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ABSTRACT 

INFLUENCE OF THERMAL CHALLENGE ON MEAT QUALITY OF TURKEY 

By 

Walid Ali Aljarbou 

Consumer demand for lean, inexpensive meat products has resulted in unprecedented 

growth of the poultry industry. Turkey breeders responded with intensive genetic selection to 

increase body weight, breast muscle yield, and feed conversion efficiency. However, this success 

has come at the cost of increased susceptibility to heat stress in the fast-growing birds, which led 

to increased frequency of pale, soft, exudative (PSE) meat. Previous studies have led to a general 

understanding of the etiology of PSE meat; however, the precise molecular mechanisms, which 

could inform development of a mitigation strategy for this defect, remain unclear.  

This work comprises two studies. The first study was based on an observation that pyruvate 

dehydrogenase kinase 4 (PDK4) is significantly less abundant in PSE samples compared to normal 

turkey meat. We hypothesized that reduced PDK4 expression would result in reduced 

phosphorylation of pyruvate dehydrogenase which would alter the course of postmortem 

metabolism. Turkeys from two lines were exposed to a pre-market thermal challenge. Following 

slaughter and exsanguination, pectoralis major samples were removed, and the birds were then 

processed according to standard commercial practice. Meat quality data were collected at 24 hours 

postmortem and used to categorize meat samples as PSE or normal. The phosphorylation state of 

pyruvate dehydrogenase (PDH) in normal and PSE turkey meat and metabolite abundances were 

analyzed using the western blot technique. Interestingly, the results showed that PSE samples had 

a significantly lower mean total PDH. However, when normalized to the PDH level in each sample, 

there was no significant difference in the phosphorylation state of PDH between normal and PSE 



 

 

samples. Analysis of these samples for various metabolites associated with aerobic and anaerobic 

metabolism showed no significant differences in the levels of glycogen, lactate, glycolytic 

potential, or ATP when compared to control samples.  

The second study aimed to elucidate the effects of embryonic thermal manipulation on 

post-hatch thermotolerance and its consequent effects on meat quality of turkeys. Eggs from two 

turkey lines  were exposed to pre-hatch thermal challenge; birds were hatched, raised, then exposed 

to three days of pre-market thermal challenge at 16 weeks. Following slaughter, breast muscle 

samples were collected, and birds were processed according to standard industry practice. 

Histological analysis was conducted for perimysial space and fiber diameter, metabolite levels 

were quantified, and samples were assessed for meat quality parameters including pH, color, drip 

loss, cook loss, and marinade uptake. The results showed that the pre-hatch treatment did not 

improve the thermotolerance of a premarket heat stress, and there were no significant differences 

in the fiber diameter, perimysial space, and meat quality characteristics. Moreover, embryonic 

thermal manipulation did not affect the levels of metabolites from samples of 24 h postmortem, 

nor of the levels of glucose, G6P, lactate, glycolytic potential, and ADP at 15 min postmortem. 

However, the glycogen and ATP levels at 15 min postmortem were significantly higher while the 

levels of IMP and AMP were significantly lower in the samples exposed to embryonic thermal 

manipulation compared to control when both were exposed to the pre-market thermal challenge.  

The results of this research do not support a mechanistic role for reduced PDK4 abundance  

in altering postmortem muscle metabolism which  would possibly lead to reduced meat quality. In 

addition, the embryonic thermal manipulation was not successful in improving  thermotolerance 

of turkeys. Future studies are needed to define the molecular mechanisms associated with 

development of PSE meat and to develop a successful mitigation strategy.
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INTRODUCTION 

Poultry meat is a noteworthy component of the human diet, serving as an important source 

proteins, vitamins, minerals, and energy. Moreover, it is a primary contributor to the economy 

throughout the world including the US. In the US, there has been a continuous rise in the 

consumption of poultry since the 1950s compared with red meat (Daniel et al., 2011). Annual 

turkey production increased from approximately 131.9 million birds yielding 2.4 billion pounds 

live weight with a value of $0.68 billion in 1974, to 242 million birds yielding 7.5 billion pounds 

live weight with a value of approximately $4.8 billion in 2017 (USDA-NASS, 2018). These data 

not only show an increase in turkey consumption, but describe a significant increase in the body 

weight of the individual bird. 

Poultry, like most meat animals, have been subjected to intense genetic selection for large 

size and rapid growth (Solomon et al., 1998; Owens and Apple, 2010). The economic driver is 

usually selection traits to produce higher body weight and more muscle yield per animal (Solomon 

et al., 1998; Updike et al., 2005). However, intense genetic selection has also resulted in adverse 

effects on the muscle structure, causing muscle abnormalities such as loss of connective tissue 

integrity and fiber necrosis (Sosnicki and Wilson, 1991; Solomon et al., 1998; Owens and Apple, 

2010). Moreover, genetic selection has been linked with decreased protein functionality in the 

meat compromising the quality of the processed meat products (Updike et al., 2005; Owens and 

Apple, 2010). 

Genetic selection has succeeded economically by increasing the body weight and the 

muscle yield, but the outcome of producing fast-growing birds has been accompanied by an 

increase in the heat stress susceptibility (Owens and Apple, 2010).  Studies on broilers subjected 

to chronic thermal challenge showed a reduction in weight gain, and an increase in abdominal, 
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subcutaneous, and intermuscular fat deposition (Ain Baziz et al., 1996). Moreover, thermal 

challenge affects fast-growing birds to a greater extent than slow-growing birds. When slow-

growing and fast-growing lines of turkeys were exposed to thermal challenge, fast-growing turkeys 

exhibited higher mean body temperature and reduced thermoregulation efficiency compared with 

the slow-growing line (Mills et al., 1999). Similarly, fast-growing broilers showed reduced weight 

gain and the meat had a lighter color (pale) and greater drip loss when exposed to chronic thermal 

challenge (Lu et al., 2007). The thermal challenge of turkeys prior to slaughter has a significant 

impact in lowering the meat quality; breast muscle from challenged birds showed a rapid decline 

in pH, as well as more cook loss, drip loss, and paler color (L*) in comparison with unstressed 

birds (McKee and Sams, 1997).  

One of the challenges facing the meat (including turkey) industry regarding meat quality 

is the pale soft exudative (PSE) syndrome, which is mainly caused by antemortem heat stress, and 

may or may not be coupled with a genetic predisposition. This syndrome, first described in pork, 

is characterized by protein denaturation leading to poor protein solubility, poor binding in cooked 

products, paler color, softer texture, and reduced water-holding capacity. Thus, the use of PSE 

meat for the production of processed meat usually results in inferior quality products and reduced 

processing yields (Owens et al., 2000b). The incidence of turkeys producing PSE meat ranges from 

5% to 30%  due to the differences in   turkey line and the season of the year (McCurdy et al., 1996; 

Owens et al., 2009). These incidences increases up to 40% with the onset of hot weather (McKee 

and Sams, 1997; Owens et al., 2000a). This causes a severe financial loss to the turkey industry 

which is estimated to exceed $200 million annually (Owens et al., 2009).  

The molecular basis underlying the development of PSE is the unusually high rate of 

postmortem glycolysis. This will rapidly deplete the remaining oxygen and shift the metabolism 
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from aerobic to anaerobic for energy production, leading to lactic acid accumulation and pH drop. 

The combination of high temperature and reduced pH in the early postmortem conversion of 

muscle to meat is believed to result in protein denaturation and consequent production of PSE meat 

(Barbut et al., 2008). In an effort to more specifically define the molecular mechanism of PSE 

development, Malila et al. (2013, 2014) conducted transcriptome analysis to determine whether 

differences in expression of key genes could contribute to differences in postmortem metabolic 

rates in muscles of PSE compared with normal turkeys. This comparison found that both the 

transcriptional and translational expression of pyruvate dehydrogenase kinase 4 (PDK4) is reduced 

in PSE muscles (Malila et al., 2014). PDK4 is a key metabolism regulator; it regulates glucose 

metabolism by reducing the conversion of pyruvate to acetyl-CoA. This regulation is achieved by 

phosphorylating the pyruvate dehydrogenase complex (PDC). Phosphorylation by PDK4 

inactivates pyruvate dehydrogenase (PDH), part of PDC, which subsequently decreases glucose 

oxidation and the production of ATP (Baumgard and Rhoads, 2013). Thus, PDK4 is a potentially 

significant candidate gene associated with the development of PSE meat. What is not fully 

understood is whether there is a mechanistic basis for the differential expression of PDK4 in PSE 

development in turkey meat. This knowledge gap represents an opportunity for the turkey meat 

industry to better understand of the development mechanism of PSE meat and reduce its incidence 

through management practices that will reduce economic losses for processors. 

There is evidence that exposure of poultry to thermal challenge early in growth and 

development may positively influence the ability of birds to withstand pre-market heat stress and 

thereby improve overall meat quality. In studies using chickens, birds were exposed to thermal 

challenges during pre-hatch (embryonic), post-hatch, or pre-market periods to determine whether 

these thermal challenges may enable birds to adapt to temperature variation and thus, improve 
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thermotolerance. These strategies resulted in a reduced mortality rate, increased muscle yield, food 

conversion rate, or improved muscle growth. Correspondingly, they all concluded that these 

strategies improved the thermal tolerance compared with the control birds (Yahav and Hurwitz, 

1996; Halevy et al., 2001; Piestun et al., 2008, 2011, 2013). Although turkeys have not yet been 

studied for implementation of such strategies, it is hypothesized that turkeys will respond similarly 

to chickens. 

The long-term goal of Dr. Strasburg’s research is to define molecular mechanisms 

associated with the development of superior meat quality, so that effective breeding, nutritional, 

and management strategies can be developed to promote the production of consistent, high quality 

muscle food products. The central hypothesis of this study is that the thermal challenge will induce 

differential gene expression in turkey skeletal muscle and thus early heat exposure can be used as 

an adaptation technique to produce turkeys with thermotolerance. 

This project’s central hypothesis will be tested in experiments that address the following 

objectives: 

1. The first objective is to define the effects of pre-market thermal challenge in turkey skeletal 

muscle in normal and PSE meats. This aim is supported by the following sub-aims: 

1.1.  To investigate the phosphorylation state of PDH in PSE and normal muscle samples. The 

working hypothesis is that down-regulation of PDK4 in PSE turkey meat will reduce the 

degree of phosphorylation of PDH, thereby maximizing the conversion of pyruvate to 

acetyl-CoA and the production of ATP. 

1.2  To determine changes in the metabolite levels of PSE meat samples compared with those 

meats classified as normal. The working hypothesis is that down-regulation of PDK4 in 

PSE samples will shift the metabolism to produce less lactate, more ATP, and faster 
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glycogen consumption. 

2. The second objective is to identify the effects of an early thermal challenge on the turkey 

meat quality. This aim is supported by the following sub-aims:  

2.1. To determine the effects of the combination of pre-hatch and pre-market thermal 

challenges on the muscle structural characteristics of turkey. The working hypothesis is 

that the early pre-hatch thermal challenge will improve the muscle structural properties in 

response thermal challenge at market age. 

2.2 To determine changes in the metabolite levels of post-rigor meat samples of turkeys that 

were exposed to a combination of pre-hatch and pre-market thermal challenges. The 

working hypothesis is that the early pre-hatch thermal challenge will improve the 

thermotolerance and will shift the metabolism to produce less lactate, more ATP, and 

faster glycogen consumption. 

2.3  To compare the changes in the quality characteristics of turkey meat after exposing 

turkeys to different pre-hatch and pre-market thermal challenges. The working hypothesis 

is that early thermal challenge will improve the thermotolerance and produce improved 

protein functionality and improved meat quality, even under the pre-market thermal 

challenge.  

By the end of this project, this research will provide a description of the role of PDK4 

expression in the etiology of the development of PSE turkey. Moreover, it will establish a strategy 

to improve the thermotolerance in turkeys to overcome the negative effect of the thermal challenge 

on the meat quality of turkey. These outcomes are crucial to find a solution to overcome, or at least 

to reduce, the negative effect of the thermal challenge on the meat quality of turkey and eventually 

reducing the economic loss that the turkey industry suffers. Furthermore, these findings will 
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provide turkey breeders with a management strategy to raise turkeys that are more thermotolerant 

and subsequently producing superior quality meat, providing consumers with better products, and 

decreasing the economic losses in the turkey industry. Finally, it is expected that the outcomes and 

knowledge from this project will serve as the basis for further investigation in other poultry species.  
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CHAPTER 1: LITERATURE REVIEW 

 

1.1 MUSCLE STRUCTURAL CHARACTERISTICS 

In vertebrates, there are three types of muscle tissue: skeletal muscle, smooth muscle, and 

cardiac muscle. Smooth muscle is involuntary muscle commonly found within the walls of organs 

and structures such as the intestines. Skeletal muscle, which serves as the primary muscle source 

of meat, is voluntary muscle and it is usually attached to the bone by tendons. Skeletal muscle 

fibers are primarily classified into red, slow-twitch (Type I) or fast-twitch (Type II) based on 

histochemical staining for myosin ATPase activity (Maclntosh et al., 2006). Moreover, within 

Type II there are three subcategories, IIA, IIB, IIC (IIX) classified based on the ATPase staining 

after acidic pre-incubation of pH 3.9-4.9 (Brooke and Kaiser, 1970; Schiaffino et al., 1989).  

 Most mammalian muscles consist of both Type I and Type II fibers, with most having a 

higher percentage of Type II fibers than of Type I. On the other hand, poultry meat can have either 

type dominating depending on the muscle. Turkey breast muscle (Pectoralis major) comprises 

almost exclusively white, Type II fibers, whereas the Biceps femoris muscle (found in the leg) is 

darker in color than breast because it consists of both red and white fiber types. Type I muscle 

fiber is also called slow-oxidative (slow-twitch) and its dark red  color is due to the greater 

infiltration of blood vessels, and high abundance of mitochondria and myoglobin which support 

oxidative metabolism (Brooke and Kaiser, 1970; Peter et al., 1972; Schiaffino and Reggiani, 1996; 

Larzul et al., 1997; Karlsson et al., 1999). Type II muscle fibers are also called fast-glycolytic (or 

fast-twitch) and are lighter in color due to the presence of fewer blood vessels, and reduced 

mitochondria and myoglobin compared to Type I fibers. Type II muscle fibers also have higher 

levels of glycogen compared to slow-twitch muscles (Brooke and Kaiser, 1970; Peter et al., 1972; 
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Schiaffino and Reggiani, 1996; Larzul et al., 1997; Karlsson et al., 1999). However, the 

subcategories of Type II muscle fibers have different predominant type of metabolism; fast oxido-

glycolytic (Type IIA), fast-glycolytic (Type IIB) muscle fiber (Furuichi et al., 2014). Type IIX is 

often grouped with type IIA, but Type IIX is more glycolytic (Kerth, 2013). 

The size of the muscle is determined by the size and number of muscle fibers. The number 

of muscle fibers is established during embryonic development, whereas after birth, muscle growth 

takes place by fiber hypertrophy (Picard et al., 2006; Rehfeldt et al., 2008). One of the 

characteristics of genetically selected birds is the larger size of breast muscles compared to muscles 

of unselected birds. The increased muscle size is generally thought to result from an increase in 

Type IIB fiber length and diameter (growth by hypertrophy), but not number of muscle fibers 

(growth by hyperplasia) (Aberle and Stewart, 1983; Remignon et al., 1994, 1995; Guernec et al., 

2003; Ryu and Kim, 2005). However, one study on chicken breast muscle showed that the fast-

growing line not only had a larger muscle fiber size but also showed an approximately 20% 

increase in the number of muscle fibers compared to samples from the slow-growing line 

(Remignon et al., 1995).  

An important consequence of genetic selection and muscle fiber hypertrophy in poultry is 

that it has resulted in a limitation of available space in both the perimysium and endomysium, the 

connective tissue systems that encase fiber bundles and individual fibers, respectively (Wilson et 

al., 1990; Velleman et al., 2003). This limitation results in constricted capillaries that reduce their 

capacity to supply oxygen and nutrients to muscle, and to remove metabolic end products such as 

lactate from muscle (Sosnicki and Wilson, 1991; Velleman and Clark, 2015). Moreover, the fast-

growing selected birds are associated with the production of lighter color breast meat with a 
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decrease in meat quality characteristics when birds undergo stress (Le Bihan-Duval et al., 1999; 

Karlsson et al., 1999; Velleman et al., 2003). 

The muscle composition, including muscle fibers, connective tissues, and adipose tissues, 

can determine the amounts of glycogen, lipids, blood vessels, mitochondria and myoglobin as well 

as the extent of the tricarboxylic acid cycle and oxidative metabolism (Foegeding et al., 1996). 

Thus, muscle composition is one of the major contributors to the meat quality affecting the pH, 

color, water-holding capacity, tenderness, and flavor (Listrat et al., 2016). 

 

1.2 POSTMORTEM MUSCLE METABOLISM 

Delivery of nutrients and oxygen to cells stops after slaughter with the cessation of blood 

circulation, and organs such as muscle mobilize biochemical reserves in an effort to maintain 

homeostasis by sustaining ATP levels (England et al., 2015).  In muscle, creatine phosphate is a 

source of high energy phosphate which regenerates ATP; creatine phosphate donates its phosphate 

group to ADP in a reaction catalyzed by creatine kinase (Bangsbo et al., 1991). Also, glycogen 

becomes the primary substrate for anaerobic metabolism, where the glycogen, along with glucose-

6-phosphate and glucose are converted into lactate (El Rammouz et al., 2004a; Patterson et al., 

2016). However, as energy sources are depleted, the pH drops as lactate and hydrogen ions from 

ATP hydrolysis accumulate during glycolysis (Bendall, 1973). 

In general, the rate and extent of postmortem glycolysis, and subsequent drop of pH have 

a very crucial effect on meat quality (Berri et al., 2001). A rapid rate of pH fall may result in 

protein denaturation particularly if it is accompanied with high body temperature, as in the case of 

PSE meat (Solomon et al., 1998). However, a slow rate of pH drop may result in high ultimate pH 

and could produce a dark, firm, and dry (DFD) meat, particularly if glycogen is limited (El 
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Rammouz et al., 2004a). Postmortem poultry muscle normally exhibits a faster glycolysis rate 

compared with mammalian muscle; the reason is believed to be due to the type of poultry muscle 

fiber, heme protein concentrations and genetic differences (Rathgeber et al., 1999; Patterson et al., 

2016). Postmortem metabolism stops in chicken breast muscle after approximately 6 h, and there 

is no significant difference in the metabolite levels between 6 h and 48 h postmortem (Savenije et 

al., 2002). However, the abnormal rapid glycolysis in poultry can compromise the meat quality. 

Muscle fibers have different content of metabolites, and the abundance of metabolites at 

slaughter plays a major role in defining the rate and extent of postmortem glycolysis. For instance, 

glycogen levels in type II muscle fibers are typically greater than the levels in type I muscle fibers 

(Foegeding et al., 1996). A study on pork (Choe et al., 2008) showed that muscles with high levels 

of glycogen and lactate had a faster rate of postmortem metabolism and elevated protein 

denaturation compared with muscles with high glycogen and low lactate levels. Also, this study 

showed that muscles with low levels of glycogen and lactate had resulted in a moderate rate of 

postmortem metabolism and produced normal meat (Choe et al., 2008). Moreover, the metabolite 

abundances correlate with the type of muscle fibers, and both are believed to influence meat quality 

characteristics (Choe et al., 2008). 

Glycogen is a polysaccharide consisting of multibranched subunits of glucose. It is the 

main form of glucose storage in animals, and it is mainly stored in the liver and skeletal muscle 

(Nelson & Cox, 2008). Levels of glycogen in the skeletal muscle depend on the type and amount 

of the feed consumed, physical activity, and metabolic rate as well as being influenced by several 

genetic aspects such as breed (Monin et al., 1987; Fernandez and Tornberg, 1991; Wasserman, 

2009). Glycogen synthesis (glycogenesis) requires energy input, and it is synthesized from glucose 

monomers (Nelson & Cox, 2008). On the other hand, glycogenolysis is the breakdown of glycogen 
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by glycogen phosphorylase into glucose-1-phosphate (G1P) monomers which are then converted 

by phosphoglucomutase to glucose-6-phosphate (G6P) (Nelson & Cox, 2008). As the levels of 

glycogen decrease during postmortem metabolism, the lactate levels increase. This information 

can be used to determine the rate of glycolysis in which the muscles with rapid postmortem 

metabolism will show lower glycogen and higher lactate levels (Kylä-Puhju et al., 2004). 

Moreover, the glycogen content in muscle is a key determinant of the ultimate pH, color, cook 

loss, drip loss, and other properties of meat quality (Przybylski et al., 2016). 

Glucose-6-phosphate (G6P) is a compound resulting from glycogen or glucose breakdown, 

and it has a critical position in the metabolism. G6P is positioned at the start of the pentose 

phosphate pathway and the  glycolysis pathway, as well as the conversion into glycogen for storage 

or into glucose to be released in the bloodstream (Nelson & Cox, 2008). G6P levels are regulated 

by enzymes such as phosphoglucomutase which converts G1P to G6P; conversely, 

phosphoglucose isomerase converts G6P into fructose-6-phosphate and vice versa. In addition, 

hexokinase catalyzes the conversion of glucose to G6P, whereas glucose-6-phosphatase produces 

glucose from G6P (Nelson & Cox, 2008). 

Glucose is a simple sugar, and it is the most widely used source of energy in the body for 

the processes of aerobic metabolism, or anaerobic metabolism (Bunn and Higgins, 1981). Glucose 

is oxidized through glycolysis to produce energy (ATP), water, and carbon dioxide. Glucose levels 

circulating through the bloodstream are regulated mainly by insulin. The excess glucose is usually 

stored as glycogen in the liver or skeletal muscles, and when circulating glucose levels decline, 

circulating glucose can be repleted by glycogen breakdown or dietary consumption of glucose, 

glycogen, or starch (Nelson & Cox, 2008).  
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Lactic acid (lactate) is an organic compound that is produced by the reduction of pyruvate 

by lactate dehydrogenase (LDH). This enzyme can convert lactate into pyruvate by oxidation in 

the presence of NAD+ in the muscle, brain, and heart (Nelson & Cox, 2008), and lactate can serve 

as a substrate for gluconeogenesis to produce glucose in the liver. Accumulation of lactate in 

muscles can occur due to extreme oxygen demands such as intense physical activities in which the 

rate of lactate production is greater than the rate of lactate release into the bloodstream. Lactate 

accumulates during the postmortem period when there is no blood circulation, thereby increasing 

the acidity and decreasing the pH levels in the tissue (Nelson & Cox, 2008). Thus, the rate and 

extent of postmortem glycolysis are very important determinants of meat quality (Berri et al., 

2001). 

The glycolytic potential is an expression to indicate the status and the activity of glycolysis 

through the quantification of intermediate metabolites. Monin and Sellier (1985) established a 

method to estimate the glycolytic potential by measuring the levels of glycogen, glucose, glucose-

6-phosphate, and lactate, then applying the following formula: 

���������� 	��
����� =  2 (������
� +  �6� + ������
)  +  (������
) 

The glycolytic potential is the sum of the products resulting from the metabolism of 

glycogen into lactate, and it is estimated in the live animal by taking biopsies or by taking muscle 

samples as soon as practicable after the slaughter, and as late as 24 hours after slaughter (Maribo 

et al., 1999). The glycolytic potential is considered to be a major determinant of ultimate pH (pHu), 

but it cannot fully predict pHu (Van Laack, 2000). This is because glycolytic potential does not 

take into consideration the effects of specific enzymes such as AMP deaminase (AMPd) and 

phosphorylase (Van Laack, 2000). Moreover, it does not measure ATP, ADP, AMP, and IMP, 

which play many crucial roles including the feedback inhibition of glycolysis. 
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Adenosine triphosphate (ATP) is an organic compound that is the primary currency of 

energy in living organisms (Knowles, 1980). It is primarily produced through three major 

pathways; glycolysis, the citric acid cycle, and beta-oxidation (Rich, 2003). To use ATP for energy 

production during metabolic processes, ATP is hydrolyzed at the phosphodiester linkage yielding 

ADP. The process of dephosphorylation of ATP to produce ADP and AMP is followed by 

rephosphorylation of ADP and AMP back to produce ATP, and these processes occur repetitively 

during both aerobic and anaerobic metabolism (Tornroth-Horsefield and Neutze, 2008). 

During the postmortem depletion of energy resources, two molecules of adenosine 

diphosphate (ADP) are re-phosphorylated by adenylate kinase to produce one adenosine 

monophosphate (AMP) and one ATP to maintain cellular homeostasis (Pearson, 1971). AMPd 

will convert AMP to inosine monophosphate (IMP) (Korzeniewski, 2006). This conversion is a 

crucial step in continuing synthesis of ATP since the accumulation of AMP will inhibit the 

reactivity of adenylate kinase (England et al., 2015).  

IMP production is considered to be a terminator step in postmortem glycolysis since it is 

an end product which is unable to be used as a substrate for ATP synthesis (Bendall, 1973; 

Dalrymple and Hamm, 1975; Hamm, 1977; Greaser, 2001). Thus, AMPd plays a significant role 

in defining the extent of postmortem glycolysis and the ultimate pH of muscle (Van Laack et al., 

2001; El Rammouz et al., 2004b). Several studies on chicken and pigs demonstrated a positive 

correlation between the levels of AMPd and the ultimate pH (Van Laack et al., 2001; El Rammouz 

et al., 2004b). Thus, even in the presence of glycogen, the pH decline could stop because of the 

conversion of AMP into IMP and the inactivation of glycolytic and glycogenolytic enzymes (El 

Rammouz et al., 2004b). Moreover, an earlier study found that AMPd activities can determine the 

ultimate pH in the presence of an abundance of glycogen (Scopes, 1971).  It was concluded that if 
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the increase of AMPd levels or activity will elevate the ultimate pH, then the decrease of AMPd 

could extend anaerobic glycolysis and lower the ultimate pH (England et al., 2015).  

Metabolism during the postmortem period has been extensively studied and has resulted in 

recommendations to improve meat quality such as reducing antemortem stress, changing feeding 

composition and improving slaughter strategies. However, there are still many unanswered 

questions concerning the role of postmortem biochemical mechanisms in determining meat quality 

and as a result, our ability to produce a consistent product of high quality remains limited  (England 

et al., 2013). 

 

1.3 MEAT QUALITY PARAMETERS 

The American Meat Science Association (AMSA) defines meat quality based on physical 

and chemical composition and sensory evaluation of the product (AMSA, 2001). These factors 

include fat deposition, protein functionality, tenderness, lean to fat ratio, pH, color and appearance. 

Thus, the metabolite content and the type of muscle fiber have a major effect on meat quality 

characteristics (Choe et al., 2008). 

Genetic selection plays an important role in meat quality by altering the meat composition 

of physical and chemical composition (Berri et al., 2001). In the case of turkeys, genetically 

selected birds grow faster and larger, have a higher feed conversion rate, and are more resistant to 

diseases. However, the increased size of turkey breast can obstruct the heat transfer delaying the 

chilling process which may cause negative consequences on meat quality (McKee and Sams, 

1998). 

One of the most important predictors of meat quality is pH, which is a measure of the 

concentration of hydrogen ions in a solution. In meat quality studies, pH is frequently measured at 

different time points after slaughter; e.g., the initial pH (within 15-45 min after slaughter), the 
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ultimate pH (24 h after slaughter), and sometimes one or more measures between the initial and 

ultimate pH (Braden, 2013). During the postmortem period, the initial pH drops mainly due to the 

accumulation of lactate from the anaerobic metabolism until it reaches the ultimate pH. The drop 

of pH is associated with the rate and extent of postmortem glycolysis, both in which are crucial to 

meat quality (Berri et al., 2001). For instance, the protein denaturation in PSE is due to the rapid 

decrease of pH while the body temperature is still relatively high (Owens et al., 2009; Braden, 

2013; Malila et al., 2013). 

Several studies show a significant correlation between the ultimate pH and meat quality of 

chickens and turkeys (Barbut, 1993, 1996; Fletcher, 1999; Van Laack et al., 2000). Moreover, the 

ultimate pH is affected by the genetic differences between the broiler breeds (El Rammouz et al., 

2004b). Thus, pH is a significant determinant of meat quality, not only because it measures the 

acidity of the meat affecting the taste, but also, it affects the protein functionality parameters 

including drip loss, cook loss, marinade uptake, color, and other properties of the meat. 

Protein functionality in meat is one of the most crucial factors in determining the attributes 

of meat quality. The term protein functionality includes “any inherent or process-generated 

property of proteins that affect physical and sensory characteristics of raw and finished products” 

(Xiong and Kenney, 1999). In industry, these attributes significantly affect the product stability, 

appearance, integrity, texture, and subsequently the consumer acceptance (Xiong and Kenney, 

1999). In general, protein functionality in meat is affected by many factors such as pH, 

temperature, and ionic strength. The problem with protein denaturation is that it is usually 

irreversible and once it has occurred, the protein functionality will be affected reducing the 

properties of cohesiveness, color, and water-holding capacity of the meat product (McKee and 

Sams, 1998). Myosin and actomyosin are the most important functional proteins because they have 
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large and long fibrous structures, as well as a balanced hydrophilicity-hydrophobicity index (Xiong 

and Kenney, 1999). The hydrophilicity-hydrophobicity balance is a crucial index since it 

influences the protein solubility and thus alters the protein functionality. Disturbance of this 

balance can lead to conformational changes in meat proteins (Huff-Lonergan and Lonergan, 2005), 

reduction of the meat gelation properties (Li et al., 2015), changes of the characteristics and 

composition of the muscle water (exudate), as well as the water retention properties (Chan et al., 

2011; Li et al., 2015). Protein functionality is measured by many techniques and using different 

instruments, and water-holding capacity, one of the most important functional properties in muscle 

protein, can be measured using drip loss, NMR, NIR, cook loss, and marinade uptake (Xiong and 

Kenney, 1999). 

Drip loss is a traditional technique that measures the weight percentage of water or purge 

that exudes from the meat during postmortem storage. Purge is water that is loosely bound to meat 

protein or trapped in muscle tissue; it is used as a primary indicator of the water-holding capacity 

of the meat protein (Hamm, 1961; Kauffman et al., 1993; Honikel, 1998; Christensen, 2003; 

Kapper et al., 2014). In the muscle of the living animal, water is bound by proteins of the 

myofibrils. During the postmortem conversion of muscle to meat and subsequent aging process,  

myofibrils contract, cellular membranes undergo fragmention, and the subsequent gap formation 

facilitates water loss from the fibers accompanied by loss of soluble cytoplasmic proteins (Offer 

et al., 1989; Pearce et al., 2011). The exudate collected during aging can provide information about 

the meat composition, and can be used for predicting properties of the meat quality such as 

juiciness, meat color, tenderness and pH (Di Luca et al., 2013; Przybylski et al., 2016). 

Studies on pork muscle show that quantification of sarcoplasmic proteins in the exudate is 

a reliable, rapid indicator of meat quality traits such as color, pH, and juiciness (Zelechowska et 
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al., 2012; Bowker et al., 2014; Przybylski et al., 2016). Moreover, studies in turkeys and chicken 

show a positive correlation between the drip loss and paleness or lightness (L*) which is very clear 

in the cases of PSE (Owens et al., 2000a; Garcia et al., 2010). The pale color results from disruption 

of the cell membrane which increases permeability and result increased water loss; the surface 

moisture increases light scattering resulting in lighter meat (Garcia et al., 2010). Quantification of 

drip loss coupled with analysis of the exudate contents can provide detailed information regarding 

the postmortem metabolism (Di Luca et al., 2013). Additionally, a study demonstrated the 

possibility of predicting glycolytic potential due to the relationship between glucose and lactate 

levels in the exudate with the muscle levels of glycolytic potential, lactate, glycogen, and meat 

quality traits (Przybylski et al., 2016).  

Another traditional technique to measure meat quality is cook loss which evaluates the 

ability of cooked meat to retain water during and after cooking (Zhuang and Savage, 2013). Like 

drip loss, cook loss is inversely related to water-holding capacity in muscle tissue from red meats, 

poultry, and fish  (Barbut, 1993; Skipnes et al., 2007; Zhuang and Savage, 2010). Likewise, 

marinade uptake is a complementary determinant of water-holding capacity and hence the meat 

quality. Marinade uptake measures the ability of muscle tissue to incorporate functional 

ingredients and flavors into meat via marination (Xiong and Kupski, 1999) in the processing of 

meat. This measurement is performed on minced meat by the addition of a saline solution, mixing, 

holding for a specific time, centrifuging, then weighing the meat to calculate the marinade uptake 

(NPPC, 2000).  

Color is another essential quality factor that affects both meat quality and consumer 

acceptance. Color is determined by measuring the color space, L*, a*, and b*, which represents 

the CIE 1976 color space. L* represents the lightness or brightness, a* represents the red at positive 
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values and green at negative values, and b* represents the yellow at positive values and blue at 

negative values. 

The L* parameter is generally much more useful than a* and b* as a meat quality 

determinant, and it is correlated with pH, denaturation of sarcoplasmic protein, and reduced meat 

quality as in the case of PSE meat (Bendall and Wismer‐Pedersen, 1962; Lawrie, 1991; Swatland, 

1993). Thus, some studies suggest using L* as a rapid test to identify meat that will become PSE 

(Owens et al., 2000a). As noted above,  L* increases with protein denaturation due to the increase 

of the light scattering in the meat (Lawrie, 1991; Swatland, 1993).  

High brightness values (L*) in turkey meat likely arise because of  rapid early postmortem 

metabolism which results in elevated temperature and higher drip loss (McKee and Sams, 1998; 

Molette et al., 2003). These observations are supported by a study on chicken muscles that were 

maintained for four hours at 40°C. These muscles showed an increase in postmortem metabolism, 

leading to higher L* values and increased drip loss (Zhu et al., 2011). Another study on chicken 

showed that light scattering increases with protein denaturation and structure alteration, leading to 

a lighter, more pale meat surface (Swatland, 2008).  Thus, L∗ levels are significantly affected by 

denaturation of myofibrillar and sarcoplasmic proteins with subsequent increase of exudate 

(Swatland, 2008). Genetics also plays a role in determining the meat color by the changes in the 

composition of muscle fiber. Most notably, there are differences in the content of heme pigments, 

mainly myoglobin, which contributes to approximately 90% of fresh meat color (Kranen et al., 

1999; Mancini and Hunt, 2005). 

Ultimately, the relationships between color, pH, drip loss, and myoglobin content influence 

the consumer appeal of meat products  (Çelen et al., 2016). When meat proteins are substantially  

denatured, the resulting product exhibits poor cohesiveness, soft texture, and pale meat color, 



 

19 

 

coupled with accumulation of moisture purge in the package (McKee and Sams, 1998). Thus, these 

variations result in poor shelf life products with unacceptable quality and appearance of meat 

products to both the producers and consumers (Allen et al., 1998). 

 

1.4 GENETIC SELECTION OF TURKEY 

The continuous rise in the consumption of poultry over the past few decades (USDA-

NASS, 2018) has pushed the industry to increase production to match consumer demand. The 

industry has responded by subjecting poultry to intense genetic selection of birds to produce higher 

body weight at a faster growth and greater muscle yield which results in higher profits (Solomon 

et al., 1998; Updike et al., 2005).  

The intense selection of genetic traits has resulted in negative consequences for the muscle 

structure. These negative aspects include increased mortality, loss of connective tissue integrity, 

and fiber necrosis in a subset of turkeys which compromise the quality of the processed meat 

products (Sosnicki and Wilson, 1991; Solomon et al., 1998; Owens and Apple, 2010). Moreover, 

breast muscle from the fast-growing birds tends to have a higher shear force (indicating higher 

toughness) and lower water holding capacity (WHC) which is associated with reduced protein 

functionality and meat quality (Updike et al., 2005). Furthermore, genetic selection of birds has 

been accompanied by an increase in heat stress susceptibility (Owens and Apple, 2010). When 

subjected to thermal challenge, fast-growing turkeys exhibited higher body temperature and less 

thermoregulation efficiency compared with the slow-growing line, suggesting lower 

thermotolerance in the fast-growing birds (Mills et al., 1999). Additionally, broilers exposed to 

chronic thermal challenge showed less weight gain, more drip loss and paler meat in fast-growing 

broilers compared with the slow-growing broilers (Lu et al., 2007).  
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To study the effects of genetic selection of turkeys, researchers have developed a model 

consisting of two related lines. One is a slow-growing, random-bred control line (RBC2) 

representing a large-bodied turkey line established from random crosses of two commercial lines 

from late the 1960s (Nestor, 1977). RBC2 turkeys are similar to the turkey of the 1960s. The F-

line is a fast-growing subline of RBC2 that has been selected for over 40 generations for only one 

trait: increased body weight at 16 weeks (Nestor, 1977; Nestor et al., 2008). F-line turkeys are 

similar to the modern commercial turkey with respect to their growth characteristics, but unlike 

commercial turkeys, they have not been subjected to selection for additional traits which could 

confound interpretation of growth studies.  

 

1.5 THERMAL CHALLENGE AS A DETERMINANT OF MEAT QUALITY 

A heat wave is defined by the National Weather Service (NWS) in USA as a duration of at 

least three consecutive days of air temperature above 103°F (39.4°C) in NWS heat index, which 

is based on both temperature and humidity. However, an alert will be issued by NWS when the 

heat index is expected to be above 105°F-110°F (40.5°C-43.3°C) for at least two days in sequence 

(National Weather Service, 2016). According to the Intergovernmental Panel on Climate Change 

(IPCC), the average temperature is rising globally, and it is predicted to continue rising. In North 

America, the average mean is projected to increase 4-11°F (2-6°C) more during the current 

century. In addition, models predict an increase in temperature variation, i.e., extremes of hot and 

cold (Romero-Lankao et al., 2014).  

Typically, birds are more sensitive to heat stress is than than other animals because of the 

absence of sweat glands and the presence of feather coverage of the skin (Loyau et al., 2013). 

Thus, birds regulate their core temperature by panting, which may increase plasma pH, causing 
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respiratory alkalosis (Calder and Schmidt-Nielsen, 1966; Mongin, 1968; Yahav et al., 2005). When 

birds are exposed to chronic heat stress, they tend to consume less feed, and alter hormonal control 

of metabolissm; together, these responses lead to decreased growth (Geraert et al., 1996). 

Moreover, when turkey and chickens are exposed to chronic heat stress, they tend to exhibit 

accelerated postmortem metabolism which results in the production of PSE meat with reduced 

ultimate pH (McKee and Sams, 1997; Lu et al., 2007).  

Thermal challenge has a significant impact in reducing meat quality in poultry. Turkeys 

that were thermally challenged (38°C at night/ 32°C at day) showed a rapid decline in pH, 

increased cook loss and drip loss, and paler color compared with control birds (McKee and Sams, 

1997). Likewise, thermally challenged broilers (32°C for 3 wk) exhibited a 47% reduction in 

weight gain, and increases of 15% in abdominal fat deposition, 21% in subcutaneous fat, and 22% 

intermuscular fat (Ain Baziz et al., 1996). In another study with broilers, holding the temperature 

at 34°C during a 12 h feed withdrawal produced breast meat with lower pH and redness compared 

with meat from broilers held at 25°C (Petracci et al., 2001). In turkey, thermal challenge resulted 

in significant variations in marinade uptake, cook loss, and changes in thyroid hormone levels (T3 

and T4) which were correlated with changes in meat quality (Chiang et al., 2008). 

Meat quality is negatively affected by chronic heat stress due to the changes that occurr 

during glycolysis and aerobic metabolism resulting in the production of meat with pale color, low 

water holding capacity and increased drip loss and cook loss (Zaboli et al., 2018). Moreover, heat 

stress stimulates the activity of creatine kinase (CK) and glycolysis which could result in increased 

metabolic acidosis converting pyruvate to lactate in the early stages of postmortem conversion of 

muscle to meat (Mitchell and Sandercock, 2004).  
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1.6 PALE, SOFT, EXUDATIVE MEAT  

Thermal challenge has been linked with the production of muscle abnormalities and low-

quality meat. The PSE syndrome is one of the challenges facing the meat industry regarding meat 

quality which is mainly caused by antemortem thermal challenges and/or a genetic disorder. The 

incidence of PSE increases during hot weather up to 40% which subsequently results in dramatic 

loss to the meat industry (Owens et al., 2000a; Petracci et al., 2009). 

In the PSE-susceptible animal, the postmortem metabolic rate accelerates during early 

conversion of muscle to meat, resulting in a rapid drop in pH while the body temperature is still 

warm (Owens et al., 2009). This will lead to denaturation of the protein causing abnormal light 

color (pale) of the meat with a soft texture, and exudation of water due to the reduced water-

holding capacity (Owens et al., 2009; Malila et al., 2013).  

PSE was first characterized in pork in the 1950s, and a similar syndrome was identified 

later in turkeys in the 1990s (Sosnicki and Wilson, 1991). The molecular basis for the development 

of much of the PSE pork was identified as a mutation in the ryanodine receptor (sarcoplasmic 

reticulum calcium channel) of stress-susceptible pigs and was associated with the development of 

some of the PSE pork (Fujii et al., 1991). Due to this mutation, the Ca2+ release activity of the 

ryanodine receptors is affected, altering Ca2+ homeostasis which leads to hypermetabolism 

resulting in excess heat and lactate production (Fujii et al., 1991; Wang et al., 1999). However, the 

detailed mechanism of PSE development in turkeys has not yet been determined. 

Early studies on PSE turkey suggested that following slaughter, turkey muscle could be 

categorized into two groups: slow-glycolyzing muscle and unusually fast-glycolysis based on the 

percentage of initial ATP remaining 60 minutes after bleeding  (Vanderstoep and Richards, 1974). 

Birds with a high rate of postmortem glycolysis produced meat with low water holding capacity, 
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lower cook yield, lower pH, and lighter in color (Pietrzak et al., 1997). Moreover, when turkeys 

are exposed to thermal challenge, they tend to deplete ATP faster and produce low quality meat 

(McKee and Sams, 1997). Initial studies to identify the cause of the PSE in poultry focused on a 

search for ryanodine receptor mutations. Ryanodine binding assays have been used as a 

biochemical method for detecting potential ryanodine mutations. In a study comparing fast-

growing commercial turkeys with a slow-growing line (RBC2 line), muscle from commercial 

turkeys had a higher affinity of ryanodine binding compared to that of the RBC2 population, 

suggesting, an abnormality in calcium channel protein (Wang et al., 1999). However, PCR-based 

efforts to identify mutations in the turkey ryanodine receptor associated with PSE were 

unsuccessful (Chiang et al., 2004).  

Subsequently, transcriptome analysis was used to compare the differential expression of 

genes in turkey skeletal muscle between normal and PSE turkey meat to determine whether 

differential expression of a key gene or genes could be responsible for accelerated postmortem 

muscle metabolism. In turkeys, transcriptome analysis was performed using both microarray and 

RNA deep sequencing approaches; both methods were validated using quantitative real-time PCR. 

Forty-nine differentially expressed transcripts were revealed by microarray analysis of RBC2 

samples. Then, genes were selected for pathway analysis based on the false discovery rate and 

fold-change ranking. The RNA deep sequencing of RBC2 samples identified 494 differentially 

expressed transcripts that were used for pathway analysis. The results of both techniques showed 

that PDK4 expression was dramatically down-regulated in PSE turkey (Malila et al., 2013). 

Further quantification of PDK4 protein expression by immunoblot analysis showed a significant 

decrease in the protein product in PSE turkey breast muscle (Malila et al., 2014). As a critical 
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regulator of metabolism, differences in PDK4 protein in PSE turkey muscles might accelerate the 

shift to anaerobic metabolism as described below.  

Protein denaturation and other PSE features lead to reduced protein functionalities such as 

higher drip loss, and cook loss and lower water holding capacity, and marinade uptake (Owens et 

al., 2009; Malila et al., 2013).  This will result in inferior quality meat that can be managed in small 

kitchens, but it is highly undesirable in processing plants because it contributes to poor quality 

processed products, lower processing yields, increased costs, reduced shopper acceptability, and 

eventually financial loss to the turkey industry (Owens et al., 2009; Malila et al., 2013). However, 

the mechanism by which differential expression of genes leads to PSE meat remains unclear (Zhu 

et al., 2013). 

 

1.7 PYRUVATE DEHYDROGENASE COMPLEX  

Upon slaughter, delivery of nutrients and oxygen for cells stops. This begins the Delay 

phase in the conversion of muscle to meat. Aerobic metabolism continues as the body consumes 

reserves of oxygen bound to myoglobin. In poultry, the Delay phase takes approximately an hour 

before the beginning of rigor mortis (Aberle et al., 2001). As rigor development proceeds, 

glycogen and ATP are depleted. Moreover, the oxygen depletion will shift the body into anaerobic 

metabolism. This will lead to the formation of lactate and reduction of pH from 7.4 to about 5.6 in 

2-3 h (Aberle et al., 2001). Heat is generated during the delay and rigor mortis phases which will 

raise the muscle temperature; however, in the development of PSE meat, early postmortem 

hypermetabolism results in increased temperatures (Aberle et al., 2001). Although the industry 

chills the carcasses by air chilling or water-immersion, the initial 15-20 minutes between slaughter 

and chilling are critical. In addition, the size of the muscle affects the heat transfer or chill rate. 
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The heat transfer is slower in larger muscle which is the main trait of the genetically selected birds 

leading to poor chilling rate.   

Aerobic metabolism occurs in the live animal and and early in the delay phase after 

exsanguination until oxygen reserves are depleted. Aerobic metabolism has four stages: 

breakdown of glucose to pyruvate; conversion of pyruvate to acetyl-CoA, (catalyzed by the 

pyruvate dehydrogenase complex; PDC), metabolism of acetyl-CoA in the tricarboxylic acid 

(TCA) cycle; and oxidation via the Electron Transport chain (ETC) to produce ATP by 

phosphorylation of ADP (Fig. 1.1). In the absence of oxygen, ATP synthesis by ETC is blocked, 

anaerobic metabolism predominates, and pyruvate is converted to lactate (Nelson and Cox, 2008).    

Pyruvate dehydrogenase complex (PDC) is a mitochondrial multienzyme complex that 

catalyzes the oxidative decarboxylation of pyruvate. PDC controls the synthesis of pyruvate and 

Coenzyme A (CoA) coupled with NAD+ to produce Acetyl-CoA, NADH, and CO2. This reaction 

is positioned at the junction of fatty acid metabolism, glucose metabolism and the TCA cycle 

(Sugden and Holness, 2003; Rardin et al., 2009; Zhang et al., 2014). This reaction serves as a link 

between two crucial pathways in metabolism: glycolysis and the TCA cycle and eventually the 

production of ATP. Overall, it is believed that the activity of PDC plays a major role in controlling 

the rate of aerobic catabolism of carbohydrate and energy production (Kolobova et al., 2001). 

Beside its role in controlling the aerobic metabolic flux, PDC has been under study in cancer 

biology due to its capability in some cancers to shift from oxidative metabolism to glycolysis (Patel 

and Korotchkina, 2006; Jeoung, 2015). 
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Figure 1.1 The fate of glucose in aerobic and anaerobic metabolism. 

The pyruvate dehydrogenase complex (PDC) plays a pivotal role in regulating metabolic flux. 

PDC activity is regulated by pyruvate dehydrogenase kinase (PDK) and pyruvate dehydrogenase 

phosphatase (PDP) to inhibit and activate PDC, respectively. 

 

The PDC is composed of multiple subunits of three reactive enzymes (Fig. 1.2); E1: 

Pyruvate dehydrogenase (PDH), E2: Dihydrolipoyl transacetylase, and E3: Dihydrolipoyl 

dehydrogenase (Sugden and Holness, 2003; Rardin et al., 2009). PDH consists of two subunits: α 

& β, and these subunits are present in various copies depending on the species. E1α consists of 3 

serine phosphorylation sites: Ser 293 (Site 1), Ser 300 (Site 2), and Ser 232 (Site 3). 

The enzymatic activity of PDC is alternately regulated by phosphorylation and 

dephosphorylation. This regulation is achieved by two mitochondrial enzymes that inactivate and 

reactivate PDC depending on the organism’s nutritional status and energy demand. The complex 
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is inactivated through phosphorylation of PDH by pyruvate dehydrogenase kinase (PDK) of which 

there are four different isoforms (PDK1, PDK2, PDK3, and PDK4). Inactivation is effected by 

phosphorylation of any one or more of the three sites of PDH.  

 

 
Figure 1.2 Oxidative decarboxylation of pyruvate to acetyl-CoA by the PDH complex (Nelson and 

Cox, 2008). 

 

The PDC is activated by dephosphorylation of PDH by pyruvate dehydrogenase 

phosphatase (PDP), which is an enzyme that is located in the mitochondria (Kolobova et al., 2001; 

Patel and Korotchkina, 2006). Dephosphorylation of PDH by PDP reactivates the PDC, thereby 

reversing the PDK phosphorylation. There are two PDP isoforms: PDP1and PDP2 (Kolobova et 

al., 2001; Patel and Korotchkina, 2006). Despite the fact that the activity of PDP1 is higher than 

PDP2, both isoforms are capable of dephosphorylating all three sites, and the dephosphorylation 

rate is in the order site 2 > site 3 > site 1 (Patel and Korotchkina, 2006). The PDP1 isoform is 

expressed in heart, testis, and brain but it is predominantly expressed in muscle. The PDP2 isoform 

is expressed in kidney, brain, and heart and more abundantly adipose tissue and liver (Harris et al., 

2001; Patel and Korotchkina, 2006; Rardin, 2008). The PDP isoforms are affected by the 
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surrounding metabolic conditions that eventually will affect the complex. For instance, the 

increase of pyruvate, AMP, NAD+, and CoA will favor the dephosphorylation decreasing PDK 

activity and activating PDC (Chen et al., 1996; Kolobova et al., 2001; Rardin et al., 2009). 

 

1.8 PYRUVATE DEHYDROGENASE KINASE  

Pyruvate dehydrogenase kinase is a critical metabolic enzyme which regulates PDH 

by phosphorylation. Inactivation of PDC will shift the fate of pyruvate from oxidation in 

mitochondria to anaerobic conversion to lactate in the cytoplasm (Harris et al., 2002; Baumgard 

and Rhoads, 2013).  

The PDK family of enzymes comprises four different isoforms (PDK1 – PDK4) that differ 

in molecular mass; the MW for PDK1 is ~48 kDa, whereas the MWs for PDK2, PDK3, and PDK4 

are ~45 kDa (Korotchkina and Patel, 2001). Phosphorylation of PDC at the three sites by the four 

isoforms occurs at different rates and with different specificity (Patel and Korotchkina, 2006). Site 

1 and site 2 can be phosphorylated by all the isoforms; however, site 3 is only phosphorylated by 

PDK1 (Kolobova et al., 2001; Patel and Korotchkina, 2006; Rardin, 2008). Site 1 is the most 

rapidly phosphorylated followed by site 2 and then site 3 (Kolobova et al., 2001). Phosphorylation 

rates are site-specific, and the phosphorylation of one of the sites is enough to inactivate the 

complex (Kolobova et al., 2001). The four isoforms vary in their phosphorylation rate depending 

on the site, although they have much higher rates for site 1 phosphorylation than phosphorylation 

for sites 2 and 3  (Kolobova et al., 2001; Korotchkina and Patel, 2001). PDK1 phosphorylates site 

3 slower than site 1 and faster than site 2. The isoforms PDK2, PDK3, and PDK4 phosphorylate 

site 1 faster than site 2 with phosphorylation rates of 19-, 6.2- and 2.5-fold, respectively (Kolobova 

et al., 2001). 
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Another complexity is that the expression of PDK isoforms is tissue-specific. PDK1 is 

abundant in heart and expressed to a smaller extent in skeletal muscle, liver, and pancreas. PDK2 

is widely expressed in most tissues including liver, skeletal muscle, and heart with lower 

expression in lung and spleen. However, PDK3 is expressed mainly in testis and to a smaller extent 

in kidney, lung, spleen, brain, and heart. Lastly, PDK4 is expressed predominantly in skeletal 

muscle and the heart (Bowker-Kinley et al., 1998; Korotchkina and Patel, 2001; Rardin, 2008). 

Due to these complexities, it has been thought that the amount and percentage of each isoform in 

different tissues and under different physiological status will determine the activity of total PDK 

and will determine the regulating power over the PDC (Pilegaard and Darrell Neufer, 2004). 

In purified form, PDK4 shows more activity with site 2 than the activities of PDK1-PDK3 

(Korotchkina and Patel, 2001). Its activity is stimulated by NADH (an indicator of nutritional 

status), but it is not affected by the concentration change of acetyl-CoA. Also, this isoform is more 

resistant to inhibition by the increase of pyruvate concentration or inhibition by dichloroacetate 

(Bowker-Kinley et al., 1998).  

The PDK4 expression is highly responsive to a variety of factors. Consumption of a high-

fat diet, fasting, hyperthyroidism, induced diabetes, exercise, carnitine deficiency or other 

conditions with limited carbohydrate availability results in a significant increase in PDK4 level in 

skeletal muscle (Horiuchi et al., 1999; Wu et al., 1999; Holness et al., 2000; Sugden et al., 2000; 

Harris et al., 2001; Peters et al., 2001; Pilegaard et al., 2003; Pilegaard and Darrell Neufer, 2004). 

However, insulin treatment decreases levels of the PDK4 protein effectively in cases of diabetes 

and fasting (Harris et al., 2001). The expression of PDK4 in skeletal muscle is increased by NADH, 

acetyl-CoA, ATP and fatty acids and decreased by pyruvate, ADP, TPP 

(tetraphenylphosphonium), and insulin (Sugden and Holness, 2003; Connaughton et al., 2010). 
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However, PDK4 differs from other PDKs by being more resistant to the effect of high 

concentration of pyruvate (Holness et al., 2000). 

PDK4 gene expression in muscles is regulated by number of other metabolites and 

hormones such as glucocorticoids, insulin, estrogen-related receptor alpha (ERRα), peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC1α), forkhead transcription factor 

(FoxO1), retinoic acid, free fatty acids, hepatic nuclear factor 4 (HNF4), peroxisome proliferator 

activated receptor α (PPARα), and prolactin (Huang et al., 2002; Kwon and Harris, 2004; Kwon 

et al., 2004; Zhang et al., 2006; Connaughton et al., 2010). 

 

1.9 STUDIES ON IMPROVING THERMAL TOLERANCE OF POULTRY  

Heat stress has been linked with the production of muscle abnormalities and low-quality 

meat such in the case of pale soft exudative (PSE) syndrome. Studies have been conducted since 

the 1970s to define the molecular mechanism of PSE development in poultry with the goal of 

eradicating or minimizing this incidence.  

A variety of studies have been conducted in broilers to find an approach to overcome the 

adverse effect of the thermal challenge on the quality of meat. Yahav et al. (1996) studied the 

effects of a post-hatch thermal challenge on chickens by exposing birds to temperatures of 36°C 

for 24 h at age 5 days, or twice at age 5 and 7 days. These two groups and the control group were 

subsequently exposed at the age of 42 days to 35°C for 6 h. They found that the mortality rate was 

significantly lower in the thermally challenged birds than in the controls and they suggested that 

the early thermal exposure improved thermal tolerance. In another study on the the effects of post-

hatch thermal challenge, Halevy et al. (2001) exposed chickens to 37.5°C for 24 h at age 3 days. 

This group and the control were raised to the age of 42 days at ambient temperature. The treated 
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group showed a significant increase in the breast muscle weight compared to control. Also, their 

results showed that heat exposure at an early age caused increased synthesis of satellite cell DNA 

followed by faster differentiation in the 3-day-old chicks. 

Piestun et al. (2008) studied the effects of thermal manipulation during embryogenesis by 

incubating broiler eggs during the period between embryonic days 16 and 18 at 39.5°C for 3 h or 

6 h / day. These two groups and the control group were raised to the age of 35 days post-hatch. 

The results showed that birds which had been thermally challenged as embryos produced an 

increased muscle growth, myofiber hypertrophy, and enhanced myogenin expression. In another 

study, eggs were incubated between embryonic day 7 and 16 at 39.5°C for 24 h or 12 h / day. 

Continuous embryonic exposure to thermal challenge (24h/d) affected embryo growth and 

development by lowering the weights of the embryo. However, the diurnal exposure lowered the 

metabolic rate and improved embryo relative weight (Piestun et al., 2009). The latter experiment 

was repeated with exposing the eggs to 39.5°C for 12 h/d, then exposure of the bird to 32°C for 12 

h/d from day 21 post-hatch to day 35 (Piestun et al., 2011). They found that the treatment birds 

developed significantly larger breast muscle weight and fiber diameter than the control birds. Also, 

they found a reduced abdominal fat deposition compared to the control. Thus, they suggested that 

embryonic exposure to thermal manipulation had improved thermotolerance. A similar experiment 

was performed with 12 h/d exposure by Piestun et al. (2013), but the birds were raised to the market 

age of 70 days. This time they found that the treatment group exhibited lower body temperature 

accompanied by lower feed intake, greater breast muscle weight, and improved feed conversion 

ratio.  

In general, all these studies concluded that these trials improved the thermal tolerance 

compared with the control birds (Yahav and Hurwitz, 1996; Halevy et al., 2001; Piestun et al., 
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2008, 2011, 2013). The trials of finding a strategy to improve the thermotolerance were conducted 

using chickens, but it is hypothesized that similar responses would be observed with turkey due to 

genetic similarity with chicken.
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CHAPTER 2: PHOSPHORYLATION STATE OF PYRUVATE DEHYDROGENASE AND 

METABOLITE LEVELS IN TURKEY SKELETAL MUSCLE IN NORMAL AND PSE 

MEATS 

 

2.1 ABSTRACT  

Annual turkey production increased dramatically since the 1970s as genetic selection has 

succeeded in increasing body weight and muscle yield to fulfill the increasing consumer demand 

for turkey meat. However, producing fast-growing, heavily muscled birds is linked to increased 

susceptibility to heat stress and to the production of pale, soft, exudative (PSE) meat. Previous 

studies in our laboratory indicated that pyruvate dehydrogenase kinase 4 (PDK4) is significantly 

reduced in PSE samples compared to normal meat samples, suggesting this as a candidate gene 

associated with the development of PSE meat. The objective of this study was to determine 

whether pre-market thermal challenge results in PSE meat as a result of differential expression of 

PDK4. Two genetic lines of turkeys were used in this study: 1) a reandombred control line 2 

(RBC2) maintained without genetic selection since 1967, and 2) a commercial line. Birds were 

exposed to a pre-market thermal challenge of 12 h at 35°C followed by 12 h at 27°C for 5 days. 

Birds were slaughtered and processed according to industry standards. Pectoralis major samples 

were categorized into PSE or normal based on marinade uptake and cook loss indicators. In the 

first experiment, the relative expression of pyruvate dehydrogenase (PDH) and the 

phosphorylation state of PDH in normal and PSE turkey meat were analyzed by western blotting. 

In the second experiment, the same samples were used to measure metabolite levels at 5 min 

postmortem, comparing normal to the PSE samples. The results of the first experiment showed 

that PSE samples had significantly lower total PDH compared to normal meat samples. However, 
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there was no significant difference in the degree of phosphorylation of sites 1, 2, or 3. In the second 

experiment, there were no significant differences in the levels of glycogen, lactate, glycolytic 

potential, or ATP when comparing PSE to control samples. These results suggest that reduction in 

PDK4 expression alone does not explain the development of PSE meat. 

 

2.2 INTRODUCTION  

Poultry meat is a noteworthy component of the human diet, contributing proteins, 

micronutrients, and energy. Moreover, it is a primary economic contributor throughout the world 

including the US. In the US, consumption of poultry has continuously risen since the 1950s 

compared with red meat (Daniel et al., 2011). Annual turkey production increased from 131.9 

million birds, yielding 2.4 billion pounds of live weight with a value of approximately $0.68 billion 

in 1974 to 242 million birds, 7.5 billion pounds of live weight with a value of $4.8 billion in 2017 

(USDA-NASS, 2018). Whereas turkey numbers have nearly doubled, the body weight per bird has 

more than tripled, demonstrating that today’s turkeys are much larger at market age compared to 

the birds of the 1970s. 

Poultry, like most meat animals, have been subjected to intense genetic selection for large 

size, rapid growth, and feed efficiency (Solomon et al., 1998; Owens and Apple, 2010). The 

economic driver is usually the basis for the selection traits used to produce higher body weight and 

more muscle yield (Solomon et al., 1998; Updike et al., 2005). However, intense genetic selection 

has frequently resulted in negative effects on muscle structure causing muscle abnormalities such 

as loss of connective tissue integrity and fiber necrosis (Sosnicki and Wilson, 1991; Solomon et 

al., 1998; Owens and Apple, 2010). In addition, genetic selection has been accompanied by an 

increased susceptibility to heat stress (Mills et al., 1999). Moreover, genetic selection is also linked 
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with decreased protein functionality in the meat, compromising the quality of the processed meat 

products (Updike et al., 2005; Owens and Apple, 2010). 

Thermal challenge of the live bird increases the likelihood of reduced meat quality as 

measured by a faster decline in pH, higher cook loss and drip loss, and paler color (L*) compared 

with meat from non-stressed birds (McKee and Sams, 1997). Likewise, broilers subjected to 

chronic thermal challenge exhibited a reduction in weight gain, and an increase in abdominal, 

subcutaneous, and intermuscular fat deposition (Ain Baziz et al., 1996). Moreover, thermal 

challenge seems to affect the quality of meat from the fast-growing birds to a greater extent than 

from slow-growing birds. When slow-growing and fast-growing lines of turkeys were exposed to 

thermal challenge, the fast-growing turkeys exhibited higher body temperature and less 

thermoregulation efficiency (Mills et al., 1999). Likewise in broilers, the fast-growing line showed 

reduced weight gain and meat with a lighter color (pale) and greater drip loss compared to slow-

growing broilers when exposed to chronic thermal challenge (Lu et al., 2007).  

One of the challenges facing the meat (including turkey) industry is the PSE syndrome, 

which is mainly caused by antemortem stress that may or may not be coupled with a genetic 

predisposition. This syndrome was initially observed in pork (Briskey and Wismer-Pedersen, 

1961; Briskey et al., 1962), and a similar myopathy was later found in turkeys (Sosnicki and 

Wilson, 1991). Pale soft exuadative meat is characterized by protein denaturation leading to poor 

protein solubility, poor binding in cooked products, pale color, soft texture, and reduced water-

holding capacity. Because of the extensive use of turkey for processed meat, the use of PSE meat 

for the production of processed meat usually results in inferior quality products and reduced 

processing yields (Owens et al., 2000b). The incidence of PSE meat ranges from 5 to 30% and 

may reach 40% with the onset of hot weather. Thus, PSE results in severe financial losses to the 
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turkey industry of more than $200 million annually (McCurdy et al., 1996; Owens et al., 2000a, 

2009).  

Although the precise molecular basis underlying the development of PSE is not clear, one 

consistent observation is the unusually high rate of postmortem glycolysis (Pietrzak et al., 1997). 

This rapidly depletes the remaining oxygen and shifts the metabolism from aerobic to anaerobic 

for energy production, leading to lactate accumulation and pH drop. The combination of high 

temperature and rapid pH decline in the early postmortem conversion of muscle to meat is believed 

to result in protein denaturation and consequent production of PSE meat (Barbut et al., 2008).  

In an effort to more specifically define the molecular mechanism of PSE development, 

Malila et al. (2013, 2014) conducted transcriptome analysis to test the hypothesis that differences 

in expression of key genes could contribute to differences in metabolic rates in PSE muscles 

compared with normal turkey muscle. This comparison found that both the transcriptional and 

translational expression of PDK4 are reduced in PSE muscles (Malila et al., 2014). Pyruvate 

dehydrogenase kinase 4 is a key regulator of metabolism; it regulates glucose metabolism by 

phosphorylating PDH resulting in inactivation of PDH, reducing the conversion of pyruvate to 

acetyl-CoA, that subsequently decreases glucose oxidation and the production of ATP (Baumgard 

and Rhoads, 2013). Pyruvate dehydrogenase kinase 4 was significantly down regulated in growth-

selected turkey poults (F-line) compared to the randombred control line 2 (RBC2) under cold stress 

(31°C) and PDK4 was also down regulated in the F-line under heat stress (Barnes et al., 2019). 

Thus, PDK4 is a potentially significant candidate gene associated with the development of PSE 

meat. It is hypothesized that reduction of PDK4 results in the development of PSE in turkey meat 

by having less phosphorylated and more active PDH which will convert more pyruvate to acetyl-

CoA. Under these conditions, aerobic metabolism would continue until the available oxygen is 
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depleted. These conditions would result in a shift to anaerobic metabolism, accumulation of 

lactate, and pH decline.  

This knowledge gap represents an opportunity for the turkey meat industry to better 

understand the mechanism of development of PSE meat and reduce the incidence through 

management practices that will reduce economic losses for processors. The objective of the present 

study was to define a mechanistic role for decreased PDK4 expression in the development of PSE 

meat in turkeys by comparing the phosphorylation state of pyruvate dehydrogenase and the 

metabolite levels in turkey skeletal muscle in normal and PSE meats. 

 

2.3 MATERIALS AND METHODS 

2.3.1 Sample Collection  

Meat samples analyzed in this study were obtained from a previous study conducted by 

Chiang et al. (2008) at Michigan State University (MSU). Briefly, male and female turkeys from 

two different genetic lines: RBC2 and commercial turkeys (Comm) were used. RBC2 birds 

represent commercial turkeys during the 1960s and have been maintained at The Ohio State 

University (Wooster, OH) without subjection to genetic selection. The commercial birds were 

obtained from Michigan Turkey Cooperative (Wyoming, MI). Turkeys were raised from 

hatchlings at the MSU Poultry Teaching and Research Center (Chiang et al., 2008). Randombred 

control line 2 birds were raised to 22 wk of age and commercial birds to 16 wk of age. Before 

slaughter, both turkey lines were subjected to diurnal heat stress mimicking the conditions of a 

heat wave in Michigan (12 h at 35°C followed by 12 h at 27°C) for 0, 1, 3, or 5 days. In this study, 

the control (23°C) and 5 days heat stress samples were used. Breast muscle from one side from 

each bird was collected within 5 min after slaughter, snap-frozen in liquid nitrogen, and kept at -
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80°C until further analysis. The carcass including the remaining breast muscle underwent standard 

commercial processing. Breast muscles were measured for pH at 15 min postmortem, and color, 

drip loss, cook loss, and marinade uptake at 24 h postmortem (Chiang et al., 2008). These samples 

were categorized as normal, or PSE mainly based on marinade uptake, then cook loss (Sporer et 

al., 2012). Normal meat samples showed high marinade uptake and low cook loss, but PSE samples 

showed the opposite. After categorization, 48 breast samples (2 lines x 2 treatments x 2 categories 

x 6 replicates) were used for further analyses. 

 

2.3.2 Analysis of the Phosphorylation State of PDH in Normal and PSE Turkey Skeletal 

Muscles 

2.3.2 (a) Materials 

The following reagents and supplies were used: 4x Laemmli sample buffer, 10% 

Criterion™ TGX™ precast midi protein gel (12+2 well, 45 µL), Precision Plus Protein™ dual 

color standards (500 µL), running buffer: 10x tris/glycine/SDS, and nitrocellulose/filter paper 

sandwiches were obtained from Bio-Rad (Hercules, CA); NuPAGE® sample reducing agent, 

SimplyBlue™ SafeStain, NuPAGE® transfer buffer, and NuPAGE® antioxidant 20x were 

obtained from Invitrogen (Carlsbad, CA); phosphatase inhibitor cocktail, and protease inhibitor 

cocktail - EDTA-free, in DMSO were from Bimake (Houston, TX); alkaline phosphatase, from 

bovine intestinal mucosa, and bovine serum albumin, heat shock fraction, pH 7, were from Sigma-

Aldrich (St. Louis, MO). Pierce™ BCA protein assay kit, and PDH monoclonal antibody 

(8D10E6) mouse Ab were from Thermo Fisher Scientific (Waltham, MA); Odyssey® blocking 

buffer (PBS), IRDye® 680RD goat anti-rabbit IgG (H + L), IRDye® 800CW goat anti-mouse IgG 

(H + L) and REVERT™ total protein stain were from LI-COR (Lincoln, NE). anti-PDH-E1α 
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(pSer²‐³) rabbit pAb, anti-PDH-E1α (pSer²³²) rabbit pAb, and anti-PDH-E1α (pSer³‐‐) rabbit 

pAb were from Millipore), (Burlington, MA); and HEK293 whole cell lysate was from GeneTex 

(Irvine, CA). 

 

2.3.2 (b) Levels of total PDH 

Muscle samples were prepared using lysate preparation of Metcalfe et al. (2015). Briefly, 

frozen samples (2 g) were ground with a mortar and pestle using liquid nitrogen to make a powder. 

One-half gram of the powdered sample was homogenized at 4°C using a Dounce homogenizer 

with 5 vol (2.5 ml) of cell lysis buffer: 20 mM tris (pH 7.8), 137 mM NaCl, 2.7 mM KCl, 1 mM 

MgCl2, 1% Triton X-100, 10% (w/v) glycerol, 1 mM EDTA, 1 mM dithiothreitol, supplemented 

with 1% protease and 5% phosphatase inhibitor cocktails. Homogenized samples were incubated 

for 1 h on ice, placed in the refrigerator and vortexed every 10 min. Samples were centrifuged for 

10 min at 15,700 × g at 4°C (Beckman Coulter Allegra x-15r). The supernatant was divided into 

aliquots and kept at -80°C. Protein concentration of the samples was measured using the BCA 

method and following the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA). 

Gel electrophoresis, transfer, and western blot procedures were performed following the 

protocols described in the protein blotting guide (Bio-Rad). Criterion™ precast midi-gels were 

loaded with 15 μg of protein per lane of cell lysis samples characterized as PSE or normal; one 

well was loaded with 2 μg of HEK293 cell lysate as a positive control. Electrophoresis was 

performed at 200 V for 43 min at room temperature. The sandwich of gel and the nitrocellulose 

membrane was prepared, and the transfer process was performed at 90 V for 100 min at 4°C.  

Total PDH levels were measured by western blot analysis as follows. The membrane was 

rinsed with water after the transfer, dried, and rehydrated with water. The membrane was stained 
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with REVERT™ Total Protein Stain following the manufacturer’s instructions (LI-COR) and 

imaged using the ODYSSEY Infrared Imaging System (LI-COR). The membrane was then washed 

with the washing solution,rinsed with tris-buffered saline (TBS) and  treated with blocking buffer 

for 1 h at room temperature. The membrane was then incubated overnight at 4°C with continuous 

shaking with PDH-E1 alpha primary antibody (1:5000) to measure the total PDH levels. The next 

day, the membrane was washed 5 times with TBS containing 0.05% tween (TTBS) at pH 7.5 for 

10 min each time, incubated with a secondary antibody anti-mouse IgG diluted in blocking buffer 

(1:3000). The incubation was performed for 1h at room temperature, followed by washing with 

TTBS buffer 5 times for 10 min each time. Immediate imaging of the membrane was performed 

using the ODYSSEY Infrared Imaging System. 

For analysis of the immunoblot image, densitometry was performed using Image Studio 

Lite Ver 5.2 (LI-COR). Readings were taken, and band intensities were normalized to total protein 

content in the same lane. 

 

2.3.2 (c) Phosphorylation state of PDH 

Samples were prepared as described for total PDH analysis above. Following 

electrophoresis and transfer, the membrane was rinsed with water, dried, rehydrated with TBS 

buffer. The membrane was then treated with blocking buffer for 1 h at room temperature and 

incubated overnight at 4°C with continuous shaking with 2 primary antibodies: total PDH (1:5000) 

and an antibody for each phosphorylation site (1:2000). The following day, the membrane was 

washed with TTBS buffer 5 times for 10 min each, incubated with 2 secondary antibodies diluted 

in blocking buffer (1:3000), anti-rabbit IgG and anti-mouse IgG for detecting the site 

phosphorylation levels and the total PDH levels, respectively. The incubation was performed for 
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1 h at room temperature, followed by washing with TTBS buffer 5 times for 10 min each. 

Immediate imaging of the membrane was performed using the ODYSSEY Infrared Imaging 

System. Readings were taken, and the band intensities were normalized relative to the total PDH 

intensity of the same lane. 

 

2.3.3 Metabolite Analysis in Normal and PSE Turkey Skeletal Muscles 

2.3.3 (a) Materials 

The following reagents and supplies were used: glucose-6-phosphate dehydrogenase (G6P-

DH) from Leuconostoc mesenteroides, and hexokinase were obtained from Roche Diagnostics 

(Mannheim, Germany); L-lactic dehydrogenase from bovine heart, triethanolamine, glucose-6-

phosphate (G6P), EDTA, and perchloric acid were from Sigma-Aldrich;. ATP: adenosine-5'-

triphosphate disodium salt hydrate, ultrapure, and sodium L-lactate were from Alfa Aesar 

(Tewksbury, MA);. MgCl2, dextrose and KOH pellets were from J.T. Baker (Phillipsburg, NJ); 

hydrazine hydrate, 55% (Hydrazine, 35%) was from Thermo Fisher Scientific. NADP+: 

Nicotinamide adenine dinucleotide phosphate was from Cayman (Ann Arbor, MI). NAD: beta-

Nicotinamide adenine dinucleotide - NAD, oxidised form was from VWR (Radnor, PA); glycine 

was from Invitrogen. and HCl (Millipore). 

 

2.3.3 (b) Glycogen determination 

Samples were powdered by grinding 2 g of frozen tissue with a mortar and pestle with 

liquid nitrogen. One hundred mg of the powder was mixed with 1 ml of 1.25 M HCl and incubated 

for 2 h at 90°C. The tubes were then centrifuged at 13,000 × g (Eppendorf centrifuge 5424) for 5 
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min at room temperature, and 500 µL of the supernatant was transferred to a new tube and 

neutralized with 500 µL of 1.25 M KOH (Patterson et al., 2016). 

Glycogen concentration was determined by the method of Bergmeyer (1984) as modified 

by Hammelman (2003) for 96-well microplate enzymatic assay. In brief, 25µL of the sample and 

75 µL of dH2O were mixed in a glass tube with 1.5 mL of glycogen buffer (13.3 mM 

triethanolamine, 25 mM EDTA, 35 mM MgCl2, 1.12 mM NADP). In a 96-well microplate, 200 

µL of each sample was added to wells in triplicate. The same was done for the standard dilutions 

(150, 300, 600, 1200, 2400, and 4800 µM dextrose). Absorbance was measured at 340 nm using a 

Multi-label reader (2300 EnSpire, Perkin Elmer). A mixture of glucose-6-phosphate 

dehydrogenase (G6P-DH), hexokinase (HK), and ATP was added in the same glass tube; the 

contents were mixed and incubated at room temperature for 10 min. In another 96-well microplate, 

200 µL of each sample was added to wells in triplicate, and absorbance was measured at 340 nm 

measuring NADPH. The first absorbance values were subtracted from the second values to 

determine the glycogen concentration (including the glucose and glucose-6-phosphate 

concentrations). This method is based on the enzymatic reactions on glycogen with simultaneous 

addition of both enzymes as listed below: 
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2.3.3 (c) Lactate determination 

Samples were powdered by grinding 2 g of frozen tissue with a mortar and pestle under 

liquid nitrogen. One hundred mg of the powder was mixed with 1 ml of 0.5 M perchloric acid on 

ice. The tubes were centrifuged after the incubation at 13,000 × g for 5 min at room temperature, 
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and 800 µL of the supernatant was transferred to a new tube and neutralized with 200 µL of 2 M 

KOH (Patterson et al., 2016). 

Lactate concentration was measured by the method of Bergmeyer (1984) as modified by 

Hammelman for 96-well microplate enzymatic assay (2003). In brief, a 100 µL of sample was 

mixed in a glass tube with 1.5 mL of lactate buffer (0.429 mM hydrazine hydrate, 475.6 mM 

glycine, 0.35 mM NAD, 125 mM HCl). In a 96-well microplate, 200 µL of each sample was added 

to wells in triplicate. The same was done for the standard dilutions (150, 300, 600, 1200, 2400, 

and 4800 µM lactate). NADH was quantified by measuring absorbance at 340 nm for the plate 

using a Multi-label reader (2300 EnSpire, PerkinElmer). Lactate dehydrogenase (LDH) was added 

in the same glass tube, mixed and incubated at room temperature for 1 h. In another 96-well 

microplate, 200 µL of each sample was added in a well in triplicate, and the absorbance was again 

measured at 340 nm. Absorbance values were subtracted f to give the lactate concentration. This 

method is based on the following enzymatic reactions to measure NADH absorbance as 

representative of the lactate concentration. 
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2.3.3 (d) Glucose and Glucose-6-phosphate determination 

Preparation of samples was as described for the lactate assay above. The glucose and 

glucose-6-phosphate concentrations were measured by  enzymatic assay. In brief, 25 µL of the 

sample and 75 µL of dH2O were mixed in a glass tube with 1.8 mL of glucose-6-phosphate buffer 

(62.5 mM triethanolamine, 25 mM EDTA, 35 mM MgCl2, 1.12 mM NADP). In a 96-well 

microplate, 200 µL of each sample was added in a well in triplicate. The same was done for the 

standard dilutions (150, 300, 600, 1200, 2400, and 4800 µM glucose-6-phosphate). The first 
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absorbance was measured at 340 nm using a Multi-label reader (2300 EnSpire, PerkinElmer). G6P-

DH was added in the same glass tube, and the contents were mixed; in another 96-well microplate, 

200 µL of each sample was added in a well in triplicate and the absorbance was measured again 

at 340 nm. HK and ATP were added in the same glass tube, mixed and incubated at room 

temperature for 10 min. In another 96-well microplate, 200 µL of each sample was added to wells 

in triplicate, and the third absorbance (NADPH) was measured at 340 nm. 

The first absorbance values were subtracted from the second absorbance to determine the 

glucose-6-phosphate concentrations. The first and second absorbance values were subtracted from 

the third absorbances to give glucose concentrations. 
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2.3.3 (e) ATP, ADP, AMP and IMP determination 

Preparation of samples was as described for the lactate assay above. The samples were kept 

frozen at -80°C and shipped on dry ice to Dr. Eric England’s laboratory at The Ohio State 

University (Columbus, OH).  ATP, ADP, AMP and IMP levels were measured using the method 

of Bernocchi et al. (1994) as modified by Williams et. al (2008). In brief, ATP, ADP, AMP, and 

IMP were separated with an HP Agilent 1100 HPLC (Agilent Technologies, Santa Clara, CA) 

using an Accucore C18 2.6 μm 50 mm × 4.6 mm column (Thermo Scientific, Pittsburgh, PA). 

Absorbance of the peaks associated with each compound in chromatograms were were detected at 

254 nm. For peak identification, standards were coeluted and the results compared using the 

standard curve for quantification (Bernocchi et al., 1994; Williams et al., 2008; England et al., 

2015). 
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2.3.4 Statistical analysis 

Results were analyzed statistically using SAS 9.4 (SAS Inst. Inc., Cary, NC). Metabolite 

levels, and the intensities of total PDH and the three phosphorylation sites were analyzed by a 3-

way ANOVA using the Mixed procedure. The model included three factors: genetic lines (two 

levels: RBC2 and Commercial), days of treatment (two levels: 0 and 5 days), and quality status 

(two levels: Normal and PSE), plus all interaction terms. Pairwise comparisons of the result means 

were performed by Tukey’s test using the LSMEANS statement of the Mixed procedure and an 

accepted type I error (α) of 5%. 

 

2.4 RESULTS  

2.4.1 Phosphorylation State of PDH in Normal and PSE Turkey Skeletal Muscles 

Analysis of turkey meat samples (Figure 2.1) showed no significant difference between 

normal and PSE samples with respect to phosphorylation levels of site 1 (pSer293), site 2 (pSer300), 

or site 3 (pSer232) on PDH. However, the total PDH levels in PSE samples were significantly lower 

(P = 0.029) compared with normal samples. 

Comparing the two pre-market heat treatments, there were no significant differences 

between 0 and 5 d treatments in the total PDH levels and the phosphorylation levels of site 1, and 

site 2 on PDH (Figure 2.1). However, the phosphorylation levels of site 3 were significantly higher 

(P < 0.0001) in samples exposed to heat stress for 5 d compared with the control samples (0 d). 

On the other hand, the comparisons between the two genetic lines showed that samples from 

commercial turkeys had significantly lower levels of total PDH and lower levels of 

phosphorylation of site 1, and site 2, but higher phosphorylation levels of site 3 compared to RBC2 

line. Statistical analysis showed that the meat category factor (PSE or normal) had no significant 
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interaction either with the genetic line factor or days of pre-market heat treatments in total PDH 

and phosphorylation of its sites.  

Visually, the intensity levels at site 3 were weaker than at sites 1 and 2 when referenced to 

the levels of the HEK293 (positive control). However, these comparisons are not quantitative, and 

the intensity levels of these sites need to be measured in the same membrane for more accurate 

comparison. 

 

 
Figure 2.1 Total PDH levels and phosphorylation levels of the PDH sites assessed from western 

blotting. Intensities of the bands were normalized to the intensity of normal sample. 

* Significant difference (P < 0.05) between the turkey samples within the investigated factor. 

 

2.4.2 Metabolite Levels in Normal and PSE Turkey Skeletal Muscles 

Pale soft exudative samples showed no significant differences compared with normal 

samples for the levels of glycogen, lactate, glycolytic potential, IMP, AMP, ADP, and ATP. 

However, there were significantly higher levels of glucose (P = 0.029) and G6P (P = 0.018) in 

PSE muscle samples (Table 2.1). Pre-market heat exposure for 5 d produced breast muscle samples 

with significantly lower glycogen (P < 0.0001), glucose (P = 0.007), glycolytic potential (P = 
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0.009), and AMP (P = 0.005) as shown in Table 2.1. However, there were no significant 

differences between 0 and 5 d treatments in the levels of G6P, lactate, IMP, ADP, and ATP.  

The results of the comparisons between the two genetic lines (Table 2.1), showed no 

significant differences in the levels of glycogen, glucose, lactate, glycolytic potential, ADP, or 

ATP. However, samples from commercial turkeys had significantly higher levels of G6P (P = 

0.014), and lower levels of IMP (P = 0.005), and AMP (P = 0.034). 

There was no significant interaction between the meat category factor and the days of pre-

market heat treatments in the measurement of metabolite levels. Moreover, the meat category 

factor showed no significant interaction with the genetic lines factor except in the AMP levels. 

The interaction of AMP levels showed that normal commercial samples had significantly lower 

AMP (P < 0.04) than PSE commercial and normal RBC2 samples. The interaction between the 

genetic lines and days of pre-market heat treatments showed significance in the levels of glycogen 

and glycolytic potential. For interactions of glycogen, samples from RBC2 muscle exposed to heat 

treatment had significantly lower levels of glycogen (P < 0.049) than in the unexposed samples 

from both genetic lines and the exposed commercial samples. However, interactions of glycolytic 

potential showed samples from RBC2 unexposed to heat treatment had significantly higher levels 

of glycogen (P < 0.035) than in the exposed samples from both genetic lines and the unexposed 

commercial samples. 
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Table 2.1 Metabolite levels in pectoralis major depending on the factor investigated: meat 

category, heat stress, and genetic line.  

Meat category 
Metabolites (μmol/g) Normal PSE SE1 P value 

Glycogen2 23.37 21.96 2.13 0.641 
Glucose 3.60 4.24 0.20 0.029* 

G6P 1.10 1.76 0.19 0.018* 
Lactate 108.71 119.11 3.66 0.051 

Glycolytic potential3 164.84 175.02 5.63 0.209 
IMP 2.83 3.84 0.41 0.088 
AMP 0.41 0.44 0.04 0.521 
ADP 1.28 1.34 0.05 0.306 
ATP 4.71 3.90 0.34 0.101 

  

Heat stress 
Metabolites (μmol/g) 0 d 5 d SE P value 

Glycogen 28.99 16.35 2.13 0.0001* 
Glucose 4.32 3.51 0.20 0.007* 

G6P 1.29 1.57 0.19 0.293 
Lactate 111.77 116.05 3.66 0.414 

Glycolytic potential 180.95 158.91 5.63 0.009* 
IMP 3.34 3.32 0.41 0.969 
AMP 0.50 0.35 0.04 0.005* 
ADP 1.36 1.26 0.05 0.102 
ATP 4.23 4.38 0.34 0.748 

     
Genetic lines 

Metabolites (μmol/g) Comm RBC2 SE P value 
Glycogen 22.70 22.64 2.13 0.985 
Glucose 3.70 4.14 0.20 0.126 

G6P 1.77 1.09 0.19 0.014* 
Lactate 110.02 117.8 3.66 0.141 

Glycolytic potential 166.34 173.52 5.63 0.373 
IMP 2.48 4.19 0.41 0.005* 
AMP 0.37 0.48 0.04 0.034* 
ADP 1.35 1.27 0.05 0.239 
ATP 4.74 3.87 0.34 0.079 

1SE: Standard error, 2Glycogen results expressed as μmol of glucose per 
g of meat, 3Glycolytic potential results expressed as μmol of lactate per g 
of meat, * Significant difference (P < 0.05) between the turkey samples 
within the investigated factor. 
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2.5 DISCUSSION 

One of the distinguishing properties of PSE meat is the rapid glycolysis during the early 

postmortem conversion of muscle to meat that causes a rapid decrease in pH while body 

temperature is still high (Pietrzak et al., 1997). The expression levels of PDK4, which generally 

change in response to metabolic needs, were significantly lower in PSE samples (Malila et al., 

2013). Hence, the PDK4 level is assumed to be a major contibuter in the PSE development and 

thus, the total PDH levels were hypothesized to show no difference between PSE and normal 

samples. Contrary to the hypothesis, PSE samples had significantly lower total PDH levels 

compared with normal samples. This could result in a reduced flux of pyruvate into the TCA cycle, 

resulting in the conversion of pyruvate into lactate rather than acetyl CoA; increasing accumulation 

of lactate would reduce the pH level of PSE meat. Although PDH protein levels were lower in PSE 

meat, PDH activity was not measured in the current work. PDH activity might be higher in PSE 

compared to normal samples to compensate for the lower total PDH levels to cope with the rapid 

glycolysis under the lower PDK4 levels.  

The underlying hypothesis of PDH phosphorylation status was that down-regulation of 

PDK4 in PSE turkey (Malila et al., 2013) would result in a significant reduction in PDH 

phosphorylation, specifically in sites 1, 2 or both (Kolobova et al., 2001). In this case, PDH in PSE 

muscle would be more active than in normal muscle resulting in more rapid conversion of pyruvate 

into acetyl-CoA entering the TCA cycle. Contrary to this hypothesis, no significant differences 

were observed in phosphorylation between PSE and normal samples. It is possible that an increase 

in the activity of PDK4 could have compensated for down-regulation in PSE samples. Also, 

phosphorylation levels of PDH could vary as a result of decreased pyruvate dehydrogenase 

phosphatase (PDP) levels or activities which would eventually minimize the dephosphorylation in 
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PSE samples. 

Site 3 of PDH is only phosphorylated by PDK1 (Kolobova et al., 2001; Patel and 

Korotchkina, 2006; Rardin, 2008), and PDK1 is abundant in heart and expressed to a smaller extent 

in skeletal muscle, liver, and pancreas. In the current study, the phosphorylation level was not 

different at site 3 between samples from PSE and normal muscle. However, samples from 

commercial turkeys had a significantly higher phosphorylation level compared to the RBC2 line. 

Commercial birds are genetically selected for faster and heavier growth and are associated with 

increased risk for PSE meat. Thus, it is possible that phosphorylation of site 3 by PDK1 is linked 

to the development of PSE and considered as another side effect resulting from genetic selection. 

The phosphorylation state of PDH is just one indicator of PDK4 activity. Having data on the 

level and activities of the other isoforms of PDK and PDP would provide better understanding of 

the metabolic difference between the genetic lines and their responses to thermal challenge. 

This study hypothesized that down-regulation of PDK4 in PSE samples would shift 

metabolism to produce less lactate, more ATP, and faster glycogen consumption. However, the 

PSE samples showed no significant difference in the levels of glycogen, lactate, nor ATP. Also, 

the results do not agree with the outcomes presented by Pietrzak et al. (1997) that PSE samples 

showed lower muscle ATP and higher lactate levels. In this study, the samples were collected at 5 

min postmortem which might be not enough time to show any difference in the metabolism and 

rate of glycogen consumption between normal and PSE samples.  

The higher G6P levels in PSE samples could be attributed to the rapid glycogenolysis. 

Glycogenolysis commonly does not produce glucose molecules. In bovine, Young et al. (1988) 

found that glycogen could be uncommonly debranched into glucose due to the activity of two 

enzymes (EC 3.2.1.33; EC 2.4.1.25); however, this glucose could not be phosphorylated by 
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hexokinase leading to the accumulation of glucose molecules. Moreover, the higher levels of G6P 

will later produce higher ATP levels. However, there was no significant difference in IMP, AMP, 

ADP, and ATP levels in PSE samples compared with normal samples. This suggests a rapid shift 

of metabolism from aerobic to anaerobic in PSE samples compared to normal, increasing the 

lactate levels and lowering pH. Lactate levels were not significantly different between the PSE and 

normal samples but the pH of the PSE samples was significantly lower (P = 0.023, unpublished). 

However, pH was measured at 15 min postmortem, whereas the lactate level (P = 0.051) was 

measured at 5 min which could show a significantly different level in PSE when measured at 15 

min postmortem. 

The heat-exposed birds had significantly lower values of glycogen, glucose, and glycolytic 

potential which could be attributed to lower feed intake under heat stress as well as the amount of 

energy wasted during panting to regulate body temperature. This aligns with the findings in many 

earlier studies that showed reduction in feed intake in response to heat stress (Yahav and Hurwitz, 

1996; Yahav and McMurtry, 2001; Lu et al., 2007; Azad et al., 2009; Piestun et al., 2011, 2013). 

Interestingly, commercial turkeys had significantly lower levels of IMP, and AMP than in RBC2. 

This suggests that commercial birds have a faster metabolic rate, that force them to use ADP to 

regenerate ATP and consequently accumulating AMP which is then converted into IMP declaring 

the end of metabolism for this molecule. 

The interaction between genetic line and days of pre-market heat treatment (not presented 

here) showed significance in the levels of glycogen. In the interaction, samples from RBC2 turkeys 

exposed to heat treatment for 5 d had significantly lower levels of glycogen than both  the heat-

stressed commercial samples, and the control samples from both genetic lines. Control samples 

from RBC2 had significantly greater levels of glycolytic potential than the commercial bird 
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controls, and the heat-stressed samples from both genetic lines. This shows the different response 

of the genetic lines to heat exposure. 

 

2.6 CONCLUSIONS 

This study investigated the effects of pre-market thermal challenge in turkey skeletal 

muscle in normal and PSE meats. The significant decrease in PDK4 levels in PSE samples (Malila 

et al., 2013) did not result in a significant difference of the PDH phosphorylation levels between 

PSE and control samples. However, this study focused only on the relation between the levels of 

PDK4 and PDH. To complete this picture, it is recommended to measure the activities of both the 

PDK4 and PDH. Moreover, measurement of levels and activities of PDP isoforms, and the three 

other PDK isoforms would add more values and explanation. These would provide greater insight 

into the metabolic flux of pyruvate through PDH as well as the metabolic difference between the 

different lines and their responses to thermal challenge. Interestingly, PDH levels were 

significantly higher in RBC2 compared to commercial birds. This questions the role of PDH in the 

relation between the genetic line and the rate of the postmortem metabolism. This study did 

notmeasure both pyruvate and acetyl-CoA to evaluate the efficiency of PDH. Further research in 

fresh samples is needed. Measurement of metabolite levels and comparison  between normal and 

PSE meat that exhibited a significant decrease in PDK4 levels (Malila et al., 2013) did not result 

in a significant difference of the glycogen, lactate, glycolytic potential and ATP levels between 

PSE and control samples. This was surprising because previous studies showed that PSE is 

characterized by lower pH and faster glycolytic rate in the early postmortem period (Pietrzak et 

al., 1997). 
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CHAPTER 3: USE OF EMBRYONIC THERMAL CHALLENGE TO IMPROVE 

TURKEY THERMOTOLERANCE AND MEAT QUALITY 

 

3.1 ABSTRACT 

Annual turkey production has increased dramatically since the 1970s as the industry has 

used genetic selection to increase body weight and muscle yield to meet increasing consumer 

demand for lean poultry products. However, a negative consequence of genetic selection for large, 

fast-growing birds is increased susceptibility to heat stress which was linked with the production 

of low-quality meat. Previous studies have shown that exposure of broiler embryos to thermal 

challenge during embryonic growth and development positively influenced the ability of birds to 

withstand pre-market heat stress and thereby improve overall meat quality. Thus, this study aimed 

to elucidate the effects of thermal manipulation during the embryonic development on the post-

hatch thermotolerance and the consequent effects on turkey muscle structure, postmortem 

metabolism, and meat quality. Eggs from two turkey genetic lines were exposed to pre-hatch 

thermal challenge of 39.5°C for 3 h/d on embryonic days 21-25. After hatching, the birds were 

raised under for standard commercial conditions. At age 16 weeks, one-half of the birds were 

exposed to a pre-market thermal challenge of 32°C for 12h/d for 3 days followed by slaughter and 

processing of breast muscles. Muscle samples were collected at 15 min postmortem for 

histological analysis to determine perimysial space and fiber diameter. Metabolite levels were 

measured at two postmortem timepoints: 15 min and 24 h. Moreover, samples were analyzed for 

meat quality parameters including pH, color, drip loss, cook loss, and marinade uptake. 

Interestingly, the pre-hatch treatment did not improve the thermotolerance and showed no 

significant difference in the fiber diameter, perimysial space, and all measured parameters of meat 
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quality. Moreover, embryonic thermal challenge had no effect on the levels of metabolites from 

samples at 24 h postmortem, as well as the levels of glucose, G6P, lactate, glycolytic potential, 

and ADP at 15 min postmortem. However, the 15 min postmortem samples showed that levels of 

glycogen and ATP were significantly higher while the levels of IMP and AMP were significantly 

lower in the samples exposed to embryonic thermal manipulation compared to control when both 

exposed to the pre-market thermal challenge. These outcomes could be due the short time (3 h/d) 

of the pre-hatch thermal challenge. In conclusion, the embryonic thermal manipulation used in this 

study did not improve the thermotolerance of turkys nor did it improve the breast meat qulity. 

  

3.2 INTRODUCTION 

The consumption of poultry commodities in the US, including chicken and turkey, 

increased dramatically and continuously compared with red meat since the 1950s (Daniel et al., 

2011). According to the National Agricultural Statistics Service (2018),  annual turkey production 

increased from approximately 131.9 million birds and 2.4 billion pounds live weight in 1974 to 

242 million birds and 7.5 billion pounds in 2017. The breast muscle is the most valuable 

component of the turkey because of its versatility in value-added processed meat products (Updike 

et al., 2005). Thus, economics is the primary driver for the use of genetic selection to produce 

higher body weight and greater muscle yield in a reduced period of time (Solomon et al., 1998; 

Updike et al., 2005). However, this intense selection has resulted in unintended consequences that 

compromise the quality of the processed meat products. These negative effects include decreased 

protein functionality, the appearance of PSE-like meat, and muscle abnormalities such as loss of 

connective tissue integrity and fiber necrosis (Sosnicki and Wilson, 1991; Barbut, 1997; Solomon 

et al., 1998; Updike et al., 2005; Owens and Apple, 2010).  
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Selection for faster growth rate and increased size of turkeys has been accompanied by 

increased susceptibility of turkey to thermal challenge (Mills et al., 1999). In contrast, slow-

growing broilers displayed greater thermotolerance compared to a fast-growing strain (Lu et al., 

2007).. Thermal challenge is associated with decreased meat quality characteristics such as pale 

color (L*), faster pH decline, and greater drip loss and cook loss compared with the meat of non-

challenged birds (McKee and Sams, 1997). The effects of the thermal challenge on the meat quality 

are amplified in the intensely selected, fast-growing turkeys (Mills et al., 1999). Thus, thermal 

challenge typically leads to the production of inferior meat products which subsequently results in 

economic losses to the meat producers and processors.  

There is some evidence that exposure of poultry to thermal challenge in the early stages of 

growth and development may positively influence the ability of birds to withstand pre-market heat 

stress and thereby improve overall meat quality. Studies on broilers suggest that acute exposure to 

thermal manipulation in the latter stages of embryonic development or immediately post-hatch 

may enable birds to adapt to temperature variation and thus, improve thermotolerance (Yahav and 

Hurwitz, 1996; Ain Baziz et al., 1996; Piestun et al., 2008). These studies demonstrated that 

thermal manipulation resulted in reduced mortality rate (Yahav and Hurwitz, 1996), increased food 

conversion rate (Ain Baziz et al., 1996; Piestun et al., 2013), increased muscle yield and muscle 

growth (Halevy et al., 2001; Piestun et al., 2008, 2011, 2013). Together, these studies concluded 

that early thermal challenge improved thermal tolerance compared with the control birds.  

Although effects of early thermal challenge have not been studied in turkeys, it is 

hypothesized that turkeys will respond to early thermal challenge similarly to chickens. Moreover, 

there is a paucity of data on the effects of embryonic thermal manipulation or post-hatch thermal 

challenge on meat quality in either broilers or turkeys. The molecular response in muscle exposed 
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to thermal challenge is expected to differ with the development stage and its genetic traits for 

adaptability to the thermal challenge and the molecular mechanisms of the avian response to 

thermal challenge may or may not result in the production of inferior meat products.  

Current models of climate variation predict an increasing frequency of temperature 

extremes which will likely have negative consequences for meat quality. Thus, the goal of this 

study is to develop a strategy of improving the thermotolerance of turkeys that will mitigate the 

deleterious effects of climate variation. The success of this strategy depends on a detailed 

understanding of the physiological response to the thermal challenge. The present study focuses 

on elucidating the effects of thermal manipulation during the embryonic stage on the pre-market 

thermotolerance and its consequent effects on the muscle structure, postmortem metabolism, and 

meat quality. 

  

3.3 MATERIALS AND METHODS  

3.3.1 Sample Collection  

To investigate the effect of the genetic selection on thermotolerance, two turkey lines were 

utilized: the randombred control line 2 (RBC2) and F-line. RBC2 turkeys represent the commercial 

turkeys during the 1960s which have not been subjected to genetic selection. The F-line birds were 

genetically selected from the RBC2 line for greater body weight at 16 weeks. Eggs from both lines 

were obtained from The Ohio State University (Wooster, OH) and they were transported to the 

Poultry Teaching and Research Center at Michigan State University (MSU) where they were 

incubated at 38°C. After ten days, eggs were candled, and infertile eggs were discarded. The eggs 

were divided into 2 groups per line. One group from each line was maintained at 38°C for the 

entire incubation period. The other two groups were exposed to a pre-hatch thermal challenge by 
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incubating at 39.5°C for 3 h/d on embryonic days 21 to 25 (Piestun et al., 2011). On day 28, all 

hatched birds were sexed. The male birds from the four groups were placed in a brooder at 35°C 

for 2 wk, and then transferred to pens where they were maintained at conventional temperature 

(20°C ± 2). At 16 wk of age, half of the birds from each of the four groups representing the control 

group for the pre-market thermal challenge were transporteded 4.1 miles to the MSU Meat 

Laboratory to be slaughtered on March 20, 2018. Three days later, all the remaining birds from 

the four groups were exposed to 3 days of a diurnal thermal challenge consisting of 12 h at 36°C 

followed by 12 h at 32°C, after which birds were transported to the MSU Meat Laboratory to be 

slaughtered. At this point, there were 8 experimental groups (2 lines x 2 pre-hatch treatment x 2 

pre-market treatment) with replicates ranging from 12 to 19 birds per group and 123 birds in total. 

Both turkey lines were given ad libitum access to the same commercial feed (Home Fresh Multi-

flock, Kent Feeds, Inc. Muscatine, IA, USA) until 16 h before the slaughter. They were raised 

using conventional husbandry practices common for commercial turkeys. All methods applied 

were approved by the Institutional Animal Care and Use Committee (IACUC#: 01/17-003-00).  

On the day of slaughter, the live bird weights were recorded immediately prior to slaughter. 

Birds were subjected to electrical stunning at 60 Hz for 5 s using an electrical knife at a setting of 

7 (Model VS200, Midwest Processing Systems, Minneapolis, MN 55410), followed by cutting the 

carotid artery. After bleeding out, carcasses were immersed in a scalding tank at 60°C for 

alternating intervals of 6 s in and 6 s out for a total of 60 s. Carcasses were then defeathered, 

eviscerated, and carcass weight was recorded. The pectoralis major from the left breast was 

removed, weighed, placed in a bag for further analysis and kept at 4°C. 
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3.3.2 Analysis of Muscle Structural Characteristics  

3.3.2 (a) Sample preparation  

After evisceration, the skin was removed from the carcass, and a sample was taken 15 min 

postmortem from the cranial end of the right pectoralis major muscle for histological analysis for 

all birds (n=123) as described by Velleman et al. (2003). Briefly, a sample was carefully dissected 

to a size of approximately 0.5 cm wide, 0.5 cm deep, and 3 cm long parallel to the orientation of 

the muscle fibers. The muscle sample was tied to a wooden stick before removal to prevent muscle 

contraction. Each sample was placed in 10-12 ml of 10% (vol/vol) formalin, pH 7.0 and kept at 

4°C. The samples were transported to Dr. Velleman’s laboratory at The Ohio State University 

(Wooster, Ohio) for analysis according to the procedure of Jarrold et al. (1999). The samples were 

dehydrated in a series of dilute ethanol solutions and cleared in Pro Par Clearant (Anatech, Battle 

Creek, MI). The samples were embedded in paraffin, processed, and the resulting blocks were 

cross-sectioned to 5 μm thickness. Each section was adhered to charged Starfrost  Adhesive slides 

(Mercedes Medical, Sarasota, FL), with each slide containing 4 sections, and then the sections 

were stained with hematoxylin and eosin (Jarrold et al., 1999; Velleman and Clark, 2015). 

 

3.3.2 (b) Muscle fiber diameter 

Muscle fiber diameter was measured on four viewing fields from one section per bird by 

measuring the diameter of a minimum 20 fibers within each viewing field (Velleman and Clark, 

2015; Clark and Velleman, 2017). The diameter of the myofibers was measured using ImageJ (US 

National Institutes of Health, Bethesda, MD). The measurement of muscle fiber diameter was done 

by measuring the shortest distance across the geometric center of each myofiber (Clark and 

Velleman, 2017).   
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3.3.2 (c) Perimysial space 

Photomicrographs were captured with CellSens Imaging software on an Olympus IX70 

fluorescent microscope and QImaging digital camera (Clark et al., 2017). Images then were 

analyzed for perimysial space using ImageJ (US National Institutes of Health. Average perimysial 

space was calculated by measuring the mean perimysial width at 4 distinct locations along every 

perimysium present within the field of view.   

 

3.3.3 Determination of Metabolite Levels  

The samples used for the analysis of metabolite levels were taken at two different 

postmortem times: 15 min and 24 h. Six samples were randomly chosen from each group using 

the random number generator in the Google Chrome browser resulting in 48 samples in total (2 

lines x 2 pre-hatch treatment x 2 pre-market treatment x 6 replicates). For the 15 min postmortem 

time point, samples were taken from the middle side of the pectoralis major at the right breast, 

whereas samples for the 24 h postmortem were taken from pectoralis major on the left breast. 

Samples were snap frozen in liquid nitrogen and kept at -80°C.  

 

3.3.3 (a) Materials 

The following reagents and supplies were used: glucose-6-phosphate dehydrogenase (G6P-

DH) from Leuconostoc mesenteroides, and hexokinase were from Roche Diagnostics (Mannheim, 

Germany); L-lactic dehydrogenase from bovine heart, triethanolamine, glucose-6-phosphate, 

EDTA, and perchloric acid were from Sigma-Aldrich (St. Louis, MO). ATP: adenosine-5'-

triphosphate disodium salt hydrate, ultrapure, and sodium L-lactate were from Alfa Aesar 

(Tewksbury, MA); MgCl2, dextrose and KOH pellets were from J.T. Baker (Phillipsburg, NJ); 

hydrazine hydrate, 55% (Hydrazine, 35%) was from Thermo Fisher Scientific (Waltham, MA). 
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NADP+: Nicotinamide adenine dinucleotide phosphate was from Cayman  (Ann Arbor, MI); NAD: 

beta-Nicotinamide adenine dinucleotide - NAD, oxidised form was from VWR (Radnor, PA);  

glycine was from Invitrogen, (Carlsbad, CA); and HCl was from Millipore (Bedford, MA). 

 

3.3.3 (b) Glycogen determination 

Samples were powdered by grinding 2 g of frozen tissue with a mortar and pestle with 

liquid nitrogen. One hundred mg of the powder was mixed with 1 ml of 1.25 M HCl and incubated 

for 2 h at 90°C. The tubes were then centrifuged at 13,000 × g (Eppendorf centrifuge 5424) for 5 

min at room temperature, and 500 µL of the supernatant was transferred to a new tube and 

neutralized with 500 µL of 1.25 M KOH (Patterson et al., 2016). 

Glycogen concentration was determined by the method of Bergmeyer (1984) as modified 

by Hammelman (2003) for 96-well microplate enzymatic assay. In brief, 25µL of the sample and 

75 µL of dH2O were mixed in a glass tube with 1.5 mL of glycogen buffer (13.3 mM 

triethanolamine, 25 mM EDTA, 35 mM MgCl2, 1.12 mM NADP). In a 96-well microplate, 200 

µL of each sample was added to wells in triplicate. The same was done for the standard dilutions 

(150, 300, 600, 1200, 2400, and 4800 µM dextrose). Absorbance was measured at 340 nm using a 

Multi-label reader (2300 EnSpire, Perkin Elmer). A mixture of glucose-6-phosphate 

dehydrogenase (G6P-DH), hexokinase (HK), and ATP was added in the same glass tube; the 

contents were mixed and incubated at room temperature for 10 min. In another 96-well microplate, 

200 µL of each sample was added to wells in triplicate, and absorbance was measured at 340 nm 

measuring NADPH. The first absorbance values were subtracted from the second values to 

determine the glycogen concentration (including the glucose and glucose-6-phosphate 
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concentrations). This method is based on the enzymatic reactions on glycogen with simultaneous 

addition of both enzymes as listed below: 
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3.3.3 (c) Lactate determination 

Samples were powdered by grinding 2 g of frozen tissue with a mortar and pestle under 

liquid nitrogen. One hundred mg of the powder was mixed with 1 ml of 0.5 M perchloric acid on 

ice. The tubes were centrifuged after the incubation at 13,000 × g for 5 min at room temperature, 

and 800 µL of the supernatant was transferred to a new tube and neutralized with 200 µL of 2 M 

KOH (Patterson et al., 2016). 

Lactate concentration was measured by the method of Bergmeyer (1984) as modified by 

Hammelman for 96-well microplate enzymatic assay (2003). In brief, a 100 µL of sample was 

mixed in a glass tube with 1.5 mL of lactate buffer (0.429 mM hydrazine hydrate, 475.6 mM 

glycine, 0.35 mM NAD, 125 mM HCl). In a 96-well microplate, 200 µL of each sample was added 

to wells in triplicate. The same was done for the standard dilutions (150, 300, 600, 1200, 2400, 

and 4800 µM lactate). NADH was quantified by measuring absorbance at 340 nm for the plate 

using a Multi-label reader (2300 EnSpire, PerkinElmer). Lactate dehydrogenase (LDH) was added 

in the same glass tube, mixed and incubated at room temperature for 1 h. In another 96-well 

microplate, 200 µL of each sample was added in a well in triplicate, and the absorbance was again 

measured at 340 nm. Absorbance values were subtracted f to give the lactate concentration. This 

method is based on the following enzymatic reactions to measure NADH absorbance as 

representative of the lactate concentration. 
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3.3.3 (d) Glucose and Glucose-6-phosphate determination 

Preparation of samples was as described for the lactate assay above. The glucose and 

glucose-6-phosphate concentrations were measured by  enzymatic assay. In brief, 25 µL of the 

sample and 75 µL of dH2O were mixed in a glass tube with 1.8 mL of glucose-6-phosphate buffer 

(62.5 mM triethanolamine, 25 mM EDTA, 35 mM MgCl2, 1.12 mM NADP). In a 96-well 

microplate, 200 µL of each sample was added in a well in triplicate. The same was done for the 

standard dilutions (150, 300, 600, 1200, 2400, and 4800 µM glucose-6-phosphate). The first 

absorbance was measured at 340 nm using a Multi-label reader (2300 EnSpire, PerkinElmer). G6P-

DH was added in the same glass tube, and the contents were mixed; in another 96-well microplate, 

200 µL of each sample was added in a well in triplicate and the absorbance was measured again 

at 340 nm. HK and ATP were added in the same glass tube, mixed and incubated at room 

temperature for 10 min. In another 96-well microplate, 200 µL of each sample was added to wells 

in triplicate, and the third absorbance (NADPH) was measured at 340 nm. 

The first absorbance values were subtracted from the second absorbance to determine the 

glucose-6-phosphate concentrations. The first and second absorbance values were subtracted from 

the third absorbances to give glucose concentrations. 
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3.3.3 (e) ATP, ADP, and IMP determination 

Preparation of samples was as described for the lactate assay above. The samples were kept 

frozen at -80°C and shipped on dry ice to Dr. Eric England’s laboratory at The Ohio State 

University (Columbus, OH).  ATP, ADP, AMP and IMP levels were measured using the method 

of Bernocchi et al. (1994) as modified by Williams et. al (2008). In brief, ATP, ADP, AMP, and 

IMP were separated with an HP Agilent 1100 HPLC (Agilent Technologies, Santa Clara, CA) 

using an Accucore C18 2.6 μm 50 mm × 4.6 mm column (Thermo Scientific, Pittsburgh, PA). 

Absorbance of the peaks associated with each compound in chromatograms were were detected at 

254 nm. For peak identification, standards were coeluted and the results compared using the 

standard curve for quantification (Bernocchi et al., 1994; Williams et al., 2008; England et al., 

2015). 

 

3.3.4 Determination of Meat Quality Parameters  

3.3.4 (a) pH  

The pH of the breast muscles was determined at 15 min and 24 h postmortem according to 

Bendall and Bourne (1973) by using 6 samples from each of the 8 groups (n=48). The samples for 

measuring the pH at 15 min were taken from the middle side of the pectoralis major of the right 

breast, while the samples for measuring the pH at 24 h were taken from the caudal end of the 

pectoralis major of the left breast. Samples were snap frozen in liquid nitrogen and kept at -80°C.  

Samples were prepared by grinding 2-3 g of frozen tissue with a mortar and pestle under 

liquid nitrogen to make a powder. One gram of the powder was mixed with 10 ml of a blend of 

150 mM KCl and 5 mM sodium iodoacetate (pH 7.0), and then the mixture was vortexed for 30 s. 

The pH meter was standardized at the beginning and after every 6 readings using pH 4, 7, and 10 
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standards. The measurement was done in duplicate at room temperature, and the two readings were 

recorded and averaged. 

 

3.3.4 (b) Drip loss 

Following slaughter, evisceration, and chilling to 4°C, the pectoralis major muscles on the 

left breast of 123 birds were removed, weighed, placed individually in bags and suspended for drip 

loss determination at 4°C. After 24 h, each muscle was removed from the bag, blotted dry and 

weighed. The drip loss percentage was calculated based on the weight of the muscle before and 

after the 24 period (NPPC, 2000). 

 

3.3.4 (c) Cook loss 

The samples were taken 24 h postmortem from the middle of the pectoralis major of the 

left breast. The cook loss measurement of the muscles was done using the same samples used for 

color measurements for all samples (n=123). Samples were trimmed to 12 cm x 10 cm, weighed 

then kept at 4°C. All samples were placed in cooking bags and cooked in a commercial smoker at 

the MSU Meat Laboratory to an internal temperature of 76°C. The samples were placed on trays 

to chill in a cold room (4°C) until the internal temperature reached 23°C. The samples were 

removed from the cooking bags, blotted dry and weighed. The cook loss percentage was calculated 

based on the weight of the muscle before and after cooking (NPPC, 2000). 

 

3.3.4 (d) Marinade uptake  

The marinade uptake for all samples (n=123) was determined at 48 h postmortem. Samples 

were taken from the cranial end of the pectoralis major of the left breast and kept at 4°C. Six grams 
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(±0.2 g) of muscle sample were chopped in a food blender (Waring Model 1120, Waring Products 

Division, New Hartford, Conn.) for 30 s (5 s on followed by 5 s off), then placed in 50 ml centrifuge 

tubes. Ten ml of 3.5% (w/v) NaCl solution was added to each tube and the tubes were shaken 

gently, then vortexed vigorously for 10-15 sec at room temperature. Subsequently, the tubes were 

incubated in a water bath at 25°C for 30 min. Next, the tubes were centrifuged at 13°C for 20 min 

at 3000 × g using a Beckman Coulter Allegra X-15 R swinging bucket rotor (Beckman Coulter 

Inc., Brea, CA). The supernatant was removed, and the marinade uptake percentage was calculated 

based on the weight of the sample before and after (NPPC, 2000). 

 

3.3.4 (e) Color  

The color measurement of the muscles was done for all samples (n=123) at 24 h 

postmortem. The samples were taken from the middle of the pectoralis major of the left breast, 

and the muscle was sliced horizontally and left to bloom for 15 min at 12°C. Then, the CIELAB 

color values; lightness (L*), redness (a*) and yellowness (b*), were measured in two different 

locations on the muscle using a HunterLab MiniScan XE Plus Colorimeter (Hunterlab, Reston, 

VA, USA), and the readings were recorded and averaged. 

 

3.3.5 Statistical analysis 

The results were analyzed statistically using SAS 9.4 (SAS Inst. Inc., Cary, NC). The 

results of muscle fiber diameter, perimysial space, metabolite levels, and the meat quality 

parameters were analyzed by a 3-way ANOVA using the Mixed procedure. The model included 

three factors: genetic lines (two levels, RBC2 and F-line), pre-hatch treatment (two levels, Control 

and Treated), and pre-market treatment (two levels, Control and Treated) and all their interactions. 
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Pairwise comparisons of the result means were performed by Tukey’s test using the LSMEANS 

statement of the Mixed procedure and the accepted type I error (α) was 5%.   

 

3.4 RESULTS 

3.4.1 Effects of Embryonic Thermal Manipulation and Pre-market Thermal Challenge on 

Muscle Structure 

Muscle fiber diameter and perimysial spacing were measured to determine the effects of 

embryonic thermal manipulation and premarket thermal challenge on muscle structure. The 

histology results (Table 3.1) show that the interaction between the pre-hatch thermal manipulation 

(thermotolerance strategy) and pre-market thermal treatment had no significant effect on both 

muscle fiber diameter and perimysial space of the breast muscle samples. In addition, the pre-hatch 

treatment had no significant effect on both measurements of the breast muscle samples compared 

with control samples. However, the samples from birds exposed to pre-market thermal 

manipulation treatment showed significantly larger perimysial space (P = 0.008) but no significant 

difference of muscle diameter compared with control samples. Finally, there was no significant 

effect of genetic lines on the perimysial space, although the F-line samples showed larger muscle 

diameter (P = 0.001) compared with the RBC2 samples. 
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Table 3.1 Effects of genetic line, pre-hatch thermal manipulation, pre-market thermal challenge, 

and interaction of thermal treatments on fiber diameter and perimysial width of pectoralis major. 

Genetic line  
F-line SE RBC2 SE P value 

Fiber Diameter (µm) 46.7 0.9 43.0 0.6 0.001* 
Perimysial space (µm) 26.8 1.5 28.7 1.3 0.350 

 
Pre-hatch treatment  

Control SE Treated SE P value 
Fiber Diameter (µm) 45.5 0.8 44.3 0.8 0.249 
Perimysial space (µm) 26.1 1.1 29.4 1.6 0.097 
      

Pre-market treatment  
Control SE Treated SE P value 

Fiber Diameter (µm) 44.5 0.8 44.3 0.8 0.454 
Perimysial space (µm) 30.4 1.4 25.0 1.4 0.008* 
      

Thermotolerance  
CT1 SE2 TT3 SE P value 

Fiber Diameter (µm) 45.4 1.1 45.3 1.1 0.945 
Perimysial space (µm) 22.4 2.3 27.7 2.3 0.059 

1 CT: birds exposed only to pre-market thermal challenge; 2 SE: Standard error; 
3 TT: birds exposed to both pre-hatch thermal manipulation and pre-market 
thermal challenge; * Significant difference (P < 0.05) between the turkey 
samples within the investigated factor 

 

3.4.2 Effects of Embryonic Thermal Manipulation and Pre-market Thermal Challenge on  

Postmortem Metabolite Levels in Muscle  

Pre-market thermal challenge increases the probability of PSE meat quality which results 

from accelerated postmortem metabolism. Exposure of the late-stage embryo to a mild thermal 

manipulation has been proposed as mitigation strategy designed to improve thermotolerance in the 

pre-market turkey. Accordingly, the levels of several key compounds which serve as markers of 

postmortem metabolism were determined in breast muscle samples from birds from the two 

genetic lines exposed to a pre-market thermal challenge, a pre-hatch thermal manipulation, both 

pre-hatch and pre-market treatments, and in samples from control birds not exposed to either 

thermal treatment. The results (Table 3.2) showed that the pre-hatch treatment had no significant 
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effect on the breast muscle compared with control samples for levels of glycogen, glucose, G6P, 

lactate, and the glycolytic potential in pectoralis major samples taken at both 15 min and 24 h 

postmortem. Samples from the pre-hatch treatment group showed significantly lower levels of 

IMP (P = 0.01) and AMP (P = 0.003) at 15 min postmortem. Moreover, they showed significantly 

higher levels of ADP (P = 0.015) and ATP (P = 0.019) at 15 min postmortem. However, there 

were no significant differences in the levels of IMP, AMP, ADP, and ATP between the pre-hatch 

and normal samples at 24 h postmortem. 

 

Table 3.2 Effect of pre-hatch thermal manipulation on metabolite levels in pectoralis major at 15 

min and 24 h postmortem. 

Metabolites 

(μmol/g) 
15 min postmortem   24 h postmortem 

Control Treated SE1 P value  Control Treated SE P value 

Glycogen2, ‡ 7.39 8.49 0.67 0.251   -1.35 -1.17 0.23 0.61 

Glucose 3.24 3.11 0.23 0.693  3.53 3.14 0.24 0.27 

G6P 1.83 2.22 0.29 0.351   2.19 2.08 0.33 0.83 

Lactate 116.18 114.14 2.49 0.567  122.08 120.76 2.11 0.66 

Glycolytic potential3 141.09 141.76 3.35 0.893   130.82 128.87 2.56 0.59 

IMP 5.36 4.44 0.24 0.01*  9.03 8.72 0.14 0.14 

AMP 0.77 0.52 0.06 0.003*   0.40 0.35 0.03 0.25 

ADP 0.78 0.96 0.05 0.015*  0.34 0.34 0.02 0.94 

ATP 1.51 2.50 0.29 0.019*   0.10 0.10 0.01 0.96 
1 SE: Standard error; 2 Glycogen results expressed as μmol of glucose per g of meat; ‡ Glycogen results at 
24 h are negative due to the correction factor; 3 Glycolytic potential results expressed as μmol of lactate 
per g of meat; * Significant difference (P < 0.05) between the turkey samples within the investigated 
factor. 

 

Breast samples from birds exposed to pre-market thermal challenge (Table 3.3) showed 

significantly higher values of glycogen (P < 0.0001), G6P (P = 0.0002), glycolytic potential (P < 

0.0001), IMP (P = 0.003), and AMP (P < 0.0001) at 15 min postmortem, and lower levels of ADP 

(P < 0.03) and ATP (P < 0.01). There was no significant difference of lactate levels in the samples 

from treated and normal birds at both 15 min and 24 h postmortem. Moreover, the samples from 
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the treated group at 24 h post mortem showed higher levels of glycogen (P < 0.0001), glucose (P 

< 0.0001), G6P (P = 0.001), AMP (P < 0.0001), and ADP (P < 0.0001), but they showed lower 

IMP (P = 0.0003) and ATP (P < 0.0001) levels. 

 

Table 3.3 Effect of pre-market thermal challenge on metabolite levels in pectoralis major at 15 

min and 24 h postmortem. 

Metabolites 

(μmol/g) 
15 min postmortem   24 h postmortem 

Control Treated SE1 P value  Control Treated SE P value 

Glycogen2, ‡ 3.05 12.83 0.67 <.0001*  -2.02 -0.50 0.23 <.0001* 

Glucose 3.20 3.14 0.23 0.868  2.62 4.05 0.24 <.0001* 

G6P 1.19 2.86 0.29 0.0002*  1.32 2.95 0.33 0.001* 

Lactate 114.41 115.9 2.49 0.674  122.46 120.39 2.11 0.493 

Glycolytic potential3 129.29 153.56 3.35 <.0001*  126.30 133.39 2.56 0.057 

IMP 4.36 5.44 0.24 0.003*  9.27 8.48 0.14 0.0003* 

AMP 0.48 0.82 0.06 <.0001*  0.21 0.55 0.03 <.0001* 

ADP 0.95 0.79 0.05 0.03*  0.23 0.45 0.02 <.0001* 

ATP 2.55 1.45 0.29 0.01*  0.15 0.04 0.01 <.0001* 
1 SE: Standard error; 2 Glycogen results expressed as μmol of glucose per g of meat; ‡ Glycogen results at 
24 h are negative due to the correction factor; 3 Glycolytic potential results expressed as μmol of lactate 
per g of meat; * Significant difference (P < 0.05) between the turkey samples within the investigated factor. 

 

The interaction between the pre-hatch and pre-market treatments showed that the proposed 

thermotolerance strategy had no significant effects on all nine metabolite indicators at 24 h 

postmortem (Table 3.4). The results also showed no significant effects on the levels of glucose, 

G6P, lactate, glycolytic potential, and ADP at 15 min postmortem. However, the breast muscle 

samples from birds exposed to pre-hatch thermal treatment had significantly higher levels of 

glycogen (P = 0.026) and ATP (P = 0.001), and significantly lower levels of IMP (P = 0.0004) 

and AMP (P = <0.001) at 15 min postmortem.  
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Table 3.4 Effect of pre-hatch thermal manipulation on metabolite levels in pectoralis major at 15 

min and 24 h postmortem of turkeys exposed to pre-market thermal challenge.  

 Metabolites 

(μmol/g) 
15 min postmortem   24 h postmortem 

CT1 TT2 SE3 P value  CT TT SE P value 

Glycogen4, ‡ 11.28 14.37 0.94 0.026*  -0.65 -0.35 0.33 0.533 

Glucose 3.54 2.75 0.33 0.101  4.18 3.93 0.34 0.610 

G6P 2.68 3.04 0.41 0.545  2.81 3.09 0.47 0.674 

Lactate 119.53 112.27 3.52 0.153  121.41 119.36 2.99 0.630 

Glycolytic potential5 154.54 152.58 4.99 0.784  134.09 132.69 3.63 0.787 

IMP 6.36 4.52 0.34 0.0004*  8.55 8.40 0.20 0.613 

AMP 1.02 0.61 0.08 0.001*  0.60 0.50 0.04 0.108 

ADP 0.69 0.89 0.07 0.059  0.46 0.45 0.02 0.934 

ATP 0.40 2.50 0.41 0.001*  0.04 0.03 0.01 0.770 
1 CT: birds exposed only to the pre-market thermal challenge; 2 TT: embryos exposed to pre-hatch thermal 
manipulation and pre-market thermal challenge; 3 SE: Standard error; 4 Glycogen results expressed as 
μmol of glucose per g of meat; ‡ Glycogen results at 24 h are negative due to the correction factor; 
5Glycolytic potential results expressed as μmol of lactate per g of meat; * Significant difference (P < 0.05) 
between the turkey samples within the investigated factor. 

 

Analysis of the genetic line differences (Table 3.5) showed no significant difference in the 

levels of lactate, AMP and ATP at both postmortem periods. F-line samples taken at 15 min 

postmortem showed higher values of glycogen (P = 0.011), glucose (P = 0.013), G6P (P = 0.001), 

glycolytic potential (P = 0.03), and ADP (P = 0.024), but lower levels of IMP (P < 0.0001) 

compared to RBC2 birds. At 24 h postmortem, samples taken from F-line birds showed higher 

levels of glucose (P = 0.007), G6P (P < 0.0001), and glycolytic potential (P = 0.034), but lower 

levels of glycogen (P < 0.0001) and IMP (P = 0.0003) compared to RBC2. 
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Table 3.5 Metabolite levels in pectoralis major by turkey line (F-line and RBC2) at 15 min and 24 

h postmortem. 

Metabolites (μmol/g) 
15 min postmortem   24 h postmortem 

F-line RBC2 SE1 P value  F-line RBC2 SE P value 

Glycogen2 9.20 6.68 0.67 0.011*  -2.05 -0.47 0.23 <.0001* 

Glucose 3.60 2.74 0.23 0.013*  3.83 2.85 0.24 0.007* 

G6P 2.73 1.32 0.29 0.001*  3.15 1.12 0.33 <.0001* 

Lactate 115.98 114.34 2.49 0.6446  124.00 118.85 2.11 0.093 

Glycolytic potential3 147.04 135.81 3.35 0.03*  133.83 125.86 2.56 0.034* 

IMP 4.18 5.62 0.24 <.0001*  8.47 9.27 0.14 0.0003* 

AMP 0.68 0.61 0.06 0.372  0.38 0.38 0.03 0.9535 

ADP 0.96 0.79 0.05 0.024*  0.33 0.35 0.02 0.3932 

ATP 2.27 1.73 0.29 0.192  0.10 0.09 0.01 0.401 
1 SE: Standard error; 2 Glycogen results expressed as μmol of glucose per g of meat; ‡ Glycogen results at 
24 h are negative due to the correction factor; 3 Glycolytic potential results expressed as μmol of lactate 
per g of meat; * Significant difference (P < 0.05) between the turkey samples within the investigated 
factor. 

 

3.4.3 Meat Quality Parameters from Turkeys Exposed to Embryonic Thermal 

Manipulation and Pre-market Thermal Challenge 

There was no significant effect of pre-hatch treatment (Table 3.6) on the weights of live 

birds, carcass weights, and pectoralis major weights, nor on pH values at 15 min and 24 h, L*, and 

b* values. The samples from treated groups showed significantly higher drip loss (P = 0.034) and 

cook loss (P = 0.021), as well as lower marinade uptake (P = 0.001) and a* (P = 0.009) values. 
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Table 3.6 Effect of pre-hatch thermal manipulation on body weight, carcass weight, breast muscle 

weight, and meat quality parameters.  

  Control Treatment SE1 P value 

Live weight (kg) 11.71 11.91 0.21 0.491 
Carcass weight (kg) 9.02 9.01 0.16 0.961 
P. major weight (kg) 0.95 0.95 0.03 0.835 
pH 15 (min) 6.25 6.28 0.03 0.507 
pH 24 (h) 6.03 6.03 0.03 0.939 
Drip Loss (%) 0.70 0.95 0.08 0.034ǂ 
Cook Loss (%) 21.99 22.82 0.25 0.021ǂ 
Marinade uptake (%) 54.52 44.34 2.04 0.001ǂ 
L* 48.75 49.81 0.44 0.1 
a* 6.04 5.41 0.17 0.009ǂ 
b* 11.08 11.09 0.11 0.963 

1 SE: Standard error; ǂ Significant difference (P < 0.05) between the 
turkey samples within the investigated factor. 

 

The pre-market thermal manipulation had no significant effect on the weights of live birds, 

carcasses, and pectoralis major nor of muscle pH at 15 min and 24 h postmortem, a*, cook loss, 

marinade uptake (Table 3.7). However, these samples showed significantly higher values in the 

results of L* (P = 0.009), lower b* (P = 0.001), and lower drip loss (P = 0.0002) compared to 

control.   
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Table 3.7  Effect of pre-market thermal challenge on body weight, carcass weight, breast muscle 

weight, and meat quality parameters.  

  Control Treatment SE1 P value 

Live weight (kg) 11.63 11.98 0.21 0.247 
Carcass weight (kg) 9.00 9.03 0.16 0.899 
P. major weight (kg) 0.92 0.98 0.02 0.068 
pH 15 (min) 6.28 6.25 0.03 0.471 
pH 24 (h) 6.07 5.99 0.03 0.051 
Drip Loss (%) 1.04 0.61 0.03 0.0002ǂ 
Cook Loss (%) 22.39 22.41 0.25 0.941 
Marinade uptake (%) 50.44 48.43 2.03 0.487 
L* 48.43 50.13 0.45 0.009ǂ 
a* 5.88 5.57 0.17 0.194 
b* 11.35 10.81 0.11 0.001ǂ 

1 SE: Standard error; ǂ Significant difference (P < 0.05) between the 
turkey samples within the investigated factor. 

 

The statistical analysis of the interactions between the pre-hatch and pre-market treatments 

showed that the pre-hatch thermal manipulation resulted in a significant increase in the drip loss 

(P = 0.001) and a significant decrease in the marinade uptake (P = 0.017). However, the pre-hatch 

treatment resulted in no significant difference in pH at both 15 min and 24 h postmortem as well 

as all the rest of the tested meat quality parameters (Table 3.8). 

Analysis of genetic lines for drip loss, and pH at 15 min postmortem showed that there 

were no significant line effects (Table 3.9). Samples from F-line showed significantly higher 

values of the weights of live birds (P < 0.0001), carcass weight (P < 0.0001), and pectoralis major 

weight (P < 0.0001), as well as breast muscle cook loss (P < 0.0001), L* (P < 0.0001), b* (P < 

0.0001). However, the samples from F-line birds showed significantly lower pH at 24 h 

postmortem (P = 0.001), marinade uptake (P = 0.04) and a* (P < 0.0001). 

 

  



 

74 

 

Table 3.8 Effect of pre-hatch thermal manipulation on thermotolerance of turkeys subjected to pre-

market thermal challenge assessed by differences in body weight, carcass weight, breast muscle 

weight, and meat quality parameters.  
 

CT1 TT2 SE3 P value  

Live weight (kg) 11.87 12.10 0.3 0.584 

Carcass weight (kg) 9.05 9.01 0.23 0.921 

P. major weight (kg) 0.98 0.98 0.04 0.987 

pH 15 (min) 6.21 6.28 0.04 0.256 

pH 24 (h) 5.99 6.00 0.04 0.780 

Drip Loss (%) 0.50 0.72 0.04 0.001ǂ 

Cook Loss (%) 22.14 22.69 0.35 0.272 

Marinade uptake (%) 53.36 43.49 2.85 0.017ǂ 

L* 50.08 50.18 0.62 0.906 

a* 5.86 5.29 0.23 0.086 

b* 11.01 10.61 0.15 0.075 
1 CT: exposed only to the pre-market treatment; 2 TT: exposed to 
both the pre-hatch and the pre-market treatments; 3 SE: Standard 
of error; ǂ Significant difference (P < 0.05) between the turkey 
samples within the investigated factor. 

 

Table 3.9 Comparison of live weights, carcass weights, P. major weights and meat quality 

parameters between two genetic lines of turkeys (F-line and RBC2).  

  F-line RBC2 SE1 P value 

Live weight (kg) 15.70 7.92 0.2 <.0001ǂ 
Carcass weight (kg) 11.96 6.07 0.16 <.0001ǂ 
P. major weight (kg) 1.30 0.60 0.01 <.0001ǂ 
pH 15 (min) 6.29 6.24 0.03 0.203 
pH 24 (h) 5.96 6.10 0.03 0.001ǂ 
Drip Loss (%) 0.79 0.86 0.08 0.517 
Cook Loss (%) 23.15 21.66 0.23 <.0001ǂ 
Marinade uptake (%) 46.44 52.42 1.93 0.04ǂ 
L* 52.05 46.51 0.53 <.0001ǂ 
a* 5.07 6.38 0.16 <.0001ǂ 
b* 11.45 10.71 0.11 <.0001ǂ 
1 SE: Standard of error; ǂ Significant difference (P < 0.05) between the 
turkey samples within the investigated factor. 
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3.5 DISCUSSION 

3.5.1 Muscle Structural Characteristics in Different Thermal Manipulation Conditions 

The turkey breast muscle (pectoralis major) is a fast-twitch anaerobic muscle composed 

mainly of glycolytic type IIb muscle fibers (Bandman et al., 1982; Remignon et al., 1995). The 

primary energy sources for type IIb myofibers are glucose and glycogen. Anaerobic respiration in 

the glycolytic muscle results in glycogen metabolism and lactic acid formation. The circulatory 

system delivers nutrients to the fibers and removes metabolic wastes such as lactic acid and carbon 

dioxide (Bangsbo et al., 1991). The blood capillaries are positioned between muscle fibers 

(endomysial space) and between muscle fiber bundles (perimysial space). Thus, an increase of 

myofiber diameter can decrease the endomysial space and the perimysial space which decreases 

the presented space for blood circulation (Wilson et al., 1990; Dransfield and Sosnicki, 1999; 

Velleman et al., 2003). The reduced surface to area could result in reduced blood supply in the live 

animal, increasing retention of lactic acid which in turn results in decreased pH, and consequent 

damage to muscle fibers and production of PSE meat (Velleman et al., 2003).  

The pre-hatch thermal manipulation treatment had no significant effect on the muscle fiber 

diameter and perimysial space of the breast muscle samples compared with control samples. This 

could be due to the short incubation period (3 h). These results are consistent with the study on 

broilers by Clark et al. (2017) which indicated that the 3 h incubation treatment did not show a 

significant change in fiber width. Our previous work (unpublished data) compared three durations 

(3, 6, and 12 h/d) of embryonic thermal manipulation, without pre-market exposure. The results of 

that study showed that the use of 3 h/d produced slightly but not significantly better results than 

12 h/d.  
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There was a significantly reduced perimysial space in the samples exposed to pre-market 

heat stress. However, there was no significant effect in the interaction between the pre-hatch and 

pre-market treatments in both fiber diameter and perimysial space of the breast muscle samples.  

Comparison of genetic lines showed no significant difference in the perimysial space, but 

the F-line samples showed larger muscle fiber diameter (hypertrophy) compared with the RBC2 

samples. It was expected that F-line would have larger muscle diameter since this line was selected 

for larger growth traits. This aligns with the work of Velleman et al (2003) that showed that genetic 

selection for faster growing turkeys has resulted in larger muscle fiber diameter of the pectoralis 

major. However, the larger fiber diameter did not change the perimysial space, which is not 

consistent with the results of studies on turkeys (Velleman et al., 2003). Likewise, studies on 

pectoralis superficialis of broilers (Hoving-Bolink et al., 2000) indicated that larger fiber size 

reduced the space for circulation in the breast muscle of fast-growing birds. This differences could 

be due to the different developmental stage when the samples were collected, embryonic day 25 

(Velleman et al., 2003) and day 35 posthatch (Hoving-Bolink et al., 2000).  

 

3.5.2 Effects of Pre-hatch Thermal Manipulation on the Turkey Metabolite Levels and 

Meat Quality 

Based on previous studies in broilers, it was hypothesized that early thermal challenge 

would improve the thermotolerance and produce improved meat quality when birds are exposed 

to the pre-market thermal challenge. However, in the current study, the interaction analysis 

between pre-hatch and pre-market thermal treatments showed no significant differences in 

comparisons of all nine of the tested metabolite indicators and the pH at 24 h postmortem, nor the 

levels of glucose, G6P, lactate, glycolytic potential, ADP, and pH at 15 min postmortem. The pre-
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hatch thermal manipulation treatment showed no significant difference in pH at both 15 min and 

24 h postmortem as well as all the other meat quality parameters tested. The pre-hatch treatment 

used in this study was 3 h/d for five days, and it is possible that this amount of time might not be 

sufficient to affect the development of thermotolerance of the pre-market bird. However, contrary 

to the hypothesis, the strategy actually resulted in reduced quality indicators including a significant 

increase in the drip loss and a significant decrease in the marinade uptake. This could be due to 

changes in levels of thyroid hormone in response to thermal challenge which negatively influenced 

the processing quality, including higher drip loss, and lower marinade uptake (Chiang et al., 2008; 

Piestun et al., 2011). 

The metabolite analysis showed that the embryonic thermal manipulation strategy resulted 

in samples with significantly higher levels of glycogen and that consequently led to significantly 

higher levels of ATP compared to that of samples at 15 min postmortem from birds exposed only 

to the pre-market thermal challenge. This could mean that the strategy partially succeeded in 

building thermotolerance, through reduced energy consumption and increased synthesis of 

glycogen and ATP whereas birds exposed only to pre-market thermal challenge might increase 

rate of panting which requires energy and utilizes glycogen and ATP. As a result of the high levels 

of ATP at 15 min postmortem, there was less total energy demand which would require synthesis 

of ATP by using two ADP to produce ATP and AMP. Thus, there was significantly lower IMP 

and AMP at 15 min postmortem from birds exposed to both treatments when compared to samples 

from birds only exposed to the pre-market thermal challenge.  
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3.5.3 Effect of Pre-hatch and Pre-market Treatments and Genetic Line Differences on the 

Breast Muscle of Turkeys. 

Thermal manipulation of turkey embryos had effects only on the samples collected at 15 

min postmortem, which showed significantly lower levels of IMP and AMP, whereas levels of 

ADP and ATP were significantly higher compared to control. The higher levels of ATP were not 

a result of glycogen abundance nor glucose but could be explained by faster metabolic flux which  

resulted in accumulation of ATP, sparing the use of ADP, and leading to lower IMP and AMP 

levels at 15 min in samples exposed to the pre-hatch treatment. Moreover, thermal manipulation 

of the embryos resulted in reduced meat quality as indicated by significantly higher levels of drip 

loss and cook loss, and significantly lower marinade uptake. These findings are contrary to those 

of Loyau et al. (2013) who showed that the pre-hatch treatment (incubation condition) of broilers 

had no major effect on the breast meat quality indicators. 

In contrast to pre-hatch treatment, pre-market thermal challenge resulted in reduced drip 

loss and increased lightness compared to control samples. Our findings of turkey breast lightness 

(L*) agree with the findings of McKee et al. (1997) who showed that heat-stressed turkeys 

exhibited a significantly higher L* values than the controls. However, contrary to the same study 

their results showed a significant increase of drip loss in the samples of heat-stressed turkeys. This 

difference could be attributed to the fact that the turkeys in our study were exposed to cold 

temperatures during transport from the Poultry Teaching and Research Center at MSU where they 

were housed to the MSU Meat Laboratory where they were kept in lairage on the truck and were 

exposed to ambient outdoor temperatures while awaiting slaughter.  

Samples from the birds subjected to pre-market thermal challenge showed significantly 

higher glycogen levels at 15 min postmortem compared with normal, but glucose levels were not 
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significantly different. This could be due to the early postmortem time point at which 

measurements were taken when glycogen was being hydrolyzed to glucose. Consistent with the 

lack of differences in glucose at this time point, levels of lactate and pH were also not significantly 

different than levels in normal samples. However, even with the high glycogen levels, the ATP 

was significantly lower compared to normal.  

Samples exposed to pre-market treatment and collected at 24 h postmortem also showed 

glycogen levels that were significantly higher and consequently resulted in higher levels of the 

glucose. Nevertheless, levels of lactate and pH were not significantly different from levels in 

control samples. This was elucidated by El Rammouz et al. (2004a) who found that the level of 

glycogen in turkey meat did not fully explain the ultimate pH of the meat and suggested that 

poultry postmortem metabolism is influenced by multiple factors in addition glycogen levels. 

Moreover, ATP continued to be significantly lower compared to control sample. This could be due 

to reduced enzymatic activity in glycolysis that led to decline in the production of pyruvate and 

subsequent reduction in both ATP and lactate with the excess glycogen. Thus, pyruvate 

measurement could offer a more complete picture of the metabolic profile that would explain the 

persistence no differences in ATP levels in both cases of existence and absence of significant 

difference of glucose levels. 

In comparing the genetically selected F-line with the unselected RBC2 line, there was 

significantly heavier weight of the live bird, the carcass, and the pectoralis major muscle. However, 

F-line samples showed reduced protein functionality, significantly higher percentage of cook loss 

and significantly lower marinade uptake compared to RBC2 samples. Moreover, these samples 

were significantly lighter in color (L*) with significantly lower pH levels. According to Updike 

(2005), the fast-growing birds tend to have breast muscle with lower water holding capacity which 
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is associated with reduced protein functionality and the meat quality. Moreover, Lu et al. (2007) 

found that fast-growing broilers showed more drip loss and paler meat in compared with the slow-

growing broilers when exposed to the chronic thermal challenge. 

 

3.6 CONCLUSIONS 

The goal of this work was to determine whether embryonic thermal manipulation could be 

used as a strategy to improve thermotolerance of turkeys. The histological analysis showed that 

there was no effect of the proposed strategy, and that the fiber diameter and the perimysial space 

results were not correlated. At 15 min postmortem, the proposed strategy resulted in significant 

higher levels of glycogen and ATP and lower levels of IMP and AMP compared to control. 

Nonetheless, these levels were not significantly different at the 24 h postmortem time point. 

Moreover, the proposed strategy did not result in significant differences for any of the eight 

metabolites level nor the glycolytic potential at 24 h postmortem compared to the controls . The 

proposed strategy resulted in increased drip loss and reduced marinade uptake while the other meat 

quality characteristics were not significantly different compared to control samples. These 

outcomes could be due the short time (3 h/d) of the embryonic thermal manipulation. Thus, future 

studies will be conducted with thermal manipulation for 12 h/d and then compared the changes in 

the meat characteristics after exposing turkeys to pre-market thermal challenges. Moreover, it will 

be interesting to perform the study on samples taken from 3 and/or 6 h at time points in addition 

to the 15 min and 24 h postmortem points. 
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CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS  

 

In this project, there were two studies focused on the effects of the thermal challenge on 

the quality of turkey meat. The first study (chapter 2) was focused on investigating the underlying 

mechanism of PSE development in turkey meat. The previous observation that PDK4 levels were 

reduced in PSE samples compared to normal meat samples (Malila et al., 2013, 2014) formed the 

basis for the hypothesis that phosphorylation of PDH would be reduced in PSE samples. However, 

there were no significant differences of PDH phosphorylation levels between PSE and normal 

samples. Moreover, the PDH levels in PSE meat samples were significantly lower than in normal 

samples. However, in the first part of this study, the focus was only on the relation between PDK4 

and PDH. To complete this picture, it is recommended to measure the levels of other metabolites 

including pyruvate and acetyl-CoA which will provide a more detailed understanding of the 

response of PDH to thermal challenge in turkeys. Also, it is recommended that the levels and 

activities of PDP isoforms and the three other PDK isoforms (PDK1-3) be analyzed, in addition to 

measuring the PDH activity. This would provide greater insight into the metabolic flux of pyruvate 

through the PDH getaway to the TCA cycle as well as providing a deeper understanding of the 

metabolic differences between the different lines and their responses to the different thermal 

challenges. Interestingly, we found that PDH levels were significantly higher in the RBC2 line 

compared to the samples from commercial birds (genetically selected). This might raise a question 

regarding the role of the PDH in the relation between the different genetic lines and the rate of the 

postmortem metabolism. 

The results of metabolite analysis in the second part of the first study (chapter 2) comparing 

normal and PSE meats demonstrated that a significant decrease in PDK4 levels in PSE samples 

did not result in a significant difference of the glycogen, lactate, glycolytic potential and ATP 
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levels between PSE and normal samples. Moreover, the significantly higher levels of glucose and 

G6P in PSE samples did not result in any differences in the levels of IMP, AMP, ADP, and ATP 

compared to the levels in normal samples. This was not expected since the PSE is characterized 

by lower pH and faster glycolytic rate. However, it should be noted that the samples used for this 

study were taken at 5 min postmortem which may not be enough time to show significant 

differences in the postmortem metabolism between the PSE and normal samples. Further research 

in fresh samples is required to find if the new results are aligning with presented results showing 

the differences PSE and control samples. Also, it is recommended to get samples from two 

postmortem time points such as 15 min and 3 h. This will provide more details about the effect of 

the thermal challenge on the rate of the glycolysis and how fast the metabolism shifts from aerobic 

to anaerobic. 

The second study (chapter 3) focused on the potential use of embryonic thermal 

manipulation as a strategy to improve thermotolerance of turkeys. Based on previous studies in 

broilers, a brief, mild thermal manipulation of late-stage embryos resulted in improved resistance 

to the effects of thermal stress. Accordingly, beginning at embryonic day 21, turkey embryos were 

exposed to 3 hours per day for 5 days of a 1.5°C increase of temperature. Birds were then exposed 

to pre-market thermal challenge, and the breast muscle meat quality characteristics were evaluated 

to determine the success of this strategy. Firstly, the histological analysis showed that both the 

fiber diameter and the perimysial space were not affected by the proposed strategy for improving 

the thermotolerance.  In addition, the results showed no correlation between the fiber diameter and 

the perimysial space. Samples exposed to pre-market heat stress had smaller perimysial space, but 

there was no difference in the fiber diameter. The F-line turkeys had larger fiber diameter, but 

there was no difference in the perimysial space. Secondly, the metabolite analysis showed no 
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significant difference between the samples exposed to pre-hatch thermal treatment compared to 

control when both were exposed to the pre-market thermal treatment at 24 h postmortem. At 15 

min postmortem, the levels of glycogen and ATP were significantly higher while the levels of IMP 

and AMP were significantly lower in the samples exposed to embryonic thermal manipulation 

compared to control when both exposed to the pre-market thermal challenge. Lastly, the 

thermotolerance strategy showed lower meat quality by having significantly higher drip loss and 

lower marinade uptake. This could be attributed to the changes in the levels of thyroid hormone in 

response to the embryonic thermal exposure which might led to the negative processing quality of 

the meat. The rest of the measured meat quality characteristics of samples from birds exposed to 

early thermal challenge were not significantly different compared to samples from control when 

both exposed to the pre-market thermal challenge. These outcomes could be due the short time (3 

h/d) of the embryonic thermal manipulation. A previous study in our laboratory (unpublished) 

compared three levels of embryonic thermal manipulation (3, 6, and 12 h/d), without pre-market 

exposure, showed that the use of 3 h/d produced slightly but not significantly better results than 

12 h/d. Given the results of this study,  it is recommended to expose the turkey embryos to thermal 

manipulation for 12 h/d and then compare the changes in the meat characteristics after exposing 

turkeys to pre-market thermal challenges. Moreover, it will be interesting to perform the study on 

samples taken from 3 and/or 6 h beside the 15 min and 24 h postmortem. This will cover more 

time points showing more details about the rate of postmortem metabolism and the changes in the 

metabolite levels between the time points.  

The second study (chapter 3) was faced with infrastructure and workforce limitations in 

MSU. The first limitation was the capacity of poultry farm which cannot divide birds and hold 

them into two different thermal conditions at the same time, based on the number of birds used in 
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this study.  Thus, half of the birds (control) had to be sent to MSU Meat Laboratory to be 

slaughtered while the other half were held at the farm for three days prior to the pre-market thermal 

challenge for 3 days before slaughter. This means that the second group was 6 days older than the 

first group (control), and the pre-market thermal challenge did not take place with a 

contemporaneous control. Other challenges included the transportation, waiting time, and weather 

temperature. The birds were under stress during loading, transportation, waiting and unloading. 

The loading started at 5 am, and the temperature was approximately -6°C (21°F). The birds were 

held outside the MSU Meat Laboratory to be unloaded gradually based on the speed of the 

slaughtering process. The last birds were removed from the truck at approximately 10 am when 

the temperature was approximately 2°C (35.6°F). This could add another mitigating factor 

affecting the metabolism of the birds as well as the possibility of reducing the effect of pre-market 

thermal challenge. 
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Figure A.1 PDH levels and phosphorylation levels of the sites.  
Western blots show PDH levels or PDH phosphorylation abundance in normal (n = 6) and PSE (n = 6) turkey meat. Analysis of an 
individual bird presented in each lane. Total protein stain or total PDH was used as an endogenous control. Starting from the left, odd 
number samples were for normal samples while evens for PSE samples. The upper picture in each group is used to measure the target 
while the lower is for normalization. The samples from 5 days treatment are not included in this figure. C: Commercial turkeys; R: 
Random-bred line 2; 0: 0 days of thermal challenge; 5: 5 days of thermal challenge; M: Molecular weight marker; H: HEK293 cell 
lysate.  
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