1 = extremely dry to 8 = ex-
tremely juicy. The scale used for overall tenderness
ranged from 1 = extremely tough to 8 = extremely
tender. The scale for connective tissue ranged from 1
= abundant to 8 = none. The scale used for beef flavor
intensity was 1 = not detectable, 2 = slightly detect-
able, and 3 = strong flavor. Sensory sessions were
conducted once or twice per day and contained 12
samples each. The 12 samples were served in a ran-
domized order according to the panelist.
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Table 1. Means, SC, CV, skewedness, and kurtosis for marbling score, intramuscular fat content (%), Warner-
Bratzler shear force (kg), and trained panel evaluation of tenderness, connective tissue, juiciness, and beef flavor

of steaks from Angus cattle

Trait n Mean SD CvV Skewness Kurtosis
Marbling score 2,285 5.96 1.04 0.17 0.71 0.50
Intramuscular fat content 2,227 5.66 2.22 0.39 1.01 3.83
Warner-Bratzler shear force 2,251 3.53 0.77 0.22 0.72 1.78
Panel tenderness! 1,720 5.79 0.59 0.10 -0.62 1.01
Juiciness! 1,720 5.00 0.50 0.10 -0.09 -0.08
Beef flavor? 1,720 2.50 0.23 0.09 -0.61 1.60
Connective tissue! 1,720 5.88 0.59 0.10 -0.73 1.03

IScale: 1 = extremely dry/tough and 8 = extremely juicy/tender.
2Scale: 1 = not detectable and 3 = strong.

Statistical Analysis

Trait means, SD, skewedness, and kurtosis were
calculated using the UNIVARIATE procedure in SAS
9.3 (SAS Inst. Inc., Cary, NC).

The generalized linear mixed model assumes
that the relationship between the mean of the depen-
dent variable y and the fixed and random effects can
be modeled as a linear function, the variance is not
a function of the mean, and that the random effects
follow normal distributions. The REML procedure
used in this study, the most versatile method for es-
timation of variance and covariance, is very robust
against moderate deviation from normality. Given the
categorical nature of the traits analyzed, the assump-
tion of normality was verified.

For each sensory and carcass trait, REML proce-
dures were used to estimate genetic and residual vari-
ances as well as heritability, based on single-trait ani-
mal models fitted to the data using WOMBAT (Meyer,
2007b; http://didgeridoo.une.edu.au/km/wombat.php).

In matrix notation, the basic model equation was

y=XB+Zu+e,

in which the design matrices X and Z relate phenotypic
observations in the vector y to fixed () and random
(u) effects, respectively. The vector e contains random
residual effects specific to each animal. The vectors u
and e were assumed to be normally distributed with
0 means and variances Ac52a and Icsze, respectively, in
which [ is an identity matrix of order equal to the num-
ber of animals with observations, A is the additive rela-
tionship matrix, Gza is the additive genetic variance, and
o2 o 18 the residual variance.

Restricted maximum likelihood procedures were
also used to estimate genetic and phenotypic covari-
ances from pairwise bivariate animal models fitted to
all combinations of traits using WOMBAT (Meyer,
2007b). Those models included extra variance param-

eters reflecting the association between elements of u
for the 2 traits on the same animals and between ele-
ments of e for the 2 traits in the same animals.

Contemporary groups were defined based on gen-
der at harvest (bull, heifer, or steer), finishing location
(California, Colorado, Iowa, or Texas), and harvest
date for a total of 33 groups. Contemporary groups
were fit as fixed effects in all analyses.

A pedigree file with 5,907 individuals including
identification of all animal, sire, and dam trios for 4
ancestral generations was used to define relationships
among animals in the data set. Significance of genetic
correlations was obtained as 0 = Z /2 (sampling error),
assuming normality of the estimator, 0.

RESULTS AND DISCUSSION

Summary statistics for WBSF, IMFC, MS, and
palatability traits are shown in Table 1. Averages for
WBSF and for IMFC were 3.53 kg and 5.66 g fat/100
g muscle, that is, 5.66% fat. The average MS score
was 5.96, which corresponded to modest marbling.
The averages for panel tenderness, connective tis-
sue, and juiciness were 5.79, 5.88, and 5.00, respec-
tively. These traits were scored on 8-point scale, but it
should be noted that none of the samples in this study
received scores below 3. Based on the scale used for
tenderness, no sample in the data was found to be ex-
tremely or very tough and the average was in the upper
half of the interval between slightly and moderately
tender. Almost identical average scores were observed
for connective tissue. Regarding juiciness, no sample
in the data was found to be extremely or very dry or
extremely juicy and the average corresponds to the
slightly juicy class. The average for beef flavor was
2.5, half way between detectable and strong beef fla-
vor on the 3-point scale used by the panel.

The CV is the ratio of SD to the mean, and the es-
timate showed that dispersion in sensory traits was 2 to
4 times less than for IMFC and WBSF and 1.5 times
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Table 2. Genetic (Gza) and residual (o2 o) variance and
heritability (%) estimates with SE for marbling score,
intramuscular fat (%), Warner-Bratzler shear force
(kg), and trained panel sensory traits of steaks from
Angus cattle obtained by single-trait REML analysis

Trait cza Gze h2+SE

Marbling score 0.61 0.30 0.67+0.08
Intramuscular fat 1.29 2.13 0.38 £0.07
Warner-Bratzler shear force 0.07 0.30 0.19+£0.05
Panel tenderness 0.05 0.24 0.18 £ 0.06
Juiciness 0.01 0.20 0.06 £ 0.04
Connective tissue 0.07 0.21 0.25+0.07

smaller than for MS. Skewness measures the degree and
direction of asymmetry, with a symmetric distribution
having a skewness close to 0. Skewness was negative
and to the left for all sensory traits, but the magnitude
varied with juiciness being less skewed (—0.09) while
tenderness, beef flavor intensity, and connective tissue
were more skewed (—0.62, —0.61, and —0.73). All other
traits considered (MS, IMFC, and WBSF) had positive
skewness, being skewed to the right (0.71, 1.01, and
0.721). Kurtosis is a measure of the heaviness of the tails
of a distribution and kurtosis close to zero indicates a
nearly normal distribution. All traits except juiciness had
positive kurtosis, which indicated fewer cases in the tails
relative to a normal distribution, with values that ranged
from 3.83 for IMFC to 0.50 for marbling. Juiciness had
a negative kurtosis (—0.08) and was very close to 0, so
the tails are similar to a normal distribution.

A common rule-of-thumb test for normal-
ity is based on skewness and kurtosis divided by SE
(Garson, 2012). When values of these statistics are
within the range —2 to +2, the trait is approximately
normally distributed. Often, a more lenient range of —3
to +3 is applied when the procedure used is more ro-
bust with respect to deviations from normality. These
statistics were calculated for all categorical traits and
MS, tenderness, juiciness, and connective tissue did
not violate the normality assumption, as both statistics
for these traits are within —2 to +2 range. The only trait
in this analysis that, based on this test, deviates sub-
stantially from a normal distribution was beef flavor,
with 2 statistics of —2.65 and 6.95. Based on this as-
sessment, the beef flavor trait was excluded from sub-
sequent analysis used to estimate genetic parameters.

Heritabilities

Heritability estimates for MS, IMFC, WBSF, and
trained panel sensory traits are shown in Table 2.

In a comprehensive review (Utrera and Van Vleck,
2004), the average heritability of MS from 29 studies

was 0.49 and the average of 6 studies published after
the review was 0.52 (Mateescu, 2014). The estimated
heritability in this study (0.67 + 0.08), somewhat larg-
er relative to other recent estimates from Angus cattle
(0.58 £ 0.05 [Meyer, 2007a], 0.445 + 0.025 [MacNeil
and Northcutt, 2008], and 0.48 + 0.03 [MacNeil et al.,
2010]), confirmed the prevailing assessment of MS as
a trait with moderate to high heritability.

The estimated heritability of IMFC in this study
was 0.38 £ 0.07. Recent estimates of heritability for
IMFC in Angus cattle measured by ultrasound on live
animals, a practical way of measuring the trait in the
field, were 0.18, 0.30, and 0.25 for bulls, heifers, and
steers (MacNeil and Northcutt, 2008) and 0.31 £ 0.08
for steers (MacNeil et al., 2010). It can be concluded
that IMFC, measured directly by chemical analysis
or indirectly using ultrasound on live animals, is a
moderately heritable trait. This is in agreement with
numerous studies that report carcass traits to be mod-
erately to highly heritable and their estimated herita-
bilities to be insensitive to finish end points (Utrera
and Van Vleck, 2004; Dikeman et al., 2005).

Published heritability estimates for WBSF are
within the range of 0.14 to 0.29 (Mateescu, 2014),
spanning the estimate in this study (0.19 £ 0.05), which
confirmed the perception that this objective measure
of tenderness has a moderate to low heritability.

Sensory traits are affected by many factors such as
carcass processing method (i.e., electrical stimulation,
tenderstretching, or ageing), the specific muscle ana-
lyzed, and the subjective nature of the panel evaluation,
to name a few. This is reflected in the relatively wide
ranges for reported heritability estimates for these traits,
which are in the moderate to low range. The average heri-
tability from 9 studies for panel tenderness was 0.25 with
a range of 0.06 to 0.46 (Mateescu, 2014) and the esti-
mate from this study (0.18 + 0.06) confirmed a moderate
to low heritability for this trait. The heritability estimate
for panel juiciness from this study (0.06 = 0.04) is at the
lower end of the 0.00 to 0.46 range of heritabilities re-
ported in 9 studies for panel juiciness (Mateescu, 2014).
The estimated heritability for connective tissue (0.25 +
0.07) was the highest among sensory traits in this study.
In general, the heritability estimates reported for panel
sensory traits are moderate to low, with tenderness being
the highest (Riley et al., 2003; Dikeman et al., 2005; Gill
et al., 2010; Wheeler et al., 2010), similar to our study.

Correlations

The estimates of the genetic and phenotypic correla-
tions among these traits are shown in Table 3.

The phenotypic correlations between MS and sen-
sory traits were positive but relatively weak, in the
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Table 3. Estimates of genetic (above the diagonal) and phenotypic (below the diagonal) correlations with approximate
SE (in parenthesis) between marbling score (MS), intramuscular fat content (IMFC; %), Warner-Bratzler shear force
(WBSF; kg), and trained panel sensory traits of steaks from Angus cattle obtained by multiple-trait REML analysis

Trait MS IMF WBSF Panel tenderness Juiciness Connective tissue
MS 1.00 (0.01) —-0.50 (0.12) 0.57 (0.14) 1.00 (0.17) 0.49 (0.13)
IMFC 0.72 (0.01) -0.47 (0.14) 0.56 (0.16) 1.00 (0.21) 0.50 (0.15)
WBSF —-0.23 (0.02) —-0.23 (0.02) -0.99 (0.08) —-0.33 (0.30) -0.99 (0.07)
Panel tenderness 0.21 (0.03) 0.23 (0.03) —-0.58 (0.02) 0.54 (0.28) 1.00 (0.02)
Juiciness 0.23 (0.02) 0.27 (0.02) -0.11 (0.02) 0.31(0.02) 0.58 (0.26)
Connective tissue 0.17 (0.03) 0.19 (0.02) —-0.55(0.02) 0.92 (0.00) 0.22 (0.02)

range of 0.17 to 0.23, which indicated that this car-
cass trait, used by industry as the major driver of qual-
ity grading and often used directly by consumers as
an indicator of quality, is not a reliable predictor of
eating satisfaction. This is even more important con-
sidering that when a consumer purchases the product
expecting superior eating satisfaction and that expec-
tation is only seldom met, that disappointment would
influence future purchasing decisions and negatively
impact beef demand. The phenotypic correlations be-
tween IMFC and sensory traits were similarly weak,
in the range of 0.19 to 0.27. A trait in this study that
is a good indicator of eating satisfaction was WBSF,
which has phenotypic correlations of —0.58, -0.11, and
—0.55 with tenderness, juiciness and connective tissue,
respectively. However, WBSF is difficult and expen-
sive for routine measurement.

The phenotypic correlations among sensory traits
were all positive with strong correlation between ten-
derness and connective tissue (0.92) and moderate
correlations of juiciness with tenderness (0.31) or con-
nective tissue (0.22).

The genetic correlation between MS and IMFC
was 1, which is to be expected as they are alterna-
tive measures of the same trait with MS determined
through visual observation of the carcass whereas
IMFC is the chemically measured fat content of the
same muscle in the same carcass. This indicates that
MS is a good selection trait if the breeding goal is to
modify IMFC in finished cattle.

Of specific interest in this study were the genetic
correlations of MS, IMFC, and WBSF with sensory
traits. The genetic correlations of MS with tender-
ness, juiciness, and connective tissue were 0.57 + 0.14,
1.00 = 0.17, and 0.49 + 0.13, all positive and strong.
Although it is a general consensus that the degree of
marbling is associated with palatability, how muscle fat
content contributes to sensory traits is still under de-
bate. Hocquette et al. (2010) suggested that IMFC has
a direct effect on juiciness and an indirect effect on ten-
derness by changing the structure of the connective tis-
sue. The estimated genetic correlations of IMFC with

tenderness, juiciness, and connective tissue were 0.56 +
0.16, 1.00 + 0.21, and 0.50 £+ 0.15, respectively, and
these estimates seem to support the above hypothesis.

The genetic correlations of WBSF with tender-
ness, juiciness, and connective tissue were all favor-
able and estimated to be —0.99 + 0.08, —0.33 + 0.30,
and —0.99 + 0.07, respectively. These estimates are
consistent with estimates from other studies (Riley et
al., 2003; Wheeler et al., 2010). The very high genetic
correlations of WBSF with panel tenderness and con-
nective tissue is expected as they are different mea-
sures of the same trait and the lower genetic correla-
tion with juiciness support the hypothesis that WBSF
has an indirect effect on juiciness.

The perfect genetic correlation observed between
test panel measure of tenderness and connective tis-
sue is difficult to interpret but, combined with very
high phenotypic correlation between these 2 test panel
measures (0.92), confirmed the expectation that the
amount of connective tissue in a steak is strongly asso-
ciated with tenderness perceived by trained test panels
and, perhaps, consumers.

Strong and positive genetic correlations were es-
timated between panel tenderness and juiciness (0.54)
and between connective tissue and juiciness (0.58),
larger than phenotypic correlations between these
traits (0.31 and 0.22, respectively). Previous studies
reported high genetic correlations among palatability
traits assessed through sensory panels (Van Vleck et
al., 1992; Gregory et al., 1995; Riley et al., 2003), and
the effect of tenderness on the perceived juiciness of a
steak has been referred as the “halo” effect (Shorthose
and Harris, 1991; Meilgaard et al., 1999).

These strong correlations among sensory panel
traits are not surprising given the interdependency
among these traits, where the score for one trait is
likely to influence the score for the other traits (i.e.,
steaks with at least 1 negative attribute being likely
to be scored lower for the other traits and vice versa).

There are close relationships between marbling,
juiciness, and tenderness, whereby meat samples that
readily release fat and maintain juiciness are also
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perceived as tender. This is supported by the strong
and favorable phenotypic correlations between both
measures of intramuscular fat and both measures of
tenderness (WBSF and tenderness assessed by the
taste panelists). The genetic correlations between
WBSF and MS or IMFC were —0.50 and —0.47, respec-
tively, which indicated that a lower WBSF (more ten-
der steaks) is genetically correlated with higher IMFC.
Similarly, the panel tenderness was strongly and fa-
vorably correlated with both MS and IMFC (0.57 and
0.56, respectively). These correlations are very similar
to those reported by Reverter et al. (2003) and Wheeler
et al. (2010). In these reports, genetic correlations be-
tween intramuscular fat and tenderness in temperate
breeds were moderate and favorable: 0.40 and 0.61 for
intramuscular fat and consumer panel tenderness and
—0.52 and —0.38 for intramuscular fat and tenderness
evaluated by WBSEF, respectively.

An almost perfect genetic correlation (—0.99) was
identified between the 2 measures of tenderness: the
objective WBSF and the subjective measure of tender-
ness assessed by the taste panelists. The negative sign
of this correlation is a consequence of higher WBSF,
which indicates a greater force needed for the steak to
be sheared. Although a strong genetic correlation was
expected between these 2 measures, it is important to
note the strength of this correlation given the taste pan-
el tenderness is a subjective measure data from taste
panels, having the potential to vary greatly from panel-
ist to panelist and/or from one taste session to another,
which resulted in low consistency and reproducibility.
Nevertheless, the similar heritabilities for the 2 traits
and the estimated genetic correlation of —0.99 in this
study indicated that the 2 measures of tenderness are,
in fact, equally informative and evaluate the same trait.

A genetic correlation indicates that, if selection is
exercised on 1 trait, the correlated trait is expected to
also change proportional to the size of the correlation
and in the direction of its sign. Regarding tenderness
and juiciness, which represent the most important at-
tributes determining eating satisfaction, substantial
positive genetic correlation indicates that both traits
can be simultaneously improved through selection.
Unfortunately, using these traits directly in selection
is not practical given their low heritability and great
difficulties in measurement and collection of these
phenotypes from sensory panels as well as substantial
measurement error variability typical for these traits. In
contrast, WBSF and IMFC are 2 phenotypes that can be
measured objectively and have higher heritability and
essentially perfect genetic correlations with the target
traits tenderness and juiciness. The genetic correlation
between WBSF and IMFC is also favorable and of sim-
ilar magnitude to the genetic correlation between target

traits, which makes them perfect proxy traits for selec-
tion to improve eating satisfaction.

Conclusion

This study found that WBSF, panel tenderness,
and panel connective tissue had moderate heritabilities
(0.18-0.22) while juiciness assessed by the taste pan-
elists showed almost no genetic variation and therefore
near zero heritability. Genetic correlations were strong
and favorable, which indicated that a strong relation-
ships exists and that similar gene and gene networks
control MS, IMFC, and juiciness or WBSF, panel ten-
derness, and connective tissue.

The results from this study confirm that MS current-
ly used in selection breeding programs has favorable
genetic correlations with tenderness and juiciness and,
therefore, is an effective indicator trait for improvement
of tenderness and juiciness in beef. This study also indi-
cates that more objective measure, particularly WBSF,
is an excellent candidate trait for genomic selection
aimed at improvement of eating satisfaction.
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