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ABSTRACT: Longissimus thoracis steaks from 
steers (n = 464) with 0 to 50% inheritance of Angus, 
Charolais, Gelbvieh, Hereford, Limousin, Red Angus, 
and Simmental were evaluated during 6 d of display 
to assess genetic contributions to color stability. Col-
or space values [CIE L* (lightness), a* (redness), b* 
(yellowness)], chroma, color change (ΔE), and surface 
metmyoglobin (K/S 572/525) were determined on d 0 
and 6 of display. Myoglobin concentration was highly 
heritable (0.85), but ultimate pH was weakly herita-
ble (0.06). Day 0 L* values were moderately heritable 
(0.24). Variation in metmyoglobin, L*, and ΔE on d 6 
was moderately explained by genetic factors (41, 40, 
and 29%, respectively). Change during display was 
moderately heritable for a* (0.31), b* (0.23), chroma 
(0.35), and surface metmyoglobin (0.29). At the start of 
display, Angus steaks had greater (P < 0.05) L* values 
than those from all breeds except Charolais. On d 6, 
Angus steaks had greater (P < 0.05) L* (50.0) values 
than Gelbvieh, Hereford, and Simmental steaks (46.1, 
44.0, and 44.5, respectively). Day 0 values for a*, b*, 
chroma, and ΔE were not affected by breed (P > 0.05). 
On d 6, a* values were greater (P < 0.05) for Charolais 
and Limousin steaks (31.1 and 30.5) than Angus, Her-
eford, and Red Angus steaks (27.4, 27.7, and 26.3, re-
spectively). Thus, a* changed less (P < 0.05) in Charo-

lais and Limousin steaks (1.8 and 2.6, respectively) vs. 
steaks from other breeds. Day 6 b* values were greater 
(P < 0.05) in Charolais (24.5) and Limousin steaks 
(24.0) vs. Gelbvieh (22.2), Hereford (21.9), and Red 
Angus steaks (21.4). Thus, b* values changed less (P 
< 0.05) in Charolais and Limousin steaks (1.5 and 1.7, 
respectively) than in Angus, Gelbvieh, Hereford, and 
Red Angus steaks (4.3, 3.8, 4.4, and 5.1, respectively). 
After 6 d of display, Charolais and Limousin steaks had 
greater chroma (P < 0.05; 39.5 and 38.8, respectively) 
compared with Angus, Hereford, and Red Angus steaks 
(35.4, 35.3, and 33.9, respectively). Less (P < 0.05) 
change in chroma occurred for Charolais and Limousin 
(2.1 and 2.8, respectively) than in Angus, Gelbvieh, 
Hereford, and Red Angus steaks (7.1, 6.6, 7.4, and 9.0, 
respectively). Myoglobin concentration was less for 
Charolais and Limousin (P < 0.05; 2.77 and 2.72, re-
spectively) compared with Gelbvieh, Red Angus, and 
Simmental steaks (3.62, 3.43, and 3.71, respectively). 
Breeds did not differ in pH (P > 0.05). These data 
suggest Charolais- and Limousin-carcasses produced 
steaks with greater lean color stability than Angus, 
Hereford, and Red Angus carcasses. Furthermore, these 
findings suggest that genetics contribute substantially 
to animal-to-animal variation in lean color, particularly 
in maintaining color.
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INTRODUCTION

Case-ready packaging has increased retailer demands 
for beef color-life. Anecdotal evidence from industry 

sources suggests that some carcasses produce cuts with 
insufficient color life for case-ready product lines. Pre-
vious investigators concluded that animal effects are a 
smaller source of variation in color stability compared 
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with effects such as muscle or storage temperature 
(Hood, 1980; Renerre and Labas, 1987), and few in-
vestigations have addressed animal variation in color 
stability.

Thus, color stability research has focused on differ-
ences due to ante- or postmortem management (Led-
ward, 1985; Lawrence et al., 2004; Mancini et al., 2008) 
and across muscles (Talmant and Monin, 1986; McK-
enna et al., 2005). It is understood that environmental 
factors such as chilling rate, storage temperature, and 
microbial load have profound effects on color stabil-
ity (Seyfert et al., 2005, 2006). Clearly, direct effects 
of such factors would be expected to be larger than 
variation in the same muscle across animals (Mancini 
and Hunt, 2005). However, inherent muscle metabolic 
characteristics such as pigment concentration, mito-
chondrial oxygen consumption, and reducing capacity 
through enzymatic and nonenzymatic mechanisms have 
been implicated in regulating color stability (Faustman 
and Cassens, 1990; Bekhit and Faustman, 2005; Manci-
ni and Hunt, 2005). Given the evidence of the influence 
of genetic regulation on growth rate, muscularity, and 
leanness (Casas et al., 2003, 2005; White et al., 2007), 
it seems likely that genetic influences may have some 
role in influencing metabolic characteristics contribut-
ing to variation in color stability.

Genetic contributions to color stability have not 
been adequately characterized, though biological type 
has been reported to affect color life (Faustman and 
Cassens, 1991; Lanari and Cassens, 1991). The pres-
ent experiment was conducted to characterize animal-
to-animal variation and heritability of color stability 
traits and to determine breed effects on these traits in 
a population of the most prevalent breeds in the US 
beef population.

MATERIALS AND METHODS

All animal procedures were reviewed and approved 
by the US Meat Animal Research Center (USMARC) 
Animal Care and Use Committee.

Animals

Semen was sampled from the 7 most prominent US 
beef breeds as determined by registration numbers (22 
Angus, 21 Red Angus, 21 Hereford, 20 Limousin, 22 
Charolais, 23 Gelbvieh, and 20 Simmental sires) and 
used in matings with Angus, Hereford, and composite 
MARCIII (1/4 Angus, 1/4 Hereford, 1/4 Red Poll, 1/4 
Pinzgauer) cows to create F1 cows in 1999, 2000, and 
2001 as described by Wheeler et al. (2005). The F1 gen-
eration of cows included some straightbred Angus and 
Hereford cows. In 2001, F1 bulls were produced from 
semen of these same 7 breeds (4 sires per breed) mated 
to Hereford and Angus cows. Resulting bulls and cows 
were multi-sire mated to produce progeny with 0, 25, 
or 50% inheritance of each AI sire breed included in 
the project. Parentage was verified using SNP markers. 

Steer progeny (n = 464) born in 2006 and 2007 were 
calf-fed the same corn and corn-silage-based diet and 
serially slaughtered at a commercial processing plant. 
Breed representations were approximately equal across 
slaughter groups. Within 45 min postmortem, carcasses 
were exposed to 4 zones of electrical stimulation (1 s 
on, 1 s off; 27 V, 33 V, 38 V, and 45 V, each for 3 to 5 
s) as the carcasses were transferred from the slaughter 
floor to the chilling cooler.

Sample Handling and Preparation

At approximately 36 h postmortem, carcasses were 
ribbed at the 12th- to 13th-rib interface and presented 
for grading before fabrication. Wholesale ribs were ob-
tained from 1 side of each animal and transported to 
the USMARC meat laboratory. Wholesale ribs were 
dissected as part of a concurrent experiment. Beef 
ribeye rolls, lip off (similar to Institutional Meat Pur-
chase Specification #112; NAMP, 2003) were obtained 
after dissection. The most caudal section (18 cm) of 
the ribeye roll was removed and used in a concurrent 
project. The remaining portion was vacuum packaged 
and stored (1°C) until 18 d postmortem. Then a 1-cm 
slice was removed from the caudal end of the ribeye 
roll section, and then one 2.54-cm-thick steak was cut 
(approximately 7th rib) for simulated retail display. A 
second steak (1.27 cm thick) was cut for determination 
of pH and myoglobin concentration. Steaks were placed 
on polystyrene trays with soaker pads and overwrapped 
with oxygen permeable polyvinylchloride film (Crystal 
Clear PVC Wrapping Film; Koch Supplies, Kansas City, 
MO; oxygen transmission rate = 15,500 to 16,275 cm3 
O2/m2/24 h at 23°C). Steaks were placed under con-
tinuous fluorescent lighting (color temperature = 3,500 
K; color rendering index = 86; 32 W; T8 Ecolux bulb, 
model number F32T8/SPX35 GE; GE Lighting, Cleve-
land, OH) for 6 d. Light intensity at the meat surface 
was approximately 2,000 lx. Display was conducted in 
a refrigerated room (1°C), and no temperature fluctua-
tions associated with defrost cycles were encountered.

Steaks were allowed to bloom for at least 2 h before 
color measurement began. Instrumental color readings 
were taken on the longissimus thoracis muscle on d 0 
and 6 of display using a Hunter Miniscan XE Plus colo-
rimeter (HunterLab, Reston, VA) with a 25-mm port. 
The colorimeter was set to collect spectral data with 
Illuminant A and a 10° observer. The CIE L* (light-
ness), a* (redness), and b* (yellowness) color-space val-
ues were reported as the average of duplicate readings 
taken on each steak. Greater L*, a*, and b* values are 
indicative of increased lightness, redness, and yellow-
ness, respectively. Chroma (color intensity) was calcu-
lated as [(a*2 + b*2)0.5]. Overall color change (ΔE) was 
calculated as [(ΔL*2 + Δa*2 + Δb*2)0.5], where ΔL*, 
Δa *, and Δb* are the difference between d 0 and 6 
values of L*, a*, and b*, respectively. The accumula-
tion of surface metmyoglobin was monitored using the 
ratio of the reflectance at 572 and 525 nm after K/S 
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transformation as described by Hunt et al. (1991). A 
smaller ratio indicates more metmyoglobin, which gives 
the meat a brownish color. Change in color variables 
was calculated as the difference between the measure-
ments made on d 0 and those made on d 6.

pH and Myoglobin Concentration

Steaks reserved for determination of ultimate pH 
and myoglobin concentration were trimmed free of ex-
ternal fat and epimyseal connective tissue, diced, and 
pulverized in liquid nitrogen to produce a homogenous 
powder. Muscle pH was determined as prescribed by 
Bendall (1973). Duplicate 2.5-g samples were homog-
enized in 10 vol of a 5 mM iodoacetate, 150 mM KCl 
solution (pH = 7.0). Homogenates were allowed to rest 
for a minimum of 1 h at room temperature, mixed via 
vortexing, and pH was measured using a semi-micro 
combination electrode (Corning Inc., Corning, NY) at-
tached to a Corning 125 pH meter.

Myoglobin was extracted and quantified following 
the method described by Warriss (1979) as modified by 
Hunt et al. (1999). Briefly, duplicate 2.5-g samples were 
homogenized in 10 vol of 40 mM potassium phosphate 
buffer (pH = 6.8). Homogenates were held on ice for 1 h 
to allow complete pigment extraction before centrifuga-
tion (15,000 × g) for 30 min at 4°C. Supernatant (1.5 
mL) was syringe filtered (Nalgene 0.45 µm, surfactant-
free cellulose acetate membrane; Thermo Fisher Scien-
tific, Rochester, NY) into a 4-mL cuvette with 1 mL of 
40 mM phosphate buffer and 0.5 mL of sodium hydro-
sulfite (10 mg/mL) in phosphate buffer. Absorbance 
spectra from (400 to 700 nm) were obtained using a DU 
640 spectrophotometer (Beckman Coulter Inc., Fuller-
ton, CA). Once samples were verified to be in the re-
duced state (absorbance peak within 2 nm of 433), ex-
tracted pigment concentration was calculated using the 
absorbance at 433 nm, a molar extinction coefficient of 
114,000 M−1·cm−1, the molecular weight of myoglobin 
(16,800), and the appropriate dilution factor.

Statistical Analysis

Data were analyzed using an animal model with ge-
netic groups for breed of origin (Westell et al., 1988). 
The Angus and Hereford cows at USMARC were con-
sidered separate genetic groups from the AI sires sam-
pled from those breeds. Therefore, estimates of breed 
differences that are reported reflect only the AI sires 
that were sampled. The model included random effects 
of animal (accounting for genetic relationships), residu-
al, fixed effects of slaughter group, and fixed covariates 
for % heterosis, and the fractional percentage of each 
breed (as a genetic group). All data were analyzed us-
ing MTDFREML (Boldman et al., 1995). Heritability 
was estimated first and then held constant to obtain 
SE and hypothesis tests for breed differences. A pre-

determined level of 0.05 was used in all judgments of 
statistical significance.

Although the cattle in the experiment were cross-
breds, they varied considerably in the breeds represent-
ed in each animal. Each of the breeds was represented 
as a fraction of multiple crossbreeds, making the breed 
effects estimable. The breed effects reported were dif-
ferences in the genetic group estimates. In essence, the 
observation of each animal was allocated to each of the 
breeds composing that animal in proportion to the con-
tribution of that breed to the animal (0 to 50%). Thus, 
the breed effects reported represent the differences that 
would be expected among purebreds of the respective 
breeds.

RESULTS

Heritability Estimates

Simple statistics of the traits measured in this study 
(Table 1) indicate considerable variation in initial lean 
color and lean color stability during simulated retail 
display. However, lean color was more variable relative 
to its mean when measured on d 6 than on d 0 as evi-
denced by the CV. Similarly, in general, the greatest 
animal-to-animal variation was observed in the change 
in these variables between d 0 and 6, suggesting that 
more animal-to-animal variation was associated with 
the ability of the muscle to resist color change than in 
initial color.

Heritability estimates for lean color attributes mea-
sured at the initiation and conclusion of simulated re-
tail display are presented in Table 2. Myoglobin concen-
tration was very heritable with 85% of the variation in 
myoglobin content being explained by genetic factors. 
Of the lean color variables, only L* values were moder-
ately heritable when measured at the initiation of retail 
display. Initial a*, b*, chroma, and surface metmyo-
globin values were not heritable. Lean color variables 
were more dependent on genetic factors after 6 d of 
simulated retail display. Muscle lightness (L*), surface 
metmyoglobin, and overall color change (ΔE) were 
moderately heritable (0.20 to 0.41) on d 6. Heritability 
estimates for a*, b*, and chroma indicated that a very 
small portion of the variation in these traits on 6 d of 
retail display could be explained by genetic influences. 
However, the change in a*, b*, chroma, and surface 
metmyoglobin content during display were lowly to 
moderately heritable. Genetic factors did not explain 
variation in ultimate muscle pH. Estimates of heterosis 
were not significant for any of the traits evaluated in 
this study.

Breed Effects

Breed effects are summarized as least squares means 
in Table 3. At the beginning of display, Angus inheri-
tance resulted in greater (P < 0.05) L* values than 
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Gelbvieh, Hereford, Limousin, Red Angus, and Sim-
mental inheritance. Charolais inheritance resulted in in-
termediate L* values on d 0. After 6 d of retail display, 
steaks from Angus-influenced animals still had greater 
(P < 0.05) L* values than steaks from Gelbvieh-, Here-
ford-, and Simmental-influenced animals. However, the 
change in L* values during display was not affected by 
breed type.

In contrast, initial values for a*, b*, and chroma were 
not affected by breed on d 0, but these traits on d 6 and 
their change during display differed across breeds. On 
d 6, steaks from Charolais- and Limousin-influenced 
steer carcasses had greater (P < 0.05) a* values than 
those from carcasses of Angus-, Red Angus-, and Here-
ford-influenced steers. Gelbvieh and Simmental inheri-
tance produced steaks with intermediate a* values on 
d 6. Consequently, the change in a* during display was 
much smaller (P < 0.05) for steaks from Charolais- and 
Limousin-influenced carcasses than for those from all 
other breeds included in the study.

Similarly, Gelbvieh, Hereford, and Red Angus in-
heritance produced longissimus thoracis steaks with 
smaller (P < 0.05) b* values on d 6 of retail display 
than those from carcasses of Charolais- and Limousin-
influenced steers. Consequently, Limousin and Charo-
lais inheritance produced longissimus thoracis steaks 
with less change in yellowness than Angus, Red Angus, 
Gelbvieh, and Hereford inheritance during simulated 
retail display. Steaks from carcasses of Charolais- and 
Limousin-influenced steers had greater (P < 0.05) lean 
color intensity (chroma) values on d 6 of display than 
steaks from Angus, Hereford, and Red Angus steer 
carcasses, with steaks from Gelbvieh and Simmental 
steer carcasses being intermediate. Results for change 
in color intensity during the 6 d of retail display fol-

lowed the same pattern. Overall color change (ΔE) was 
much smaller (P < 0.05) in steaks from Charolais- and 
Limousin-influenced carcasses than those from Angus, 
Gelbvieh, Hereford, and Red Angus carcasses, with col-
or change in steaks from Simmental-influenced carcass-
es being intermediate. Myoglobin concentrations were 
least in Limousin-influenced carcasses and greatest in 
Gelbveih-, Red Angus-, and Simmental- influenced car-
casses, and intermediate in Charolais-, Angus-, Red 
Angus-, and Hereford-influenced carcasses.

Table 1. Simple statistics across all animals for initial and final values of lean color 
variables and change in lean color variables measured on longissimus thoracis steaks in 
simulated retail display for 6 d 

Variable Mean SD Minimum Maximum CV

d 0 L* 48.6 3.03 38.8 58.5 6.24
d 6 L* 47.1 3.16 33.6 56.3 6.70
ΔL*1 1.4 1.94 −7.7 8.5 137.68
d 0 a* 33.7 1.56 28.8 38.4 4.63
d 6 a* 26.6 2.63 16.6 34.8 9.87
Δa*1 7.1 2.79 −1.6 15.7 39.18
d 0 b* 26.5 1.93 21.9 32.1 7.30
d 6 b* 21.4 1.83 14.6 28.2 8.56
Δb*1 5.1 2.43 −2.8 12.0 47.90
d 0 Chroma 42.9 2.37 36.9 50.1 5.53
d 6 Chroma 34.2 3.10 22.5 44.6 9.08
ΔChroma1 8.7 3.52 −2.9 18.1 40.42
d 0 K/S 572/525 1.45 0.05 1.33 1.62 3.12
d 6 K/S 572/525 1.24 0.08 0.92 1.62 6.43
Δ K/S 572/5251 0.21 0.08 −0.08 0.55 40.12
ΔE2 9.2 3.32 0.3 18.1 36.10

1Change in color variables calculated as the difference between values measured on d 0 and 6 of display.
2Overall color change [(ΔL*2 + Δa*2 + Δb*2)0.5] calculated using the change in instrumental color space 

variables between d 0 and 6 of display.

Table 2. Heritability estimates (SE) of lean color at 
the initiation and conclusion of retail display and the 
change in these 

Trait d 0 d 6 Change1

L* 0.24 0.40 0.00
(0.13) (0.16) (0.07)

a* 0.06 0.14 0.31
(0.09) (0.12) (0.15)

b* 0.00 0.13 0.23
(0.05) (0.12) (0.13)

Chroma 0.00 0.13 0.35
(0.07) (0.12) (0.15)

K/S 572:K/S 525 0.00 0.41 0.29
(0.08) (0.18) (0.15)

ΔE2 — 0.29 —
(0.14)

Myoglobin concentration 0.85 — —
(0.18)

pH 0.06 — —
(0.10)

1Change in color variables calculated as the difference between val-
ues measured on d 0 and 6 of display.

2Overall color change [(ΔL*2 + Δa*2 + Δb*2)0.5] calculated using 
the change in instrumental color space variables between d 0 and 6 
of display.
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Muscle pH was not affected (P > 0.05) by breed. Sim-
ilarly, breeds did not differ with regard to surface met-
myoglobin at the initiation of the display period. Breed 
effects were not statistically significant (P < 0.05) for 
final K/S 572/525 values or the change in these values 
during the 6 d of display. However, final values for K/S 
572/525 and the change in this variable tended (P = 
0.12 and 0.14, respectively) to be affected by breed. In 
agreement with other color variables, Charolais- and 
Limousin-influenced steaks tended to have the great-
est K/S 572/525 ratios (least surface metmyoglobin ac-
cumulation) on d 6. Consequently the change in K/S 
572/525 ratio tended to be least for these breeds. Thus, 
accumulation of surface metmyoglobin was numerically 
less in steaks from carcasses of Charolais and Limousin 

influence compared with those influenced by the other 
breeds evaluated in the study.

DISCUSSION

To our knowledge, this experiment represents the 
first attempt in characterizing the influence of genetic 
inheritance on lean color and lean color stability in a 
large population of cattle developed to represent the 
US beef population. The amount of animal-to-animal 
variation in the change in lean color observed in this 
experiment was large enough to support anecdotal evi-
dence from the industry that substantial variation exists 
across animals with regard to color stability. Further-

Table 3. Least squares means (SE) for breed effects on lean color attributes measured at the initiation or conclu-
sion of retail display and for the change in color attributes during retail display 

Item Angus Charolais Gelbvieh Hereford Limousin Red Angus Simmental P > F

L*
 d 0 52.8d 49.7cd 48.0c 47.3c 49.2c 48.6c 47.0c 0.02

(1.72) (1.81) (1.85) (1.89) (1.72) (0.75) (1.80)
 d 6 50.1d 46.9bcd 46.1bc 44.0b 47.8cd 46.8bcd 44.5b 0.03

(1.88) (1.95) (1.99) (2.05) (1.87) (0.79) (1.97)
 Change1 2.5 3.0 1.9 3.1 1.3 1.8 2.4 0.34

(1.02) (1.13) (1.16) (1.11) (1.04) (0.50) (1.05)
a*
 d 0 32.5 32.6 33.6 33.2 32.3 33.7 33.1 0.29

(0.75) (0.82) (0.84) (0.83) (0.77) (0.35) (0.78)
 d 6 27.4bc 31.1d 28.4bcd 27.7bc 30.5d 26.3b 29.7cd 0.02

(1.41) (1.51) (1.55) (1.56) (1.43) (0.64) (1.48)
 Change1 5.7cd 1.8b 5.4cd 6.0cd 2.4b 7.4d 4.1bc 0.02

(1.66) (1.74) (1.77) (1.81) (1.65) (0.71) (1.73)
b*
 d 0 26.2 26.0 25.9 26.1 25.4 26.5 25.8 0.55

(0.69) (0.77) (0.79) (0.76) (0.71) (0.34) (0.71)
 d 6 22.3bcd 24.5d 22.2b 21.9b 24.0cd 21.4b 23.2bcd 0.03

(0.98) (1.05) (1.08) (1.08) (0.99) (0.45) (1.03)
 Change1 4.3d 1.5c 3.8d 4.4d 1.7c 5.1d 3.0cd 0.02

(1.15) (1.22) (1.24) (1.26) (1.16) (0.51) (1.21)
Chroma
 d 0 41.7 41.7 42.4 42.2 41.0 42.9 41.8 0.45

(0.97) (1.07) (1.10) (1.06) (0.99) (0.47) (1.00)
 d 6 35.4ab 39.5d 36.1abc 35.2ab 38.8cd 33.9a 37.7bcd 0.02

(1.66) (1.78) (1.83) (1.83) (1.68) (0.75) (1.74)
 Change1 7.1d 2.1c 6.6d 7.4d 2.8c 9.0d 5.0cd 0.01

(1.98) (2.08) (2.12) (2.17) (1.98) (0.86) (0.05)
K/S 572/525
 d 0 1.44 1.43 1.42 1.42 1.44 1.44 1.43 0.89

(0.02) (0.02) (0.02) (0.02) (0.02) (0.01) (0.02)
 d 6 1.26 1.34 1.26 1.25 1.33 1.23 1.29 0.12

(0.05) (0.05) (0.05) (0.05) (0.05) (0.02) (0.05)
 Change1 0.17 0.10 0.15 0.18 0.10 0.21 0.13 0.14

(0.04) (0.05) (0.05) (0.05) (0.04) (0.02) (0.05)
ΔE2 7.7d 3.0c 7.3d 8.1d 3.8c 9.3d 6.2cd 0.02

(1.93) (2.01) (2.05) (2.11) (1.93) (0.82) (2.02)
Myoglobin, mg/mL 3.05cd 2.77bc 3.62d 3.34cd 2.72b 3.43d 3.71d 0.01

(0.36) (0.37) (0.37) (0.39) (0.36) (0.15) (0.38)
 pH 5.50 5.57 5.54 5.58 5.56 5.56 5.57 0.11

(0.03) (0.03) (0.03) (0.03) (0.03) (0.01) (0.03)
a–dLeast squares means within a row lacking common superscripts differ (P < 0.05).
1Change in color variables calculated as the difference between values measured on d 0 and 6 of display.
2Overall color change [(ΔL*2 + Δa*2 + Δb*2)0.5] calculated using the change in instrumental color space variables between d 0 and 6 of dis-

play.
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more, it appears that the animal-to-animal differences 
are primarily displayed in the ability of the muscle to 
maintain color rather than in initial color.

Display conditions used in the present study were 
at a colder temperature (1°C) than is typically used in 
retail display, and no temperature fluctuations associat-
ed with defrost cycles were encountered. Additionally, 
the display period was limited to 6 d in an attempt to 
measure steaks when animal-to-animal variation would 
still be evident (i.e., not at a point when all steaks 
were completely discolored). However, 6 d may not 
have been long enough for differences in metmyoglobin 
formation to fully develop in the relatively color-stable 
longissimus thoracis, particularly at reduced tempera-
tures. Thus, variation and breed effects in K/S 572/525 
ratios are likely underestimated.

Heritability estimates for lean color attributes at the 
conclusion of display and the change in these variables 
during display suggest that significant opportunity ex-
ists to improve color stability through genetic selection. 
Large SE associated with the heritability estimates of 
color variables at the end of display and the change in 
these variables during display indicate that additional 
work is needed to further define the extent to which lean 
color stability is genetically regulated. However, these 
estimates clearly demonstrate the existence of inherent 
animal-to-animal differences for lean color stability in 
the US beef population. Furthermore, this work pro-
vides evidence that genetic factors play a greater role 
in maintaining lean color than in determining initial 
color values.

Heritability estimates for initial CIE color space val-
ues of pork LM reported by Newcom et al. (2004; 0.98 
to 0.52) were much greater than those reported for beef 
in the present study. However, Newcom et al. (2004) 
estimated heritability of soluble myoglobin (h2 = 0.27) 
to be much less than the estimate calculated in the 
present study. Previous work in beef has reported that 
animal effects explain a relatively small portion of the 
variance in lean color stability compared with muscle 
effects (Hood, 1980; Renerre and Labas, 1987) and stor-
age temperature (Hood, 1980).

Breed differences in color variables and the change 
in those variables during 6 d of display were remark-
ably consistent with one another. In general, Charolais 
and Limousin inheritance resulted in increased color 
stability compared with the other breeds investigated, 
whereas Angus, Red Angus, and Hereford inheritance 
was associated with decreased color stability compared 
with other breeds included in the experiment. Simmen-
tal and Gelbvieh inheritance appeared to result in in-
termediate color stability characteristics, though these 
breeds appeared to be more like the breeds with more 
labile color attributes. Wheeler et al. (2005) reported 
breed comparisons for carcass and palatability traits of 
F1 steer progeny of the population that produced the 
dams of the animals used in the current experiment. 
Rankings of these breeds with regard to color stability 
indicating traits are generally consistent with the rank-

ing of these breeds with regard to carcass yield and 
inversely related to the rankings of these breeds with 
regard to marbling score. Slowed chilling of very large 
muscles would likely have deleterious effects on color 
stability (Sammel et al., 2002), but metabolic differ-
ences that contribute to increased muscle and reduced 
fatness in these breeds may contribute to increased 
color life.

In a detailed review pertaining to the biological basis 
of lean color stability, Faustman and Cassens (1990) 
identified oxygen consumption, reducing capacity, and 
lipid oxidation as endogenous characteristics that con-
tribute to variation in color-life of fresh meat. These 
factors influence the ability of the muscle to maintain 
color via their effects on oxygenation, oxidation, and 
reduction reactions involving myoglobin (Mancini and 
Hunt, 2005). Furthermore, variation in reducing activ-
ity and oxygen consumption may be a function of the 
ability of the muscle to conserve or regenerate NADH 
postmortem, or both (Hunt and Mancini, 2009). Thus, 
genetic regulation of metabolism likely would influence 
animal-to-animal variation in each of these factors.

Faustman and Cassens (1991) reported that beef LM 
and gluteus medius steaks from Holstein steers were 
more color labile vs. those from crossbred beef steers. 
Those investigators suggested that selection for milk 
production may have made muscle metabolism in Hol-
stein steers more oxidative than in crossbred steers, re-
sulting in darker and more labile lean color. Lanari and 
Cassens (1991) tested this hypothesis and found LM 
and gluteus medius muscles from Holstein carcasses to 
have less mitochondrial protein than the same muscles 
from crossbred beef steers, but muscles from Holstein 
carcasses also had greater oxygen consumption rate and 
metmyoglobin reducing activity, and were more color 
labile than muscles from crossbred beef carcasses.

In the present experiment, animals from breeds with 
the most stable lean color generally had decreased myo-
globin concentrations compared with animals from the 
other breeds. With the exception of Angus, breeds with 
more labile lean color generally had darker initial lean 
color (smaller numerical L* values) than more color-
stable breeds. This may indicate that LM from animals 
of these breeds had greater oxidative metabolism than 
those with more stable lean color. This premise is sup-
ported by the findings of Cuvelier et al. (2006), which 
reported that Angus bulls had greater cytochrome c 
oxidase activity, less lactate dehydrogenase activity, 
and smaller L* values than Limousin and Belgian Blue 
bulls. Ozawa et al. (2000) reported that Japanese Black 
steers from multiple closed herds differed with regard 
to LM fiber type distribution and fiber size. More-
over, lean color was positively correlated with β- and 
α-red muscle fiber diameter. Thus, it is evident that 
differences in muscle metabolism are genetically influ-
enced, though environmental effects also would play a 
large role in determining these characteristics. May et 
al. (1977) reported that Limousin × Angus crossbred 
steers had a greater proportion of α-white muscle fibers 
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in the LM than Hereford × Angus and Simmental × 
Angus crossbred steers. Johnston et al. (1975) reported 
that LM from Charolais steers had larger fiber areas of 
all types, and α-white fibers in particular, when com-
pared with LM from Angus steers. These findings also 
suggest that differences exist in LM muscle metabolism 
among the breeds used in this study.

Color stability differences across muscles are gener-
ally attributed to increased oxidative metabolism in 
less stable muscles (O’Keefe and Hood, 1982; Faustman 
and Cassens, 1991; Lanari and Cassens, 1991). Muscles 
possessing greater oxidative metabolism would have a 
greater concentration of mitochondria and mitochondri-
al enzymes that compete with myoglobin for available 
oxygen in postmortem muscle. Thus, a greater propor-
tion of myoglobin is in the deoxygenated form, which 
is more susceptible to oxidation than oxymyoglobin. 
Moreover, the surface layer of cherry-red oxymyoglobin 
is thinner in steaks from muscles with greater oxidative 
metabolism.

Muscles with increased oxidative metabolism also 
would have greater metmyoglobin reductase activity 
(Echevarne et al., 1990) because this enzyme is associ-
ated with the electron transport chain. However, the 
role of metmyoglobin reductase activity in maintaining 
myoglobin in the reduced state has been debated in the 
literature. Numerous investigators have reported little 
relationship between metmyoglobin reductase activity 
and metmyoglobin formation (O’Keefe and Hood, 1982; 
Echevarne et al., 1990; Lanari and Cassens, 1991). Oth-
ers have indicated metmyoglobin reducing activity is 
important in inhibiting discoloration (Ledward, 1985; 
Bekhit et al., 2003; Mancini et al., 2008).

Echevarne et al. (1990) suggested that NADH, which 
is required for metmyoglobin reduction via enzymatic 
and nonenzymatic processes, may be the limiting fac-
tor in maintaining reduced myoglobin. In support of 
this hypothesis, injection enhancement of beef steaks 
with solutions containing lactate has been reported 
to increase color-life (Lawrence et al., 2004; Kim et 
al., 2006). Kim et al. (2006) demonstrated that lac-
tate was converted to pyruvate via lactate dehydroge-
nase, generating NADH. Watts et al. (1966) suggested 
that this reaction may occur normally in postmortem 
muscle.

Giardina et al. (1996) reported that increased lactate 
concentration decreased affinity of myoglobin for oxy-
gen. Mancini and Ranianathan (2008) found increased 
content of lactate (100 to 200 mM) stabilized horse 
myoglobin and suggested that lactate had a direct ef-
fect in stabilizing myoglobin in the reduced form. Per-
haps those animals from breeds demonstrating greater 
color stability had greater ability to produce NADH or 
greater lactate concentrations, which enabled greater 
myoglobin stability in those muscles. Utilizing animals 
from breeds differing in color stability characteristics in 
future work may be useful in elucidating the causative 
mechanisms regulating animal variation in color stabil-
ity.

The present experiment suggests that animal-to-
animal variation in color stability is, to some extent, 
genetically regulated. Furthermore, genetic effects had 
greater influence on the maintenance of lean color than 
on initial color; some breeds of cattle produce steaks 
with greater color life than other breeds, perhaps be-
cause their muscles generate greater amounts of key 
metabolic intermediates, resulting in more NADH be-
ing available for metmyoglobin reduction. Steaks from 
carcasses of animals from these breeds would result in 
fewer losses by retailers and would likely be more suit-
ed to case-ready programs than steaks from less stable 
breeds.
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