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ABSTRACT The objective of this study was to deter-
mine the relationship between water-holding capacity
(WHC) attributes and protein denaturation in broiler
breast meat. Boneless skinless breast fillets (n = 72)
were collected from a commercial processing plant at 2 h
postmortem and segregated into low-WHC and high-
WHC groups based on muscle pH and color (L∗a∗b∗).
At 6 and 24 h postmortem, brine uptake (%), cooking
loss (%), and protein solubility (sarcoplasmic and my-
ofibrillar) were measured and protein fractions were an-
alyzed using SDS-PAGE. Drip loss accumulation (%)
was measured after storage for 2 and 7 days post-
mortem. High-WHC fillets exhibited lower L∗-lightness
values and greater pH values at 2 and 24 h postmortem
than low-WHC fillets. High-WHC fillets had greater
brine uptake and less cooking loss at both 6 and 24 h
postmortem compared to low-WHC fillets. Aging from
6 to 24 h postmortem increased brine uptake in high-
WHC fillets, but did not affect cooking loss in ei-
ther low-WHC or high-WHC fillets. Drip loss accu-

mulation was greater in low-WHC fillets at both 2
and 7 days postmortem. Myofibrillar protein solubil-
ity decreased with postmortem time but was not dif-
ferent between low-WHC and high-WHC fillets. Sar-
coplasmic protein solubility increased with postmortem
time and was greater in high-WHC fillets. SDS-PAGE
analysis indicated that low-WHC fillets exhibited more
glycogen phosphorylase denaturation than high-WHC
fillets as evidenced by a more extensive shift of the
protein from the sarcoplasmic to the myofibrillar pro-
tein fraction. Correlation analysis revealed that over-
all protein solubility measurements were not related
to WHC attributes but that the degree of glycogen
phosphorylase denaturation was significantly correlated
(|r| = 0.52 to 0.80) to measures of WHC. Data in-
dicated that WHC differences in broiler breast fillets
were not due to differences in myofibrillar protein de-
naturation and suggested that the denaturation of sar-
coplasmic proteins onto myofibrils may influence WHC
in breast meat.
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INTRODUCTION

The ability of meat to bind water is a complex
trait that is influenced by structural and biochemical
changes that occur during the transformation of mus-
cle to meat. Broiler breast muscles (pectoralis major)
are typically comprised of nearly 100% type 2B, fast-
twitch, glycolytic muscle fibers (Sams and Janky, 1990).
As a result broiler breast meat undergoes a rapid post-
mortem pH decline and is susceptible to developing
inferior water-holding capacity (WHC) characteristics.
Unfortunately, the underlying mechanisms that control
WHC in broiler meat are not fully understood.
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Much of what is known about WHC in fresh meat is
the result of research on pale, soft, exudative (PSE)
pork (Bendall and Swatland, 1988; Offer, 1991) and
PSE turkey (Pietrzak et al., 1997). Muscle pH and pro-
tein denaturation are considered to be the main de-
terminants of WHC in meat (Offer and Knight, 1988).
As muscle pH decreases with the progression of post-
mortem metabolism, the net charges of the muscle pro-
teins are reduced. This decrease in net protein charge
results in diminished WHC due to the availability of
fewer charged protein sites for binding water and be-
cause the lack of repulsive charges allows muscle pro-
teins to become more closely packed, which forces more
of the immobilized water into the free water com-
partment. Protein denaturation due to a rapid or an
extended postmortem pH decline in meat can also
negatively influence WHC. The degree of protein
denaturation in postmortem muscle is often determined
by measuring protein solubility or extractability. In
pork and turkey muscle, low WHC and pH are closely
associated with high degrees of postmortem myofibril-
lar and sarcoplasmic protein denaturation and reduced
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protein solubility (Pietrzak et al., 1997; Warner et al.,
1997; Joo et al., 1999; Choi et al., 2010; Chan et al.,
2011; Yin et al., 2014). Myosin denaturation in partic-
ular is thought to be the key event in the development of
poor WHC (Pietrzak et al., 1997). Despite many simi-
larities across species in regards to pH effects on WHC,
the available literature suggests that the relative im-
portance of protein denaturation in controlling WHC
in pale chicken muscle may be different from pork and
turkey. Some reports have shown that isolated myofib-
rillar proteins from chicken breast muscle are resistant
to denaturation under in vitro conditions simulating
postmortem muscle (Van Laack and Lane, 2000) and
that pale and normal colored fillets have similar pro-
tein solubility levels (Van Laack et al., 2000). However,
others have observed lower salt-soluble protein ex-
tractability in pale breast meat (Barbut et al., 2005)
and increased sarcoplasmic protein denaturation in fil-
lets incubated at elevated temperatures (Zhu et al.,
2011). In a study on the occurrence of PSE-like breast
meat, Zhu and others (2012) observed that meat with
low WHC and low pH also exhibited substantially lower
sarcoplasmic and total protein solubility than normal
meat. As a result of these varied reports, the role that
protein denaturation plays in WHC in chicken meat is
unclear.

Due to the dynamic nature of postmortem muscle,
WHC characteristics in chicken meat have been shown
to change during the first 24 h postmortem. Using a
salt-induced water uptake method, Zhuang and Savage
(2012) observed that WHC was greater at 24 h post-
mortem than at 2 h postmortem in broiler breast meat.
It is unknown if the relationships between muscle pro-
tein denaturation and WHC attributes in broiler breast
meat are influenced by postmortem time. In order to
further delineate the relationship between WHC and
protein denaturation in chicken breast meat exhibit-
ing divergent WHC attributes, this study measured
protein solubility (myofibrillar and sarcoplasmic) and
WHC in commercially processed and chilled pale and
dark broiler breast fillets at different times postmortem
(6 h and 24 h).

MATERIALS AND METHODS

Sample Collection and Preparation

Over 3 separate trial days, 138 boneless, skinless but-
terfly breast fillets (Pectoralis major) were obtained
from a commercial processing plant at approximately
2 h postmortem. As part of the slaughter process, this
commercial facility utilized postmortem electrical stim-
ulation to accelerate rigor mortis onset and to allow
for early deboning. In order to obtain a set of fillets
with divergent WHC attributes, fillets were selected
from the deboning line based on visual color assess-
ments (pale or dark). Fillets were placed on ice and
transported to the Richard B. Russell Research Center
(15 min) for analyses. Upon arrival, fillets were sepa-

rated, trimmed of visible fat and connective tissue, and
weighed. Muscle color and pH were measured and a to-
tal of 72 butterfly fillets (24 per trial day) were selected
for further analyses. Right and left fillets from each
pair were assigned either 6 h or 24 h postmortem ag-
ing treatments. After the designated aging periods, the
fillets were individually minced for 30 sec in a food pro-
cessor (HC306, Black & Decker Corp., Towson, MD).
Freshly minced muscle samples were utilized for deter-
mining brine uptake and cook loss and the remainder
of the minced tissue was stored at −80◦C for biochemi-
cal analysis. The pH, color, brine uptake, and drip loss
data from this study were also related to visible and
near-infrared spectroscopy measurements in a previous
report (Bowker et al., 2014).

Color Measurements and Meat pH
Measurements

Color (CIE-L∗a∗b∗) was measured in triplicate on the
dorsal surface of fillets with a Minolta Spectrophotome-
ter CM-700d (Konica Minolta Inc., Ramsey, NJ). Meat
pH was measured in duplicate at approximately 2 and
24 h postmortem with a Hach H280GB pH meter and a
PH57-SS spear-tipped pH probe (Hach Inc., Loveland,
CO) inserted into the cranial end of the intact fillets.

Water-Holding Capacity Attributes

Prior to mincing the tissue at 6 h postmortem, a 40 g
sample from the central portion of 1 fillet from each
butterfly was removed using a coring device, placed on
a mesh screen in a covered plastic container, stored at
4◦C, and reweighed at 2 and 7 days postmortem for the
determination of drip loss (%). For determining brine
uptake (%), duplicate 10 g samples of minced muscle
were mixed with 15 mL of cold 0.6 M NaCl solution in
50 mL centrifuge tubes, mixed for 1 min, stored at 4◦C
for 15 min, and then centrifuged at 7,000 × g for 15
min at 4◦C. Excess liquid was decanted and brine up-
take was expressed as the percentage of weight gained
by the pellet [100 × (final wt. − initial wt.)/initial wt.].
The swollen pellets were then heated to 78◦C in an
80◦C water bath, the liquid decanted, and cook loss
was calculated as the weight lost during heating as a
percentage of the initial weight [100 × (initial wt. −
final wt.)/initial wt.].

Protein Solubility Measurements

Sarcoplasmic protein solubility was determined by
homogenizing duplicate 1-g muscle samples in 10 mL
of cold 25 mM potassium phosphate buffer (pH 7.2).
Homogenates were placed on a rocker plate at 4◦C for
20 h and then centrifuged at 2,600 × g for 30 min.
The protein concentration of the decanted supernatant
was then measured using a biuret assay with a BSA
standard curve. Total protein solubility was similarly
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determined in 1.1 M KI, 0.1 M potassium phosphate
(pH 7.2) buffer. Myofibrillar protein solubility was cal-
culated from the difference between total and sarcoplas-
mic protein solubility.

SDS-PAGE and Western Blot Analysis
of Isolated Protein Fractions

Sarcoplasmic and myofibrillar protein fractions were
isolated from minced muscle tissue by subcellular frac-
tionation (Pietrzak et al., 1997) in homogenization
buffer (50 mM KCl, 20 mM Tris, pH 7.0, 2 mM EDTA,
4 mM MgCl2, 5 mM 2-mercaptoethanol, 0.1 mM PMSF,
and 1% vol/vol Triton X-100) and rigor buffer (75 mM
KCl, 10 mM KH2PO4, 2mM MgCl2, 2 mM EGTA, pH
7.0). The biuret assay was used to determine protein
concentration of each fraction. Protein samples were
denatured (100◦C water for 3 min) in sample buffer
[8 M urea, 2 M thiourea, 3% SDS (wt/vol), 75 mM
DTT, 25 mM Tris-HCl (pH 6.8), 0.004% bromophe-
nol blue] and loaded (15 μg protein/lane) onto pre-
cast 4–20% tris-glycine polyacrylamide gels for elec-
trophoresis on a Novex Midi Gel System (Life Tech-
nologies Corp., Carlsbad, CA) at 4◦C using constant
200 V in reservoir buffer described by Laemmli (1970).
Gels were stained with a Coomassie brilliant blue R-
250 solution and images were captured using a Fluo-
rChem M imaging system (ProteinSimple Inc., Santa
Clara, CA). AlphaView software (v 3.4, ProteinSim-
ple Inc.) was used to quantify protein band densities
and determine molecular weights based on a broad
range standard (5–225 kDa). For the quantitative anal-
ysis of the gels, the abundance of the glycogen phos-
phorylase band was expressed relative to the actin
band in the myofibrillar samples and relative to the
pyruvate kinase band in the sarcoplasmic samples.
The identification of the glycogen phosphorylase band
within the SDS-PAGE profiles of both the sarcoplas-
mic and myofibrillar protein fractions was confirmed
by western blotting. Protein samples on unstained gels
(40 μg protein/lane) were transferred to PVDF mem-
brane using a fast semi-dry blotter (Pierce Biotechnol-
ogy Inc., Rockford, IL) for 30 min at 15 V in buffer
containing 25 mM Tris, 192 mM glycine, 15% vol/vol
methanol, and 0.1% wt/vol SDS. The western blot
was conducted using a rabbit polyclonal anti-glycogen
phosphorylase primary antibody (AS09 455, Agris-
era Corp., Sweden), anti-rabbit alkaline phosphatase
conjugated secondary antibody (A3687, Sigma-Aldrich
Corp., St. Louis, MO), and 5-bromo-4-chloro-3-indolyl
phosphate/nitroblue tetrazolium substrate (Bio-Rad
Laboratories Inc., Hercules, CA).

Statistical Analysis

Data were analyzed using the PROC MIXED proce-
dure of SAS (Version 9.2, SAS Institute Inc., Cary, NC).
For meat pH and color data, a 1-way ANOVA proce-

Table 1. Meat pH and color measurements1 of
low-WHC and high-WHC broiler breast fillets
(means ± SEM).

Trait Low-WHC High-WHC

pH 2h 5.99 ± 0.04b 6.17 ± 0.06a

pH 24h 5.83 ± 0.03b 6.20 ± 0.03a

L∗ 61.3 ± 0.6a 46.3 ± 0.4b

a∗ 0.4 ± 0.1b 0.9 ± 0.1a

b∗ 13.0 ± 0.4a 9.2 ± 0.2b

a,bMeans (n = 36) within a row with no common
superscript differ significantly (P < 0.05).

1Data from Bowker and others (2014).

dure was utilized to compare low-WHC and high-WHC
fillets. Water-holding capacity, protein solubility, and
SDS-PAGE data were analyzed using a 2-way ANOVA
procedure with the model including group (low-WHC,
high-WHC), postmortem time, and their interaction as
fixed effects and carcass as a random effect. Signifi-
cant differences (P < 0.05) between means were identi-
fied using the Tukey’s means separation method. Cor-
relation coefficients were determined using the PROC
CORR procedure.

RESULTS AND DISCUSSION

In order to investigate the relationship between WHC
and protein denaturation in broiler breast meat, sam-
ples with divergent quality attributes were needed for
this study. Because poor WHC and low muscle pH in
chicken are closely associated with pale-colored lean
(Allen et al., 1998; Qiao et al., 2001), breast fillets for
this study were selected from the deboning line of a
commercial broiler processing facility based on visual
color. This resulted in 2 distinct groups of breast fillets
with regards to meat quality attributes. As expected,
the pale (low-WHC) fillets had lower (P < 0.0001) mus-
cle pH at 2 and 24 h postmortem and higher (P <
0.0001) lightness-L∗ values than dark (high-WHC) fil-
lets (Table 1). Color values for a∗ and b∗ indicated that
low-WHC fillets were also less red and more yellow than
high-WHC fillets. The measures of WHC used in this
study (Table 2) confirmed that the fillets exhibited a
wide range of quality attributes. At both 6 and 24 h
postmortem, pale fillets (low-WHC) had lower brine up-
take (P < 0.0001) and higher cook loss (P < 0.0001)
than dark fillets (high-WHC). As expected, drip loss in-
creased from 2 to 7 days postmortem in all fillets dur-
ing refrigerated storage and drip accumulations were
greater in pale breast fillets.

In this study, protein solubility was used as an indi-
cator of protein denaturation within the breast fillets.
Myofibrillar protein solubility was similar between low-
and high-WHC breast fillets at both 6 and 24 h post-
mortem (Table 3). Thus, despite the widely divergent
WHC attributes between the pale and dark fillets, the
overall degree of myofibrillar protein denaturation was
not different between the 2 groups of fillets. Correlation
analysis indicated that regardless of postmortem time,
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Table 2. Water-holding capacity measurements of low-WHC and high-WHC broiler
breast fillets at 6 and 24 h postmortem.

Level of significance

Trait Low-WHC High-WHC SEM Group (G) Time (T) G × T

Brine uptake %1 6 h 15.1c 65.9b 4.5 0.0001 0.0027 0.3004
24 h 24.2c 84.3a

Cook loss % 6 h 21.6a 18.4b 1.4 0.0001 0.1603 0.7474
24 h 22.3a 19.6b

Drip loss %1 2 d 2.40b 0.47d 0.2 0.0001 0.0001 0.4520
7 d 4.81a 1.56c

a–dMeans within a trait with no common superscript differ significantly (P < 0.05).
1Brine uptake (%) and drip loss (%) data from Bowker and others (2014).

Table 3. Myofibrillar and sarcoplasmic protein solubility measurements1 of low-WHC
and high-WHC broiler breast fillets at 6 and 24 h postmortem.

Level of significance

Trait Low-WHC High-WHC SEM Group (G) Time (T) G × T

Myofibrillar 6 h 121.3a,b 121.9a 2.8 0.9713 0.0087 0.8596
24 h 114.3a,b 113.9b

Sarcoplasmic 6 h 79.3c 82.7b 1.8 0.0380 0.0064 0.9094
24 h 84.2b 88.0a

a–cMeans within a trait with no common superscript differ significantly (P < 0.05).
1Solubility measurements expressed as mg protein/g tissue.

Table 4. Correlation coefficients (r) between WHC and protein solu-
bility measurements in broiler breast fillets at 6 and 24 h postmortem.

Brine uptake % Cook loss % Drip loss %

Trait 6 h 24 h 6 h 24 h 2 d 7 d

Myofibrillar 6 h 0.13 0.15 −0.04 −0.08 −0.14 −0.01
24 h 0.03 0.09 −0.13 −0.11 −0.12 −0.03

Sarcoplasmic 6 h 0.08 0.13 −0.09 −0.04 −0.33∗ −0.17
24 h 0.06 0.08 −0.08 −0.01 −0.31∗ −0.11

∗P < 0.01

myofibrillar protein solubility measurements were not
related (P > 0.05) to brine uptake, cook loss, or drip
loss (Table 4). Similarly, Van Laack and others (2000)
reported only minor differences in total protein solu-
bility between pale and normal colored breast fillets.
By demonstrating that low WHC can be observed in-
dependent of a high degree of myofibrillar protein de-
naturation, the data from the current study suggested
that myosin denaturation, as indicated by myofibril-
lar protein solubility, was not the primary determinant
of WHC differences between the pale and dark broiler
breast fillets. These findings differ from previous re-
ports on pork and turkey in which increased myosin
denaturation and decreased myofibrillar protein solubil-
ity were closely associated with low WHC and meat pH
(Pietrzak et al., 1997; Warner et al., 1997; Rathgeber
et al., 1999; Choi et al., 2010). It has been shown that
the denaturation of native myosin heads under PSE-
like conditions in vitro can cause the lengths of the
myosin heads to shrink sufficiently to draw the thick
and thin filaments closer together and expel water from
the myofibrils into the extracellular space (Offer et al.,
1989). The findings of the current study, however, are

supported by the observations of Van Laack and Lane
(2000) that myofibrils isolated from chicken breast meat
are more resistant to protein denaturation under low pH
conditions in vitro and expand on this earlier report by
suggesting that this phenomenon holds true even in in-
tact broiler breast fillets that have been commercially
processed and chilled.

Although the denaturation of myofibrillar proteins,
and myosin in particular, is often considered to be
the decisive factor controlling WHC in PSE pork and
turkey (Offer, 1991; Pietrzak et al., 1997), sarcoplasmic
protein denaturation is also thought to play a role in
WHC (Monin and Laborde, 1985; Puolanne and Halo-
nen, 2010). Several studies have shown that the cor-
relations between sarcoplasmic protein solubility and
various measures of WHC are actually greater than
the correlations between myofibrillar protein solubil-
ity and WHC in both pork (Lopez-Bote et al., 1989;
Warner, 1994; Joo et al., 1999) and chicken (Van Laack
et al., 2000). Based on their globular nature and bi-
ological functions, sarcoplasmic proteins are thought
to have little impact on muscle ultrastructure and the
mechanisms by which they influence WHC in chicken
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meat are not well understood. In the current study,
sarcoplasmic protein solubility values at both 6 and
24 h postmortem were lower (P < 0.05) in fillets ex-
hibiting poor WHC (Table 3). Differences in sarcoplas-
mic protein solubility have also been observed between
pale and normal colored broiler breast meat (Van Laack
et al., 2000). However, other than being weakly related
to drip loss accumulation at 2 days postmortem (r =
−0.33 and −0.31), overall sarcoplasmic protein solubil-
ity measurements, like myofibrillar protein solubility,
were not strongly correlated to the WHC attributes
measured in this study (Table 4). These results sug-
gest that the overall degree of sarcoplasmic protein de-
naturation, as indicated by total sarcoplasmic protein
solubility, has limited impact on WHC in commercially
processed broiler breast fillets.

During the first 24 h postmortem, chicken muscles
continue to undergo numerous chemical and physical
changes that impact final meat quality (Lee et al., 2008;
Tomaszewska-Gras et al., 2011; Li et al., 2012). In this
study, the relationships between protein denaturation
and WHC were measured at 2 different time points
(6 h and 24 h postmortem) in order to capture the dy-
namic nature of these variables. Aging fillet samples
from 6 to 24 h postmortem caused an overall increase in
brine uptake (P < 0.01) but did not influence cook loss
(Table 2). These results are consistent with previous
data showing that salt-induced water gain percentage
in broiler breast fillets increased with aging between 2
and 24 h postmortem (Zhuang and Savage, 2012). In
regards to protein solubility, aging fillet samples from 6
to 24 h postmortem resulted in an overall decrease (P <
0.01) in myofibrillar protein solubility and an increase
(P < 0.05) in sarcoplasmic protein solubility (Table 3).
Neither the WHC attributes nor the protein solubility
measurements exhibited a significant interaction effect
between WHC group and postmortem time (Tables 2
and 3). Postmortem time (6 or 24 h postmortem) did
not influence the magnitude or significance of the corre-
lation coefficients between solubility measurements and
WHC attributes (Table 4). These data suggest that
postmortem time does not influence the relationship
between protein denaturation (as measured by overall
protein solubility) and WHC attributes in broiler breast
meat.

Although extreme differences in WHC were not ac-
companied by differences in overall myofibrillar and
sarcoplasmic protein solubility, detailed analysis of the
protein profiles of the muscle fractions suggested that
the denaturation of specific sarcoplasmic proteins may
have at least played a contributing role in determin-
ing WHC. Glycogen phosphorylase, a sarcoplasmic pro-
tein that plays a pivotal role in muscle metabolism,
was utilized as an indicator of sarcoplasmic protein de-
naturation early postmortem (<1 h). In muscle with a
rapid rate of postmortem metabolism, glycogen phos-
phorylase is known to be particularly susceptible to
denaturation due to the low pH and high tempera-
ture conditions within the muscle (Fischer et al., 1979;

Figure 1. Representative SDS-PAGE profiles of sarcoplasmic
(Sarc) and myofibrillar (MF) protein fractions isolated from low-WHC
and high-WHC broiler breast fillets at 24 h postmortem.

Figure 2. Representative western blot of glycogen phosphorylase
in the sarcoplasmic (Sarc) and myofibrillar (MF) protein fractions iso-
lated from low-WHC and high-WHC broiler breast fillets at 24 h post-
mortem.

Rathgeber et al., 1999). Postmortem denaturation can
cause glycogen phosphorylase to precipitate onto my-
ofibrils (Pietrzak et al., 1997). This causes a notable
shift of the protein from the sarcoplasmic protein frac-
tion to the myofibrillar fraction that can be detected
by SDS-PAGE analysis. In the current study, the rel-
ative abundance of glycogen phosphorylase in the sar-
coplasmic and myofibrillar protein fractions was evalu-
ated using quantitative SDS-PAGE analysis (Figure 1)
accompanied by western blot analysis for confirmation
of band identification (Figure 2). Broiler breast fillets
with inferior WHC attributes in this study exhibited
a higher degree of glycogen phosphorylase denatura-
tion. The relative abundance of the glycogen phos-
phorylase protein band was greater (P < 0.0001) in
the myofibrillar protein fractions isolated from low-
WHC breast fillets compared to high-WHC fillets (Ta-
ble 5). Conversely, the abundance of the glycogen phos-
phorylase band was greater (P < 0.0001) in the sar-
coplasmic protein fractions isolated from high-WHC fil-
lets. This phenomenon was evident in both the SDS-
PAGE gels (Figure 1) and the western blots (Figure 2)
and was likely due to the early postmortem pH and
temperature conditions of the low-WHC fillets caus-
ing more extensive glycogen phosphorylase denatura-
tion and precipitation onto myofibrils than in the high-
WHC fillets. As a result, a higher degree of glycogen
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Table 5. Relative abundance of glycogen phosphorylase in myofibrillar (GP-MF)
and sarcoplasmic (GP-Sarc) protein fractions isolated from low-WHC and high-
WHC broiler breast fillets at 6 and 24 h postmortem.

Level of significance

Trait Low-WHC High-WHC SEM Group (G) Time (T) G × T

GP-MF1 6 h 0.27a 0.15b 0.02 0.0001 0.4802 0.9627
24 h 0.26a 0.14b

GP-Sarc2 6 h 0.26b 0.51a 0.04 0.0001 0.9289 0.2916
24 h 0.29b 0.52a

a,bMeans within a trait with no common superscript differ significantly (P < 0.05).
1Glycogen phosphorylase SDS-PAGE band intensity in myofibrillar protein fraction ex-

pressed relative to actin band intensity.
2Glycogen phosphorylase SDS-PAGE band intensity in sarcoplasmic protein fraction ex-

pressed relative to pyruvate kinase band intensity.

Table 6. Correlation coefficients (r) between WHC measurements and rel-
ative abundance of glycogen phosphorylase in myofibrillar (GP-MF) and
sarcoplasmic (GP-Sarc) protein fractions isolated from broiler breast fillets
at 6 and 24 h postmortem.

Brine uptake % Cook loss % Drip loss %

Trait 6 h 24 h 6 h 24 h 2 d 7 d

GP-MF1 6 h −0.78∗∗∗ −0.76∗∗∗ 0.60∗ 0.65∗ 0.63∗∗ 0.66∗∗
24 h −0.80∗∗∗ −0.78∗∗∗ 0.65∗ 0.65∗∗ 0.68∗∗ 0.72∗∗

GP-Sarc2 6 h 0.79∗∗∗ 0.80∗∗∗ −0.70∗∗ −0.74∗∗∗ −0.64∗ −0.67∗∗
24 h 0.69∗∗ 0.70∗∗ −0.52∗ −0.66∗∗ −0.58∗ −0.61∗

∗P < 0.01, ∗∗ P < 0.001, ∗∗∗ P < 0.0001.
1Glycogen phosphorylase SDS-PAGE band intensity in myofibrillar protein fraction

expressed relative to actin band intensity.
2Glycogen phosphorylase SDS-PAGE band intensity in sarcoplasmic protein frac-

tion expressed relative to pyruvate kinase band intensity.

phosphorylase denaturation in the low-WHC fillets re-
sulted in a greater abundance of this sarcoplasmic pro-
tein appearing in the myofibrillar protein fraction upon
isolation. Aging from 6 to 24 h postmortem did not seem
to affect the abundance of glycogen phosphorylase in ei-
ther fraction (Table 5) suggesting that denaturation of
this protein occurred prior to 6 h postmortem. A similar
shift of glycogen phosphorylase between the sarcoplas-
mic and myofibrillar protein fractions due to denatura-
tion has previously been shown in both turkey and pork
(Pietrzak et al., 1997; Joo et al., 1999; Rathgeber et al.,
1999). Using broiler breast meat, Zhu and others (2011)
observed that muscles incubated at 40◦C until 4 h post-
mortem exhibited increased glycogen phosphorylase
denaturation, similar shifts in SDS-PAGE banding pat-
terns, and higher drip loss. The current study demon-
strated that even with commercial carcass processing
and chilling practices, muscle pH and temperature con-
ditions can be adverse enough to cause extensive glyco-
gen phosphorylase denaturation in some broiler breast
fillets. In PSE pork, in addition to glycogen phospho-
rylase, other sarcoplasmic proteins such as creatine ki-
nase, triose phosphate isomerase, and myokinase also
denature and become associated with the myofibrillar
protein fraction of the muscle (Joo et al., 1999). Al-
though additional research is needed to confirm this, it
is likely that other sarcoplasmic proteins behave similar
to glycogen phosphorylase in pale broiler breast fillets
exhibiting low WHC.

In the current study, the relative abundance of glyco-
gen phosphorylase in the various protein fractions was
related to the WHC attributes of the broiler breast
meat. Regardless of postmortem time of measurement,
the glycogen phosphorylase abundance in both the
myofibrillar and sarcoplasmic protein fractions of the
breast fillets was significantly correlated to brine up-
take, cook loss, and drip loss measurements (Table 6).
While these correlations do not prove a causal rela-
tionship, they strongly suggest that the denaturation
of sarcoplasmic proteins and subsequent precipitation
onto myofibrils plays a mechanistic role in determin-
ing WHC in broiler breast fillets. It has been postu-
lated that the interactions between myofibrillar pro-
tein surfaces and the sarcoplasm play an important
role in WHC and that these interactions may be in-
fluenced by the coagulation of denatured sarcoplasmic
proteins onto myofilaments (Offer and Knight, 1988;
Puolanne and Halonen, 2010). In the current study
denatured sarcoplasmic proteins precipitated onto the
myofibrillar proteins to a greater extent in breast fil-
lets with inferior WHC attributes. The more exten-
sive precipitation of denatured sarcoplasmic proteins
onto myofibrils in the pale breast fillets may have con-
tributed to the lower WHC by increasingly shielding the
negative charges on the myofibrillar protein surfaces,
which, in turn, could have led to less repulsion between
the myofilaments and increased lateral shrinkage of the
myofibrils.
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It has previously been suggested that the precipita-
tion of denatured sarcoplasmic proteins onto myofibrils
is responsible for the diminished extractability of my-
ofibrillar proteins in PSE pork (Bendall and Wismer-
Pedersen, 1962). In the current study, however, the de-
naturation and precipitation of sarcoplasmic proteins
did not seem to impact myofibrillar protein solubility
in pale chicken breast meat. This observation was sim-
ilar to what has been reported in RSE (red, soft, ex-
udative) pork, which has normal color attributes but
poor WHC (Warner et al., 1997; Joo et al., 1999).
RSE pork exhibits more extensive glycogen phospho-
rylase denaturation than pork with normal WHC but
similar levels of overall sarcoplasmic and myofibrillar
protein solubility. Similarly, Alvarado and Sams (2004)
observed that chilling turkey carcasses at high temper-
atures (30◦C) can cause the denaturation and precip-
itation of phosphorylase with no effect on total pro-
tein solubility. These results support the assertion of
Pietrzak and others (1997) that direct myosin denatu-
ration rather than sarcoplasmic protein coating is re-
sponsible for the lower myofibrillar protein solubility in
PSE meat.

The lack of differences in myofibrillar protein denat-
uration between low-WHC and high-WHC fillets indi-
cated that muscle pH likely played a significant role in
determining WHC in the breast meat. Pale fillets with
low WHC exhibited a lower ultimate muscle pH than
dark fillets with high WHC. In the current study, the
pH effects on WHC were more likely due to the di-
rect actions of pH on net protein charges and filament
spacing rather than through differences in pH-induced
myofibrillar protein denaturation. Further research is
needed, however, to delineate the confounded effects of
muscle pH and sarcoplasmic protein denaturation on
the WHC of pale broiler breast meat.

In conclusion, this study demonstrates that myofib-
rillar and total sarcoplasmic protein solubility are not
closely related to WHC attributes in broiler breast
meat. Furthermore, the relationships, or lack thereof,
between WHC measurements and protein solubility
were similar at 6 and 24 h postmortem. Data indicate
that the degree of overall postmortem protein denatura-
tion, and myosin denaturation in particular, is not a dif-
ferentiating factor in the WHC differences between pale
and dark broiler breast fillets. Based on the data in this
study, ultimate muscle pH plays a stronger role than
myofibrillar protein denaturation in determining WHC
in commercially processed broiler breast fillets. How-
ever, the degree of glycogen phosphorylase denaturation
within the breast fillets was strongly correlated with the
various WHC attributes measured in this study. The in-
creased glycogen phosphorylase denaturation observed
in fillets with low WHC suggests that the postmortem
denaturation of sarcoplasmic proteins may have a di-
rect impact on WHC in broiler breast meat. Further
research is needed, however, to determine the precise
mechanisms by which sarcoplasmic protein denatura-
tion influences WHC in broiler breast fillets.
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