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ABSTRACT
Recent research has shown that the poultry industry is facing similar problems with meat
quality that resemble the pale,soft, and exudative (PSE) condition in pigs. Although the
condition and its causes have been established in pork, the incidence in broiler breast meat has
not been fully explained. Thus, the overall objective of this study was to investigate the
occurrence of PSE in broilers by examining potential causes and quality indicators. Color and pH
of boneless, skinless, broiler breast meat obtained from two commercial processing plants were
measured. Production and processing factors for each sample were recorded and correlated to
quality parameters. L* was heavily influenced by several factors such as grower, age, and bird
weight. The research also showed an increase in L* compared to previous research, with a*
having a greater correlation between the production and processing factors than L*. Color
measurements, pH, and water holding capacity studies were completed to evaluate the impact
selection for growth had on the quality of the meat. Results showed that the heavier birds with a
higher growth rate exhibited a higher occurrence of pale birds than the lighter birds with a slower

growth rate. L* values greater than 60 were observed in 57% of birds selected for greater yield
and in 26% of slower growing birds. Samples from normal and pale broiler breast fillets were
analyzed using SDS-PAGE, water holding capacity and protein solubility studies. Results
showed that pale broiler breast meat exhibited lower water holding capacity, protein solubility,
and pH values. The presence and intensity of protein bands on SDS-PAGE were similar in water
soluble and salt soluble extracts from pale and normal muscle. A peptide that migrated to the
molecular weight of phosphorylase was consistently present in myofibrillar fractions of both
normal and pale broiler breast fillets. Because there are no definitive solutions for eradicating the
occurrence of PSE in broilers, NIRS was examined as a tool for rapidly determining water
holding capacity. Results suggested that NIRS had the potential to predict water holding capacity
in broiler breast meat.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Introduction
Due to an increased requirement of consumers for processed poultry products versus
whole birds, geneticists have introduced new lines of birds selected for increased yield of breast
as well as thigh muscle. Poultry selection has changed on a continual basis since the early
1970’s. This continual change has resulted in a very large increase in growth rate of chickens
and turkeys. The focus of this poultry selection has been primarily on the reduction of breeding
costs while improving production efficiency. The impact of poultry selection on meat quality
has been neglected (Remignon and Le Bihan-Duval, 2003).
The selection for growth rate has resulted in an alteration in the processing quality of
poultry meat. This is evidenced by changes in carcass composition and meat quality such as
increased muscle glycolytic activity, lower water holding capacity and higher meat hardness
(Piles et al., 2000; Ramirez et al., 2004). Remignon and Le Bihan-Duval (2003) states that color
and water holding capacity are frequently reported as being poorer in modern poultry flocks.
These two factors are known to influence perceptions of the acceptability of the meat product
although they vary with the species, muscle function, age of the animal and storage conditions
(Berri, 2000). Fletcher (1999) found significant variations in breast meat lightness within five
commercial broiler-processing plants which would indicate variations at the retail level also.
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Barbut et al. (2008) states increased selection for growth has induced more stress on birds and
has possibly resulted in an increase in pale, soft, and exudative (PSE) meat among poultry.
Thus, the objectives of this research are: (1) to examine the existence of PSE among
broilers and the factors influencing it; (2) to determine the impact of growth selection on the
incidence of pale meat among broilers; (3) to identify quality indicators and protein differences
between normal and pale broiler breast meat; and (4) to identify a rapid method of detection of
pale broiler breast meat.

History of Poultry
During the 20th century, poultry has evolved from being a secondary, small scale, and
local agricultural commodity to a vertically integrated, international food products industry.
During this period, the industry has grown to meet the growing demand for poultry meat driven
by strong economic incentives of low cost and special market advantages (Fletcher, 2003). Per
capita consumption of poultry has increased from 41.1 pounds in 1965 to 104.9 pounds in 2006
(http://www.meatami.com/). Marketing has also changed dramatically. At the turn of the last
century, most poultry were either marketed live, were slaughtered at time of purchase, or were
slaughtered and sent to market as New York Dressed (NYD) carcasses. NYD carcasses were the
dominant market form through World War II and into the early 1950’s. By the early 1950’s the
dominant market form in the United States shifted to the ready-to-cook (RTC) carcass. In the
1970’s the market began to shift to more cut-up, deboned, and further processed products. Prior
to 1970, approximately 80% of broilers were marketed as whole RTC carcasses. However, from
1975 to present the market share has changed dramatically. In 1975 approximately 60% of the
broilers were marketed whole, 30% cut-up, and less than 10% as furthered processed as
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compared to 15%, 50%, and35%, respectively, today. This change can be attributed to the
consumer’s preference for white meat as opposed to dark meat. This preference created a
demand for the breast portion (Fletcher, 2003).
The American Meat Institute (2003) reported that the meat and poultry industry is the
largest segment of the United States agriculture. Total meat and poultry production in 2007
reached more than 89 billion pounds in the United States. Live weight broiler production was
49.2 billion pounds with a production value of $21.5 billion (Agricultural Statistics Board,
NASS, USDA).

The American Meat Institute (2003) also reported that Americans are not the

only people benefiting from the most bountiful supply of agricultural commodities on earth.
Meat and poultry products represent America’s top agricultural export and account for 8 percent
of the total U.S. meat production. Meat and poultry production and consumption statistics
illustrate the impressive size and scope of the industry. Bilgili (2001) reports that broiler supply
and demand is expected to grow more internationally, especially for frozen whole birds, parts,
paws, bone-in-leg quarters, and boneless dark meat, driven primarily by large fast-food chains.
According to the U.S. Poultry & Egg Association, U.S. broiler exports totaled approximately 5.8
billion pounds in 2007, equating to approximately twelve percent of the total broiler production
(http://www.poultryegg.org/economic_data/).
Haley (2001) stated that the substitution of poultry meat in place of beef by U.S.
consumers is the most significant change that has occurred since 1970. Olentine (2003) agrees
that poultry meat is the most popular meat today. The dramatic increase in poultry consumption
over the past 50 years can be attributed to the following: economics, consumer perceptions,
consumer eating habits, and marketing. Not only has poultry become inexpensive compared to
other meats since WWII, but it is perceived as the healthier choice. Consumer eating habits have
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resulted in a large food processing and institutional feeding system that uses portion control and
cost accounting to meet consumer demands for desirable yet economical foods. Poultry has been
shown to be very well adapted to these changes based on composition and economics and
marketing has reflected these changes in consumer eating and purchasing patterns.

Conversion of Muscle to Meat
Before defining meat quality, the conversion of muscle to meat must be examined.
There are several reactions that occur in this process that fall under one of the following:
biochemical, molecular, physiological, and structural.

Biochemical
After slaughter, myofibrillar contraction takes place. In order for contraction to take
place, high-energy phosphate compounds must be synthesized and degraded. These phosphate
compounds present are adenosine triphosphate (ATP), adenosine diphosphate (ADP), and
creatine phosphate (CP). They provide the required energy sources for muscle contraction.
Contraction is brought on when the ATP is converted to ADP and the actin and myosin forms a
rigor or atomyosin bond. These bonds are only broken when there is ATP present. When they
are broken, additional contraction occurs. Myofibrillar ATP is produced from glycolysis and is
necessary for postmortem or anaerobic muscle contraction. In postmortem contraction, lactic
acid accumulates and reduces the localized pH. Thus, muscle is converted to meat. The pH will
continue to lower until all ATP is depleted or the contractile proteins can no longer function
(Berg, 2001). Greaser (1986) states that the length of time until rigor is completed varies with
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species, muscle, fiber type, holding temperature, rate of glycolysis and the extent of struggle at
the time of death.
Although postmortem changes that occur during the conversion of muscle to meat are
similar between avian and mammalian species, the rate of glycolysis and rigor mortis occurs at a
significantly faster rate in poultry (Addis, 1986; Grey and Jones, 1977; Grey et al., 1974).
Within poultry, the completion of rigor occurs in approximately 1 hour (Dransfield and Sosnicki,
1999) and Ma and Addis (1973) reported that the pH decline in turkey breast muscle can be
faster than that found in the most severe cases of PSE pork muscle. Dransfield and Sosnicki
(1999) associated the differences with the higher content of white muscle fiber found in poultry.
White muscles fibers are anaerobic (Wiskus et al., 1976).

Physiological
Muscle fiber types are identified by differences in metabolic activity and are classified as
either fast-twitch or slow-twitch (Foegeding, 1996). Fast-twitch muscles are considered the white
fiber muscles and require a rapid source of energy utilizing glycolysis as its predominant
pathway. Slow-twitch muscles are associated with an oxidative metabolism which requires
higher amounts of myoglobin for oxygen storage (Foegeding, 1996). For example, legs and
thighs are the muscles used for locomotion and they have greater aerobic endurance, more
myoglobin, and higher concentration of mitochondria. They are also darker in color. The breast
muscle is higher in glycogen, but lower in mitochondria and myoglobin. Thus, the breast meat is
lighter in color and more suited for short bursts of power.
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Structural
Protein, fat, and water are the three main components that contribute to the overall flavor,
texture and palatability of meat. Protein plays a significant role in the contraction of muscles and
subsequently influences the tenderness of the meat and its ability to retain moisture. Water in the
muscle also influences the retention of moisture because it bonds to the molecules in the muscle
and can get trapped between the thick and thin filaments. Expulsion of water occurs as the space
between the two filaments is reduced. The last component, fat, contributes to the unique flavor,
juiciness, and perception of tenderness (Berg, 2001).

Pre-slaughter Handling and Stress Factors
Much research has been done on the study of stress and its relation to the quality of
broiler meat. Stress occurs when the birds are exposed to an external stimuli or unsettling
circumstances that are adverse or disruptive. As a result, there is a cascade of reactions that take
place in the broilers. The physiological response to stress is controlled by the autonomic nervous
system which consists of the sympathetic and para sympathetic nervous systems. The combined
systems balance the response and recovery from the stress exerted on the broiler (Berg, 2001).
While sympathetic nervous system mediates fight, fright, and flight, the parasympathetic
nervous system mediates calm, vegetative activities. The parasympathetic nervous system
promotes growth, energy storage, digestion, absorption and tissue repair. The sympathetic
nervous system is responsible for speeding up the heart rate while the parasympathetic works to
slow it down. While the sympathetic moves energy from storage, the parasympathetic works in
the opposite direction. The two components of the nervous system work in balance of each other
(Berg, 2001).
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The sympathetic nervous system is associated with vigilance, arousal, activation, and
mobilization and can be characterized as the physiological response of fight, fright, and flight.
When stimulated by stress, the sympathetic nervous system rapidly generates energy while
simultaneously inhibiting energy storage, digestion, and immune function. The heart rate and
blood pressure rises along with increased muscular tension. This is caused by the epinephrine
released from the adrenal medulla in response to the activation of the sympathetic nervous
system. The epinephrine is also responsible for the stimulation of glycogenolysis and lipolysis
which mobilizes glucose. With the increase in blood flow, lactic acid is removed and heat is
dissipated. An increase in the temperature of the muscles causes the following: increases the
rate of shortening, increases contractile force, increases maximum tension, and enhances Ca2+
sensitivity of the contractile proteins. These are the responses caused by the sympathetic
nervous system and are in direct contrast to the parasympathetic nervous system (Berg, 2001).
It is evident that there are a host of reactions taking place when the broilers are exposed to
stress or external stimuli that is disruptive or adverse. Bramwell (2000) list key stressors as
follows:
1. Transportation or hauling- Chickens are transported from the farm to the processing
facility. This process can be one of the leading causes of stress in commercial birds.
2. Environmental temperatures-The chickens can become stressed when exposed to extreme
conditions in the weather. Extremely hot and cold temperatures can contribute to stress.
3. Feed and water- Stress can result from temporary shortages, especially during warm or
hot weather.
4. Changes in feeds or feeding methods – Stress may be induced when there are changes in
the daily routine. This can be prevented if proper precautions are taken.

7

5. Poor nutrition- Inadequate diets can result in unhealthy chickens.
6. Overcrowding- Stress takes place when the birds have to fight to eat or drink. Lack of
food and water is not conducive to weight gains and production.
7. Physical disturbances- Excessive noise or aggravated activity causes the birds to be
nervous. The stress is heightened when the disturbance is sporadic, sudden and without
warning.

Meat Quality Attributes
Although quality is the consumer’s perspective, it can also be defined in market terms by
the attributes by which similar products can be differentiated for purposes of price or preference
(Fletcher, 2003). For broiler meat, those attributes would be tenderness, juiciness, color, and
flavor which may be heavily influenced by changes that occur during the conversion process of
muscle to meat (Aberle et al., 2001). Thus, it is critical that these factors be controlled to provide
the best quality of the meat.

Color
The primary heme pigments found in poultry muscle include myoglobin, hemoglobin,
and cytochrome c (Lawrie, 1998). Myoglobin, which is in the sarcoplasmic fraction, is the
principal heme pigment found in poultry meat that contributes most to meat color (Froning,
1995). Hemoglobin is the blood pigment which, along with myoglobin, complex with oxygen in
the metabolic system of the live animal. Hemoglobin acts as a carrier of oxygen in the blood,
and myoglobin serves as a mechanism for oxygen storage in the muscle cell (Lawrie, 1998). The
appearance of poultry meat is largely influenced by the quantity of myoglobin, the chemical state
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of myoglobin and the chemical and physical state of other meat components (Lawrie, 1998).
Nevertheless, in a well bled bird, 20 to 30% of the hemoglobin is still present, and it may play a
significant role in defining color (Froning, 1995). Overall, color problems may relate to age of
the bird, preslaughter stress, slaughter procedures, endpoint cooking temperatures, additives,
both intentional and unintentional, and other further processing parameters (Froning, 1995).
Conforth (1995) states that color is the most important attribute by which consumers determine
the product acceptability or meat quality. If a product does not look good or is not appealing to
the consumer eye, the consumer is not going to buy it. If the consumer does not buy the meat,
then all other attributes are useless. The appearance of the meat is synonymous with color
(Conforth, 1995). In order to understand the causes of color defects in poultry, one must first
understand the origin of meat color. As reported in Ahn and Maurer (1989), meat color is a
result of the concentration of heme pigments, reactions of the pigments with gaseous elements or
compounds, and the structural properties of muscle protein. The most important meat pigment is
myoglobin (Mb). The amount of Mb in meat can vary greatly by kind of animal, age, sex, and
muscle types within a carcass (Fronin, et al., 1968; Ginger et al., 1954; Nocito et al., 1973;
Rickansrud and Henrickson, 1967). Fleming et al. (1960) reported that in a well bled beef rib
eye muscle, as much as 95% or more of the pigment is accounted for by Mb. Ahn and Maurer
(1989) reported that the combined hemoglobin (Hb) and Mb in turkey breast and leg meat were
0.75 mg/g and 2.65 mg/g meat, respectively. The amount of Hb can vary depending on bleed
out, slaughter method, and preslaughter conditions.
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Tenderness
Maltin et al., (2003) states that tenderness is a very important element of eating quality
and that variations in tenderness affect the decision to re-purchase. The most important factors
affecting tenderness are those involved in postmortem: temperature, sarcomere length and
proteolysis (Maltin et al., 2003). Several researchers have associated tenderness of meat with the
breakdown of myofibrillar proteins affected by the presence of calcium-dependent proteases or
calpains (Boehm et al., 1998; Claeys et al., 2001; Geesink, et al., 2000; Huff-Lonergan, et al.,
1996; Koohmaraie, 1996; Morton et al., 1999; Ouali, 1990). Hwang et al. (2003) also found that
rapid cooling of meat with a relatively high pH resulted in tougher meat due to contraction of the
sarcomeres and by altering the calpain activity. Slaughter and processing also have an impact on
the tenderness of the meat (Fletcher, 2003). Whether or not poultry meat is tender also depends
upon the rate and extent of the chemical and physical changes discussed earlier in conversion of
muscle to meat. After an animal is slaughtered, there is no source of oxygen or nutrients being
supplied to the muscles. Thus, the muscles run out of energy and began to contract and become
stiff (rigor mortis). Eventually the muscles will relax and cause the meat to be tender when
cooked. This process of rigor mortis can be affected by ante mortem stress. Birds that struggle
before or during slaughter expend their energy quicker and cause rigor mortis to set in faster than
normal. This increases the toughness of the meat. Also, Fletcher (2002) states that if meat is
deboned before completion of rigor mortis, the meat will be tough due to the contraction of
muscle fibers and the shortening of the muscle. Young et al. (1996) found that longer stunning
times resulted in greater shear values. Papinaho and Fletcher (1996) also reported that longer
stunning times resulted in tougher meat.
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Tenderness can also be affected by breed and strain. Certain breeds and strains have
larger muscles (Fletcher, 2003). Lawrie (1998) stated that within a breed tenderness is heritable
to an extent of over 60 percent. Age and maturity also affect tenderness due to the collagen
content and the change in muscles (red fibers change to white fibers). An increase in age results
in a decrease in tenderness due to the fact that younger animals have less cross-bonding in their
connective tissue (Lawrie, 1998). Aberle et al. (2001) states that larger bundles of muscle fibers
and large amounts of perimysial connective tissue surrounding primary and secondary bundles
are associated with coarse-textured meat. Lawrie (1998) also states that species is one of the
most general factors affecting tenderness. Cattle were found to be tougher than sheep and pig
due to its larger size. In addition to species, sex was also determined to be a factor. Tougher
meat was associated with male animals (Lawrie, 1998). However, caponization of male birds
was found to make the meat tender (Fletcher, 2003). Miguel et al. (2008) found that capon meat
showed a higher fat content than that of cocks, making it juicier and less fibrous. In addition,
castration resulted in more tender thigh and drumstick meat.

Juiciness
Juiciness is also known as the sensation of moisture that occurs at early mastication of the
meat. It is indirectly related to texture and flavor and highly correlates to fat and water content
(Fletcher, 2003). Juiciness also contributes to mouth feel because it keeps the mouth moist
during chewing due to the rapid release of meat fluid (Lawrie, 1998). The biggest factor
contributing to juiciness is the pH of the meat. The pH of the meat correlates to the water
holding capacity of the meat. Low pH meat results in excessive cook loss. Yield is reduced and
the meat is dryer. Higher pH meat delivers a better cooking yield as well as a juicier product

11

(Fletcher, 2003). The pH of the meat is directly related to the changes occurring in the
conversion of meat to muscle.

Flavor
Lindsay (1996) states that the term “flavor” has evolved to a usage that implies an overall
integrated perception of all of the contributing senses (smell, taste, sight, feeling, and sound) at
the time food consumption. Fletcher (2003) defines the components that make up flavor as taste,
aroma, body (similar to texture), and mouthfeel. The purpose of flavor is to deliver the expected
flavor and avoid any distinct off-flavor defect. Smell or odor is thought to be the most important
of them all (Lawrie, 1998). Northcutt (1997) states that flavor is the least important of the
quality attributes unless an off-flavor defect is present.

The factors that affect flavor are

minimal during production and processing. Other factors include bird strain, diet, environmental
conditions (litter, ventilation, etc.), scalding temperatures, chilling, product packaging, and
storage. However, the impact of these factors is not great enough for the consumer to identify
(Northcutt, 2000).
In summary, the quality of broiler meat is affected by several factors. However, it is
important to understand all physical and chemical changes that occur during the conversion of
meat to muscle. The understanding of this process further enables one to understand how
conditions prior to slaughter as well as during the production process impact the overall quality
of the end product.
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Water Holding Capacity
Huff-Lonergan and Lonergan (2005) state that unacceptable water-holding capacity costs
the meat industry millions of dollars annually. Aberle et al. (2001) describes water holding
capacity as the ability to retain naturally occurring or added water during application of external
forces such as cutting, heating, grinding, or pressing. Muscle tissue consists of approximately
75% water, 20% protein, 5% fat, 1% carbohydrates, and 1.5% vitamins and minerals (HuffLonergan and Lonergan, 2005). Belitz et al. (2004) states that approximately 5% of the water
found in muscle is bound by hydrophilic groups on the proteins and the other 95% is held by
capillary forces between the thick and thin filaments. Some of the water in muscle is also found
in free form and is expelled during even the mildest form of applications. The ability of meat to
retain water is influenced by several factors. Those factors include production of lactic acid, loss
of ATP, onset of rigor mortis, and changes of cell structure associated with proteolytic enzyme
activity (Aberle et al., 2001; Huff-Lonergan and Lonergan, 2005). Many of the quality attributes
of meat such as color, texture, and juiciness are influenced by water-holding capacity (Aberle et
al., 2001).
As postmortem changes occur, there is an increase in lactic acid which causes a reduction
in the pH of the meat. As the pH approaches the isoelectric point (pI of myosin is approximately
5.4) of the myofibrillar proteins, the net charge of the proteins becomes zero. With a net charge
of zero, maximum attraction between oppositely charged residues minimize the amount of water
that can be held and attracted by the protein (Aberle et al., 2001; Huff-Lonergan and Lonergan,
2005). With a net charge effect, the end result is a more closely packed structure with reduced
space within the myofibril.
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In addition to the drop in pH, changes associated with the onset of rigor mortis are also
responsible for water-holding capacity (Aberle et al., 2001). With the breakdown of ATP and
the formation of actomyosin during rigor mortis, a steric effect occurs where there is a reduction
in the space of the myofibrils. Water is forced fromthe intracellular spaces to the
extramyofibrillar spaces where the fluid can be more easily expelled (Huff-Lonergan and
Lonergan, 2005). The reduction in space is also attributed to the shortening of the sarcomere as
Honikel et al. (1986) has reported that there is a linear increase in drip loss as sarcomeres
decrease in length. In addition, the shrinkage of the cell has also been associated to the
proteolysis or degradation of the cytoskeletal proteins by calpain proteinases. Huff-Lonergan and
Lonergan (2005) reports that reduced degradation of proteins like desmin, results in increased
shrinkage and thus, more drip loss. However, proteolysis is accompanied by increased oxidation
of myofibrillar proteins (Martinaud et al., 1997) which may lead to inactivation or modification
of calpain activity (Huff-Lonergan and Lonergan, 2005). Guttmann and Johnson (1998) found
that oxidation of myofibrillar proteins inhibits proteolysis by µ-calpain.

Pale, Soft, and Exudative Broiler Meat
The success of the poultry industry has been fueled by the ability to economically
produce acceptable products. This accomplishment has been achieved through high selection
intensities, shorter generation intervals and reduced environmental influences. The result is
reduced slaughter age and increased body weight at specific ages. Muscle yields and feed
conversion have also improved. Unfortunately, genetic progress has resulted in a reduction of
meat quality associated with muscle texture and flavor (Anthony, 1998). Recent research has
shown that the poultry industry is facing similar problems with meat quality that resemble the

14

PSE condition in pigs (Barbut, 1997; Owens et al., 2000; Woelfel et al., 2002) In contrast to
pigs, the genetic basis of meat quality alterations in poultry is not fully established (von
Lengerken, 2002).
Pale, soft, and exudative breast meat purportedly results from a rapid postmortem pH
decline while carcass temperatures are still warm. The resulting protein denaturation leads to
pale color, decrease in water-holding capacity, and excessive yield losses (Alvarado and Sams,
2003). PSE incidence in broilers and turkeys has been reported to range from 5 up to 50% in
commercial plants (Barbut, 1996; Barbut, 1997; McCurdy et al., 1996; Owens et al., 2000;
Woelfel et al., 2002; Woelfel and Sams, 2001) PSE is one of the major contributors to decreased
water holding capacity and can cost the poultry industry millions of dollars annually (Pietrzak et
al., 1997).
The first reports of a PSE-like condition in poultry were reported in the early 1970’s
(Aberle et al., 1971; Vanderstoep and Richards, 1974). Only within the last decade has more
research focusing on the PSE condition in poultry emerged (Barbut et al., 2008). Vanderstoep
and Richards (1974) reported that the postmortem changes in the fast glycolyzing muscles of
turkeys were similar to the rapid pH drop leading to reduced protein functionality seen in PSE
pork. This phenomenom was not studied until 15-20 years later where Sante et al., (1991)
examined the differences between fast- and slow-growing breeds of turkeys. Afterward, a series
of studies by other researchers were conducted to determine the occurrence of PSE meat in
turkeys and broilers. The following table shows the estimated occurrence, species, L*, and
researchers.
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Table 1.1. Reported incidence of pale, soft, and exudative meat in broilers and turkeys
Researcher
Barbut 1996
McCurdy et al 1996
Barbut 1997
Wilkins et al 2000
Petracci et al 2004

Poultry Type
turkeys
turkeys
turkeys
broilers
broilers

L*
L>50
L>50.5
L>49
L>56
L>56

Occurrence (%)
18-34
5-30
0-28
~25
2.7-15.5

From these studies, it was determined that pale meat showed correlations with water holding
capacity, pH, color, and texture. In addition, higher incidences of pale, soft, and exudative meat
were observed during the summer months, indicating that heat stress was a factor (Barbut et al.,
2008).
Once occurrences of PSE meat in poultry were reported, researchers began to investigate
the causes to see if they were related to genetic differences like those found in pork. One of the
major contributors to the development of PSE in pork has been the Porcine Stress Syndrome
which is linked to a single point mutation in the sarcoplasmic reticulum (SR) calcium release
channel ryanodine receptor gene (RYR1) (Barbut et al., 2008). The RYR1 gene is commonly
called the Halothane gene because the use of HAL-1843® has allowed for the detection of this
mutation in pork. This gene has subsequently provided pig breeders with a way to limit the
incidence of PSE in pork (Barbut et al., 2008)
Pietrzak et al. (1997) examined the effect of rapid rigor mortis processes on protein
functionality in domestic turkeys using a combination of biochemical, meat quality, microscopic
and gel electrophoresis techniques. Results showed that phosphorylase became tightly associated
with the myofibrils in muscles from the PSE group and that less myosin could be solubilized
from PSE muscle than from normal muscle in turkeys. They concluded that the similar rapid
postmortem glycolysis in pigs and turkeys suggests that there may be a defect in either or both of
the turkey skeletal muscle ryanodine receptors. Thus, genetic testing would be beneficial. Wang
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et al. (1999) examined the differences in skeletal muscle calcium channel ryanodine binding
activity between genetically unimproved and commercial turkey populations through use of SDS
PAGE. Results suggested that altered SR calcium channel protein activity, or altered channel
regulation, may be associated with the increased incidence of PSE meat from turkeys selected for
growth characteristics. These findings were in agreement with Mickelson et al. (1988). They
found that purified SR from genetically defined stress-susceptible pigs bound RYR three times
more than normal pigs. In spite of the similarities shown here to pigs, Owens et al. (2000b)
showed that halothane response was a limited predictor of PSE meat in turkeys and there was not
a higher incidence of PSE meat in halothane sensitive birds when slaughtered at 20 weeks of age.
However, Chiang et al. (2004) did report that a homozygous αRYR-II (a genomic DNA allele)
genotype of turkey exhibited a significantly higher postmortem pH15 and a better water-holding
capacity than the α-RYR-I genotype.
Currently, the poultry industry has not identified a reliable genetic marker responsible for
PSE meat but continues to search for indicators to minimize production losses resulting from
PSE meat. Therefore, several hypotheses should be taken into consideration for future research
into the PSE condition within broilers (Barbut et al., 2008). Boulianne and King (1995) found
that color characteristics (L, a, and b), pH, total pigment, myoglobin, and iron concentrations
were all significantly different in pale meat when compared with normal chicken breast meat.
Dransfield and Sosnicki (1999) suggested that higher growth rates may induce morphological
abnormalities, larger fiber diameters and a higher proportion of glycolytic fibers, and a lower
proteolytic potential in the muscles; and subsequently increase the occurrence of paler color,
reduced water holding capacity, and poorer quality of further processed products. Additionally,
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preslaughter environmental conditions have shown to be major contributors to the increased
incidence of PSE meat in poultry (Berri et al., 2005; Debut et al., 2005; McKee and Sams, 1997).

Methods for Rapid Detection of PSE Meat
The meat industry has seen increased interest in rapid screening techniques used to
determine quality characteristics (Geesink et al., 2003). Spectroscopy has become a more
desirable method for analyzing qualitative characteristics in food due to a decrease in instrument
prices, an improvement in equipment design, and an improvement in data-analysis methodology
such as chemometrics (Brondum et al., 2000). Brondom et al. (2000) lists the main advantages of
using spectroscopic measurements as rapid data acquisition, the possibilities for simultaneous
determination of several quality parameters and the ability to replace expensive and slower
reference techniques such as centrifugation for WHC and Warner-Bratzler shear tests for
measuring tenderness. Monin (1998) considered near infrared spectroscopy (NIRS) to be one of
the most promising of these techniques for large-scale meat quality evaluation.
The use of NIRS as a qualitative and quantitative measurement tool dates back to the
1950’s (Benson, 1993). Several applications have been applied to the meat industry. Research
involving NIRS and meat include fat and moisture contents in emulsions of meat products (BenGera and Norris, 1968; Iwamoto et al., 1981; Kruggel et al., 1981; Lanza, 1983); fat, moisture,
and protein contents (Berzaghi et al., 2005; Isaksson et al., 1995; Kadim et al., 2005; Renden et
al., 1986; Valdes and Summers, 1986); fat depths and softness (Swatland, 1995); and meat
texture and tenderness (Liu et al., 2004; Lyon et al., 2001; Muellenet et al., 2004; Park et al.,
2001). NIRS has also been utilized to evaluate pigment content in meat (Chen and Massie, 1993;
Chen et al., 1994; Chen et al., 1996b; Chen et al., 1996a; Mitsumoto et al., 1991). In a review of
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NIRS for on/in-line monitoring of quality in foods and beverages, Huang et al. (2008) concluded
that NIRS analysis is capable of rapid assessment of fat, water, protein, and other parameters in
meat. In addition, Cozzolino and Murray (2004) used NIRS to correctly classify 80% of their
meat samples according to the muscle species (beef, lamb, pork, or chicken). Muellenet et al.
(2004) suggested that near infrared reflectance could be used to predict poultry meat texture and
to classify muscles according to tenderness levels. Park et al. (1998) used NIRS to predict
Warner-Bratzler shear force values of beef longissimus steaks.
More recent applications involved the determination of water binding characteristics,
water holding capacity and drip loss in fresh pork (Forest et al., 2000). Forrest et al. (2000)
developed a partial least squares regression (PLSR) - based prediction model for drip loss from
pork longissimus. The model showed strong correlation between early post mortem NIR spectra
and measured drip loss during post rigor storage. Results indicated that the technology could be
used to predict drip loss 24 h after slaughter. Geesink et al. (2003) and Hoving-Bolink et al.,
(2005) also studied NIRS as a predictor of pork quality. Although Hoving-Bolink et al. (2005)
found NIRS to be a better predictor of intra-muscular fat than of drip loss, Geesink et al. (2003)
results showed the direct opposite. Their results indicated that NIRS does enable the
classification of pork longissimus muscles with a superior or inferior water-holding capacity.
Overall, NIRS has shown great potential as a tool for rapid assessment of meat quality.
In conclusion, the existence of pale, soft and exudative meat and its causes has been
established in pork while the incidence in broiler meat has not been fully explained. There are
several factors that influence meat quality and the purpose of this research is to investigate the
incidence of a PSE-like meat in broilers and examine changes in proteins that may be responsible
for the condition. In addition, a tool for rapid assessment of meat quality will be evaluated in an
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effort to provide a short term solution to minimize yield losses resulting from this condition of a
PSE-like meat.
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SUMMARY

Color and pH of boneless, skinless, broiler breast meat obtained from two commercial
processing plants were measured. Production and processing factors for each sample were
recorded and correlated to quality parameters. Water holding capacity was analyzed for quality
implications. A mean difference in L* in birds with different growth rates was observed with a
higher occurrence of paler birds in those selected for greater breast yield. L* was heavily
influenced by several factors such as grower, age, and bird weight. The research also shows an
increase in L* compared to previous research, with a* having a greater correlation between the
production and processing factors than the L*.
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INTRODUCTION
The success of the poultry industry has been fueled by the ability to economically
produce acceptable products. The result is reduced slaughter age and increased body weight at
specific ages (Anthony 1998).

However, this selection for growth rate has resulted in an

alteration in the processing quality of poultry meat. This is evidenced by changes in carcass
composition and meat quality such as increase of muscle glycolytic activity, lowering of water
holding capacity and higher meat hardness (Piles et al., 2000; Ramirez et al., 2004). Le BihanDuval et al., (1999) stated that breast meat from chickens selected for increased breast yield
exhibited a paler color. This pale color can be an indication of pale, soft, and exudative meat,
which is caused by a rapid postmortem pH decline at warm carcass temperatures. The resulting
protein denaturation leads to a pale color and a decrease in water-holding capacity, causing
excessive yield losses. PSE incidence in broilers and turkeys has been reported to range from 5
up to 50% in commercial plants (Barbut, 1996; McCurdy et al., 1996; Barbut, 1997; Owens et
al., 2000; Woelfel and Sams 2001; Woelfel et al,. 2002)
Much research has been done on the study of stress and its relation to the quality of
broiler meat. Aberle et al. (2001) defined stress as a general expression referring to physiological
adjustments, such as changes in heart rate, respiration rate, body temperature, and blood pressure
that occur during the exposure of the animal to adverse conditions (Aberle et al., 2001).
Therefore, the objectives of this research were to look at several production and
processing factors that may influence color changes in broiler breast meat and to determine the
implications on the quality of the breast meat. In addition, this research compares the occurrence
of pale broiler breast meat in two commercial processing plants with different growth rate
selections.
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METHODS
Boneless, skinless, broiler breast meat was obtained from two commercial processing
plants. Broilers from the first processor were approximately 42 days old averaging 4.2 lbs (0.101
lbs/day) while those from the second plant averaged 7.4 lbs at approximately 57 days (0.130
lbs/day). Samples were collected of every fifth bird during several processing runs scheduled
over several months. In order to eliminate variation due to overscalding, L* was determined on
the dorsal and ventral pectoralis major using a Minolta Chroma Meter CR-310, Osaka, Japan.
Ventral surface measurements were used for all analysis. The pH measurements were acquired
through use of a spear tip pH meter (Hannah Instruments, Van Nuys, CA) designed for meat
samples. All measurements were taken 24 hours postmortem. Water holding capacity (WHC)
measurements were done in triplicate as follows. An aliquot of 10 g was mixed with 16 ml of 0.6
M NaCl and then incubated for 30 min at 4ºC. Afterwards samples were centrifuged @ 7,000 g.
WHC was defined as the portion of fluid retained by the sample (Barbut, 1993). The data was
analyzed using SAS software (SAS Institute, Inc., Version 9.0, Cary, N.C.). A multiple linear
regression was conducted to examine the individual effects of each production or processing
factor on L*, a*, and b*. Pearson Correlation Coefficients were also determined to show the
extent of each factor on the L*, a*, and b*.

RESULTS AND DISCUSSION
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The average L* for the larger birds were slightly higher than the smaller birds. Although
there were little differences in the averages, a histogram of the measurements showed significant
differences (see Table 2.1). The larger birds exhibited a much higher frequency of pale birds
than the smaller birds. L* > 60 was found in 57% or 26% of breast meat from larger birds or
smaller birds, respectively (Table 2.1). Previous research showed that L* for poultry breast meat
was on average significantly less than 60 but widely variable. The L* ranged from 43.1
(classified as dark, firm and dry meat) to 58.9 (classified as pale, soft, and exudative meat)
(Fletcher, 1999; Woelfel and Sams 2001; Bianchi et al., 2005).
The present study shows a significant increase in higher L* and is consistent with
literature suggesting that selection for growth has resulted in a paler meat (Le Bihan-Duval et al.,
1999). Although a higher occurrence of paler birds was confirmed, the corresponding ultimate
pH values did not show extremely high correlations with the lightness values. Pearson’s
correlations for pH and L* were -0.51 and -0.27 for the large and small birds, respectively. Le
Bihan-Duval et al., (1999) found a similar correlation value of -0.59 in their study on the effect
of selection for increased carcass quality and estimates of genetic parameters. The rate of pH
decline has been known to vary not only between genetic lines within broilers but also between
individual birds (Dransfield and Sosnicki, 1999). The Pearson’ correlation coefficient between
water holding capacity and L* was determined to be -0.35. While previous research showed
higher correlations of L* with pH and water holding capacity, their sample selection involved
subjective preselection prior to objective analysis. The present study did not utilize subjective
preselection for pale breasts but used a random sample.
Several ante mortem, or pre-slaughter, factors have been identified as stressors of
broilers: transportation or hauling of the birds from the farm to the processing facility; extreme
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conditions in the weather; shortages of feed and water, especially during warm or hot weather;
changes in the daily routine, such as changes in feeds or feeding methods; overcrowding, where
birds have to fight to eat or drink; and physical disturbances in which excessive noise or
aggravated activity causes the birds to become nervous. Although any of these conditions may
induce stress, they differ in their effects because the response that any one environmental
condition produces depends on the species, weight, age, sex, inherent stress resistance, and
emotional state of the animal. Because unpredictable emotional responses are elicited, highly
variable responses are produced in the muscles. The changes that occur in the muscles are
responsible for the ultimate properties of the meat depending upon the duration or severity of the
stress as well as the level of the animal’s stress resistance at the time of death (Aberle et al.,
2001). Stress factors studied in this research and Pearson Correlation coefficients with L*, a*,
and b* are summarized in Table 2.2.

CONCLUSIONS
L* has been associated with water holding capacity. Our results suggest that the bird
weight, grower, and age of the broiler had the greatest influence on L* as seen in Table 2.2.
Pearson correlations also indicate that a* shows a greater correlation with the factors studied in
this research. Correlations between water holding capacity and L* and correlations between pH
and L* were weak. These findings indicate the reason for the increase in L* in older birds at
heavier weights may be a result of reduced total pigment, myoglobin and iron concentration
versus an increased incidence of pale, soft and exudative meat.
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Table 2.1. Frequency of L* among broilers with different growth rates.
average
weight
4.2 lbs

L*
48
50
52
54
56
58
60
62
64
66
68
70
>70
N=

Frequency Cumulative %
0
0.00%
0
0.00%
1
0.34%
6
2.38%
36
14.63%
88
44.56%
86
73.81%
60
94.22%
13
98.64%
4
100.00%
0
100.00%
0
100.00%
0
100.00%
294

average
weight
7.4 lbs

L*
48
50
52
54
56
58
60
62
64
66
68
70
>70
N=
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Frequency Cumulative %
0
0.00%
1
0.25%
1
0.51%
4
1.53%
17
5.85%
45
17.30%
100
42.75%
115
72.01%
79
92.11%
23
97.96%
7
99.75%
0
99.75%
1
100.00%
393

Table 2.2. Pearson Correlation Values between Processing and Production Factors and L*, a*,
and b* of dorsal and ventral measurements for broilers. Significance levels are below
coefficients.
Top (Dorsi)
Bottom (ventral)
Factor
L*
a
b
L*
a
b
Age
0.55
-0.64
-0.15
0.34
-0.46
-0.40
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
Weight
0.56
-0.67
-0.15
0.34
-0.50
-0.39
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
Yard Time
0.37
-0.45
-0.18
0.21
-0.32
-0.42
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
FWT
0.35
-0.34
-0.12
0.21
-0.14
0.33
<0.0001
<0.0001
<0.0001
<0.0001
<0.0002
<0.0001
Birds/Truck
-0.51
0.66
0.13
-0.29
0.49
0.35
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
DOA's
0.34
0.44
0.14
-0.14
0.36
0.35
<0.0001
<0.0001
<0.0005
<0.0003
<0.0001
<0.0001
pH
-0.30
0.08
-0.12
-0.39
0.04
-0.22
<0.0001
<0.0295
<0.0017
<0.0001
<0.2845
<0.0001
Grower
0.55
-0.65
-0.15
0.34
-0.48
-0.41
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
Month
0.48
-0.58
-0.14
0.32
-0.52
-0.35
<0.0001
<0.0001
<0.0003
<0.0001
<0.0001
<0.0001
Catch Crew
0.46
-0.47
-0.10
0.33
-0.42
-0.32
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
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CHAPTER 3
THE IMPACT OF GROWTH RATE ON THE OCCURRENCE OF PALE BIRDS
WITHIN TWO COMMERCIAL PROCESSING PLANTS

______________________________________________________________________________
Samuel, D., L. Billard, D. Pringle, and L. Wicker To be submitted to Poultry Science
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ABSTRACT
The occurrence of pale broiler breast meat was examined within two commercial
processing plants and 10 different growers. Birds from the first processing plant had an average
weight of 3.36 kg, with a growth rate of 59 g/day, while the second processing plant had an
average weight of 1.93 kg, with a growth rate of 46 g/ day. To evaluate the effect of growth rate
on meat quality, water holding capacity (WHC), pH, and dorsal and ventral color measurements
were made. Results showed that the heavier birds with a higher growth rate exhibited a higher
occurrence of pale birds than the lighter birds with a slower growth rate. L* greater than 60 was
observed in 57% of birds selected for greater yield and 26% of slower growing birds. A one way
design analysis showed significant differences (α = 0.001) between the mean L* of the different
growers involved in the study. Pearson’s correlation coefficients between pH and L* were -0.51
and -0.27 for the faster growing birds and slower growing birds, respectively. The Pearson’s
correlation coefficients between water holding capacity and L* and pH was determined to be 0.35 and 0.42, respectively. Results also showed that there was a higher correlation between
production factors (age, weight, and grower) and a* than between L* and production factors for
both dorsal and ventral surface measurements.

(Keywords: broiler growth rate, pale, soft, and exudative, water holding capacity)
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INTRODUCTION
Due to an increased demand for portioned and processed poultry products, the focus of poultry
breeding for the past 30 years has been to increase growth rate of chickens and turkeys
(Remignon and Le Bihan-Duval, 2003). With a concentration on growth rate and muscle mass
in meat lines, the production time to raise a 1.3-kg chicken has halved to 5 wk in less than 30
years (Dransfield and Sosnicki, 1999). More attention has been given to the breast muscle which
is the most valuable part of the chicken (Le Bihan-Duval et al., 1998). Berri et al. (2001)
reported that breast meat yield has increased from approximately 12% to 19% over the past 30
years. The focus of this poultry selection for increased breast yield has been primarily on the
reduction of breeding costs while improving production efficiency. The impact of poultry
selection on meat quality has been neglected (Remignon and Le Bihan-Duval, 2003).
Selection for growth rate has resulted in an alteration in the processing quality of poultry
meat as evidenced by changes in carcass composition and meat quality such as increased muscle
glycolytic activity, lower water holding capacity and higher meat hardness (Piles et al., 2000;
Ramirez et al., 2004). Remignon and Le Bihan-Duval (2003) states that color and water holding
capacity are frequently reported as being poorer in modern poultry flocks. These two factors
influence perceptions of the acceptability of meat products although they vary with the species,
muscle function, age of the animal and storage conditions (Berri, 2000). Fletcher (1999) found
significant variations in breast meat lightness within five commercial broiler-processing plants
which would indicate variations at the retail level also. Le Bihan-Duval et al. (1999) stated that
breast meat from chickens selected for increased breast yield exhibited a paler color. Baeza et al.
(1997) found the same characteristics in duck meat selected for growth and meat yield while
Sante et al. (1991) found similar results working with turkey. This pale color has been associated
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with the incidence of pale, soft, and exudative meat (PSE). Pale, soft, and exudative breast meat
is caused by a rapid postmortem pH decline at higher carcass temperatures and results in protein
denaturation and decreased water-holding capacity (WHC).The resulting protein denaturation
and decreased WHC leads to paler meat and excessive yield losses (Alvarado and Sams, 2003).
Research shows that PSE among broilers and turkeys is reported as high as 50% in commercial
plants (Barbut, 1996; Barbut, 1997; McCurdy et al., 1996; Owens et al., 2000; Woelfel et al.,
2002; Woelfel and Sams, 2001). Pietrzak (1997) identifies PSE as one of the major contributors
to decreased water holding capacity which costs the poultry industry millions of dollars annually.
Remignon and Le Bihan-Duval (2003) state that qualitative and quantitative
characteristics of muscle fibers heavily influence the quality of the meat which in turn may
influence the color. Dransfield and Sosnicki (1999) reported that fibers become glycolytic (fast
twitch, glycolytic or type IIB) with increasing growth rate. Higher concentrations of type IIB or
white fibers translate into light-colored meat, with low fat and myoglobin. Dark meat has a
higher percentage of red fibers (type I or type IIA) and contain more myoglobin and fat due to a
higher oxidative metabolism (Remignon and Le Bihan-Duval 2003).
Although it has been determined that selection for growth rate has increased the
occurrence of pale breast meat, previous research on broiler breast meat has failed to show the
magnitude of the difference within commercial plants differing significantly in growth rate
selections. The objective of this research is to compare the occurrence of pale broiler breast meat
and its effect on quality in two commercial processing plants with different growth rate
selections.
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MATERIALS AND METHODS

Sample Collection
Boneless, skinless, broiler breast meat was obtained from two commercial processing plants.
The first set of samples (n=295) collected were approximately 42 days old averaging 1.93 kg
while samples (n=397) from the second plant averaged 3.36 kg at approximately 57 days old.
Broiler birds were collected during the months of September, October, and November over a two
year period from 10 different growers. The samples from broilers averaging 1.93 kg were taken
from six growers and the samples averaging 3.36 kg were selected from 4 different growers.
Every fifth bird was tagged on the evisceration line and collected at the exit of the chiller. Birds
were then placed on ice and held in a cooler for 24 hours before being hand deboned by plant
personnel. After color and pH measurements at 24 hours postmortem, samples were placed on
ice in coolers and transported back to the university lab for water holding capacity analysis.

Color and pH Measurements
L*, a*, and b* were measured at the medial point of the dorsal and ventral surfaces of the
pectoralis major using a Minolta Chroma Meter CR-310 (Osaka, Japan). The pH measurements
were acquired through use of a spear tip probe pH meter (Hannah Instruments, Van Nuys, CA)
designed for meat samples. Measurements were taken 24 hours postmortem.

Water Holding Capacity
The water holding capacity (WHC) was determined as described by Samuel et al. (2008) using a
centrifugation method. Measurements were done in triplicate.
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Statistical Analyses
A multivariate analysis was used to examine the effect of several production and processing
parameters on the paleness and the pH of broiler meat at 24 hr postmortem. A one-way design
analysis in addition to t- tests comparisons were utilized to compare mean differences in L*
between several growers. Pearson’s correlations were conducted to examine the relationship
between certain parameters and L*. All data was analyzed by use of the SAS software package
(SAS Institute, Inc., Version 9.0, Cary, N.C.).

RESULTS
In previous research, the L* measured in turkeys ranged from 41.1 to 53.6, while measurements
in broilers ranged from 43.1 to as high as 58.9 (Table 3.1). In this study the birds with a higher
growth rate had a mean L* of 66.3 (dorsal) and 60.37 (ventral) and were significantly higher
(p<0.0001) than mean L* of 62.7 (dorsal) and 58.4 (ventral) for those with a slower growth rate.
However, there was no significant difference between the mean pH values of the two groups
(Table 3.2). A histogram of the ventral surface measurements showed significant differences in
the occurrence of pale birds (Figures 3.1 and 3.2). L* greater than 60 occurred 57% of the time
from the birds selected for greater yield while only 26% of L* were greater than 60 in the slower
growing birds (Figures 3.1 & 3.2). Previous research (Table 3.1) showed that L* for normal
poultry breast meat were on average significantly less than 60 despite a greater variation in their
measurements. Our present findings showed that the mean L* was consistent with values
considered to be classified as pale in previous research indicating that selection for growth rate
has increased the occurrence of paler birds.
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Mean L* varied significantly (P < 0.0001) between different growers involved in the
study (Table 3.3). Among the two commercial processors, there were a total of ten growers.
Processors 1 and 2 had six and four growers, respectively. ANOVA analysis showed significant
(P < 0.0001) mean L* differences within individual processors and between the two processors
(Tables 3.4, 3.5 and 3.6). For processor 1, fifteen comparisons were made and eight were
significantly different within the mean L* and seven showed no significant differences (P ‹ 0.05)
between mean L*. For processor 2, six comparisons were made. Four of the six grower
comparisons exhibited significant differences in mean L*. However, when the comparisons
involved both processors, there was a greater incidence of significant differences at the 0.05
probability level. Only three out of twenty four comparisons were not significantly different (ttests results not shown). The average bird weight and mean L* for the individual growers are
reported in Table 3.7.
Although a higher occurrence of paler birds was confirmed, the corresponding ultimate
pH values did not show extremely high correlations with the lightness. Pearson’s correlations for
the relationship between pH and L* were -0.51 and -0.27 for the faster growing birds and slower
growing birds, respectively (Figures 3.3 and 3.4). However, some samples with higher L* were
preselected to determine the effect of subjective preselection on the correlation which increased
to -0.77 (Figure 3.5).
The Pearson correlation coefficient for the relationship between water holding capacity
and L* was -0.35. The Pearson correlation coefficient was 0.42 when examining the relationship
between water holding capacity and pH (Figures 3.6 & 3.7). While previous research showed
higher correlations of L* with pH and water holding capacity, their sample selection involved
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subjective preselection prior to objective analysis.

The present study is not based upon

subjective preselection although a comparison was done for validation.
Also, Pearson correlations were examined between L*, a*, and b and age, weight, and
growers (Table 3.8). Results showed that there was a higher correlation between production
factors (age, weight, and grower) and a* than with L*. This was found to be true of b* as well
when looking at the ventral measurements.

DISCUSSION
Meat color is the primary criterion by which consumers evaluate meat quality and
acceptability (Conforth, 1991). Aberle (2001) states that the most important contributors to meat
color are the pigments that absorb certain wavelengths of light and reflect others in addition to
the structure and texture of the muscles which also influences the reflection and absorption of
light. The two major proteins found in meat pigments are hemoglobin, the pigment of blood, and
myoglobin, the pigment of muscles. In well-bled muscle tissue, myoglobin content varies
between 80 to 90 percent of the total pigment depending upon the species, age, sex, muscle, and
physical activity of the animal. Pigment content accounts for much of the variability in meat
color (Aberle, 2001). Other factors found to contribute to the color of breast meat are early
aging times during processing and during storage (Petracci and Fletcher, 2002); meat thickness
(Sandusky and Heath, 1996; Bianchi and Fletcher, 2002); and the position on the breast where
the color measurement is taken (Goshaw et al., 2000).
Moran (1977) defined animal growth as the sum of the growths of the component parts of
the carcass (meat, bone, and skin). Chambers (1990) states that these parts not only differ in
their rates of growth as age advances, but they are dependent upon levels of nutrition as well.

48

Growth rate can be indicated by the body weight at a specific age (Chambers, 1990). Our
research results showed significant mean differences in L* with the faster growing birds having
higher L* for both dorsal and ventral measurements with no significant differences in pH. In
addition to significant differences between the fast and slow growing birds, significant
differences in mean L* were also present between growers within the same processor as well as
those not from the same processor. Fox and Bohren (1954) demonstrated that faster growing
chickens were more efficient than the slower growing ones. The energy costs of production in
both net energy and heat increment change as the chicken grows due to the changing
composition of the rapid body weight gain (Chambers, 1990).
The present study shows a significant increase in L* and is consistent with literature
suggesting that selection for growth has resulted in a paler meat. Our data were also consistent
with a study discussed in Fletcher (1999) where research conducted in the Netherlands failed to
show any significant relationship between broiler breast meat color variation and muscle pH.
Although we found a higher occurrence of paler birds, the corresponding ultimate pH did not
show high correlations with the lightness. Pearson’s correlations were -0.51 and -0.27 for the
large and small birds, respectively. Le Bihan-Duval et al. (1999) found a similar correlation
value of -0.59 in his study on the effect of selection for increased carcass quality and estimates of
genetic parameters. The rate of pH decline varies between genetic lines within broilers and
between individual birds. The variation in pH can range typically from 6.2 to 6.6 at 15 minutes
postmortem (Gardzielewska et al., 1995). Due to a variety of environmental factors, pH at 20
min postmortem can vary from 6.2 to 6.8 in breast muscle from 10-wk-old turkey hens. The
variation is even greater between male and female broilers (Dransfield and Sosnicki, 1999). The
present study did not differentiate between sexes. While the previous studies showed higher
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correlations between pH and L*, their sample selection for data shown involved subjective
preselection prior to objective analysis. The present study did not utilize prior subjective
preselection but used random data. Also, Le Bihan-Duval et al. (2001) stated that their results
suggest that selection for growth and muscle development would not alter the pH of the meat but
should slowly modify its color by decreasing a* and b*. In this study,a* and b* showed
negative correlations between age, bird weight, and grower in addition to no significant mean
differences in pH’s for the two groups. Boulianne and King (1995) found that pale breast fillets
had significantly greater lightness, less redness, greater yellowness, less total pigments, less
myoglobin, less iron, but higher pH. The same author reported that darker breast fillets had
significantly greater total pigment, myoglobin, iron, pH, and redness and significantly lower
lightness and yellowness (Boulianne and King, 1998). They concluded that the paleness in the
breast meat was a result of leakage of the heme pigments during chilling and storage in ice slush.
The relationship between raw breast meat color and functional meat properties in poultry
meat has been studied by many researchers (Boulianne and King, 1995; Van Laack et al., 2000;
Qiao et al., 2001; Qiao et al., 2002; Cavani et al., 2002; Petracci et al., 2004; Barbut et al., 2005).
As a result, L* is often used as a measurement of meat quality as it has been shown to be an
indicator of water holding capacity. However, our Pearson correlation coefficient between water
holding capacity and L* was determined to be -0.35 and 0.42 when examining the relationship
between water holding capacity and pH, respectively. While previous research showed higher
correlations of L* with pH and water holding capacity, their sample selection involved subjective
preselection prior to objective analysis as opposed to ours which used a random sample. The
results of our study support the findings in Le Bihan-Duval et al. (2001) that suggest that
selection does not necessarily have a negative impact on meat quality.
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CONCLUSION
L* for poultry have increased dramatically with more intense selections for growth.
Significant mean differences in L* are seen within the same processor as well as between
different processors. The faster growing birds exhibited much higher incidences of pale birds
than the slower growing birds. Correlations between water holding capacity and L* as well as
correlations between pH and L* were weak. These results support the findings in Le BihanDuval et al. (2001) that suggests that selection does not necessarily have a negative impact on
meat quality but may be due to a difference in the amount of total pigment, myoglobin and iron
content.
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TABLE 3.1. L* of poultry meat reported from previous research
Researcher
Barbut 1993

Poultry Type
turkeys

L*
41.1-53.6

Barbut 1996
McCurdy et al. 1996
Barbut 1997
Pietrzak et al. 1997
Fletcher et al. 1998
Fletcher 1999
Le Bihan-Duval et al.
1999

turkeys
turkeys
turkeys
turkeys
broilers
broilers
broilers

48.4
46.84-47.75
48.2
44.4 N
51.13 P
43.1D, 45.6N, & 48.8P
50.7

Wilkins et al. 2000
Berri et al. 2001

broilers
broilers

55.2
48.1-54.1

Minolta Chromameter
Miniscan
spectrocolorimeter
Hunterlab

Qiao et al. 2001

broilers

Minolta CR-300

Woelfel & Sams 2001
Petracci et al. 2004
Barbut et al. 2005
Bianchi et al. 2005
Cavitt et al. 2005

broilers
broilers
broilers
broilers
broilers

45.68D, 51.32N, &
55.95P
52.26
52.38
49.71-57.70
50.9 N & 58.9 P
47.06 F & 48.37 M

D= Dark, N=Normal, P=Pale, F=Female, M=Male
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Instrument
Colormet surface
spectro-colorimeter
Minolta CR-200
Minolta CR-200
Minolta CR-200
Minolta CR-100
Minolta CR-100
Miniscan
spectrocolorimeter
Hunterlab

Minolta CR-200
Minolta CR-300
Minolta CR-200
Minolta CR-300
Minolta CR-300

TABLE 3.2. Mean L* and pH of broilers selected for different growth rates
Avg Broiler
Weight
3.36 kg1
1.93 kg2

Growth
Rate
59 g/day
46 g/day

Dorsal
L*
66.3a
62.7b

1

Ventral
L*
60.4a
58.5b

pH
5.8a
5.8a

n=397
n=294
Means followed by same letter in the same column do not differ significantly (α=0.0001)
2
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TABLE 3.3. One-Way Analysis ANOVA for difference between mean L* of ten
individual broiler growers from two commercial processors
______
Source
DF
Sum of Squares
Mean Square
F Value
Model
9
1057.83
117.55
19.02
Error
682
4215.03
6.18
______
Total
691
5272.86
______
P < 0.0001
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TABLE 3.4. One-Way Analysis ANOVA for difference between mean L* of broiler
growers within Processor 1
Source
Model
Error
Total
P < 0.0001

DF
5
289
294

Sum of Squares
226.94
1351.75
1578.69

Mean Square
45.39
4.68

59

F Value
9.70

TABLE 3.5. One-Way Analysis ANOVA for difference between mean L* of broiler
growers within Processor 2
Source
Model
Error
Total
P < 0.0001

DF
3
393
396

Sum of Squares
209.44
2863.28
3072.72

Mean Square
69.81
7.29

60

F Value
9.58

TABLE 3.6. One-Way Analysis ANOVA for difference in mean L* between the two
commercial broiler processing plants
Source
Model
Error
Total
P < 0.0001

DF
1
690
691

Sum of Squares
621.45
4651.41
5272.86

Mean Square
621.45
6.74

61

F Value
92.19

TABLE 3.7. Mean L*, a*, b*, and pH values for dorsal and ventral breast surfaces of
broilers per grower
Dorsal
Grower

N

1
2
3
4
5
6
7
8
9
10

24
24
22
80
82
63
99
100
100
98

Age
(days)
42
42
42
40
43
41
59
57
56
56

avg
BW(kg)
1.84
2.08
1.88
1.91
1.80
2.05
3.42
3.45
3.15
3.43

Ventral

L*

a*

b*

L*

a*

b*

pH

62.5
64.6
60.7
62.9
63.2
62.0
66.0
67.5
65.6
66.2

13.0
10.9
12.8
12.2
13.1
12.0
9.7
10.1
10.3
9.9

10.7
10.9
9.6
10.5
11.3
11.5
10.2
10.1
10.7
10.3

57.6
58.7
57.3
58.7
59.5
57.4
59.6
61.5
59.9
60.5

14.5
14.1
13.7
14.0
14.7
14.1
12.9
12.9
13.2
12.1

11.6
12.4
11.4
12.8
13.0
14.1
11.4
10.9
11.4
11.4

5.9
5.9
5.9
5.8
5.8
5.7
5.8
5.8
5.9
5.8

Processor 1: Growers 1-6
Processor 2: Growers 7-10
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TABLE 3.8. Pearson’s correlation coefficients between production factors and
L* a*, b* of broilers selected for different growth rates

Weight
Grower
Age

L*
0.56
0.55
0.55

Dorsal
a*
-0.67
-0.65
-0.64

b*
-0.15
-0.15
-0.15

N=691
(P< 0.0001)

63

L*
0.34
0.34
0.34

Ventral
a*
-0.50
-0.48
-0.46

b*
-0.39
-0.41
-0.40

Frequency

Processor 1
115

120

100
79

80
45

40
0

23

17
1

1

7

4

1

0

L*
Fig. 3.1 L* of broilers averaging 3.36 kg at 57 days (Growth rate = 59 g/day).
N=393

Frequency

Processor 2
120
88 86
80

60
36

40
0

0

1

13

6

4

0

0

0

L*
Fig.3. 2 L* of broilers averaging 1.93 kg at 42 days (Growth rate = 46 g/day).
N=294
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Processor 1
y = -12.45x + 132.78
R² = 0.26

80
L*

60
40
20
0
5.4

5.6

5.8

6

6.2

6.4

pH
Fig.3.3 Relationship between L* and pH in broilers averaging 3.36 kg at slaughter age
of approximately 57 days; Pearson’s correlation coefficient = -0.51.

y = -5.40x + 89.89
R² = 0.07

Processor 2
80

L*

60
40
20
0
5.4

5.6

5.8

6

6.2

6.4

pH
Fig. 3.4 Relationship between L* and pH in broilers averaging 1.93 kg at slaughter age of
approximately 42 days; Pearson’s correlation coefficient = -0.27.
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L* vs pH
Preselected

y = -26.42x + 214.78
R² = 0.59

80
60
L*

40

L

20
0
5.4

5.6

5.8

6

6.2

6.4

pH
Figure 3.5. Relationship between L* and pH of broilers preselected on a subjective basis.
Pearson’s correlation coefficient = -0.77. N=28

WHC vs L*

y = -0.35x + 32.7
R² = 0.12

25

WHC

20
15
10
5
0
54

56

58

60

62

64

66

68

L*

Figure 3.6. Relationship between water holding capacity and L* of broilers randomly
selected. Pearson’s correlation coefficient = -0.35. N=26
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WHC vs pH

y = 9.33x - 41.33
R² = 0.18

25

WHC

20
15
10
5
0
5.5

5.6

5.7

5.8

5.9

6

6.1

pH

Figure 3.7. Relationship between water holding capacity and pH of broilers randomly selected.
Pearson’s correlation coefficient = 0.42. N=26
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CHAPTER 4
EVALUATION OF PROTEIN DIFFERENCES BETWEEN PALE AND NORMAL BROILER
BREAST MEAT THROUGH ONE DIMENSIONAL ELECTROPHORESIS

Samuel,D. and L.Wicker. To be submitted to Poultry Science
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ABSTRACT
Samples from normal and pale broiler breast fillets were analyzed using SDS-PAGE, water
holding capacity and protein solubility studies. Results showed that pale (L* = 66.0) broiler
breast meat exhibited lower water holding capacity, protein solubility, and pH. The average
protein concentration (2.25 mg/ml) of water soluble proteins in pale breast muscle was less than
half the concentration (5.15 mg/ml) found in normal meat. The average water holding capacity
for pale samples was 14.5 % compared to 18.3% for normal samples. The presence and intensity
of protein bands on SDS-PAGE were similar in water soluble and salt soluble extracts from pale
and normal muscle. A peptide that migrated to the molecular weight of water soluble
phosphorylase was consistently present in myofibrillar fractions of both normal and pale broiler
breast fillets. Thus, a paler color in poultry breast meat may influence protein solubilities and
water holding capacity but cannot be traced back to specific protein differences.
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INTRODUCTION
Anythony (1998) states that the success of the poultry industry has been fueled by the
ability to economically produce acceptable products. High selection intensities, shorter
generation intervals and reduced environmental influences have contributed to this success.
However, the resulting reduced slaughter age, increased body weight at younger ages, and
improved muscle yields and feed conversion have resulted in a reduction of meat quality
associated with muscle texture and flavor (Anthony, 1998). Research has shown that the poultry
industry is facing similar problems with meat quality that resemble the pale, soft and exudative
(PSE) condition in pigs (Barbut, 1997; Owens et al., 2000; Woelfel et al., 2002). In contrast to
pigs, the genetic basis of meat quality alterations in poultry is not known (von Lengerken, 2002).
Pale, soft, and exudative breast meat is associated with a rapid postmortem pH decline at
high carcass temperatures resulting in protein denaturation. The reduced water-holding capacity
(WHC) causes excessive yield losses (Alvarado, 2003) as studies have shown that PSE in poultry
has been reported to occur as high as 50% in commercial plants (Barbut, 1996; Barbut, 1997;
McCurdy et al., 1996; Owens et al., 2000; Woelfel et al., 2002; Woelfel and Sams, 2001).
However, a selection for rapid growth in poultry, both turkey and broilers, has resulted
in abnormally large muscle fibers with less developed connective tissue (Swatland, 1989). It has
been hypothesized that a certain population of commercial turkeys may have an altered
sarcoplasmic reticulum Ca++ channel protein leading to the development of PSE meat (Wang et
al., 1999). These alterations strongly influence the biochemical changes occurring in the muscle
during rigor mortis, which is directly responsible for PSE (Wang, 1999).
Because proteomics can be used to translate genomic information such that it is useful in
biological studies, a proteomic analysis of PSE- like meat in poultry meat may provide additional
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information towards understanding the characterization of PSE meat to the poultry industry.
Proteomic research in the poultry field has covered some important posttranslational
modifications including myosin degradation and identification of specific oxidatively modified
proteins in chicken meat (Ikeuchi, 2001; Kamiyama, 2001; Stagsted, 2004). Pietrzak, et al.,
(1997) used proteomics to determine that the development of PSE turkey breast muscle was due
to irreversible myosin insolubility resulting from low pH and high-temperature conditions.
Currently, the genetic basis for PSE in chicken has not been determined (Barbut et al., 2008).
Mullen et al., (2006) stated that proteins are frequently the functional molecules and are most
likely to reflect differences in gene expression. Thus, the objective of this research is to utilize
one-dimensional electrophoresis to confirm obvious differences in protein expressions between
PSE and normal broiler breast meat. PSE and normal breast meat were classified based upon L*,
pH, and water holding capacity (WHC).

MATERIALS AND METHODS
Sample Collection
Boneless, skinless, broiler breast meat was obtained from a local commercial deboning
plant. Samples were taken from birds selected for improved breast yield and an average weight
of over 7 lbs. Samples were subjectively selected according to lightness before measurements
were taken. The samples were put on ice and taken back to the university laboratory for water
holding capacity analysis. The right breast portion was used to determine L* a* b* while the left
breast portion was frozen until used to determine the corresponding WHC and protein
solubilities of the breast sample. Birds with a pH < 5.6 and an L* greater than 66 were classified
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as pale birds. There were a total of 33 pale and 49 normal samples classified. Excessive fat and
connective tissue were avoided to minimize sampling errors.

Color and pH Measurements
L* was measured at the medial point of the dorsal and ventral surfaces of the pectoralis
major using a Minolta Chroma Meter CR-310, Osaka, Japan. Reported values are the average of
three measurement per sample. The pH measurements were acquired through use of a spear tip
probe pH meter (Hannah Instruments, Van Nuys, CA) designed for meat samples. All
measurements were taken 24 hours postmortem as described by Samuel et al., (2008).

Water Holding Capacity (WHC)
The water holding capacity (WHC) was determined as described by Samuel et al., 2008
using a centrifugation method. Measurements were done in triplicate.

Protein Extraction and Quantification
Extraction procedures were similar to those used by Barbut et al. (2005). A phosphate
buffer was used in addition to NaCl. Sarcoplasmic proteins were extracted from 2 gm of meat
sample using 20 ml of 0.025M sodium phosphate buffer (Buffer A, pH=7.2). The samples were
homogenized with a PRO300A Proscientific homogenizer (Sparks Technologies, Buford, GA)
on ice with low setting for 1 min. The samples were centrifuged in a Sorvall RC-5B refrigerated
super-speed centrifuge (Du Pont Instruments, Wilmington, DE) at 7000 g for 15 min at 4°C. The
supernatants were collected and labeled as sarcoplasmic or water soluble proteins. The pellets
were then mixed with 0.025 M of sodium phosphate buffer, pH=7.2 containing 0.6 M of NaCl
(Buffer B) and homogenized for 1 min. To ensure solubilization of the salt soluble proteins, the
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samples were stirred for 4 hours on ice. The samples were centrifuged at 7000 g for 15 min at
4°C and the supernatants were collected as myofibrillar or salt soluble proteins.

The

concentration of proteins in the supernatants was determined in triplicate using the Better
Bradford Assay (Coomassie Plus-The Better Bradford Assay Kit, PIERCE, IL) and measured
using a micro-plate reader (Bio-Rad model 550 micro-plate reader, Hercules, CA) at 595nm. The
standard protein used was bovine gamma globulin.

SDS-PAGE
SDS-PAGE was performed using a Mini-PROTEAN II electrophoresis cell unit (BioRad
Laboratories, Hercules, California) and a PhastSystem Unit (GE Healthcare, USA) according to
manufacturer’s instructions. An aliquot of 15 µg per sample in sample buffer was applied to a 420% gradient gel (BioRad Laboratories, Hercules, California) for the Mini-PROTEAN II and an
aliquot of 3 µg was applied to a 4-15% gradient gel (GE Healthcare, USA) for the PhastSystem.
A broad range of molecular weight standards from Biorad (Catalog # 161-0317, Control
310002095) were also applied to the gel for a reference. Two pale and two normal samples were
each ran three times on each system using coomassie staining.

Densitometry
Gels were scanned using the Biorad Model GS-700 Imaging Densitometer. Analysis and
molecular weights were determined using the Molecular Analyst/PC Software (Version 1.5).

RESULTS AND DISCUSSION
The pale breast fillets had lower protein concentration and lower water holding capacity
than the normal and dark breast fillets. Protein solubility samples (Table 4.1) were taken as a
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subset from a larger sample size (Table 4.2). As shown in Table 4.1, the pale breast fillets had an
average L* of 66.0. The average water holding capacity was 13.8. The average protein
concentrations for the water soluble proteins and salt soluble proteins were 2.2 mg/ml and 7.01
mg/ml, respectively. The normal breast fillets had an L* lower than the pale breast fillets. These
also exhibited higher water holding capacities as well as higher protein concentrations than pale
samples. The average L* for normal breast fillets was 57.9 and the water holding capacity was
24.9%. Protein concentrations for water soluble and salt soluble proteins were 5.1 mg/ml and 7.7
mg/ml, respectively. Offer and Knight (1988) found that WHC of meat was highly dependent
upon pH and protein denaturation which can be measured by protein solubility. Van Laack et al.
(2000) found very small but significant differences in total protein solubility between pale and
normal breast fillets. However, they found no correlation between the total protein solubility and
water holding capacity. Table 4.2 shows data from the larger sampling plan used to correlate L8,
pH, and WHC. The data is consistent with the findings of Van Laack et al. (2000). The average
L* for all pale breast fillets was 63.2 with a pH of 5.5 yielding an average water holding capacity
of 14.5 percent. Normal breast fillets had an oveall mean L* of 59.1, pH of 5.7, and water
holding capacity of 18.3 percent. ` Van Laack et al. (2000) found that low ultimate pH was the
main determinant in water holding capacity of PSE chicken breast muscle.
Also the data in Table 4.1 shows that the protein concentration of the water soluble
proteins in the normal breast fillets was more than twice the concentration found in the pale
breast fillets. The comparison of protein concentrations within the salt soluble proteins was not
as profound as that in the water soluble proteins. Van Laack et al. (2000) reported that the
protein solubility of sarcoplasmic or water soluble proteins in pale breast fillets was significantly
lower than that in normal breast fillets. Bendall and Wismer-Pedersen (1962) showed that
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sarcoplasmic proteins were denatured in meat with a low WHC, an observation which was
confirmed by several other researchers (Lopez-Bote et al., 1989; Van Laack et al., 1994; and
Warner et al., 1997). It has been suggested that the denatured sarcoplasmic proteins, mostly
phosphorylase, precipitate onto the myofibrils covering the charged groups responsible for water
binding (Bendall and Wismer-Pedersen, 1962). Van Laack et al. (2000) also reported a
significant correlation between sarcoplasmic protein solubility and water holding capacity.
However, Offer and Knight (1988) found that the myofibrillar proteins had greater influence on
water holding capacity than the sarcoplasmic proteins. Several researchers reported that in PSE
pork, the solubility of both sarcoplasmic and myofibrillar proteins correlated with water holding
capacity (Bendall and Wismer-Pedersen, 1962; Bendall and Swatland, 1988; Warner et al.,
1996). In addition, Warner et al. (1996) showed that protein solubilities were similar in reddish,
soft, exudative and normal pork (RSE) despite lower water holding capacity of the RSE pork.
SDS-PAGE was utilized to determine if there were any pronounced differences in
proteins between pale and normal breast meat. Estimated molecular weights of water and salt
soluble proteins were identified by the molecular analyst software used with densitometry.
There were a total of nine protein bands found in the water soluble protein extracts (Figure 4.1).
Their molecular weights ranged from approximately 97,000 to 20,000 daltons. The highest
molecular weight identified migrated approximately the same distance as phosphorylase found in
the molecular weight standards. This protein precipitated onto the myofibrils in PSE turkey meat
(Pietrzak, 1997) and in PSE broiler meat (Barbut et al., 2005). In our study, the protein band
associated with phosphorylase was present in water soluble protein extracts of both normal and
pale breast meat. Notably, there were no missing protein bands in water soluble protein extracts
of normal and pale samples (Figures 4.1 and 4.2). Although the same peaks were consistently
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identified, peak intensities were different among pale and normal samples but with great
variation within replications (data not shown).
In salt soluble protein extracts, an estimated fourteen protein bands were observed. The
salt soluble proteins showed no distinct differences between the protein bands. In contrast to a
report by Barbut et al. (2005), myosin was present in all samples. The difference may be
attributed to the difference in extraction buffers. For this study, a phosphate containing buffer
was used whereas only NaCl was used by Barbut et al., (2005). Pietrzak et al. (1997) found that
more myosin was solubilized when a combination of 2% NaCl and 0.15% Na-tripolyphosphate
was used compared to when 2% NaCl was used alone as an extraction solvent.
Within the salt soluble protein extracts, a protein band that migrates between 98,000 and
101,000 daltons, putatively identified as phosphorylase, was observed in pale and normal breast.
Van Laack et al. (2000) also found phosphorylase in the myofibrillar fraction in both normal and
pale broiler samples, which could indicate that protein denaturation is similar in both normal and
pale broiler meat. Wilson and Van Laack (1999) studied PSE and normal meat in pork and
reported the presence of phosphorylase bands in the myofibril fractions of PSE meat but not in
the normal meat. In the present study, phosphorylase was found to be present in the myofibril
fractions of both normal and pale samples. This was consistent with characteristics exhibited by
reddish soft exudative (RSE) pork (Warner et al., 1997). Warner et al. (1997) also reported that
RSE pork exhibited lower water holding capacity compared to normal pork. The similarity
between RSE pork and findings in the present study may provide an answer to changes in meat
quality, such as lower water capacity resulting from birds selected for growth (Piles et al., 2000;
Ramirez et al., 2004). While the missing protein bands seen in pork samples may relate to the
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genetic differences responsible for PSE pork meat, it may also explain why no specific genes
have been identified with PSE broiler meat.

CONCLUSIONS
Pale broiler breast meat exhibited lower water holding capacity, protein solubility and
lower pH. Protein concentrations of sarcoplasmic proteins were almost half the concentration
found in normal and dark meat. While salt soluble proteins are associated with functional
properties of muscle foods, lower concentrations of water soluble proteins extracted from pale
muscle was observed in conjunction with lower WHC in this study. SDS-PAGE showed no
distinct protein bands absent within the water soluble or salt soluble proteins of either normal or
pale samples. The use of a combined phosphate and NaCl extraction buffer may have resulted in
the solubility of more myosin. Putative water soluble phosphorylase was consistently present in
myofibrillar fractions of both normal and pale broiler breast meat. This suggests that changes in
water soluble proteins such asloss of protein solubility or denaturation is involved in lower
WHC. This data is consistent with what was seen in RSE pork reported by Warner et al., (1997)
and may provide an answer to changes in meat quality such as lower water capacity resulting
from birds selected for growth. Thus, PSE in poultry meat may influence water holding capacity
but may not be able to be traced back to specific proteins and genes.
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Table 4.1. Protein solubilities of pale and normal broiler breast fillets
Sample

L*

pH

WHC (%)

WSP (mg/ml)

SSP (mg/ml)

Pale

66.0(0.8)

5.2(0.3)

13.8(2.4)

2.2(0.8)

7.0(1.2)

Normal

57.9(2.1)

5.7(0.2)

24.9(0.4)

5.1(0.4)

7.7(0.7)

WHC= water holding capacity, WSP= water soluble protein, SSP= salt soluble protein
Average values reported with standard deviation in parenthesis.
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Table 4.2. Means for L*, pH, and water holding capacity from
pale and normal broiler breast fillets

a

Pale
Normal

L*(STDEV)
63.2 (1.89)
59.1 (1.71)

pH (STDEV)
5.5 (0.13)
5.7 (0.10)

WHC (STDEV)
14.5 (0.023)
18.3 (0.038)

N=33
N=49

b
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Figure 4.1. Peak identifications of water soluble proteins from normal and pale broiler breast
fillets.. Samples 2 and 48 are from normal muscle and samples 3 and 53 are from pale muscle.
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Figure 4.2. Peak identifications of salt soluble proteins from normal and pale broiler breast
fillets. Samples 2 and 48 are from normal muscle and samples 3 and 53 are from pale muscle.
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CHAPTER 5

VISIBLE/NEAR-INFRARED SPECTROSCOPY TO PREDICT PALE BROILER BREAST
MEAT BY MEASURING WATER HOLDING CAPACITY

Samuel,D., B. Park, and L. Wicker To be submitted to Journal of Agricultural and Food
Chemistry
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ABSTRACT
In this study, Visible/Near-infrared spectroscopy (Vis/NIRS) was examined as a tool for rapidly
determining water holding capacity (WHC) in broiler breast meat. Both partial least squares
(PLS) and principal component analysis (PCA) models were developed to relate Vis/NIRS
spectra of 85 broiler breast meat to WHC, pH, and L*. Partial least squares modeling resulted in
coefficients of determinants (R2) of 0.72, 0.67, and 0.62 for WHC, pH, and L*, respectively.
The mean spectra from the PLS loading plots showed that absorption peaks, in the range of 415
nm to 609 nm (heme pigments) and 1140 nm,~1385 nm, and ~1880 nm (fat, water, and protein
bands), had the greatest influence on the predictive models. PCA and discriminant analysis
showed distinct differences between samples with pH values above and below 5.6. The results
suggest that Vis/NIRS predicts water holding capacity in broiler breast meat.
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INTRODUCTION
The meat industry has increased interest in rapid screening techniques used to predict quality
characteristics (Geesink et al., 2003). Spectroscopy has become a more desirable method for
analyzing qualitative characteristics in food due to a decrease in instrument prices, an
improvement in equipment design, and an improvement in data-analysis methodology such as
chemometrics (Brondum et al., 2000a). Brondom et al. (2000a) lists the main advantages of
using spectroscopic measurements as rapid data acquisition with minimum sample preparation,
the possibilities for simultaneous determination of several quality parameters, and the ability to
replace expensive and slower reference techniques. Monin (1998) considered near infrared
spectroscopy (NIRS) to be one of the most promising of these techniques for large-scale meat
quality evaluation.
Several applications of NIRS as a qualitative and quantitative measurement tool have
been applied to the meat industry. Research involving NIRS and meat include fat and moisture
contents in emulsions of meat products (Ben-Gera and Norris, 1968; Iwamoto et al., 1981;
Kruggel et al., 1981; Lanza, 1983); fat, moisture, and protein contents (Renden et al., 1986;
Valdes and Summers, 1986; Isaksson, et al., 1995; Kadim et al., 2005; Berzaghi et al., 2005); fat
depths and softness (Swatland, 1995); and meat texture and tenderness (Lyon et al., 2001; Park et
al., 2001; Liu et al., 2003; Muellenet et al., 2004). NIRS has also been utilized to evaluate
pigment content in meat (Mitsumoto et al., 1991; Chen and Massie, 1993; Chen et al., 1994;
Chen et al., 1996a; Chen et al., 1996b). Huang et al. (2008) concluded that NIRS analysis is
capable of rapid assessment of fat, water, and protein composition.

In addition, Cozzolino and

Murray (2004) used NIRS to correctly classify 80% of meat samples according to the muscle
species (beef, lamb, pork, or chicken). Muellenet et al. (2004) suggested that near infrared
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reflectance could be used to predict poultry meat texture and to classify muscles according to
tenderness levels. Park et al. (1998) used NIRS to predict Warner-Bratzler shear force values of
beef longissimus steaks.
More recent applications of NIRS involved the determination of water binding
characteristics, water holding capacity and drip loss in fresh pork. NIRS analysis at 24 h post
mortem was used to predict drip loss in pork 24 h after slaughter (Forest et al., 2000). NIRS was
used to predict intra-muscular fat and drip loss, (Geesink et al., 2003; Hoving-Bolink et al.,
2005) with varying predictive accuracy. Their results indicated that NIRS does enable the
classification of pork longissimus muscles with a superior or inferior water-holding capacity.
Aberle et al. (2001) describes water holding capacity as the ability to retain naturally
occurring or added water during application of external forces such as cutting, heating, grinding,
or pressing. Muscle tissue consists of approximately 75% water, 20% protein, 5% fat, 1%
carbohydrate, and 1.5% vitamins and minerals (Huff-Lonergan and Lonergan, 2006). Belitz
(2004) states that approximately 5% of the water found in muscle is bound by hydrophilic groups
on the proteins and the other 95% is held by capillary forces between the thick and thin
filaments. Some of the water in muscle is also found in free form and will be expelled during
even the mildest form of applications. The ability of meat to retain water is influenced by several
factors. Those factors include production of lactic acid and loss of adenosine triphosphate
(ATP), which influences rate and extent of pH decline, protein oxidation, and changes in cell
structure associated with proteolytic enzyme activity (Aberle et al., 2001; Huff-Lonergan and
Lonergan, 2005). Many of the quality attributes of meat such as color, texture, and juiciness are
influenced by water-holding capacity (Aberle et al., 2001).
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One of the major contributors to decreased WHC in the poultry industry has been
attributed to pale, soft, and exudative (PSE) broiler breast meat. PSE breast meat is caused by a
rapid postmortem pH decline while carcass temperatures are still warm. The resulting protein
denaturation leads to a pale color and a decrease in WHC, causing excessive yield losses
(Alvarado and Sams, 2003). PSE incidence in broilers and turkeys has been reported to occur as
high as 50% in commercial plants (Barbut, 1996; Barbut, 1997; McCurdy et al., 1996; Owens et
al., 2000; Woelfel et al., 2002; Woelfel and Sams, 2001).
In the poultry industry good water holding capacity is essential to maintain high yields, to
avoid purge, to ensure juicy muscle and to maintain quality. The objective of this study was to
evaluate the role of L*, pH on WHC of broiler breast muscle and to use Vis/NIRS to predict
WHC.

MATERIALS AND METHODS
Sample Collection
Boneless, skinless, broiler breast meat was obtained from a local commercial processing
plant. Samples were subjectively pre-selected based upon visible lightness or darkness and preclassified into pale and normal categories. The samples were put on ice and taken back to the
university laboratory for water holding capacity analysis and Russell Research Center for
Vis/NIRS measurement. The left breast portion was used to determine the WHC of the breast
sample while the right breast portion was used to determine L*, a*, b*, and Vis/NIR spectra. The
left breast fillets were individually packed in Ziploc bags on day 1 and frozen at -30° C. Broiler
breasts were classified into pale or normal based on pH values less than or greater pH 5.6,
respectively. For broiler breasts classified as pale, the mean WHC and L* were 14.2% and
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66.7%, respectively. These values were used to construct the mean Vis-NIR spectra for WHC
and L* in pale and normal broiler breast samples. Excessive fat and connective tissue were
avoided to minimize sampling errors.

Color and pH Measurements
L* was determined on the dorsal surface of the pectoralis major using a Minolta Chroma
Meter (CR-310, Osaka, Japan). The pH measurements were acquired through use of a spear tip
Hannah pH meter (Hannah Instruments, Van Nuys, CA) designed for meat samples. All color
and pH measurements were taken 24 hours postmortem.

Water Holding Capacity
The WHC was determined as described by Barbut (1993) with some minor
modifications. Frozen samples were thawed overnight at 4°C. All skin and visible fat were
removed from the breast meat. Approximately 75 to 100g of the medial portion of the breast
meat was chopped for approximately 60 seconds in a small chopper to mince meat. A 10 g
aliquot of the chopped muscle was mixed with 16 ml of 0.6 M NaCl and then incubated for 30
min at 4°C. Afterwards samples were centrifuged at 7000 g at 4ºC for 15 minutes and the excess
fluid was decanted. The WHC was defined as the portion of fluid retained by the sample.
Measurements were done in triplicate assays.

Visible/Near-infrared Spectral Analysis
Samples for Vis/NIRS analysis were taken from the anterior portion of broiler breast
meat and cores with a 38 mm diameter and 10 mm depth were collected for Vis/NIRS in the
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quartz optical cell as described earlier (Liu et al., 2004; Park et al., 1998). The raw core samples
from broiler breast meat were scanned using a scanning monochromator (XDS Instrument, Foss
NIRSystems, Inc.Laurel, Md) and analyzed with Vision Spectral Analysis Software for Windows
(Foss NIRSystems Vision). Reflectance measurements were recorded over the 400 to 2500 nm
wavelength range at 2 nm intervals and 32 scans. A sample size of 85 cored breast samples were
utilized (Park et al., 2001). For mean spectra, delineation between pale and normal was based on
the mean value of WHC or L* for pale muscle.

Chemometric Analysis
The spectra of 85 breast fillets were divided into a calibration subset and a validation
subset. Partial least squares (PLS), multiple linear regression (MLR), and principal component
regression (PCR) analyses were performed to develop calibration models.
The PLS procedure was applied directly to the log(1/R) where R=reflectance spectra in
the wavelength region of 400 to 2500 nm. Cross-validation was performed during model
development. A mean-centering data processing algorithm was applied to the calibration model.
On completion of calibration, the model was applied to the validation data set. Model
performance was reported as the coefficient of determination (R2), root mean square error of
calibration (RMSEC), and root mean square error of cross-validation (RMSECV).
For spectral pretreatment of the MLR procedure, mean smoothing was conducted with
three-point averaging (Hruschka, 1987) followed by log(1/R) transformation and computation of
second derivatives. The MLR procedure was performed in a stepwise manner to yield the
highest coefficient of determination (R2).
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PCR based discriminant analysis was obtained for classification of pale and normal
breast. PCA was used to decompress spectra and produce a reduced representation of the data
based upon maximum variations between the spectra. PCA score plots were generated from this
data.

RESULTS AND DISCUSSION
The data in Table 5.1 shows the range, mean, and standard deviation for WHC, pH, and
L* of the samples analyzed by Vis/NIRS in evaluating its use as a rapid method for detecting
pale birds indicative of low water holding capacity. L* ranged from 59.6 to 71.7 with a mean of
65.6 and a standard deviation of 2.33. The pH values ranged from 5.0 to 6.2 with an average pH
of 5.6 and a standard deviation of 0.16. Corresponding water holding capacities were as low as
9.4% and as high as 26.9%, with a mean of 16.7% and a standard deviation of 3.8 (Table 5.1).
The data in Figure 5.1 shows the mean Vis/NIRS spectrum and the total Vis/NIRS spectra for
these 85 samples. The absorbance bands of the spectra show distinct differences between
samples with the greatest difference seen between wavelengths ~1400- 2400 nm. The data in
Figures 5.2 through 5.4 show differences in mean spectra of high and low values of pH, WHC,
and L*, respectively. The mean VIS/NIRS spectra for breast muscle samples with pH values
above and below 5.6 (Figure 5.2) show differences in the spectra at approximate absorbance
peaks between 400 and 800 nm and between 1400 through 2500 nm. The absorbance of high pH
samples was higher than absorbance of low pH samples around these wavelength bands. Mean
spectra comparing high and low WHC and L* show similar differences observed in the mean pH
spectra with the exception that differences are not as great at wavelengths greater than 1900 nm
for L* and greater than 2000 nm for WHC values (Figures 5.3 and 5.4). The differences between
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spectra at wavelengths 400 nm to ~850 nm and ~1500 nm and 2000 are the greatest in the mean
spectra for L* above 68 and below 66 (Figure 5.4). The samples with higher L* showed lower
absorbance at those wavelength bands. The broiler breasts were first sorted into pale or normal
by pH less or greater than 5.6. No definitive congruity between segregation of broiler breasts by
pH and L* and WHC was observed. Therefore, mean spectra were collected one unit away from
the mean for L* and WHC. While broiler breasts that were classified as normal had one or two
of 42 readings that were out or range for WHC and L*, respectively, broiler breasts that were
classified as pale had nine and ten of 43 readings that were out of range for WHC and L*,
respectively. These results highlight the difficulty of identifying pale or PSE muscle in poultry
based on L* or pH value. Nevertheless, Vis/NIRS provides clues to potential biochemical
differences between pale and normal muscle.
Isengard (1995) states that water gives signals at 1460 and 1910 nm wavelengths that are
usually stronger than those of other components. However these signals from water can hide
signals from other components in the spectra, such as proteins, which are usually found around
1485 nm and above approximately 2055 nm (Brøndum, et al., 2000b). From spectra obtained
from intact chicken muscles, Cozzolino et al. (1996) identified bands at 422 nm and 552 nm
related to myoglobin and at 1936 nm related to water. Absorption bands at 430 nm and 574 nm
were associated with hemoglobin and oxyhemoglobin, respectively (Mitsumoto et al., 1991).
Cozzolino et al., (2004) showed absorption bands at 540 nm and 580 nm that were associated
with both myoglobin and oxymyoglobin while Cozzolino and Murray (2002) showed an
absorption band at 762 nm related to the oxidation of myoglobin or deoxymyoglobin. Results
from the present study show that the mean spectra of breast muscle with pH values below 5.6 fall
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slightly below the mean spectra for samples with a pH above 5.6 at wavelengths less than 800
and greater than 1200 (Figure 5.2).
The data in Figure 5.5 displays the PLS model and loading plot that corresponds with
water holding capacity of the samples analyzed by Vis/NIRS. The coefficient of determination
in cross validation (R2), the root mean square error of calibration (RMSEC), and root mean
square error of cross-validation (RMSECV) were 0.719, 0.019, and 0.028, respectively.
The PLS loading plots in Figure 5.5 show that the wavelengths of ~400 nm to 600 nm
that were previously associated with heme pigments (Mitsumoto et al., 1991; Cozzolino et al.,
1996, Cozzolino and Murray, 2002; and Cozzolino et al., 2004) and the wavelengths at ~1450
nm to 1950 nm that were previously associated with water (Isengard, 1995) had the greatest
influence in developing the calibration models. The PLS models and loading plots for the pH
values and L* (Figures 5.6 and 5.7) of broiler breast samples resulted in lower prediction values
than the PLS model for water holding capacity. The coefficients of determination were 0.674
and 0.617, respectively. The resulting RMSEC values for pH and L* were 0.07 and 1.27,
respectively, while the respective RMSECV values were 0.10 and 1.54. PLS models for water
holding capacity and pH both utilized two latent variables. Latent variables are the common
orthogonal structures in which PLS project the spectral data after centering it and are used to
describe the maximum covariance between the spectral information and the references
respectively (Brøndum et al., 2000b). The PLS loading plots based on pH of the breast fillets
were similar to the WHC PLS loading plots in that the wavelengths relating to respiratory
pigments and water had the greatest influence in developing the calibration models. While PLS
loading plots were extremely similar, the PLS loading plots for L* of the samples showed
influence by fewer wavelengths associated with the heme pigments and additional wavelengths
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between 1100 nm and 1900 nm, most likely associated with water and other proximate
compositions.
When analyzing spectroscopy data, many of the data points are reduced to a few factors,
or scores, because they are extremely co-linear. These scores are combined with the latent
variables to form the principal components (Brondum, et al., 2000). The PCA score plots for pH
of the breast samples are shown in Figure 5.8. A distinct difference between the samples at pH
values lower or higher than 5.6 can be seen. The discriminate analysis shown in Figure 5.9 also
shows differences seen between the low and high pH based upon four principal components. The
resulting coefficient of determination was 0.93 along with a RMSEC of 0.12. The crossvalidation model showed a root mean standard error of prediction (RMSEP) value of 0.20. These
results indicate the importance of pH in determining the WHC of broiler meat and its influence
in using Vis/NIRS as a predictor of WHC. Offer and Knight (1988) found that pH was one of
the main determinants of water holding capacity. Diesbourg et al. (1988) showed that as the pH
reaches ~5.2-5-5, the isoelectric point of myosin, the distance between thick filaments in pork
muscle was drastically reduced. The decline in pH induces lateral shrinkage of the myofibril
leading to expulsion of water from the myofibrillar into the extramyofibrillar spaces of the
muscle cells (Bendall and Swatland, 1988). Huff-Lonergan and Lonergan (2005) states that it is
thus likely that the gradual mobilization of water from the intramyofibrillar spaces to the
extramyofibrillar spaces may be responsible some drip loss.

CONCLUSIONS
The results from the PLS model suggest that Vis/NIRS has the potential to predict
water holding capacity in broiler breast meat. PLS also showed that pH was a better predictor of
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WHC than the L*. Discriminant analysis showed distinct differences between low and high pH
samples. The mean spectra for the low and high pH, WHC, and L* of the samples showed
differences in wavelengths associated mainly with the heme pigments, myoglobin and
hemoglobin, water and protein.
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Table 5.1. Mean reference values of broiler breast meat samples (n=85) used
for Vis/NIRS analysis.
WHC (%)
pH
L* (d)

Range
9.4-26.9
5.0-6.2
59.6-71.7

Mean
16.7
5.6
65.6

SD
3.8
0.16
2.33

a

WHC is water holding capacity. L* (d) is L* on dorsal side of muscle. Range, mean standard
deviation (SD) is reported for 85 samples.
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Figure 5.1. Vis/NIRS spectra of broiler breast meat samples (n=85). Mean spectrum (top) and
total spectra (bottom).
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Figure 5.2. Mean spectra of low pH (<5.6) and high pH (>5.6) broiler breast samples. Mean
value of pH 5.6 was used to segregate samples based on pH.
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Figure 5.3. Mean spectra of low WHC (<13%) and high WHC (> 15%) broiler breast samples.
Mean WHC (water holding capacity) value for pale samples was 14.2%. Cutoff values of 13%
and 15% were used to further delineate spectra of pale and normal muscle. WHC values
correspond with mean pH value of 5.6.
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Figure 5.4. Mean spectra of low L* (<66) and high L* (>68) broiler breast samples.
L* classified based on combination of pH and WHC values.
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Figure 5.5. Water holding capacity prediction in broiler breast meat by near infrared spectroscopy using a
partial least squares (PLS) model (a). The two bottom figures are PLS loading plots for WHC of samples
using one (b) or two (c ) latent variables. Identified peaks at the given wavelengths (415, 440, 465, 542,
556, 558, 580,581, 608, 609) have greatest influence on the prediction model.
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Figure 5.6. The pH prediction of broiler breast meat by near infrared spectroscopy using a partial least
squares (PLS) model (a). The two bottom figures are PLS loading plots for pH of samples using one (b)
or two (c ) latent variables. Identified peaks at the given wavelengths (415, 440, 464, 542, 556, 558, 580,
609) have greatest influence on the prediction model.
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Figure 5.7. The L* prediction of broiler breast meat by near infrared spectroscopy using a partial least
squares (PLS) model (a). The two bottom figures are PLS loading plots for L*of samples using one (b) or
two (c ) or three (d) latent variables. Identified peaks at the given wavelengths (425, 428, 456, 512, 554,
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Figure 5.8. Principal component analysis score plots for low pH (<5.6) and high pH (>5.6)
broiler breast samples.
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CHAPTER 6
SUMMARY AND CONCLUSIONS
The existence of pale, soft and exudative meat and its causes has been established in pork
while the incidence in broiler meat has not been fully explained. Currently, the poultry industry
has not identified a reliable genetic marker responsible for PSE meat but continues to search for
indicators to minimize production losses resulting from PSE meat. Therefore, several hypotheses
should be taken into consideration for future research into the PSE condition within broilers
(Barbut et al., 2008). Boulianne and King (1995) found that color characteristics (L, a, and b),
pH, total pigment, myoglobin, and iron concentrations were all significantly different in pale
meat when compared with normal chicken breast meat. Dransfield and Sosnicki (1999)
suggested that higher growth rates may induce morphological abnormalities, larger fiber
diameters and a higher proportion of glycolytic fibers, and a lower proteolytic potential in the
muscles; and subsequently increase the occurrence of paler color, reduced water holding
capacity, and poorer quality of further processed products. Additionally, preslaughter
environmental conditions have shown to be major contributors to the increased incidence of PSE
meat in poultry (Berri, et al., 2005; Debut, et al., 2005; McKee and Sams, 1997). Thus, there are
several factors that influence meat quality and the purpose of this research was to investigate the
incidence of a PSE-like meat in broilers and examine changes in proteins that may be responsible
for the condition. In addition, a tool for rapid assessment of meat quality was evaluated in an
effort to provide a short term solution to minimize yield losses resulting from this condition of a
PSE-like meat.

113

The results showed that L* was heavily influenced by several factors such as grower, age,
and bird weight. The research also showed an increase in L* compared to previous research,
with a* having a greater correlation between the production and processing factors than the L*.
Color measurements, pH, and water holding capacity studies showed that the heavier birds with a
higher growth rate exhibited a higher occurrence of pale birds than the lighter birds with a slower
growth rate. L* greater than 60 was observed in 57% of birds selected for greater yield and in
26% of slower growing birds. Analysis from SDS-PAGE, water holding capacity and protein
solubility studies showed that pale broiler breast meat exhibited lower water holding capacity,
protein solubility, and pH. The presence and intensity of protein bands on SDS-PAGE were
similar in water soluble and salt soluble extracts from pale and normal muscle. A peptide that
migrated to the molecular weight of phosphorylase was consistently present in myofibrillar
fractions of both normal and pale broiler breast fillets. Vis/NIRS was examined as a tool for
rapidly determining water holding capacity. Results suggested that NIRS had the potential to
predict water holding capacity in broiler breast meat with a coefficient of determination (R2) of
0.72.

114

REFERENCES
Barbut, S., A. A. Sosnicki, S. M. Lonergan, T. Knapp, D. C. Ciobanu, L. J. Gatcliffe, E. HuffLonergan, and E. W. Wilson. 2008. Progress in reducing the pale, soft and exudative
(PSE) problem in pork and poultry meat. Meat Science 79:46-63.
Berri, C., M. Debut, V. Sante-Lhoutellier, C. Arnould, B. Boutten, N. Sellier, E. Baeza,
N. Jehl, Y. Jego, M. J. Duclos, and E. Le Bihan-Duval. 2005. Variations in chicken
breast meat quality: implications of struggle and muscle glycogen content at death.
British Poultry Science 46:572-579.
Boulianne, M. and A.J. Knight. 1995. Biochemical and color characteristics of skinless
boneless pale chicken meat. Poultry Science 74:1693-1695.
Debut, M., C. Berri, C. Arnould, D. Guemene, V. Sante-Lhoutellier, N. Sellier, E.
Baeza, N. Jehl, Y. Jego, C. Beaumont, and E. Le Bihan-Duval. 2005. Behavioural
and physiological responses of three chicken breeds to pre-slaughter shackling and acute
heat stress. British Poultry Science 46:527-535.
Dransfield, E., and A. A. Sosnicki. 1999. Relationship between muscle growth and poultry meat
quality. Poultry Science 78:743-746.
McKee, S. R., and A. R. Sams. 1997. The effect of seasonal heat stress on rigor development and
the incidence of pale, exudative turkey meat. Poult Science 76:1616-1620.

115

