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Abstract: Brazil is a major beef exporter to countries where religious slaughter without stunning is mandatory. Fresh
beef color influences consumers’ purchase decisions, and harvest method influences beef quality attributes, such as color,
water holding capacity, pH, and lipid oxidation. Beef color is a breed-specific trait, and the excitable temperament of Bos
indicus cattle can affect fresh meat color. Nonetheless, the effects of harvest method on color and oxidative stabilities
of beef from Bos indicus cattle have not been investigated yet. Therefore, our objective was to evaluate the impact of
harvest method on color and oxidative stabilities of longissimus lumborum (LL) steaks from Bos indicus beef cattle. The
LL muscles (24 h post-mortem) were obtained from 12 Nellore bull carcasses, harvested by either captive bolt stunning
(CBP; n = 6) or without stunning (NST; n = 6). The muscles were fabricated into 2.54-cm steaks, aerobically packaged,
and stored for 9 d at 4°C in darkness. Myoglobin concentration was analyzed on d 0, whereas pH, instrumental color, lipid
oxidation, and water holding capacity were evaluated on d 0, 3, 6, and 9. While CBP and NST steaks exhibited similar
(P > 0.05) myoglobin concentration (4.84 mg/g in CBP; 4.84 mg/g in NST), CBP steaks exhibited greater (P < 0.05)
surface redness and color stability than their NST counterparts throughout the storage. On the other hand, NST steaks
exhibited greater (P < 0.05) pH, yellowness, and water holding capacity than CBP steaks. Overall, the lightness and lipid
oxidation were greater (P < 0.05) in NST steaks than their CBP counterparts. These results indicated that harvest method
influences surface discoloration and oxidative stability of fresh LL steaks from Bos indicus cattle.

Keywords: beef color, lipid oxidation, Nellore, oxidative stability, stunning
Meat and Muscle Biology 3(1):33-41 (2019)  doi:10.22175/mmb2018.07.0021
Submitted 27 July 2018 Accepted 2 Jan. 2019

Introduction

This work was supported by the National Council for
Scientific and Technological Development (CNPq), Brazil (grant
numbers 400136/2014—-7; 311422/2016-0) and the Carlos

Chagas Filho Research Foundation (FAPER)), Brazil (grant
numbers E-26/010.001703/2015; E-26/010.001547/2016;
E-26/203.049/2017). Ana Paula A. A. Salim was supported
by CNPq doctorate fellowship (141838/2015-9). The authors
also thank the Coordination for the Improvement of Higher
Level Personnel (CAPES), Brazil for providing the PDSE schol-
arship (88881.133504/2016-01) to Ana Paula A. A. Salim for
completing doctoral research at the University of Kentucky.
Surendranath P. Suman was supported by CNPq Special Visiting
Researcher fellowship (303477/2014-8) through the Science
without Borders program. This work was also supported by the
National Institute of Food and Agriculture, U.S. Department
of Agriculture, Hatch-Multistate Project 1014747.

© American Meat Science Association.

Brazil is a major beef producer in the world, and
the majority of Brazilian beef cattle are Bos indicus ani-
mals (Ferraz and Felicio, 2010). Brazilian beef is ex-
ported to several countries (USDA, 2018), where reli-
gious slaughter without stunning is mandatory (USDA,
2001; Farouk, 2013; Farouk et al., 2014; Rovinsky and
Cohen, 2018). Although the global trade of meat har-
vested without stunning is increasing (Farouk, 2013),
the practice of slaughter without stunning is known
to affect beef quality traits such as color (Oneng and
Kaya, 2004; D’Agata et al., 2009), water holding ca-
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pacity (D’Agata et al., 2009; Sabow et al., 2015b), pH
(Vergara et al., 2005; D’Agata et al., 2009), and lipid
oxidation (Linares et al., 2007a). Fresh meat color is the
most important attribute influencing consumers’ pur-
chase decisions at the point-of-sale (Mancini and Hunt,
2005; Suman et al., 2014) and is influenced by a mul-
titude of intrinsic and extrinsic factors (Neethling et al.,
2017). Noticeably, beef color is breed-specific (Miguel et
al., 2014); Nellore (Bos indicus) cattle are characterized
by their excitable temperament, which could possibly in-
fluence antemortem handling practices as well as fresh
meat color (Francisco et al., 2015).

Previous research on the influence of harvest method
and stunning on fresh beef color reported conflicting re-
sults. Oneng and Kaya (2004) reported greater redness
(a*) and lightness (L*) in longissimus muscles from Bos
taurus cattle stunned (electrically and mechanically) than
in the muscles from animals subjected to no stunning.
Moreover, D’Agata et al. (2009) documented greater a*
values in longissimus muscle from non-stunned Bos tau-
rus cattle than in the muscle from animals harvested af-
ter stunning. In contrast, Sazili et al. (2013) documented
no effect of harvest in redness of longissimus lumborum
(LL) from Bos taurus * Bos indicus cattle.

While the influence of stunning and harvest method
on color of beef from Bos taurus animals has been doc-
umented, the effect of harvest on color and oxidative
stabilities of beef from Bos indicus cattle is yet to be in-
vestigated. Therefore, the objective of the present study
was to examine the color and oxidative stabilities of LL
muscle from Bos indicus cattle harvested with stunning
and without stunning, during refrigerated storage.

Materials and Methods

Cattle were slaughtered at a commercial facility
under the Brazilian federal meat inspection, and the LL.
muscles were purchased from the facility and trans-
ported to Universidade Federal Fluminense (Niteroi,
Rio de Janeiro, Brazil). Therefore, institutional animal
care and use committee approval was not obtained.

Experimental design and beef fabrication

Twelve Nellore (Bos indicus) bull carcasses (24 h
post mortem) were used in this experiment. The Nellore
bulls (24 to 36 mo age) were pasture-fed and raised under
similar conditions on a farm in Nanuque, Minas Gerais,
Brazil. The age of the bulls was not different (P > 0.05)
between the harvest methods; the average age of the bulls
harvested by captive bolt pistol stunning (CBP) was 28.5
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+ 1.31 mo, whereas that of the bulls harvested without
stunning (NST) was 29.5 + 1.57 mo. The animals were
harvested under Brazilian federal meat inspection at a
commercial facility (Nanuque, Minas Gerais, Brazil). Six
(n= 6) animals were harvested after stunning with percus-
sive captive bolt pistol (CBP), whereas the remaining 6 (n
= 6) cattle were harvested without stunning (NST). During
the slaughter, the cattle were held in standing position and
with the head restrained, to allow exposing the neck for
bleeding. The carcasses were chilled for 24 h, at which
the average cold carcass weight of CBP was 282.48 kg,
whereas that of NST was 281.15 kg. The pH of LL mus-
cle in the carcasses at 24 h was 5.46 in CBP and 5.61 in
NST. After measurement of the pH, the LL muscles were
excised from the right side of the carcasses (24 h post-
mortem), individually vacuum packaged, and shipped
under refrigeration to the meat laboratory at Universidade
Federal Fluminense (Niteroi, Rio de Janeiro, Brazil).

External fat was removed, and the muscles were
fabricated into ten 2.54-cm thick steaks. The steaks were
individually packaged on polystyrene trays with soaker
pads, over-wrapped with oxygen-permeable polyvi-
nyl chloride (PVC) film (0.014 mm thickness; 15,500
— 16,275 cm®/m? per 24 h oxygen transmission rate at
23°C), and were assigned randomly for 0, 3, 6, and 9 d
at 4°C in darkness. On d 0, 4 steaks were assigned for
analyses of myoglobin concentration, pH, instrumental
color, lipid oxidation and water holding capacity. The re-
maining six steaks were utilized for evaluation of instru-
mental color and biochemical attributes on d 3, 6, and 9
(2 steaks/d; 1 each for color and biochemical analyses).
All the analyses were performed in triplicate.

Myoglobin concentration

Myoglobin (Mb) concentration was estimated
according to the method described by Faustman and
Phillips (2001). Samples (5 g) were homogenized with
45 mL of ice-cold sodium phosphate buffer (40 mM,
pH 6.8) and filtered using Whatman No. 1 paper, fol-
lowed by an additional filtering through a 22-pm mem-
brane filter. The absorbance of the filtrate at 525 nm
(A525) was recorded using a UV-1800 spectropho-
tometer (Shimadzu Corporation, Kyoto, Japan) with
sodium phosphate buffer as a blank. The Mb concen-
tration was calculated using the following equation:

Myoglobin (mg/g muscle tissue) = [A525 /
(7.6 mM1 ecm! x 1 em)] x [17,000 / 1000] x 10

Where: 7.6 mM~! ecm™! = millimolar extinction coeffi-
cient of myoglobin at 525 nm; 1 cm = light path length
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of cuvette; 17,000 Da = average molecular weight of
myoglobin; and 10 = dilution factor.

Meat pH

The pH of LL steaks was measured directly uti-
lizing a portable pH meter (Hanna Instruments,
Woonsocket, RI) equipped with an insertion type
probe (Gonzélez-Fuentes et al., 2014).

Instrumental color evaluation

The surface L* (lightness), a* (redness), and b*
(yellowness) values were measured using a portable
spectrophotometer CM-600D (Konica Minolta Sensing
Inc., Osaka, Japan) equipped with illuminant A, 8 mm
aperture, and 10° standard observer (American Meat
Science Association, 2012). Color was measured at
three random locations on the steak surfaces. In addition,
color stability was indirectly estimated through the ratio
of reflectance at 630 nm and 580 nm (R630/580) ac-
cording to American Meat Science Association (2012).

Lipid oxidation

Lipid oxidation was evaluated using the method
described by Sinnhuber and Yu (1958) and Buege and
Aust (1978). Samples (5 g) were homogenized with 22.5
mL trichloroacetic acid solution (TCA; 11%) and centri-
fuged (11,000 x g at 4°C for 15 min). One milliliter of the
supernatant was mixed with 1 mL of aqueous solution
of thiobarbituric acid (20 mM), and incubated at 25°C
for 20 h. The absorbance values at 532 nm were mea-
sured utilizing a UV-1800 spectrophotometer (Shimadzu
Corporation, Kyoto, Japan), and were presented as thio-
barbituric acid reactive substances (TBARS).

Water holding capacity (WHC)

The water holding capacity was evaluated using the
method described by Quéguiner et al. (1989) with mod-
ifications proposed by Verbeken et al. (2005). Samples
(10 g) were centrifuged at 12,000 x g for 30 min (4°C)
and the results of WHC were estimated as a percentage
of retained-water, using the following equation:

WHC = (W2/W1) x 100

Where: W1 =weight sample prior centrifugation; W2 =
sample weight after centrifugation.
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Statistical analysis

Twelve beef carcasses were utilized in this study.
The experimental design was a split-plot with random-
ized block design with 6 replicates (n = 6) in CBP and
NST treatments. The muscles from each carcass served
as the experimental unit and whole-plot, whereas the
steaks were the sub-plots within the experimental unit.
The effects of harvest (CBP and NST) and storage (0,
3, 6, and 9 d) were analyzed using the PROC MIXED
procedures of SAS Version 9.4 (SAS Inst. Inc., Cary,
NC), and the differences among means were detected
using the least significance difference (LSD) at a 5%
level. The data of Mb concentration were analyzed
only for the effect of harvest method. In addition,
PROC CORR procedure was used to determine the
Pearson’s correlation coefficients between the color
parameters and biochemical attributes.

Results and Discussion

Myoglobin concentration

Harvest method did not influence (P > 0.05) the
Mb concentration of steaks (4.84 £ 0.17 mg/g in
CBP; 4.84 + 0.06 mg/g in NST). Supporting our re-
sults, Agbeniga (2011) reported that harvest method
(slaughter without stunning vs. stunning with captive
bolt pistol) did not influence the myoglobin concen-
tration in longissimus muscle from cross-bred Bos
indicus x Bos taurus cattle. In addition, Sabow et al.
(2015a) documented similar myoglobin concentration
in LL muscles from goats harvested without stunning
or with minimal anesthesia prior to slaughter.

Meat pH

There was no harvest X storage interaction (P =
0.8436; Table 1) for pH. However, there was an ef-
fect of harvest (P < 0.0001) and storage (P < 0.0001)
on pH. NST steaks exhibited greater (P < 0.05) pH
values than their CBP counterparts throughout the
storage (Table 1). The observed differences in pH
between CBP and NST steaks could be possibly at-
tributed to animal stress (Ferguson and Warner, 2008).
The harvest without stunning can cause stress in ani-
mals (D’Agata et al., 2009; Gregory et al., 2010) lead-
ing to the release of catecholamines (Muchenje et al.,
2009a), which in turn promotes muscle glycogen de-
pletion. Lack of muscle glycogen consequently results
in a minimal pH decline in post-mortem muscles and
a greater meat pH (D’ Agata et al., 2009).
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Table 1. Meat pH, surface yellowness (b* values), and water holding capacity of longissimus lumborum steaks
from Bos indicus bulls harvested with captive bolt stunning (CBP) or without stunning (NST) during aerobic

storage at 4°C for 9 d!
Days of storage
Parameter Harvest method 0 6 9
Meat pH CBP 5.47 +0.03Y 5.59 £ 0.02bY 5.63+0.01% 5.76 + 0.052Y
NST 5.61+0.01 5.70 £ 0.08P% 572 £0.015% 5.85 + 0.03%%
b* value CBP 13.86 + 0.13% 12.52 +0.07% 9.79 + 0.39<Y 8.05 + 0.359Y
NST 14.06 + 0.33% 13.26 + 0.28% 10.27 + 0.39b% 9.17 + 031
Water holding CBP 26.89 + 1.63% 27.43 + 1.49% 32.09 + 2.220¥ 35.94 + 1.78%
capacity NST 33.69 + 1.24b% 36.76 + 1.08%% 38.07 + 1.193bx 44.03 +2.28%

a-dMeans without common superscripts in a row are different (P < 0.05).

X YMeans without common superscripts in a column within an attribute are different (P < 0.05).

IResults expressed as mean + standard error of the mean (SEM).

In agreement with our results, D’ Agata et al. (2009)
documented greater pH in longissimus muscle from Bos
taurus cattle harvested without stunning (pH values of
5.62, 5.67, and 5.80 on d 0, 3, and 6 of storage respec-
tively) than the muscles from their stunned counterparts
(pH values of 5.55, 5.61, and 5.58 on d 0, 3, and 6 of stor-
age respectively). Vergara et al. (2005) reported greater
pH values in longissimus muscle from lambs harvested
without stunning than the muscles from their stunned
counterparts on d 0 of storage. On the contrary, Sabow
etal. (2017) documented similar pH values in LL muscle
from goats harvested without stunning and electrically
stunned during 7 d of storage. Onen¢ and Kaya (2004)
also reported similar pH in longissimus muscle from Bos
taurus cattle harvested without stunning and stunned
with captive bolt pistol on d 0 of storage.

Both CBP and NST steaks demonstrated an increase
(P < 0.05) in pH values during storage (Table 1). The
observed increase in pH could be due to the post-mortem
proteolysis and generation of basic metabolites, such as
amines, both of which contribute to the increase of alka-
linity during storage (Muchenje et al., 2009b). In agree-
ment with our results, D’Agata et al. (2009) document-
ed an increase of pH in longissimus muscle from Bos
taurus cattle harvested without stunning and harvested
with stunning during 7 d of storage. In addition, Sabow
et al. (2017) documented an increase of pH values in LL
muscle from goats harvested without stunning and elec-
trically stunned during 7 d of storage. In contrast, Vergara
et al. (2005) reported no changes in the pH values of lon-
gissimus muscles from lambs harvested without stunning
and with electrically stunning during 7 d of storage.

Lightness (L* value)

There was a harvest x storage interaction (P =
0.0098; Table 2) for L* value. NST steaks exhibited

American Meat Science Association.

greater (P < 0.05) lightness (L* values) than CBP
counterparts on d 6 and 9 (Table 2), whereas CBP and
NST steaks exhibited similar (P> 0.05) L* values on d
0 and 3 of storage. The observed difference in L* val-
ues between NST and CBP steaks on d 6 and 9 may be
attributed to pre-slaughter stress and possible increase
of catecholamine levels (Muchenje et al., 2009a).
Muchenje et al. (2009a) evaluated the correlation be-
tween pre-slaughter stress and catecholamine levels
in Bos taurus cattle and observed that animals that
suffered greater pre-slaughter stress exhibited more
pronounced increase of catecholamine and had meat
with greater surface L* values than their counterparts
exposed to lower stress.

In agreement with our results, Onen¢ and Kaya
(2004) documented no differences in L* values of
longissimus muscles from Bos taurus cattle harvested
without stunning and with captive bolt pistol stunning
on d 0 and 3 of storage. In partial agreement, Sazili
et al. (2013) reported similar L* values in LL muscle
from crossbred (Bos taurus x Bos indicus) cattle har-
vested without stunning and stunned with high power
non-penetrative pistol on d 0 and 7 of storage. In addi-
tion, D’ Agata et al. (2009) reported similar L* values
in longissimus muscle from Bos taurus cattle harvested
with stunning and without stunning on d 2 of storage.
On contrary, Agbeniga (2011) documented greater L*
values in longissimus muscle from crossbred (Bos tau-
rus x Bos indicus) cattle harvested without stunning
than their stunned counterparts on d 0 of storage.

While storage did not (P > 0.05) affect the L* val-
ues of NST steaks, CBP steaks demonstrated a decrease
(P <0.05) in L* values from d 3. In partial agreement,
several studies (Oneng and Kaya, 2004; D’Agata et al.,
2009) reported that storage did not affect the L* values
of longissimus muscle from Bos taurus cattle harvested
with stunning or without stunning during 14 and 6 d
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Table 2. Surface lightness (L* values) and lipid oxidation of longissimus lumborum steaks from Bos indicus bulls
harvested with captive bolt stunning (CBP) or without stunning (NST) during aerobic storage at 4°C for 9 d!

Harvest Days of storage
Parameter method 0 3 6 9
L* value CBP 37.99 +0.41° 37.75 +0.54% 36.05 + 0.30° 37.09 +0.31°
NST 39.00 + 0.492 38.23 £0.742 38.98 + 0.462 38.34 £0.352
Lipid oxidation? CBP 0.003 =+ 0.000¢ 0.004 + 0.000¢ 0.011 =+ 0.000° 0.019 +0.0012
NST 0.004 + 0.0008 0.006 + 0.0004 0.014 + 0.000° 0.020 + 0.0012

#8Means without common superscripts within an attribute are different (P < 0.05).

IResults expressed as mean =+ standard error of the mean (SEM).

2Result expressed as absorbance at 532 nm.

of storage, respectively. In addition, Sazili et al. (2013)
documented stable L* values in LL muscle from Bos
taurus * Bos indicus cattle harvested without stunning
or with stunning using high power non-penetrative per-
cussive pistol, during 14 d of storage. In contrast, Sabow
et al. (2017) documented an increase in L* values in LL
from goats harvested without stunning and after electri-
cally stunning, during 14 d of storage.

Redness (a* value)

There was no harvest x storage interaction (P =
0.6863; Fig. 1) for a* value. However, there was an ef-
fect of harvest (P = 0.0002) and storage (P < 0.0001)
on redness. CBP steaks exhibited greater (P < 0.05)
redness (a* values) than NST counterparts throughout
the storage (Fig. 1). The differences in a* values could
be attributed to the differences in the pH (Agbeniga,
2011). Harvest without stunning can negatively af-
fect the glycogen content in muscle (D’Agata et al.,
2009) leading to an increase of post-mortem muscle
pH (Linares et al., 2007b). This in turn favors the
maintenance of mitochondrial metabolism (Ashmore
et al., 1973) preventing blooming and decreasing sur-
face redness (O’Keeffe and Hood, 1982; D’Agata et
al., 2009). In agreement, Agbeniga (2011) documented
greater redness (a* values) in longissimus muscle from
crossbred Bos indicus x Bos taurus cattle harvested
with stunning than those from un-stunned animals on
d 0. In contrast, Oneng and Kaya (2004) and Sazili et
al. (2013) documented no differences in a* values of
longissimus muscle from Bos taurus cattle harvested
without stunning and with stunning. In addition, Sabow
et al. (2017) reported similar redness (a* values) in LL
muscle from goats harvested without stunning or after
electrically stunning, during 14 d of storage.

CBP and NST steaks exhibited a decrease in a*
values (P < 0.05) from d 3 of storage (Fig. 1). The ob-
served decline in a* value could be related to the dif-
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ferences in meat pH and lipid oxidation. The increase
in pH during storage (as observed in CBP and NST)
favors mitochondrial activity leading to a decline in
oxymyoglobin content (Bendall and Taylor, 1972)
and a concomitant decrease in redness (Abril et al.,
2001; D’Agata et al., 2009). In addition, the increase in
TBARS (observed in CBP and NST; Table 2) acceler-
ates metmyoglobin formation, contributing to meat dis-
coloration and decrease of a* values (Faustman et al.,
2010). A negative correlation was observed between a*
value and pH (» = —0.81, P < 0.05) and TBARS (» =
—0.85, P < 0.05), which further reiterates the relation-
ship between surface redness, pH, and lipid oxidation.

In agreement, D’Agata et al. (2009) documented
a decrease of redness in longissimus muscle from Bos
taurus cattle harvested without stunning and with stun-
ning from d 2 to 6 of storage. In addition, Sabow et al.
(2017) reported a decrease in a* values of LL muscle
from goats harvested without stunning or their electri-
cally stunned counterparts during 14 d of storage.

Yellowness (b* value)

There was no harvest x storage interaction (P =
0.4830; Table 1) for b* value. However, there was an
effect of harvest (P < 0.0053) and storage (P < 0.0001)
on yellowness. The NST steaks exhibited greater (P <
0.05) yellowness (b* values) than CBP steaks through-
out the storage (Table 1). In contrast with our results,
D’Agata et al. (2009) documented similar yellowness
in longissimus muscle from Bos taurus cattle harvested
with and without stunning on d 0 and 6 of storage. In
addition, Vergara et al. (2005) reported similar b* val-
ues in longissimus muscles from lambs harvested with-
out stunning and their counterparts from electrically
stunned lambs during 7 d of storage. Both CBP and NST
steaks demonstrated a decrease (P < 0.05) in yellow-
ness during storage (Table 1). In agreement, D’ Agata
et al. (2009) documented a decrease in b* values in
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Figure 1. Surface redness (a* value) of longissimus lumborum
steaks from Bos indicus bulls harvested with captive bolt stunning (CBP)
or without stunning (NST) during aerobic storage at 4°C for 9 d. Standard
error bars are indicated. * *Means within a harvest method without com-
mon superscripts are different (P < 0.05). *¥Means within a day of storage
without common superscripts are different (P < 0.05).

longissimus muscle from Bos taurus cattle harvested
without stunning and with stunning from d 2 to 6 of
storage. In partial agreement, Oneng and Kaya (2004)
reported a decrease in b* values of longissimus mus-
cle from Bos taurus cattle harvested without stunning
from d 3 to 9, whereas their counterparts from stunned
animals exhibited steady b* values during storage. On
contrary, several previous investigations documented
an increase in yellowness in longissimus muscle from
lambs (Vergara et al., 2005) and goats (Sabow et al.,
2017) harvested without stunning and with electrically
stunning during 7 and 14 d of storage, respectively.

Color stability (R630/580)

There was no harvest x storage interaction (P =
0.7006; Fig. 2) for R630/580. However, there was an
effect of harvest (P < 0.0013) and storage (P < 0.0001)
on surface color stability. CBP steaks demonstrated
greater (P < 0.05) surface color stability (R630/580)
than NST steaks throughout the storage (Fig. 2). The
R630/580 estimates surface discoloration; greater ratio
indicates lower surface metmyoglobin accumulation
and consequently greater redness and color stability
(American Meat Science Association, 2012). The dif-
ferences in R630/580 could be attributed to the differ-
ences in meat pH (Abril et al., 2001; McKeith et al.,
2016). Lower ultimate meat pH (as observed in CBP
steaks) decreases mitochondria respiration, thereby in-
creasing the availability of oxygen to bind to myoglo-
bin, and consequently increases oxymyoglobin levels

American Meat Science Association.

Figure 2. Surface color stability (R630/580) of longissimus lumbo-
rum steaks from Bos indicus bulls harvested with captive bolt stunning
(CBP) or without stunning (NST) during aerobic storage at 4°C for 9 d.
Standard error bars are indicated. * “Means within a harvest method with-
out common superscripts are different (P < 0.05). *YMeans within a day of
storage without common superscripts are different (P < 0.05).

on meat surface (McKeith et al., 2016) and R630/580
(Abril et al., 2001). Contrasting our results, D’ Agata et
al. (2009) measured the percentage of surface oxymyo-
globin (employing K/S 610 and K/S 525 values) and
documented similar oxymyoglobin content in longissi-
mus muscles from Bos faurus cattle harvested without
stunning and after stunning on d 0, 2, and 6 of storage.
CBP and NST exhibited a decrease (P < 0.05) on
surface color stability during storage (Fig. 2). The de-
cline in R630/580 may associated with the differences
in meat pH and lipid oxidation. The pH increase en-
hances mitochondrial oxygen consumption leading
to a decrease in surface oxymyoglobin (Bendall and
Taylor, 1972) and a decline in R630/580 (Abril et al.,
2001; D’Agata et al., 2009). In addition, the increase in
TBARS (Table 2) favors myoglobin oxidation, contrib-
uting to surface browning and a decrease in R630/580
values (Faustman et al., 2010). A negative correlation
was observed in the present study between R630/580
and pH (r = —0.72, P < 0.05), and lipid oxidation (
= —0.68, P < 0.05), which further reiterates the rela-
tionship between surface color stability, pH, and lipid
oxidation. In contrast with our results, D’Agata et al.
(2009) reported steady oxymyoglobin content in lon-
gissimus muscle from Bos taurus cattle harvested with-
out stunning and after stunning during 6 d of storage.

Lipid oxidation (TBARS)

There was a harvest X storage interaction (P =
0.0454; Table 2) for lipid oxidation. NST steaks dem-
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onstrated greater (P < 0.05) TBARS than CBP coun-
terparts on d 0, 3, and 6 (Table 2), whereas both treat-
ments exhibited similar (P> 0.05) TBARS ond 9. The
differences in TBARS between CBP and NST may be
attributed to the differences in pre-slaughter stress
(Linares et al., 2007a), which is known to increase the
susceptibility of post-mortem muscles to lipid oxida-
tion. Pre-slaughter stress increases the levels of cate-
cholamine (Sabow et al., 2016) and cortisol (Wernicki
etal., 2006), which promote lipolysis and mobilization
of free fatty acids in post-mortem muscles (Warriss,
1990; Wernicki et al., 2006). Furthermore, the release
of cortisol leads to the generation of reactive oxygen
species, which initiate the process of lipid oxidation
(Wernicki et al., 2006; Linares et al., 2007a).

In partial agreement, Linares et al. (2007a) docu-
mented greater TBARS in longissimus muscle from
lambs harvested without stunning than in their coun-
terparts from electrically stunned lambs on d 7 of stor-
age. Sabow et al. (2015a) reported similar TBARS in
LL muscle from goats harvested without stunning and
harvested with minimal anesthesia prior on d 0 and 7
of storage. On the contrary, Sazili et al. (2013) report-
ed greater TBARS in LL muscle from crossbred Bos
taurus % Bos indicus cattle stunned with non-penetra-
tive pistol than in their counterparts from non-stunned
animals during 14 d of storage.

Both CBP and NST steaks demonstrated an in-
crease (P < 0.05) in TBARS during storage (Table
1). The observed differences in TBARS during stor-
age could be related to the decrease of redox capacity
of meat and generation of free radicals during storage
(Min and Ahn, 2005). These biomolecular imbalances
interact with the fatty acids, triggering the chain re-
action of lipid oxidation and subsequently increasing
TBARS (Min and Ahn, 2005). In agreement, Linares
et al. (2007a) documented an increase on TBARS in
longissimus muscle from lambs harvested without
stunning and in their counterparts from electrically
stunned animals during 7 d of storage. In addition,
Sazili et al. (2013) reported an increase on TBARS in
LL muscle from crossbred Bos taurus % Bos indicus
cattle harvested without stunning and with stunning
using a non-penetrative pistol during 14 d storage.

Water holding capacity (WHC)

There was no harvest x storage interaction (P =
0.7615; Table 1) for water holding capacity. However,
there was an effect of harvest (P < 0.0001) and stor-
age (P <0.0001) on water holding capacity. The NST
steaks exhibited greater (P < 0.05) WHC than their
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CBP counterparts throughout the storage (Table 1).
The observed differences in WHC between CBP and
NST steaks could be attributed to the differences in
meat pH (Onen¢ and Kaya, 2004; Sabow et al., 2015b).
The decrease of muscle pH promotes conformational
changes of cytoskeletal proteins, increasing their hy-
drophobicity and aggregation, which in turn favors the
release of bound water (Huff-Lonergan and Lonergan,
2005) decreasing the WHC in CBP steaks (Oneng and
Kaya, 2004; Sabow et al., 2015b).

Supporting our results, Onen¢ and Kaya (2004)
documented greater WHC in longissimus muscle from
Bos taurus cattle harvested without stunning than in
their counterparts from animals stunned with captive
bolt pistol during 7 d of storage. Additionally, Sabow et
al. (2015b) reported greater WHC in LL muscle from
goats harvested without stunning than in the muscles
from animals harvested with pre-slaughter anesthesia
during 7 d of storage. In contrast, Sazili et al. (2013)
reported similar WHC in LL muscle from Bos taurus %
Bos indicus cattle harvested without stunning and with
stunning. In addition, Vergara et al. (2005) reported
similar WHC in longissimus muscles from lambs har-
vested without stunning and after electrical stunning.

The CBP and NST steaks demonstrated an increase
(P <0.05) in WHC from d 6 of storage (Table 1). The
observed increase in WHC during storage could be at-
tributed to the muscle proteolysis and degradation of
the cytoskeletal proteins, which in turn minimize the
shrinkage of myofibrils and thereby decrease the re-
lease of bound water, increasing the WHC (Kristensen
and Purslow, 2001). A positive correlation was ob-
served in the present study between pH and WHC (» =
0.69, P < 0.05), which further reiterates the relation-
ship between pH and WHC.

In partial agreement, Oneng and Kaya (2004) doc-
umented an increase of WHC during 7 d storage in
longissimus muscle from Bos taurus cattle harvested
without stunning, but not in their counterparts from
animals harvested after stunning. On the contrary,
Sabow et al. (2015b) reported a decrease of WHC in
LL muscle from goats harvested without stunning and
harvested with pre-slaughter anesthesia during 7 d of
storage.

Instrumental color and their correlation
with biochemical attributes

Several variables were strongly (» > 0.6; P < 0.05)
correlated: a* value was positively correlated with b
value (» = 0.76; P < 0.05) and R630/580 (» = 0.80; P <
0.05). In addition, pH exhibited a positively correlation
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with WHC (r = 0.69; P < 0.05), and lipid oxidation (r =
0.74; P <0.05). Furthermore, WHC demonstrated a posi-
tively correlation with lipid oxidation (»=0.72; P <0.05).
In contrast, a* value exhibited a negative correlation with

pH (r =—-0.81; P < 0.05), WHC (» = -0.75; P < 0.05),
and lipid oxidation (r = —0.85; P < 0.05). Yellowness (b*
value) demonstrated a negative correlation with lipid oxi-
dation (r = 0.87; P < 0.05). In addition, R630/580 was

negatively correlated with pH (» =—-0.72; P < 0.05) and

lipid oxidation (»=-0.68; P < 0.05).

Conclusions

The findings of the present study indicate that the
harvest method influenced the quality attributes of LL
steaks from Bos indicus (Nellore) cattle. CBP steaks
exhibited greater color and lipid stabilities than NST
steaks. Nevertheless, NST steaks exhibited greater pH
and WHC than their CBP counterparts. These results
suggested the necessity to develop suitable processing
strategies to improve the color stability of beef from
Bos indicus cattle harvested without stunning.
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