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Abstract 

Quantitative changes of proteolysis-induced peptides in 

relation to meat quality characteristics of chicken and duck 

skeletal muscles during cold storage 

Huilin CHENG 
Major of Applied Animal Science 

Department of International Agricultural Technology 
Graduate School of International Agricultural Technology 

Seoul National University 

Proteolysis, a phenomenon in which a protein is automatically broken down 

by the endogenous proteolytic enzymes in meat, and its relationship with meat 

quality characteristics have been fully studied in beef and pork. However, this 

topic has not fully dealt with poultry meat, such as chicken and duck. Moreover, 

previous studies mainly focused on the effect of proteolysis in meat 

tenderization resulting in degradation of myofibrillar proteins, such as myosin, 

actin, troponins, desmin, nebulin, etc. Although most meat proteins including 

sarcoplasmic proteins as well as myofibrillar proteins are affected by the 

endogenous proteolytic enzymes during meat storage, degradation of whole 

proteins has not specifically been elucidated on until now. Therefore, this study 

was conducted to evaluate the degradation of whole proteins in chicken and 

duck skeletal muscles during cold storage by analyzing proteolysis-induced 



II 

peptides. In addition, the study evaluated the influence of protein degradation 

(peptide production) by proteolysis on the change of poultry meat quality. 

In the first study, the proteolysis trends and meat quality of the chicken 

pectoralis major (PM) and iliotibialis (IL) muscles stored at 4ºC for seven days 

were investigated. Chicken PM had a lower moisture and fat content than the 

IL muscle (P < 0.05). The changes of pH, shear force, lightness, and 

yellowness of both muscles showed the same tendencies during storage (P < 

0.05). After storage, it was found that the purge loss was higher (P < 0.05) in 

PM than IL muscle, whereas redness was not different between the two 

muscles (P > 0.05). The different composition of muscle fibers between PM 

(100% fast type) and IL (88.85% fast and 11.15% slow types) led to differences 

in proteolysis. A total of 3,468 peptides were detected and derived from 33 

proteins of aged chicken PM, and for aged chicken IL muscle, 3,589 peptides 

were identified from 37 proteins. Quantitative changes in peptides originated 

from pyruvate kinase, L-lactate dehydrogenase, fructose-bisphosphate 

aldolase, beta-enolase, creatine kinase M-type, and hemoglobin subunit alpha, 

and were closely related with changes in meat quality during cold storage. 

In the second study, proteolysis-induced peptides were quantified from 

duck PM and IL during 10 days of cold storage. In addition, protease activity 

(calpains, cathepsins L and B, proteasome 20S, and caspase-3) and meat 

quality characteristics were evaluated. Duck IL had a higher pH and lightness 
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but lower cooking loss than those of PM (P < 0.05). During the 10-day cold 

storage, the pH value of PM declined significantly (P < 0.05), while the meat 

quality traits of IL were not affected by storage (P > 0.05). In PM, the redness 

increased from day one to day five, while cooking loss showed a lower rate on 

day 10 compared with that on day five (P < 0.05). For the protease activities, 

there were no significant differences in the activities of cathepsin B and 

proteasome 20S during cold storage (P > 0.05). Significantly, the activity of 

calpains declined gradually after aging (P < 0.05), and that of PM showed a 

higher activity than that of IL (P < 0.05). The cathepsin L activity of IL and the 

caspase-3 activity of PM decreased after five days (P < 0.05). A total of 5,155 

peptides were detected and derived from 34 proteins of aged duck PM, and 247 

peptides were derived from myoglobin. For 32 proteins of IL, there were 4,222 

quantitated peptides, most of which were degraded by the actin. Furthermore, 

the correlation between degraded protein, meat quality characteristics, and 

proteolytic enzyme activity was determined via principal component analysis. 

In both PM and IL, the caspase-3 activity was related to the hemoglobin alpha 

A subunit. In addition, the meat color traits of both muscles were correlated 

with the glucose-6-phosphate isomerase and glyceraldehyde-3-phosphate 

dehydrogenase. These findings indicate that there are many proteins affected 

by proteolysis, and glucose-6-phosphate isomerase and glyceraldehyde-3-
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phosphate dehydrogenase can be useful markers for predicting or controlling 

duck meat quality characteristics. 

Keywords: M. pectoralis major, M. iliotibialis, proteolysis, proteolysis-

induced peptides, protease, meat quality 
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Chapter I. General Introduction 

1. Introduction 

1.1 Research background 

Poultry has become one of the most popular meats all over the world 

(Windhorst, 2006; Yegani, 2009). The main reasons are that poultry meat is 

not restricted by region and religion, and it is cheap and nutritious (Davis & 

Stewart, 2002; Kuttappan et al., 2016). The white meat of chicken is especially 

considered a healthy diet containing a high ratio of protein and low fat. The 

rising demand for poultry meat leads to an increase in its production, which in 

turn promotes its sale. An interesting phenomenon we found from the Food 

and Agriculture Organization (FAO) of the United Nations was that 

international meat prices have fallen even though world meat production 

remained stable in 2020 (FAO, 2021). This is because increased poultry 

production has offset the decline in beef and pork production. Due to the 

outbreak of African classical swine fever and the economic depression caused 

by COVID-19, it is estimated that poultry will continue to dominate the meat 

market in the next decade (OECD, 2020). 

When animals are slaughtered, they need to be refrigerated at a low 

temperature and stored for a certain period to become edible meat (Ouali et al., 

2006). The transformation from muscle to meat is a multi-faceted 

physiochemical reaction process in which all the mechanisms that dominate 
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the improvement of meat quality are closely linked (Traffano-Schiffo et al., 

2021). For a highly structured muscle mass to achieve the highest tenderness 

during the postmortem period, the shortened sarcomeres and myofibrils 

necessitate enzymatic intervention, requiring a series of endogenous 

proteolytic enzymes to participate in the joint reaction (Santos et al., 2004; 

Wang et al., 2017; Zhang, Wang, et al., 2013). Various types of sarcomeres or 

structural proteins support the skeletal muscles. After the protein is subjected 

to proteolysis, it will inevitably affect the meat quality characteristics. Many 

studies discussed the changes of proteolytic enzymes and structural proteins in 

muscles after slaughter (Koohmaraie, 1996; Lana & Zolla, 2016; Sentandreu 

et al., 2002). The reaction of proteolytic enzymes on beef and pork after 

slaughter has been fully investigated (Lametsch & Bendixen, 2001; Lametsch 

et al., 2003), and there have been many studies on poultry, such as chicken 

(Lee, Santé-Lhoutellier, et al., 2008) and duck (He et al., 2019). It is well 

known that proteolysis refers to the degradation of proteins into small 

molecules of peptide chains or amino acids under the action of proteolytic 

enzymes. However, most previous studies have focused on specific proteins 

which play a core role in muscle contraction and are responsible for supporting 

the muscle structure. Essentially, myofibrillar proteins were targeted for 

studies in relation to proteolysis in meat. Recently, our research team reported 

that sarcoplasmic proteins, as well as myofibrillar proteins, are also affected 



3 

by endogenous proteolytic enzymes resulting in large production of 

proteolysis-induced peptides in aged beef (Kim et al., 2021). However, until 

now, the proteins of chicken or duck meat have not been individually and 

entirely quantified throughout the storage time.    

For the same species, inter- or intra-muscular variations in meat quality 

characteristics are generally observed and this is caused by the differences of 

physiological function and muscle fiber characteristics between or within the 

muscle (Kim et al., 2018; McDonald et al., 1997). In addition, the relationship 

between muscle fiber characteristics and meat quality has been widely 

evaluated in beef and pork regardless of breed, sex, body weight, age, and 

muscle type Klont et al. (1998). However, not many studies have been 

conducted on chicken and duck skeletal muscles to evaluate muscle fiber 

characteristics and their relationships to meat quality. 

 

1.2 Purpose of this study 

In this study, quantitative changes in peptides produced in chicken and 

duck skeletal muscles during cold storage in relation to meat quality 

characteristics were investigated to better understand the influence of 

proteolysis on poultry meat quality during cold storage. Specifically, M. 

pectoralis major (PM) and M. iliotibialis (IL) of chickens and ducks were used 

to identify and quantify the proteolysis-induced peptides and meat quality 
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characteristics during cold storage (seven days for chicken and 10 days for 

duck). To determine the basic reason for the different trends in proteolysis 

between the two muscle types, muscle fiber characteristics including muscle 

fiber size and composition were also investigated. Finally, the relationships 

between proteolysis-induced peptides and meat quality characteristics were 

evaluated by multivariate analysis, including principal component analysis. 
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2. Literature Review 

2.1 Proteolysis in meat 

It is well known that muscles convert into meat coupled with the process 

of change to the rigor mortis phase after slaughter of livestock animal. Muscle-

to-meat conversion is a complex process in which all the factors responsible 

for meat quality improvement may be interrelated (Ouali et al., 2006). 

Proteolysis is the reaction of a protein breaking down into smaller polypeptides 

partially or amino acids completely by proteolytic enzymes and occupies one 

of the most important links in the process of conversion from muscle to meat 

(Varshavsky, 2001). The flow chart of protein hydrolysis from muscle to meat 

was shown in Fig.1 below. 

In recent years, there has been a growing number of researchers paying 

attention to the proteolysis in meat. Kemp and Parr (2012) reviewed and 

emphasized that caspase and calpain systems are known contributors to meat 

tenderization, and addressed the interaction between the two systems on meat 

quality. There was a study in camels that detected higher protease activity than 

did in beef (Soltanizadeh et al., 2008). The study verified that the rapid decline 

of the pH value of pig muscle will accelerate the consumption rate of calpain 

activity (Pomponio et al., 2010). Based on Koohmaraie (1992) review, we have 

concluded that calpain is the major proteolytic system responsible for 

postmortem proteolysis. However, there is no evidence that toughening was 
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related to calpain activity in turkeys (Obanor et al., 2005). Proteolysis was also 

of great significance in the research of meat products. There was studies 

conducted that the analysis of myofibrillar protein showed that sausage 

samples were homogeneous, which indicated that the proteolysis of all samples 

was similar (Soriano et al., 2006). Studies have shown that protein oxidation 

can reduce the protein decomposition of dry sausage during fermentation 

(Berardo et al., 2015).
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Fig. 1. The diagram of proteolysis during postmortem period after conversion of muscle to meat. 
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2.2 Influence of proteolysis on meat quality 

Proteolysis can carry out a variety of reactions, such as fine-scale 

modification, degradation, recombination, or inactivation of intracellular 

proteins (Neurath & Walsh, 1976). These microscopic changes are 

undoubtedly the internal aspects that affect the meat quality. In other words, a 

variety of physiological, biochemical, and metabolic reactions of muscles in 

the proteolysis process have become one of the most valuable elements in 

determining the final meat product. 

Not surprisingly, proteolysis plays a role in meat tenderization afterward, 

especially the degradation of key myofibrillar proteins which affects 

tenderness and water-holding capacity. There were not only many review 

articles (Huang et al., 2020; Ouali et al., 2006; Pearce et al., 2011) summarizing 

the meat quality effects by a series of reactions of muscle conversion into meat 

after the slaughter, but also countless research papers that practiced and 

discussed the influences of proteolysis during aging time on certain meat 

quality characteristics, such as meat color (Gagaoua et al., 2018; Wu et al., 

2015), pH change (Boakye & Mittal, 1993; Fernandez & Tornberg, 1994), 

water-holding (Qian et al., 2020; Yang et al., 2021), and meat tenderness 

(Santos et al., 2004; Wang et al., 2017; Zhang, Wang, et al., 2013). Most 

studies focused on the tenderization of beef and pork by proteolysis. More 

common poultry, like chicken (Schreurs, 2000), duck (Liao et al., 2016), and 



9 

goose (Zhang, Pan, et al., 2013) were no exception to the change in meat 

quality caused by proteolysis after slaughter. 

 

2.3 Influence of proteolysis on proteome 

In the last few years, proteomics as a science and technology has been 

used to explore the expression of proteins in muscles in order to better 

understand the inherent biochemical processes that occur during the 

postmortem storage of meat (Jia et al., 2007). There is a trend in increased 

numbers of published articles on the use of proteomics technology to identify 

the markers of meat quality characteristics, as shown in Fig. 2. Purslow et al. 

(2021) provided new insights for tenderness and meat color changes through 

proteomics, and the importance of proteomics research in postmortem 

metabolic activities. Previous studies have demonstrated that proteomic 

analysis of many metabolic proteins showed significant differences in 

abundance during postmortem periods in the muscles of pork (Lametsch & 

Bendixen, 2001; Lametsch et al., 2003), as well as beef (Gagaoua et al., 2020; 

Gagaoua et al., 2021; Jia et al., 2006). Unfortunately, few studies have reported 

results on poultry muscle proteomics and postmortem meat quality. There was 

a study from Doherty et al. (2004) performed which showed that the 

characterization of the proteome in the PM reveals significant changes in the 

relative expression levels of some certain proteins during growth, which is the 
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first step towards a better understanding of muscle changes in poultry during 

growth but not in postmortem poultry (Remignon et al., 2006). 

Although the application of proteomics in postmortem poultry is not yet 

complete, metabolic proteins and proteases have attracted much attention due 

to their crucial role in controlling a series of intrinsic processes in muscle and 

the degradation of myofibrillar proteins during meat tenderization. Studies 

have shown that the changes in the activity of the calpain system after death in 

chickens have been quantified by enzymatic methods (Lee, Santé-Lhoutellier, 

et al., 2008). He et al. (2019) studied the relationship between duck muscle 

tenderization and different enzymes, including calpain, cathepsin B, and 

caspase 3. As proteolysis-induced peptides—which are decomposed from 

muscle proteins by proteolytic enzymes—their characterization must exhibit 

specific activity in muscle biochemical processes, but this field has received 

little attention. A pleasant surprise is the fact that studies have shown that 

bioactive peptides can be produced during postmortem aging of duck meat, 

and their high antioxidant properties are helpful in bioavailability (Liu et al., 

2017). Some researchers have also reviewed and found protein biomarkers 

related to proteomics and carcass meat quality traits, and discussed the current 

trend and prospects (Huang et al., 2020). It is clear that the study of peptides 

induced by proteolysis is valuable. Therefore, in this study, the purpose is to 

explore the proteolytic changes of chicken and duck skeletal muscles during 
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cold storage from the perspective of proteolysis-induced peptides. In addition, 

we expect that some proteins or peptides may be useful markers to predict or 

control the quality characteristics of chicken and duck meat. 
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Fig. 2. Numbers of publications on the use of proteomic tools to identify 
biomarkers of meat quality traits published from 2005 to 2019 (Huang et al., 
2020). 
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2.4 Factors affecting proteolysis in meat 

2.4.1 pH value 

It is obvious that the decrease of pH value and temperature will affect the 

proteolysis in meat, but the change of pH value deserves more attention. It has 

been established that a faster pH decline was often connected with earlier μ-

calpain autolysis and earlier degradation of some key proteins (Claeys et al., 

2001). Melody et al. (2004) demonstrated that a decrease in pH may affect not 

only the rate of autolysis and the possible activation, but also the rate at which 

it binds to myofibrils. These effects may occupy a key part in manipulating 

early periods of postmortem proteolysis and final drip loss and postmortem 

tenderization rates. Although the results from Ertbjerg et al. (1999) 

demonstrated that the degree of proteolysis of vinculin was not affected by the 

pH decline process, however, Bee et al. (2007) results suggested that the early 

postmortem decline in muscle pH may be responsible for the degree of 

proteolytic destruction of intermediate filaments and costal nodes, which may 

determine the degree of muscle fiber contraction due to myofibrillary 

contraction. Moreover, some studies have shown that this affects the amount 

of water transferred from intracellular to extracellular liquid during strict 

development, thereby affecting water loss during aging (Bee et al., 2007; 

Kristensen & Purslow, 2001). 
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2.4.2 Ionic strength and concentration 

However, in addition to the obvious influence of pH value, proteolysis is 

also affected by ionic strength. It is well-known that protein folding (spatial 

structure) depended on ionic strength (Gabrielczyk et al., 2017) and 

protein/ligand binding affinity in solution (Papaneophytou et al., 2014), thus 

contributing to proteolysis. Among the numerous ions in proteolysis, the 

calcium ion is the typical representative. Apoptosis begins with an increase in 

intracellular Ca2+ concentration, leading to m-calpain-dependent caspase-12 

activation, followed by apoptosis by the executor of caspase (Primeau et al., 

2002). The calpain system is mainly enzymes acting in the process of 

proteolysis. It has been demonstrated that increasing calcium levels induces 

the involvement of calpain-dependent activating proteins in mitochondrial 

membrane permeability. At the same time, Ca2+ can also promote the 

formation of apoptotic bodies, which then activate caspase-3-dependent 

apoptosis (Garrido et al., 2006). 

 

2.4.3 Muscle fiber characteristics 

Individual skeletal muscle was composed of muscle fibers accounting for 

75%-90%, and because of this, the characteristics of muscle fibers such as 

muscle fiber types, contraction speeds, and metabolic pathways have been 

extremely crucial internal factors that determine meat quality (Kim, 2014; Lee 
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et al., 2010). At the same time, the difference of muscle fiber characteristics is 

also the fundamental reason for the difference of proteolysis trend of different 

muscles. Cross-sectional area (CSA), the total fiber number, and the muscle 

fiber type are the three main indexes reflecting the characteristics of muscle 

fiber (Lee et al., 2010; MacRae et al., 2006). The former two are the main 

factors determining muscle yield, while fiber type is closely related to the 

various differences of quality traits and the control of conversion between 

different fiber types can be the key way to improve meat quality (Joo et al., 

2013; Kim, Lim, et al., 2008). 

The most obvious difference between different types of muscles is the 

difference in contraction speed, which is divided into fast-contracting muscles 

and slow-contracting muscles; according to the different metabolic methods, 

there are oxidative and glycolytic types (Purslow, 2017). Increasing the scale 

of fast-twitch-glycolytic-fiber will increase the rate and extent of pH drop after 

slaughter and higher composition of that fiber is more specifically the result of 

a lower WHC in pigs (Kim et al., 2013a; Ryu & Kim, 2006). The higher 

redness and myoglobin content in meat can be achieved by increasing the 

proportion of slowly twitching oxidative muscle fibers (Kim, 2010). In 

addition, the size of muscle fibers affects the growth potential of muscles. In 

order to grow rapidly and produce breast and leg meat, muscle fibers were 

pushed to the maximum functional size for Genetic selection in broiler 
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production (MacRae et al., 2006). Various studies have shown that muscle 

fiber characteristics are closely related to meat quality indicators. 

 

2.4.4 Proteolytic enzymes 

Proteolysis usually occurs through the catalysis of proteases, which are 

involved in the breakdown of proteins (Varshavsky, 2001). These enzymes 

interact with proteins, and their substrate specificity depends on the 

conformation of the protein and the amino acid residues to which it is attached 

(Rawlings & Barrett, 2004). Proteolytic enzymes are used in various metabolic 

processes in the whole organism and participates in essential and important 

processes in the animal body. Proteolytic enzymes have diverse biological 

functions, including cell division, protein recovery, immune function, cell 

apoptosis, and protein degradation after death (Mótyán et al., 2013). Through 

complex synergistic effects, the protease can proceed in a cascade reaction, 

thereby rapidly and effectively amplifying the response to physiological 

signals. In addition, studies have shown that, apart from the interaction of 

various physical and biochemical reactions during muscle aging which may 

contribute to the improvement of meat tenderness (Anderson et al., 2012), it is 

also affected by the combined effects of a series of enzymatic reactions (Barido 

& Lee, 2021; Lana & Zolla, 2016). Based on previous studies (Koohmaraie, 

1996; Lana & Zolla, 2016; Sentandreu et al., 2002), proteolysis mainly 
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involves different endogenous proteolytic enzyme systems: calpain, cathepsin, 

proteasome, caspase, etc. As seen from Figure 3, some proteolytic enzymes 

have been described, indicating that there are complex interactions between 

them and proteins.  

Indeed, many authors insist that endogenous proteases play a critical role 

in tenderization. Neath et al. (2007) proved that, compared with beef, the 

higher calpain activity in buffalo in the early post-mortem period is responsible 

for the increase in its tenderness. Studies have shown that the differences in 

meat tenderness between varieties can be partially explained by the differences 

in cathepsin B+L and calpain-dependent protease activity (Johnson et al., 

1990). The proteasome 20S has been shown as calpain does, the M and Z lines 

were caused serious damage caused by degrade myofibrils (Taylor et al., 1995). 

The caspase family can cleave proteins after aspartic acid residues due to its 

unique characteristics, and their main function is to contribute to programmed 

cell death or apoptosis (Earnshaw et al., 1999; Hengartner, 2000). 

A study has shown that caspase also plays a significant effect in changes 

in meat quality during postmortem storage (Huang et al., 2011). However, the 

role of enzymes in tenderness may also vary from species to species. As 

evidenced by studies, caspase-3 activity accounts for an important status in 

postmortem tenderization by presenting more myofibrillary fragments in 

chickens (Chen et al., 2011). Despite this, the caspase-3 did not show a 
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significant role in aging tenderization of duck breast meat (He et al., 2019) or 

beef sirloin (Kemp et al., 2010b). Instead, the calpain system and cathepsin B 

enzyme activity play a dominant role in meat tenderization of most types of 

species (Lana & Zolla, 2016). Each of these enzymes has a specially designated 

function and a specific specificity to the collagen substrate. Together, they 

must have a greater or lesser impact on meat quality. 
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Fig. 3. Proteases that act complexly on major myofibrillar proteins (Kemp et al., 2010a; Lana & Zolla, 2016; Yin et al., 
2020). Abbreviations: Tm, tropomyosin; MLC, myosin light chain; MHC, myosin heavy chain; TNN, troponin.
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Chapter II. Quantitative changes of proteolysis-induced 

peptides in relation to meat quality characteristics of chicken 

M. pectoralis major and M. iliotibialis 

1. Abstract 

In this study, the proteolysis trends and meat quality of the chicken 

pectoralis major (PM) and iliotibialis (IL) muscles stored at 4 ºC for 7 days 

were investigated. Chicken PM had a lower moisture and fat content than 

chicken IL muscle (P < 0.05). The changes in pH, shear force, lightness, and 

yellowness of both types of muscle were the same during storage (P < 0.05). 

After storage, it was found that the purge loss was higher (P < 0.05) in PM than 

in IL muscle, whereas redness was not different between the two muscles (P > 

0.05). The difference in the composition of muscle fibers between PM (100% 

fast type) and IL (88.85% fast and 11.15% slow types) resulted in differences 

in proteolysis. Fructose-bisphosphate aldolase, troponin I, myosin heavy chain, 

and malate dehydrogenase exhibited the same tendencies, but pyruvate kinase, 

creatine kinase, L-lactate dehydrogenase, and triosephosphate isomerase 

exhibited different tendencies in the two muscles. Quantitative changes in 

peptides originating from pyruvate kinase, L-lactate dehydrogenase, fructose-

bisphosphate aldolase, beta-enolase, creatine kinase M-type, and hemoglobin 

subunit alpha were closely related to changes in meat quality during cold 

storage. Therefore, the proteins pyruvate kinase, L-lactate dehydrogenase, 



21 

fructose-bisphosphate aldolase, beta-enolase, creatine kinase M-type, and 

hemoglobin subunit alpha could be markers for chicken meat quality. 
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2. Introduction 

Globally, there is a constantly growing demand for meat and meat 

products, which are important for their protein content (Alagawany et al., 2021; 

Elahi et al., 2020; Zahari et al., 2021). Chicken meat is an abundant and readily 

available source of animal protein (Chia et al., 2019). Undoubtedly, the 

pectoral muscle and the femoral muscle are considered to be the two most 

important parts of the chicken carcass and are loved by consumers all over the 

world (Dogan et al., 2019). In addition, chicken breast muscle is recognized as 

the most valuable part of the chicken due to its distinct white meat (Mancinelli 

et al., 2017; Toomer et al., 2019). Compared to beef or pork, chicken is cheap 

and has a significant amount of healthy content. The proteins in chicken are 

also easily digestible, and it has a low proportion of saturated fats, making it 

one of the best choices for healthy meat Recently, chicken meat has become 

the most consumed meat, surpassing the consumption of beef and pork. 

The quality of meat is determined by many factors that regulate the 

commodity value of meat, such as tenderness, color, juiciness, and flavor. 

These factors directly affect consumers’ acceptance and purchase decisions. 

Many biological pathways are involved in a complex process that encompasses 

physiological, biochemical, and metabolic changes at the cellular level during 

the postmortem conversion of muscle to meat. For example, changes in 

myofibrillar protein degradation, metabolic enzymes, proteolytic enzyme 
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activity, chemical state of myoglobin, production of heat shock protein, and 

apoptosis have important effects on final meat quality traits, especially 

tenderness, color, and water-holding capacity (WHC) (Greaser, 1986; Huang 

et al., 2020; Matarneh et al., 2017). Aging is an important process in the 

conversion of muscle to meat, and it usually plays a vital role in improving the 

palatability of fresh meat and postmortem quality parameters (Mohan et al., 

2020; Ramanathan et al., 2020). The ideal aging time can promote the 

degradation of the protein into small molecular peptide chains or amino acids 

via endogenous proteolytic systems through proteolysis in the internal and 

extracellular structure of the muscle fiber to maximize the palatability, stabilize 

the color, and improve the tenderness of the meat (Barido & Lee, 2021; Huff-

Lonergan & Lonergan, 2005; Lana & Zolla, 2016). Although postmortem 

changes in tenderness are similar across species and time scales vary widely, 

chicken takes far less time than beef, lamb, and pork in tenderization (Lee, 

Santé-Lhoutellier, et al., 2008; Li et al., 2012).  

Although most of the research on proteolysis has so far focused on 

improving tenderness, the process of proteolysis improves not only the 

tenderness of meat but also other meat quality traits, such as meat color, pH, 

and water-holding capacity. In previous studies, we identified and quantified 

total proteolysis-induced peptides related to meat quality in beef during a 21-

day cold storage period (Kim et al., 2021). However, chicken has not yet been 
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fully studied to explore the postmortem proteolysis process at the peptide level. 

In addition, the proteolysis trends of different skeletal muscles are not the same, 

and the relationship between proteolysis trends and the characteristics of 

muscle fibers needs to be elucidated.  

Therefore, this study was conducted to evaluate the quantitative changes 

in peptides derived from chicken skeletal muscles (M. pectoralis major [PM] 

and M. iliotibialis [IL]) by proteolysis during 7 days of cold storage, and the 

influences of these changes on meat quality characteristics were investigated 

to better understand the role of proteolysis in chicken meat during cold storage. 
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3. Materials and methods 

3.1 Sample preparation 

Broiler chickens (n = 10, 1.4 ± 0.05 kg of carcass weight) were purchased 

6 h postmortem from a commercial slaughterhouse and transferred to the 

Laboratory of Meat Science at Seoul National University in Pyeongchang, 

Republic of Korea. Two major muscles (PM and IL) were removed from the 

chicken carcasses, and the connective tissue and visible fat were trimmed. 

Muscles were vacuum-packed (1.0 bar; MVAC 300, Maxima, The Netherlands) 

individually and stored in a cold room at 4℃. Ten muscles each from PM and 

IL were randomly selected at 24 h postmortem (1 day) and 7 days of storage 

to analyze their physicochemical properties, protease activity, and proteolysis-

induced peptides. The samples of both muscles for performing muscle fiber 

characteristics were sampled from day 1. 

 

3.2 Proximate composition  

Moisture, crude protein, and crud ash were analyzed using the AOAC 

(2000) method. Crude fat content was determined using a modified version of 

the method by Folch et al. (1957). Five grams of samples were homogenized 

in 25 ml of Folch solution (chloroform: methanol, 2:1, v/v) at 8000 rpm for 20 

s (T18, IKA Works GmbH & Co., Staufen, Germany). The homogenates were 

filtered using Whatman No. 1 filter paper (Merck KGaA, Darmstadt, 



26 

Germany). The filtrate was stirred with 5 ml of 0.88% NaCl and separated into 

two layers at room temperature for 2 h. After the upper layer was removed, the 

lower layer was transferred to a glass bottle, and the solvent was removed using 

nitrogen gas. Crude fat was expressed as a percentage of the weight of the 

sample. Proximate composition evaluation was conducted in triplicate for each 

sample. 

 

3.3 Meat quality characteristics  

3.3.1 pH 

To measure pH, three grams of sample were homogenized (T18, IKA 

Works GmbH & Co., Staufen, Germany) with 27 mL of deionized water and 

measured using a pH meter (MP230, Mettler-Toledo, Greifensee, Switzerland) 

calibrated with standard buffers (pH 9.21, 7.00, and 4.01). 

3.3.2 Meat color 

A Commission Internationale de l’Eclairage (CIE, 1978) system was used 

to determine the color values, including lightness (CIE L*), redness (CIE a*), 

and yellowness (CIE b*). Meat color was measured using a colorimeter (CR-

400, Minolta Co., Tokyo, Japan) calibrated with a white ceramic plate (Y = 

93.5, x = 0.3132, y = 0.3198). 

3.3.3 Water-holding capacity 
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To determine the water-holding capacity, purge loss and cooking loss 

were analyzed. After 7 days of storage, muscles were removed from the 

package and weighed. Purge loss was recorded as the difference in weight of 

the sample before and after storage as a percentage of the initial weight. To 

measure cooking loss, meat samples were packed with plastic bags and cooked 

in a water bath at 75°C. Samples were removed from the water bath when their 

internal temperatures reached 70°C. After being cooled at room temperature 

for 1 h, the samples were weighed, and the change in weight before and after 

cooking was recorded as the cooking loss (%). 

3.3.4 Meat tenderness 

To determine the tenderness of the meat, three cores (1.3 cm in diameter) 

were obtained from each cooked sample. The cores were prepared by cutting 

parallel to the muscle fiber direction. Shear force was measured by cutting the 

cores vertically using a texture analyzer (TA1, Ametek, Largo, FL, USA) with 

a Warner-Bratzler shear blade. The Warner-Bratzler shear force (WBSF, 

kgf/cm2) value recorded for each sample was the average of the three cores. 

 

3.4 Immunohistochemistry 

Immunohistochemistry was performed using a modified version of the 

method by Song et al. (2020). Muscle pieces (0.5 × 0.5 × 0.5 cm) were removed 

from each sample and immediately frozen in 2-methylbutane cooled with 
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liquid nitrogen. Transverse sections (10 µm in thickness) were obtained from 

the frozen samples using a cryostat microtome (CM 1860, Leica Biosystems, 

Nussloch, Germany) at -25 °C. For muscle fiber staining, two primary 

antibodies specific to each myosin heavy chain (MHC; slow, F59 and fast, S22) 

purchased from DSHB (Iowa, IA, USA) were used. Fluorescent dye-

conjugated anti-mouse IgG (Alexa Fluor 594, Thermo Fisher Scientific, 

Waltham, MA, USA) and IgG2a (Alexa Fluor 488, Thermo Fisher Scientific) 

were used as secondary antibodies. All sections were visualized using a 

fluorescence microscope (EVOS M5000, Thermo Fisher Scientific). Muscle 

fibers were classified into two types (slow and fast) based on the distribution 

of slow or fast MHCs. Approximately 500 fibers in each section were analyzed 

using an Image Pro Plus Program (Media Cybernetics Inc., Rockville, MD, 

USA) to determine muscle fiber characteristics: relative number (%), relative 

area (%), cross-sectional area (μm2), and fiber density (number/mm2).  

 

3.5 Extraction of peptides 

Peptide extraction was conducted using a modified version of the method 

by Gallego et al. (2016). Ten grams of sample were homogenized with 50 mL 

of 0.01 N HCl for 3 min in a stomacher (BagMixer®400, Interscience, Saint 

Nom, France). The homogenate was centrifuged at 10,000×g for 30 min at 4℃ 

and filtered through glass wool. Three volumes of ethanol were mixed with the 
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filtrate, and it was stored for 24 h at 4℃. The mixture was centrifuged at 

10,000×g for 30 min at 4℃, and the supernatant was lyophilized using a 

vacuum evaporator (SPD1010, Thermo Fisher Scientific Inc., MA, USA). 

Lyophilized samples were dissolved in 5 mL of 0.01 N HCl, neutralized to pH 

7.0 using NaOH, and filtered using a 0.45-µm nylon membrane filter 

(Millipore Corp., Bedford, MA, USA). The filtrates were centrifuged in 

centrifugal filter-containing tubes (Amicon® Ultra-15 Centrifugal Filter Unit, 

Millipore, MA, USA) at 10,000×g for 30 min. 

 

3.6 LC–MS/MS analysis and label-free quantification 

The LC-MS/MS analysis and the label-free quantification of peptides 

were done using a modified version of the method by Kim et al. (2021). To 

identify and quantify peptides, an LC device (Easy-n-LC, Thermo Fisher, San 

Jose, CA, USA) equipped with a C18 nano bore column (150 mm × 0.1 mm, 

pore size of 3 µm, Agilent Technologies, Santa Clara, CA, USA) and an LTQ-

Orbitrap XL mass spectrometer (Thermo Fisher, San Jose, CA, USA) with a 

nano-electrospray source were used. The two mobile phases (A, 0.1% formic 

acid and 0.3% acetonitrile in deionized water; B, 0.1% formic acid in 

acetonitrile) were prepared for LC separation. The conditions for mobile 

phases were as follows: a linear increase from 0% B to 32% B for 23 min; 32% 

B to 60% B for 3 min; 95% B for 3 min; 100% A for 6 min; 1500 nL/min of 
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the flow rate. Mass spectra were obtained using data-dependent acquisition 

with a full mass scan. The MS scan was followed by MS/MS scans of the top 

five precursor ions with dynamic exclusion (charge exclusion, 2–5 preferred 

and singly charged excluded; dynamic exclusion, 60 s). The orbitrap resolution 

was 15,000. The automatic gain control in the LTQ-Orbitrap XL mass 

spectrometer was 2 × 105 for MS and 1 × 104 for MS/MS. 

Label-free quantification was performed using PEAKS Studio 10.0 

(Bioinformatics Solutions Inc., Waterloo, ON, Canada). The MS/MS spectra 

were found using the database derived from UniProt (release March 2020 from 

http://www.uniprot.org, taxonomy Gallus 9031 [555,145 sequences]). 

 

3.7 Proteolytic enzymes 

3.7.1 Activities of cathepsin B & L 

The analysis of the activities of cathepsin B and L was done using a 

modified version of the method by He et al. (2019). A total of 200 mg of sample 

was homogenized using an exaction buffer (150 mM NaCl, 25 mM Tris, 50 

Mm EDTA, 1.0 mM DTT and 1.0% Triton-100, pH = 7.6) with a multipurpose 

mill (MM400, Retsch GmbH, Dusseldorf, Germany). The homogenates were 

centrifuged at 12,000×g for 30 min at 4°C, and then the supernatant was 

collected. Protein concentration was measured using the method by Bradford 

(1976) and adjusted to 2.0 mg/mL. The extracted cathepsins B and L were 
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mixed with the same volume of reaction buffer containing substrate (1.2 mM 

MgSO4, 115 mM NaCl, 25 mM HEPES, 5.0 mM KCl, 2.0 mM CaCl2, 1.0 mM 

KH2PO4, and 60 µm, pH = 7.4) at 37℃ for 2 h. The substrates for cathepsins 

B and L were Z-RR-AMC (EMD, Merck, Darmstadt, Germany) and Z-FR-

AMC (SC-3136, Santa Cruz Biotechnology, CA, USA), respectively. The 

cathepsin inhibitor I (219415, Merck Millipore, Darmstadt, Germany) was 

used as a negative control. The absorbance value of the mixture was recorded 

at a wavelength of 380 nm/460 nm (excitation/emission) with a microplate 

reader (SpectraMax iD3, Molecular Devices, San Jose, CA, USA). The 

enzyme activity was presented as the absorbance value relative to the control 

value. 

3.7.2 Activities of calpain and proteasome 20S 

To extract calpains and proteasome 20S, 200 mg of sample was 

homogenized with an extraction buffer consisting of 100 mM Tris, 10 mM 

DTT, and 10 mM EDTA (pH 8.3). Protein concentration was analyzed using 

the Bradford (1976) method and adjusted to 2.0 mg/mL. The activities of 

calpains and proteasome 20S were measured using the Calpain Activity 

Fluorometric Assay Kit (MAK228, Sigma, St. Louis, MO, USA) and the 20S 

Proteasome Activity Assay Kit (APT280, Merck, Darmstadt, Germany) 

according to the manufacturers’ instructions. The absorbance value were 

recorded at a wavelength of 400 nm/ 505 nm (excitation/emission) and 380 
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nm/460 nm (excitation/emission) with a microplate reader (SpectraMax iD3, 

Molecular Devices, San Jose, CA, USA) for calpain and proteasome 20S, 

respectively. The enzyme activity was presented as the absorbance value 

relative to the control value. 

3.7.3 Activity of caspase-3 

To extract caspase-3, 200 mg of the sample was homogenized with an 

extraction buffer consisting of 100 mM HEPES, 0.5 mM EDTA, 5 Mm DTT, 

20% glycerol, and 0.2 % SDS (pH 7.5) using a multipurpose mill (MM400, 

Retsch GmbH, Dusseldorf, Germany). After centrifuging the homogenates, the 

supernatant was obtained, and its protein concentration was measured using 

the Bradford (1976) method. The activity of caspase-3 (2.0 mg/mL 

concentration) was measured using the EnzChek® Caspase-3 Assay Kit #1 (E-

13183, Molecular Probes, Inc., Eugene, OR, USA) according to the 

manufacturer’s instructions. The absorbance value of the mixture was recorded 

at a wavelength of 342 nm/441 nm (excitation/emission) with a microplate 

reader (SpectraMax iD3, Molecular Devices, San Jose, CA, USA). The 

enzyme activity was presented as the absorbance value relative to the control 

value. 

 

3.8 Statistical Analysis 
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Data on the proximate composition, pH, meat color, purge loss, cooking 

loss, WBSF, and protease activity were collected from triplicate experiments 

of each sample. Muscle fiber characteristics were obtained based on three 

different areas of each section. All data were expressed as the mean and 

standard error of 10 muscles in each group (day 1 and day 7 of cold storage) 

of each muscle type (PM and IL). Data analysis was performed using a PROC 

t-test with SAS 9.4 software (SAS Institute in Cary, North Carolina, USA) to 

compare data between the two groups and muscle types. Principal components 

analysis (PCA) was conducted to evaluate the relationship between 

proteolysis-induced peptides and meat quality traits. PCA was performed 

based on the correlation matrix (PRINCOMP procedure). Significance was 

considered as P < 0.05, P < 0.01, and P < 0.001. 
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4. Results 

4.1 Proximate composition of chicken skeletal muscles 

The approximate compositions of chicken PM and IL muscles, including 

moisture, crude fat, crude protein, and crude ash contents, are shown in Table 

1. The moisture and ash content from PM and IL muscles were similar (P > 

0.05). However, there were significant differences in the content of crude 

protein and crude fat in chicken from different regions (P < 0.05). Interestingly, 

there was a negative correlation between the percentage of crude protein and 

crude fat in PM and IL muscles. The crude protein content in PM was 

significantly higher than that in IL muscle, while the crude fat content was 

significantly lower than that in IL muscle (P < 0.05). 

 

Table 1. Comparison of proximate composition between chicken M. 

pectoralis major and M. iliotibialis 

Traits M. pectoralis major M. iliotibialis P-value 

Moisture (%) 74.10±0.16 75.36±0.69 ns 

Crude fat (%) 1.56±0.11 3.39±0.25 ** 

Crude protein (%) 22.82±0.17 19.08±0.13 *** 

Crude ash (%) 1.78±0.15 2.29±0.12 ns 

Data are means ± SE. ns, not significant; **, P < 0.01; ***, P < 0.001. 
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4.2 Meat quality characteristics of chicken skeletal muscles 

Results on the postmortem changes in meat quality traits in PM and IL 

muscles during cold storage are presented in Table 2. The pH value was not 

impacted by aging time in either the PM or IL muscle (P > 0.05), and the IL 

muscle had a significantly higher pH value than the PM muscle at each stage 

(P < 0.001). For meat color indicators, the inside and outside of target muscles 

were measured. The meat color of the IL muscle showed no significant 

difference after 7 days of aging (P > 0.05), but the lightness on the inside 

increased significantly (P < 0.01). There was a distinct increase in redness on 

the inside (P < 0.05) and the outside (P < 0.001) during aging. The yellowness 

on the inside increased while the lightness on the outside decreased suddenly 

(P < 0.01) postmortem, and they had a difference between both muscles at day 

7 (P < 0.05). The PM and IL muscles exhibited huge differences in all meat 

color traits on the first day of storage (P < 0.05). The PM muscle had a higher 

purge loss than the IL muscle (P < 0.05); nevertheless, the cooking loss of both 

muscles was not affected by seven days of cold storage, and there was no 

difference in cooking loss between the two muscles (P > 0.05). In addition, 

tenderness was significantly different in PM and IL muscles regardless of 

storage day (P < 0.001). In view of the aging effect, the shear force was 

observed to significantly decline in the PM muscle (P < 0.05), whereas there 

was no effect of aging on the IL muscle (P > 0.05). 
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Table 2. Changes in meat quality characteristics of chicken M. pectoralis major and M. iliotibialis during 7 days of cold 

storage 

Meat quality traits 
M. pectoralis major M. iliotibialis Effect of muscle 

type 
Day 1 Day 7 P-value Day 1 Day 7 P-value Day 1 Day 7 

pH 5.81±0.04 5.82±0.03 ns 6.50±0.04 6.61±0.03 ns *** *** 

Meat 
color 

Inside 
CIE L⁎ 52.17±0.74 54.72±3.54 ns 48.89±0.94 52.48±2.34 ** * ns 
CIE a⁎ 2.04±0.24 3.16±0.44 * 3.62±0.33 3.58±0.45 ns ** ns 
CIE b⁎ 6.04±0.44 8.49±0.48 ** 4.57±0.33 5.61±0.50 ns * *** 

Outside 
CIE L⁎ 60.33±1.25 54.91±0.95 ** 51.00±0.96 52.09±0.71 ns *** * 
CIE a⁎ 1.15±0.23 3.03±0.33 *** 3.61±0.51 3.97±0.36 ns *** ns 
CIE b⁎ 5.85±0.43 6.36±0.53 ns 3.96±0.76 5.31±0.45 ns * ns 

Purge loss (%) - 1.17±0.18 - - 0.76±0.07 - - * 
Cooking loss (%) 20.99±0.87 19.85±0.99 ns 21.25±2.06 23.13±2.12 ns ns ns 
Warner-Bratzler shear force 
(kgf/cm2) 1.37±0.08 1.14±0.05 * 0.77±0.07 0.68±0.05 ns *** *** 

ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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4.3 Muscle fiber characteristics (MFC) 

The muscle fibers in a single muscle were differentially stained using 

immunohistochemistry and divided into two types: fast and slow (Fig. 4 A). 

As shown in Fig. 4 B, C, D, E, to determine muscle fiber composition, we 

calculated the cross-sectional area, density, relative number, and relative area 

of muscle fibers. In the PM muscle, we did not find any slow-type fiber. IL 

muscle had a significantly larger cross-sectional area of fast-type fibers than 

PM muscle (P < 0.05). The slow type had a lower fiber density and cross-

sectional area than the fast type in IL muscle, and there were significant 

differences in fiber density and cross-sectional area between the fast type of 

PM and both types of IL muscle (P < 0.05). The relative number and relative 

area of muscle fibers of each type were similar. The fast fibers of PM were 

bigger and more numerous than the fast or slow fibers of IL muscle (P < 0.01). 

The IL fast fiber was significantly greater in number and area than the IL slow 

fiber (P < 0.01). 
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Fig. 4. Representative stained cross-sections (A) and muscle fiber characteristics of chicken M. pectoralis major and M. 
iliotibialis. B, cross-sectional area; C, fiber density; D, relative number (%); E, relative area (%). F59, anti-myosin heavy 
chain (fast type); S22, anti-myosin heavy chain (slow type). Muscle fiber types: ￮, slow; △, fast. Bar = 150 µm. *, P < 
0.05; **, P < 0.01. 
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4.4 Proteolytic enzymes’ activity 

As shown in Fig. 5, we did not find any differences in the activities of 

most proteolytic enzymes after 7 days of aging (P > 0.05). Cathepsin B activity 

was significantly different in PM and IL muscles on cold storage day 1 (P < 

0.05) and day 7 (P < 0.001). 

 

 

Fig. 5. Changes in proteolytic enzymes’ activities of M. pectoralis major (PM) 
and M. iliotibialis (IL) during 7 days of cold storage. Different letters (x, y) on 
the bar indicate significant differences between PM and IL muscles within the 
same day at P < 0.05. 
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4.5 Quantitative changes in proteolysis-induced peptides during cold storage 

A total of 3,468 peptides were detected and derived from 33 proteins of 

aged chicken PM, and 3,589 peptides were identified from 37 proteins of aged 

chicken IL muscle. Among the quantitative peptides, the spectral peptide 

number of hemoglobin subunit alpha-A was 384, and this protein had the 

largest number of peptides detected in both muscles (Tables 3 and 4). From a 

heat map (Fig. 6), we found some proteolysis-induced s to be affected by 7 

days of aging. The hemoglobin subunit alpha-A showed the largest peptide 

spectral intensity in both PM and IL muscles on day 1. Some peptides exhibited 

similar tendencies in PM and IL muscles during cold storage. Myosin heavy 

chain and malate dehydrogenase were produced, while fructose-bisphosphate 

aldolase and troponin I were degraded after 7 days of aging. In contrast, some 

parts of peptides, such as pyruvate kinase, creatine kinase, L-lactate 

dehydrogenase, and triosephosphate isomerase, exhibited different tendencies 

in the two muscles due to age. In PM, 2-phospho-D-glycerate hydrolyase, 

actin, alpha skeletal muscle, collagen alpha-1(I) chain, and the phosphorylase 

b kinase regulatory subunit degraded gradually as the aging days increased. 

However, peptides from the myosin motor domain-containing protein, 

vinculin, aminotran-1-2 domain-containing protein, c1q domain-containing 

protein, and ribosomal protein lateral stalk subunit P2 were not detected on day 

1, although they were detected a week later. This was also the case in IL 
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muscle. Peptides derived from five proteins (Maillard deglycase, protein-

glutamine gamma-glutamyltransferase 2, ribosomal protein lateral stalk 

subunit P2, IF rod domain-containing protein, and PPIase cyclophilin-type 

domain-containing protein) were produced over 7 days of aging. Conversely, 

five proteins (2-phospho-D-glycerate hydrolyase, circumsporozoite protein, 

MFS domain-containing protein, collagen alpha-1 chain, and phosphorylase b 

kinase regulatory subunit) were entirely degraded from day 1 to day 7. 



42 

Table 3. Spectral count of peptides derived from chicken M. pectoralis major 

during 7 days of cold storage 

Accession 
no. a) Protein name a) 

Spectral count 

Total 
Unique 
peptides 

Day 1 Day 7 
R4GM10 Fructose-bisphosphate aldolase 284 76 43 
P00548 Pyruvate kinase 262 48 51 
E1BTT8 L-lactate dehydrogenase 188 60 54 
F1NU17 Phosphoglycerate kinase 207 38 29 
P01994 Hemoglobin subunit alpha-A 384 31 58 
P07322 Beta-enolase 145 18 11 
A0A1D5P9
09 PDZ domain-containing protein 156 27 18 

P00565 Creatine kinase M-type 206 8 10 

P07341 Fructose-bisphosphate aldolase 
B 3 3 3 

P12108 Collagen alpha-2(IX) chain 12 4 3 

P16419 Myosin-binding protein C, fast-
type 194 17 16 

P00940 Triosephosphate isomerase 46 29 19 
A0A1L1RN
L6 

NAC-A/B domain-containing 
protein 368 16 14 

P05081 Adenylate kinase isoenzyme 1 157 26 22 

P13538 Myosin heavy chain, skeletal 
muscle 78 1 1 

D5M8S2 Maillard deglycase 29 8 8 
P68246 Troponin I, fast skeletal muscle 77 2 5 
F1N9H4 Elongation factor 1-alpha 183 5 25 
A0A1D5PR
S4 Glucose-6-phosphate isomerase 12 8 7 

P00504 Aspartate aminotransferase, 
cytoplasmic 47 8 8 

P02001 Hemoglobin subunit alpha-D 118 4 9 
A0A1L1RR
N7 

2-phospho-D-glycerate hydro-
lyase 23 2 0 

A0A1L1S0
M1 Major vault protein 4 1 1 
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P68139 Actin, alpha skeletal muscle 4 1 0 
P02457 Collagen alpha-1(I) chain 52 2 0 
A0A1D5P1
V6 

Phosphorylase b kinase 
regulatory subunit 17 1 0 

P53478 Actin, cytoplasmic type 5 60 3 4 
E1BVT3 Malate dehydrogenase 84 4 6 
A0A1D5PF
B7 

Myosin motor domain-
containing protein 25 0 1 

P12003 Vinculin 13 0 2 
A0A1D5PW
Y2 

Aminotran_1_2 domain-
containing protein 5 0 1 

F1P194 C1q domain-containing protein 15 0 1 
A0A1D5PM
T8 

Ribosomal protein lateral stalk 
subunit P2 10 0 1 

Total 3468 451 431 
a) Accession no. and protein name were derived from the UniProt database, 
taxonomy Gallus 9031 (555,145 sequences). 
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Table 4. Spectral count of peptides derived from chicken M. iliotibialis during 

7 days of cold storage 

Accession 
no. a) Protein name a) 

Spectral count 

Total 
Unique 
peptides 

Day 1 Day 7 
P01994 Hemoglobin subunit alpha-A 384 88 75 
R4GM10 Fructose-bisphosphate aldolase 284 47 49 
P00548 Pyruvate kinase 262 53 22 
F1NU17 Phosphoglycerate kinase 207 34 23 
E1BTT8 L-lactate dehydrogenase 188 28 31 
P02457 Collagen alpha-1(I) chain 52 18 8 
P00565 Creatine kinase M-type 206 28 32 
P07322 Beta-enolase 145 22 15 
P05081 Adenylate kinase isoenzyme 1 157 28 32 

P13538 Myosin heavy chain, skeletal 
muscle 78 5 5 

P02001 Hemoglobin subunit alpha-D 118 24 25 

P16419 Myosin-binding protein C, fast-
type 194 24 21 

P68246 Troponin I, fast skeletal muscle 77 21 2 
P12108 Collagen alpha-2(IX) chain 12 3 4 
F1P194 C1q domain-containing protein 15 2 1 
P53478 Actin, cytoplasmic type 5 60 10 2 
E1BVT3 Malate dehydrogenase 84 7 8 

P00504 Aspartate aminotransferase, 
cytoplasmic 47 6 10 

A0A1D5P
909 PDZ domain-containing protein 156 14 8 

A0A1L1R
RN7 

2-phospho-D-glycerate hydro-
lyase 23 3 0 

E1BV54 SHSP domain-containing protein 8 3 1 
A0A1L1R
NL6 

NAC-A/B domain-containing 
protein 368 9 14 

P02112 Hemoglobin subunit beta 19 1 1 
F1N9H4 Elongation factor 1-alpha 183 6 33 
P00940 Triosephosphate isomerase 46 4 7 
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R4GFI1 Circumsporozoite protein 8 1 0 
A0A1D5P
810 

ATP synthase subunit O, 
mitochondrial 8 1 1 

P02604 Myosin light chain 1 69 3 9 
A0A1D5P
W37 MFS domain-containing protein 9 2 0 

A0A1D5
NVM0 Collagen alpha-1(XVII) chain 7 1 0 

A0A1D5P
1V6 

Phosphorylase b kinase 
regulatory subunit 17 2 0 

D5M8S2 Maillard deglycase 29 0 8 

Q01841 Protein-glutamine gamma-
glutamyltransferase 2 10 0 1 

A0A1D5P
FB7 

Myosin motor domain-containing 
protein 25 0 0 

A0A1D5P
MT8 

Ribosomal protein lateral stalk 
subunit P2 10 0 3 

F1NJM8 IF rod domain-containing protein 12 0 1 
A0A3Q3
AT29 

PPIase cyclophilin-type domain-
containing protein 12 0 1 

Total 3589 498 453 
a) Accession no. and protein name were derived from the UniProt database, 
taxonomy Gallus 9031 (555,145 sequences). 
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Fig. 6. Quantitative changes in peptides derived from chicken pectoralis major and iliotibialis muscles over 7 days of cold 
storage. Data are expressed by the sum of the intensity of all peptides for each protein from which the peptide originated. 
nf, not found. 
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4.6 The relationship between proteolysis-induced peptides, meat quality 

characteristics, and proteolytic enzyme activity 

As presented in PCA (Fig 7), the CIE a* and CIE b* in PM muscle were 

closely related to C1q domain-containing protein, and ribosomal protein lateral 

stalk subunit P2, whereas CIE L* was associated with hemoglobin subunit 

alpha-D and NAC-A/B domain-containing protein. WBSF and cooking loss in 

PM muscle were linked to L-lactate dehydrogenase and myosin motor domain-

containing protein. However, pH did not show a similar tendency with any 

proteases and proteins. Among the proteases, cathepsin B was related to CIE 

a* and CIE b*; however, the other proteases were not associated with meat 

quality traits. Caspase 3 and calpain were linked to fructose-bisphosphate 

aldolase, adenylate kinase isoenzyme 1, myosin-binding protein C (fast type), 

and PDZ domain-containing protein. For IL muscle, CIE a* was associated 

with proteasome 20S, while pH was linked to calpain. However, caspase 3, 

cathepsins B and L did not show any relationships to meat quality traits. The 

relationships between L-lactate dehydrogenase and cooking loss and WBSF, 

and between C1q domain-containing protein and CIE a* were similar to those 

in PM muscle. CIE L* and CIE b* were associated with myosin heavy chain, 

whereas pH was closely related to NAC-A/B domain-containing protein. 

Adenylated kinase isoenzyme 1 and PDZ domain-containing protein were 

linked to cooking loss and WBSF in IL muscle, but these proteins did not show 
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a relationship with any proteases, unlike those in PM muscle. Fructose-

bisphosphate aldolase, pyruvate kinase, troponin I (fast type), collagen alpha-

1 (XVII) chain, and phosphorylase b kinase regulatory subunit were linked to 

cathepsin L. 
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Fig. 7. Principal components analysis between the sum of peptide intensity for each protein of origin and meat quality traits 
in chicken M. pectoralis major and M. iliotibialis. 
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5. Discussion 

The degradation of major meat proteins, including sarcoplasmic and 

myofibrillar proteins, was observed at the initial storage time, as reported 

previously (Kim et al., 2021). The sarcoplasmic proteins, such as pyruvate 

kinase, L-lactate dehydrogenase, fructose-bisphosphate aldolase, beta-enolase, 

and creatine kinase M-type, including hemoglobin subunit alpha-A, were 

degraded over 7 days regardless of muscle type. Peptides produced during 

storage were quantitatively identified as the majority of sarcoplasmic protein 

fragments. Among the myofibrillar proteins, actin and troponin I were 

especially degraded during storage. A previous study demonstrated that the 

degradation of sarcoplasmic and myofilament proteins as well as a decrease in 

μ-calpain activity were observed in the first hour after slaughter (Lee, Sante-

Lhoutellier, et al., 2008). This finding indicates that meat proteins, including 

sarcoplasmic proteins, can be affected by intrinsic proteases almost 

immediately after slaughter. In addition, most sarcoplasmic proteins do not 

play a direct role in meat tenderization, but the variability of sarcoplasmic 

proteins can affect other traits of meat quality, such as color and water holding 

capacity (Kahraman & Gurbuz, 2016; Marino et al., 2014). In other studies, an 

L-lactate dehydrogenase A chain isoform and fructose-bisphosphate aldolase 

A were negatively correlated with redness in beef (Gagaoua et al., 2018; Nair 

et al., 2017; Wu et al., 2015). These findings were consistent with the results 
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of the present study, as evidenced by the degradation of L-lactate 

dehydrogenase and fructose-bisphosphate aldolase and the increase in redness 

during the storage of PM. 

Previous studies have reported that endogenous proteolytic enzymes play 

a vital role in improving the meat tenderization process. Specifically, the 

activation of the calpain system results in the rapid development of tenderness 

in meat via the destruction of the structure of myofibrils and the breakdown of 

connective tissue-containing protein (mainly collagen) (Lee, Sante-Lhoutellier, 

et al., 2008). In the present study, there was no significant difference in the 

activities of proteolytic enzymes during 7 days of storage, although the 

tenderness of PM muscle was significantly improved. The results of previous 

studies have shown that the muscle tenderization process in chicken is faster 

than that in other species (Biswas et al., 2016; Lee, Sante-Lhoutellier, et al., 

2008; Li et al., 2012). That is, most proteolytic enzymes had strong activities 

during the early postmortem stage. 

In terms of the meat quality characteristics of chicken, IL showed more 

stable characteristics in the aging process compared to PM muscle, and there 

were significant differences between both types of muscle, especially on day 

1. The activity of cathepsin B was significantly different between the two 

muscles. The main reason for these differences is that PM and IL muscles have 

different muscle fiber compositions. Previous studies have classified poultry 
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skeletal muscle fibers into three types: type I (slow-red-twitch fiber, slow 

oxidative), IIA (fast-red-twitch fiber, fast oxidative), and IIB (fast-white-

twitch fiber, fast glycolytic) (Cong et al., 2017; Joo et al., 2013) based on the 

activity of enzymes. In this study, PM had solely fast muscle fibers (Fig. 3A), 

and all of them were composed of glycolytic twitch fiber IIB (Ono et al., 1993; 

Saneyasu et al., 2019). It has long been known that chicken breast is comprised 

of white meat, which has been shown from previous studies to be made of PM 

(Petracci & Cavani, 2012; Roy et al., 2006; Smith & Fletcher, 1988; 

Verdiglione & Cassandro, 2013). IL muscle was mainly composed of two 

types of fast fibers: IIA and IIB (Ono et al., 1993), but in the present study, we 

found a small proportion of slow-type fibers (Fig. 3B). An interesting 

phenomenon noted was that the type IIA fibers gradually increased, while the 

type IIB fibers gradually decreased of muscle production with chicken age 

(Ono et al., 1993). Berri et al. (2007) reported that cross-sectional area was 

positively correlated with tenderness in broilers, which was also confirmed in 

this study as PM had tougher meat than IL which had a bigger cross-sectional 

area. This is supported by Huo et al. (2021) who found that duck muscle fiber 

which more tender and has a smaller cross-sectional area, higher density, and 

can withstand lower shear force. In addition, increasing the percentage of type 

I fiber and decreasing the percentage of type IIB fiber can improve the 

tenderness of beef muscle (Hwang et al., 2010). In this study, PM showed a 
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greater degree of lightness but a lower purge loss than IL, which can be 

explained by fast twitch glycolysis (IIB), which was related to meat color and 

WHC. In previous studies, a higher composition of the fast twitch glycolysis 

(IIB) fiber in pork muscle was related to a greater degree of lightness and lower 

WHC (Kim et al., 2013b). The PM muscle made up the largest part of the 

muscles of the scapular belt, which lowers the wings. In contrast, IL forms the 

part of the thigh muscles that help with movement. The functional differences 

between the two regions in the chicken body result in the different muscle fiber 

compositions. Hence, the two muscles had different relationships among their 

peptides, proteases, and meat quality traits, as observed in the relationships of 

adenylated kinase isoenzyme 1 and PDZ domain-containing protein with 

proteases and meat quality traits: caspase 3 and calpain in PM muscle; cooking 

loss and WBSF in IL muscle. Previous studies have demonstrated a correlation 

between endogenous proteolytic activity and tenderness (Barido & Lee, 2021; 

Lana & Zolla, 2016; Neath et al., 2007), whereas our findings indicate that 

other meat quality characteristics, such as pH, meat color, and cooking loss, as 

well as the tenderness, are associated with proteolytic enzyme activity and 

quantitative changes of proteolysis-induced peptides.  
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6. Conclusion 

The present study revealed important aspects of proteolysis-induced 

peptides that stimulate changes in postmortem chickens. Several proteins 

showed that the same trend in both muscles, such as pyruvate kinase, L-lactate 

dehydrogenase, fructose-bisphosphate aldolase, beta-enolase, creatine kinase 

M-type, and hemoglobin subunit alpha-A, could be markers for estimating the 

storage time of chicken meat. Some proteins showed different trends in 

degradation in the two muscles and different relationships with protease 

activity and meat quality characteristics. These results indicate that the 

proteolysis trend and changes in meat quality during cold storage are 

dependent on the different muscle fiber characteristics. 
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Chapter III. Quantitative changes of proteolysis-induced 

peptides in relation to meat quality characteristics of duck M. 

pectoralis major and M. iliotibialis 

1. Abstract 

Proteolysis in relation to the meat quality of ducks has not been fully 

studied. Although duck meat is classified as poultry meat, its physicochemical 

properties differ from those of chicken meat. Thus, a different trend is expected 

in the proteolysis of duck meat during cold storage. In this study, proteolysis-

induced peptides were quantified from duck M. pectoralis major (PM) and M. 

iliotibialis (IL) during 10 days of cold storage. In addition, protease activity 

(calpains, cathepsins L and B, proteasome 20S, and caspase-3) and meat 

quality characteristics were evaluated. Duck IL had a higher pH and greater 

degree of lightness but lower cooking loss than PM (P < 0.05). During the 10-

day cold storage, the pH value of PM declined significantly (P < 0.05), while 

the meat quality traits of IL were not affected by aging (P > 0.05). In PM, the 

redness increased from day 1 to day 5, while cooking loss had a lower rate on 

day 10 compared to day 5 (P < 0.05). There were no significant differences in 

the activities of cathepsin B and proteasome 20S during cold storage (P > 0.05). 

Significantly, the activity of calpains declined gradually after aging (P < 0.05), 

and the activity of calpains in PM was higher than that in IL (P < 0.05). The 

cathepsin L activity in IL and the caspase-3 activity in PM decreased after 5 

days (P < 0.05). A total of 5,155 peptides were detected and derived from 34 



56 

proteins of aged duck PM, and 247 peptides were derived from myoglobin. For 

32 IL proteins, there were 4,222 quantitated peptides, most of which were 

degraded by actin. Furthermore, the correlation between degraded protein, 

meat quality characteristics, and proteolytic enzyme activity was determined 

via principal component analysis. In both PM and IL, caspase-3 activity was 

related to the hemoglobin alpha A subunit. In addition, the meat color traits of 

both muscles were correlated with glucose-6-phosphate isomerase and 

glyceraldehyde-3-phosphate dehydrogenase. These findings indicate that there 

are many proteins affected by proteolysis, and glucose-6-phosphate isomerase 

and glyceraldehyde-3-phosphate dehydrogenase can be useful markers for 

predicting or controlling duck meat quality characteristics. 
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2. Introduction 

Proteolysis is an enzymatic reaction involving multiple systems in which 

proteins are broken down into polypeptides or amino acids. Proteolysis plays 

an important role in controlling cell metabolic processes, such as cell division, 

apoptosis, transcription, signal transduction, protein degradation, and the 

regulation of multiple metabolic pathways (Ciechanover, 2005). Proteolysis 

also occurs in meat and is involved in vital activities of a series of enzymatic 

reactions (Barido & Lee, 2021; Lana & Zolla, 2016). Proteolysis mainly 

involves different endogenous proteolytic enzyme systems, such as calpains, 

cathepsins, proteasome, and caspases (Koohmaraie, 1996; Lana & Zolla, 2016; 

Sentandreu et al., 2002). The mechanism of proteolysis in beef and pork during 

storage has been fully elucidated (Lametsch & Bendixen, 2001; Lametsch et 

al., 2003). However, this has not been done in poultry meat, especially duck 

meat, due to the relatively little attention paid to poultry tenderization 

compared to that of beef or pork. 

Recently, new insights into tenderness and meat color changes through 

proteomics and the importance of proteomics research in postmortem 

metabolic activities have been proposed (Purslow et al., 2021). Previous 

studies have demonstrated the proteome change and its relationship with beef 

or pork quality change postmortem (Lametsch & Bendixen, 2001; Lametsch et 

al., 2003); (Gagaoua et al., 2020; Gagaoua et al., 2021; Jia et al., 2006). Duck 
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meat, along with chicken and turkey meat, is classified as poultry meat, but its 

physicochemical properties and muscle fiber composition are different from 

those of other poultry meat (Kim, Jeong, et al., 2008). Thus, the differences in 

the trend of proteolysis between duck meat and chicken meat are expected due 

to the differences in the characteristics of muscle fiber and physicochemical 

properties between duck and chicken meat. However, until now, proteome 

change from a proteolysis perspective and its relation to meat quality 

characteristics in duck meat has not been fully investigated. 

Therefore, the purpose of this study was to investigate protein degradation 

by proteolysis during cold storage in two types of duck skeletal muscle (M. 

pectoralis major; PM and M. iliotibialis; IL) that have different physiological 

functions and different muscle fiber types. In addition, the influence of 

quantitative changes in proteolysis-induced peptides on meat quality during 

cold storage was investigated to better understand the postmortem 

physicochemical events in duck meat. 
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3. Materials and methods 

3.1 Sample preparation 

Duck PM and IL muscles were taken from carcasses (n = 15, 6-week-old 

Cherry Valley ducks, 2.4 ± 0.3 kg) 6 h postmortem. Muscles were weighed 

individually, vacuum-packed (1.0 bar; MVAC 300, Maxima, The Netherlands), 

and stored in a cold room at 4°C. Ten PM and IL muscles each were randomly 

selected at different storage times (1, 5, and 10 days) to analyze proximate 

composition (moisture, crude protein, crude fat, and crude ash), meat quality 

characteristics, proteolytic enzyme activity, and proteolysis-induced peptides. 

For analysis of muscle fiber characteristics, samples were collected from both 

muscles on day 1. 

 

3.2 Proximate composition 

Moisture, crude protein, and crude ash contents were analyzed using the 

AOAC (2000) method. Crude fat content was determined using a modified 

version of the method proposed by Folch et al. (1957). Three grams of the 

samples were homogenized with 20 mL of Folch solution (chloroform: 

methanol, 2:1, v/v) at 8,000 rpm for 20 s using a homogenizer (T18, IKA 

Works GmbH & Co., Staufen, Germany). After filtrating the homogenate 

using filter paper (Whatman No. 1; Merck KGaA, Darmstadt, Germany), the 

filtrates were separated into two layers using 0.88% NaCl. The lower layer was 
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collected, and the solvent was removed using nitrogen gas. Crude fat content 

was presented as a percentage of the weight of the sample. Proximate 

composition evaluation was conducted in triplicate for each sample. 

 

3.3 Meat quality charicteristics 

Muscle pH was measured with homogenates of 3 g samples and 27 mL 

deionized water using a pH meter (MP230, Mettler-Toledo, Greifensee, 

Switzerland) calibrated with standard buffers (pH 4.01, 7.00, and 9.21). Meat 

color was measured using a colorimeter (CR-400, Minolta Co., Tokyo, Japan) 

calibrated with a white plate (Y = 93.5, x = 0.3132, y = 0.3198). A Commission 

Internationale de l’Eclairage (CIE, 1978) system was used to determine the 

color values (CIE L*, lightness; CIE a*, redness; CIE b*; yellowness). To 

determine water-holding capacity, purge loss and cooking loss were measured. 

After the muscles were removed from the package, they were weighed. The 

difference in weight before and after storage was recorded as purge loss (%). 

To determine the cooking loss of the sample, muscles were cooked in a water 

bath at 75°C until their internal temperature reached 70°C. The weight 

difference before and after cooking was recorded as the cooking loss (%). The 

cooked samples were used to measure shear force. Three cores were removed 

from each sample by cutting parallel to the muscle fiber direction. Each core 

was cut vertically using a texture analyzer (TA1, Ametek, Largo, FL, USA) 
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equipped with a Warner-Bratzler shear blade. The Warner-Bratzler shear force 

(WBSF; kgf/cm2) value was recorded for each sample with the average of the 

three cores.  

 

3.4 Immunohistochemistry 

To analyze muscle fiber characteristics, the muscle fibers of duck PM and 

IL muscles were cut into small pieces (0.5 × 0.5 × 0.5 cm) and immediately 

frozen using 2-methylbutane chilled with liquid nitrogen. Muscle fiber staining 

was done using a modified version of the method by Song et al. (2020). 

Transverse sections (10 µm in thickness) were obtained from the frozen 

muscles using a cryostat microtome (CM 1860, Leica Biosystems, Nussloch, 

Germany) at -21°C. The primary antibodies (F59 and S35; DSHB Iowa, IA, 

USA) specific to each myosin heavy chain (MHC; slow and fast MHCs, 

respectively) were applied to the section. To visualize the muscle fibers that 

reacted with primary antibodies, fluorescent dye-conjugated anti-mouse IgG 

(Alexa Fluor 594, Thermo Fisher Scientific, Waltham, MA, USA) and IgG2a 

(Alexa Fluor 488, Thermo Fisher Scientific) were used. Stained sections were 

captured using a fluorescence microscope (EVOS M5000, Thermo Fisher 

Scientific), and approximately 800 muscle fibers were counted. The cross-

sectional area (CSA, μm2) of each muscle fiber, relative area (%), relative 
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number (%), and fiber density (number/mm2) were analyzed using an Image 

Pro Plus Program (Media Cybernetics Inc., Rockville, MD, USA). 

 

3.5 Quantification of peptides 

For peptide extraction, 5 g of the sample was homogenized with 30 mL 

of 0.01 N HCl for 3 min in a stomacher (BagMixer®400, Interscience, Saint 

Nom, France). The homogenate was centrifuged at 10,000×g for 30 min at 4℃. 

The supernatant was filtered through glass wool, and filtrate was mixed with 

three volumes of ethanol. After being stored at 4℃ for 24 h, the mixture was 

centrifuged at 10,000×g for 30 min at 4℃, and the supernatant was lyophilized 

using a vacuum evaporator (SPD1010, Thermo Fisher Scientific Inc., MA, 

USA). The sample was dissolved with 5 mL of 0.01 N HCl, neutralized to pH 

7.0 using NaOH, and filtered through a 0.45-µm nylon membrane filter 

(Millipore Corp., Bedford, MA, USA). The filtrate was centrifuged in 

centrifugal filter-containing tubes (Amicon® Ultra-15 Centrifugal Filter Unit, 

Millipore, MA, USA) at 10,000×g for 1 h. 

The identification and quantification of peptides in duck muscles was 

done using a modified version of the method by Kim (2021). Peptide 

extractions were analyzed using an LC-MS/MS equipped with an LC device 

(Easy-n-LC, Thermo Fisher, San Jose, CA, USA) coupled with a C18 nano 

bore column (150 mm × 0.1 mm, pore size of 3 µm, Agilent Technologies, 
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Santa Clara, CA, USA) and an LTQ-Orbitrap XL mass spectrometer (Thermo 

Fisher, San Jose, CA, USA). The MS/MS spectra were identified and 

quantified using the PEAKS Studio 10.0 (Bioinformatics Solutions Inc., 

Waterloo, ON, Canada), and the database was derived from UniProt (release 

March 2020 from http://www.uniprot.org, taxonomy Anas 8835 [45,681 

sequences]). 

 

3.6 Activity of proteolytic enzymes 

Three different extraction buffers were prepared to extract proteolytic 

enzymes from the samples: cathepsins B and L (150 mM NaCl, 25 mM Tris, 

50 Mm EDTA, 1.0 mM DTT and 1.0% Triton-100, pH = 7.6), calpains and 

proteasome 20S (100 mM Tris, 10 mM DTT, and 10 mM EDTA, pH to 8.3), 

and caspase-3 (100 mM HEPES, 0.5 mM EDTA, 5 Mm DTT, 20% glycerol, 

and 0.2% SDS, pH 7.5). The extraction of enzymes was done using a modified 

version of the method by He et al. (2019b). A total of 200 mg of the sample 

was homogenized with 1.5 mL of extraction buffer using a multipurpose mill 

(MM400, Retsch GmbH, Dusseldorf, Germany) and centrifuged at 12,000×g 

for 30 min at 4 ℃. The supernatant was collected, and its concentration was 

measured using the method by Bradford (1976). Protein concentration was 

adjusted to 2.0 mg/mL. The activities of cathepsins B and L were measured 

using a reaction with the buffer containing the substrates (Z-RR-AMC; EMD, 



64 

Merck, Darmstadt, Germany and Z-FR-AMC; SC-3136, Santa Cruz 

Biotechnology, CA, USA, respectively). The absorbance value was recorded 

at a wavelength of 380 nm/460 nm (excitation/emission) using a microplate 

reader (SpectraMax iD3, Molecular Devices, San Jose, CA, USA). Activities 

of other enzymes were analyzed using the Calpain Activity Fluorometric 

Assay Kit (MAK228, Sigma, St. Louis, MO, USA), 20S Proteasome Activity 

Assay Kit (APT280, Merck, Darmstadt, Gemany), and the EnzChek® Caspase-

3 Assay Kit #1 (E-13183, Molecular Probes, Inc., Eugene, OR, USA) according 

to the manufacturers’ instructions for calpains, proteasome 20S, and caspase-

3, respectively. After reactions with substrates, the absorbance values were 

collected at a wavelength of 400 nm/505nm (excitation/emission) for calpain, 

380 nm/460 nm (excitation/emission) for proteasome 20S and 342 nm/441 nm 

(excitation/emission) for caspase-3. The enzymes’ activities were presented as 

the absorbance value relative to the control value. 

 

3.7 Statistical analysis 

All data were expressed as the mean and standard error of 10 muscles in 

each group (day 1, day 5, and day 10 of cold storage) of each muscle type (PM 

and IL). Data analysis was performed using SAS 9.4 software (SAS Institute 

in Cary, North Carolina, USA). The effect of storage time on proximate 

composition, meat quality characteristics, muscle fiber characteristics, and 
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protease activity was examined using ANOVA tests, while the effect of muscle 

type was examined using a t-test. Ducan’s multiple range tests were used to 

determine statistical significance at P < 0.05, P < 0.01, and P < 0.001. Principal 

components analysis (PCA) was conducted to evaluate the relationship 

between proteolysis-induced peptides and meat quality traits. PCA was 

performed based on the correlation matrix (PRINCOMP procedure). 
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4. Results 

4.1 Proximate composition of duck skeletal muscles 

The proximate composition of duck PM and IL are shown in Table 5. 

There were no significant differences between the PM and IL muscles in the 

moisture, crude protein, and crude ash content (P > 0.05). The crude fat had a 

greater proportion in IL than in PM muscle (P < 0.05). 

 

Table 5. Comparison of proximate composition between duck M. pectoralis 

major and M. iliotibialis 
 

Traits M. pectoralis 
major M. iliotibialis P-value 

Moisture (%) 74.84 ±0.73 74.32 ±1.58 ns 

Crude protein (%) 20.43 ±0.86 19.70 ±0.88 ns 

Crude fat (%) 2.80 ±0.23 4.06 ±0.32 *** 

Crude ash (%) 2.44 ±0.63 2.22 ±0.51 ns 

Data are means ± SE. ns, not significant; ***, P < 0.001. 
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4.2 Meat quality of duck skeletal muscles 

The changes in meat quality characteristics in PM and IL muscles in duck 

meat from day 1 to day 10 are presented in Table 6. Duck IL had a higher pH 

and lightness but lower cooking loss than PM (P < 0.05). In addition, PM had 

a redder color on day 1 and day 5 than that of IL significantly (P < 0.05), 

although they didn’t show difference on day 10 (P > 0.05). During the 10-day 

cold storage, the pH value of PM declined significantly (P < 0.05), while the 

meat quality traits of IL were not affected by aging (P > 0.05). In PM, the 

redness increased from day 1 to day 5, while cooking loss was less on day 10 

than on day 5 (P < 0.05). Between the two muscles, there were significant 

differences in pH, lightness, redness, and cooking loss (P < 0.01). Furthermore, 

the pH value, yellowness, and purge loss were affected by 10 days aging (P < 

0.05). There was no combination effect with the muscle types and aging (P > 

0.05). 
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Table 6. Changes in meat quality characteristics of duck M. pectoralis major and M. iliotibialis during 10 days of cold 

storage 

Meat quality traits 
M. pectoralis major  M. iliotibialis  Levels of significance 

Day 1 Day 5 Day 10  Day 1 Day 5 Day 10  Muscles Storage 
days 

Muscles ×  
Storage days 

pH 6.03a,y 

±0.11 
5.95ab,y 

±0.06 
5.79

b,y 

±0.22 
 6.66x 

±0.14 
6.62

x 

±0.15 
6.55

x 

±0.15  *** ** ns 

Meat color 

CIE L⁎ 40.58y 

±2.99 
39.55y 

±1.11 
38.25y 

±3.03 
 43.29x 

±2.47 
43.00

x 

±1.33 43.06x 

±1.12 
 *** ns ns 

CIE a⁎ 15.59b,x 

±1.21 
17.26a,x 

±1.28 
16.70ab 

±0.43 
 13.60y 

±1.96 
14.73

y 

±1.45 
14.38 
±2.44 

 ** ns ns 
CIE b⁎ 4.97 

±1.40 
6.37 

±1.34 
6.15 

±0.84 
 5.63 

±1.07 
5.77 

±1.98 
7.18 

±0.55 
 ns * ns 

Purge loss (%) - 1.29 
±0.18 

1.82 
±0.85 

 - 0.87 
±0.38 

1.42 
±0.24 ns * ns 

Cooking loss (%) 32.68ab,x 

±3.49 
33.25a,x 

±1.72 
29.05b,x 

±3.22 
 25.72y 

±4.14 
24.12

y 

±3.04 24.25y 

±3.25 *** ns ns 
Warner-Bratzler shear 

force (kgf/cm2) 
1.68 

±0.35 
1.62 

±0.42 
1.47 

±0.32 
 1.38 

±0.47 
1.39 

±0.36 
1.51 

±0.13 ns ns ns 
Different superscripts indicate significant (P < 0.05) differences between storage days (a-c) within the same muscle or 
between muscle types (x, y) within the same storage day. 
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4.3 Muscle fiber characteristics (MFC) 

Muscle fibers are classified into two types (slow and fast) based on the 

distribution of MHCs, as shown in Fig. 8. As can be seen from Fig. 8 A, a 

hybrid muscle fiber type undergoing transformation was detected in the IL 

muscle of duck meat, but the amount of this fiber was so small that it was not 

taken into account in the statistics. The relative area and number of PM and IL 

show similar trends. Compared with IL muscle fibers, PM had a significantly 

higher fast-type fiber composition but no slow-type muscle fibers. For IL 

muscle, there was a higher composition of fast fibers than slow fibers. 

Moreover, PM had a smaller cross-sectional area of fast-type fibers than both 

IL muscle fiber types (P < 0.001). PM also had a higher fast-type fiber density 

than IL muscle for both fast- and slow-type fibers (P < 0.001). There was no 

significant difference between fast- and slow-type IL muscles in terms of 

cross-sectional area and fiber density (P > 0.05). 
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Fig. 8. Representative stained cross-sections (A) and muscle fiber characteristics of duck M. pectoralis major and M. 
iliotibialis. B, cross-sectional area; C, fiber density; D, relative number (%); E, relative area (%). F59, anti-myosin heavy 
chain (fast type); S35, anti-myosin heavy chain (slow type). Muscle fiber types: ￮, slow; △, fast; □, hybrid type. Bar = 300 
µm. ***, P < 0.001. 
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4.4 Proteolytic enzyme activities 

The change in protease activities (calpains, cathepsins L and B, 

proteasome 20S, and caspase-3) was evaluated during the cold storage periods, 

as presented in Fig. 9. There were no significant differences in the activities of 

cathepsin B and proteasome 20S during cold storage (P > 0.05). The activity 

of calpains significantly declined gradually on aging (P < 0.05), and that in PM 

was higher than that in IL (P < 0.05). The cathepsin L activity in IL and the 

caspase-3 activity in PM decreased after 5 days (P < 0.05). 

 

 

Fig. 9. Changes in proteolytic enzymes’ activities of duck M. pectoralis major 
(PM) and M. iliotibialis (IL) during 10 days of cold storage. Different 
superscripts indicate significant (P < 0.05) differences between storage periods 
(a-c) within the same muscle or between muscle types (x, y) within the same 
storage period.  
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4.5 Quantitative changes in peptides during cold storage 

A total of 5,155 peptides were detected and derived from 34 proteins in 

aged duck PM, and 247 peptides were derived from myoglobin. In the 32 IL 

proteins, there were 4,222 quantitated peptides, most of which were degraded 

by the actin alpha 1 and hemoglobin alpha A subunit. The degradation of actin 

accounts for a large portion of PM and IL muscle (Tables 7 and 8). The heap 

map (Fig. 10) showed quantitative changes in peptides derived from duck PM 

and IL muscles during three periods of aging, and more peptides were detected 

in PM than in IL muscle. For PM, the actin alpha 1 and hemoglobin alpha A 

subunits showed a similarly high density of peptides on day 1, although alpha-

galactosidase was not found during that period. In addition, we did not find 

any glucose-6-phosphate dehydrogenase on day 10. There was an interesting 

phenomenon whereby the same peptide was degraded and produced at 

different stages. Troponin T and elongation factor 1-alpha were not found on 

day 5, but they exhibited high densities on day 1 and day 10. In IL, most 

peptides had lower densities than actin alpha, creatine kinase, and L-lactate 

dehydrogenase on day 1. Actin alpha had the highest concentration out of all 

peptides during every period of aging. Similar to the PM muscle, it was found 

IL had no troponin T or glucose-6-phosphate isomerase density during the 

early aging stages (from day 1 to day 5). 
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4.6 The relationship between degraded protein, meat quality characteristics, 

and proteolytic enzymes’ activity 

The relationship between degraded protein, meat quality characteristics, 

and proteolytic enzyme activity was determined via PCA (Fig.11, Fig. 12 for 

PM and IL, respectively). In both PM and IL, caspase-3 activity was related to 

the hemoglobin alpha A subunit. In addition, the meat color traits of both 

muscles were associated with glucose-6-phosphate isomerase and 

glyceraldehyde-3-phosphate dehydrogenase. In PM muscle, the cooking loss 

and the activity of cathepsin B, calpain, and proteasome 20S were closely 

related to fructose-bisphosphate aldolase, phosphagen kinase N-terminal 

domain-containing protein, and malate dehydrogenase. There were 

relationships between purge loss, caspase-3, and the hemoglobin alpha A 

subunit, while the activity of cathepsin L was associated with the ATP synthase 

subunit beta and alpha-galactosidase. In IL muscle, the activity of cathepsin B 

was related to actin and creatine kinase. Calpain activity was closely related to 

the myoglobin, myosin motor domain-containing protein and peptidyl-cysteine 

S-nitrosylase GAPDH. Caspase-3 activity was closely related to adenylate 

kinase isoenzyme 1, LIM domain binding 3, and ubiquinol-cytochrome c 

reductase core protein 2, except for the hemoglobin alpha A subunit. 



74 

Table 7. Spectral count of peptides derived from duck M. pectoralis major 

during 10 days of cold storage 

Accession 
No. a) Protein name a) 

Spectral count 

Total Unique peptides 
Day 1 Day 5 Day 10 

C7EK42 Hemoglobin alpha A subunit 631 264 91 80 
U3I8T6 Actin alpha 1, skeletal muscle 562 190 58 65 
R0KDK0 Fructose-bisphosphate aldolase 460 167 70 51 
U3IE74 L-lactate dehydrogenase 220 95 26 21 
U3ILF5 Phosphoglycerate kinase 143 62 23 24 
R0LU47 Myosin heavy chain, skeletal muscle 419 173 60 50 
U3I0F9 Pyruvate kinase 298 32 21 35 
A0A493T
ED5 

Phosphagen kinase N-terminal 
domain-containing protein 307 108 51 36 

A0A493T
FK1 Creatine kinase 133 71 15 19 

A6ZIB9 Beta-actin 142 56 23 19 
U3IA60 Malate dehydrogenase 156 25 12 12 
U3I8D8 Triosephosphate isomerase 150 39 24 12 
R9MH41 Alpha-galactosidase 10 0 3 2 
R0LER7 Myozenin-1 72 19 7 9 

U3IHK4 ATP synthase peripheral stalk 
subunit 71 21 10 11 

A0A493S
VK7 Troponin T, fast skeletal type 54 8 0 6 

A0A493T
QC9 

Glyceraldehyde-3-phosphate 
dehydrogenase 316 120 12 27 

P02114 Hemoglobin subunit beta 103 34 11 11 
A0A493T
X79 Adenylate kinase isoenzyme 1 50 15 6 10 

A0A493S
YZ4 

Cytochrome c oxidase polypeptide 
VIIc 36 9 2 4 

U3J9G0 NDUFA4 mitochondrial complex 
associated 94 21 6 8 

Q7LZM2 Myoglobin 247 12 1 27 
R0LLF5 Troponin I, fast skeletal type 37 3 4 6 
U3IP65 ATP synthase subunit beta 64 4 4 2 
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U3I3Q8 Myosin binding protein H 26 21 9 4 
A0A493S
U92 LIM domain binding 3 122 12 4 12 

A0A493T
656 Glycerol-3-phosphate dehydrogenase 28 8 5 3 

A0A493T
LM6 Aconitate hydratase, mitochondrial 41 10 2 6 

U3IRP3 Glucose-6-phosphate isomerase 47 9 7 0 
U3J383 Phosphoglucomutase 1 13 5 2 2 
R0LK98 Peptidyl-prolyl cis-trans isomerase 11 10 4 1 
U3IQ96 Peptidylprolyl isomerase E 11 10 4 1 
U3IMA7 Elongation factor 1-alpha 49 19 0 4 
A0A493T
DJ5 Enoyl-CoA hydratase 32 1 2 4 

Total 5155 1653 579 584 
a) Accession No. and protein name were derived from the UniProt database, 
taxonomy Anas 8839 (103,172 sequences). 
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Table 8. Spectral count of peptides derived from duck M. iliotibialis during 10 

days of cold storage 

Accession 
No. a) Protein name a) 

Spectral count 

Total Unique peptides 
Day 1 Day 5 Day 10 

R0LGZ6 Actin, alpha skeletal muscle  510 100 39 56 
C7EIQ9 Hemoglobin alpha A subunit 359 53 33 30 
A0A493T
2D7 Creatine kinase  158 41 23 18 

A0A493T
N78 Fructose-bisphosphate aldolase  196 22 9 13 

Q7LZM2 Myoglobin 238 50 24 10 
R0JXM5 Malate dehydrogenase  128 29 19 12 
R0KPC7 L-lactate dehydrogenase  328 37 13 18 

U3J7T0 Myosin motor domain-containing 
protein 224 40 21 18 

U3IP65 ATP synthase subunit beta  113 14 16 8 
A0A493T
QC9 

Glyceraldehyde-3-phosphate 
dehydrogenase  258 15 8 9 

Q6T544 Peptidyl-cysteine S-nitrosylase 
GAPDH 74 7 4 4 

A0A493T
X79 Adenylate kinase isoenzyme 1  49 2 0 0 

R0KJ42 Myosin heavy chain, skeletal 
muscle, adult  129 24 15 11 

A0A493S
YZ4 

Cytochrome c oxidase polypeptide 
VIIc 59 4 5 4 

A0A493T
656 

Glycerol-3-phosphate 
dehydrogenase 12 2 0 1 

A0A493T
DJ5 Enoyl-CoA hydratase  120 5 2 2 

U3IC15 Aconitate hydratase, 
mitochondrial  36 3 5 1 

C7EKQ1 Hemoglobin beta A subunit 111 3 4 6 
U3I8D8 Triosephosphate isomerase  198 13 11 9 
A0A493T
5E3 

Ldh_1_N domain-containing 
protein 28 4 2 1 

A0A493S
U92 LIM domain binding 3 66 3 0 1 
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U3ILF5 Phosphoglycerate kinase  78 1 3 4 
A0A493S
UY8 Pyruvate kinase  347 7 8 11 

A0A493S
VK7 Troponin T3, fast skeletal type 51 0 0 4 

U3I342 Ubiquinol-cytochrome c reductase 
core protein 2 44 2 0 1 

R0LHA7 Actin, cytoplasmic 1  61 2 1 4 
A0A493T
U40 ADP/ATP translocase  94 1 1 0 

O42296 Apolipoprotein A-I  28 3 2 0 
U3IRP3 Glucose-6-phosphate isomerase  45 0 0 2 
A0A493S
U13 Myosin binding protein C1 16 1 1 0 

U3IA79 Myosin light chain 1 38 2 0 1 
A0A493T
1G5 

UTP—glucose-1-phosphate 
uridylyltransferase  26 1 3 1 

Total 4222 491 272 260 
a) Accession No. and protein name were derived from the UniProt database, 
taxonomy Anas 8839 (103,172 sequences). 
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Fig. 10. Quantitative changes in peptides derived from duck M. pectoralis major and M. iliotibialis over 10 days of cold 
storage. Data are expressed by the sum of the intensity of all peptides for each protein from which the peptide originated. 
nf, not found. 
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Fig. 11. Principal components analysis between the sum of peptide intensity for each protein of origin and meat quality 
traits in duck M. pectoralis major. 
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Fig. 12. Principal components analysis between the sum of peptide intensity for each protein of origin and meat quality 
traits in duck M. iliotibialis.
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5. Discussion 

Meat quality during aging is influenced by external and internal factors. 

In particular, intrinsic factors, such as muscle fiber type and proteolytic 

enzyme activity, determine postmortem changes in meat quality characteristics. 

Poultry meat is generally classified as white meat due to the high composition 

of white muscle fiber (type IIB) (Ismail & Joo, 2017; Joo et al., 2013). Similar 

to the findings of Huo et al. (2021), we observed that PM only has fast-type 

(type II) fibers. This result is partially consistent with previous results, which 

stated that duck PM is composed of 73.3% type IIB and 26.7% type IIA muscle 

fibers (Kim, Jeong, et al., 2008). Duck IL muscle is composed of both slow (I) 

and fast (II) types of muscle fiber due to the different morphological and 

physiological properties from those of PM. The different distribution of muscle 

fiber types results in the differences in meat quality characteristics between 

PM and IL muscles. 

The relationships between protein hydrolysis of endogenous enzymes and 

meat quality characteristics, especially meat tenderization, have been 

demonstrated (Bekhit et al., 2014; Huang et al., 2011). Cheret et al. (2007) 

reported that cathepsin L plays a role in the tenderization process of bovine 

and fish muscles, while cathepsin B plays a role only in that of fish muscles. A 

similar role was found in the present study in which the activity of cathepsin L 

changed dramatically after ten days of aging, but cathepsin B showed no 
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difference in activity. Calpains have been proven to be the main enzyme in the 

meat tenderization process in most species (Lana & Zolla, 2016). In the present 

study, a significant decrease in calpain activity was detected in PM and IL 

muscles of duck meat from the first day to the tenth day. This was supported 

by the result of the degradation of myofibrillar proteins such as actin and 

troponins. Robert et al. (1999) used incubation experiments to demonstrate that 

proteasome 20S can effectively degrade bovine myofibrils and interfere with 

the role of proteasome 20S in postmortem proteolysis. However, in the present 

study, proteasome 20S activity was not different in PM muscle throughout the 

storage period, while in IL muscle, its activity decreased after 5 days of storage 

but was not different on day 10 of storage compared to day 1. Caspase-3 

activity was decreased in PM muscle during cold storage. In the present study, 

the activities of proteases were maintained or gradually decreased from the 

initial storage time to the later storage stages, but tenderness was not affected 

by the proteases, as observed previously (He et al., 2019). 

The relationship between degraded protein, meat quality characteristics, 

and proteolytic enzyme activity was determined via principal component 

analysis. Several proteins showed the relationships between their degradation 

trends and protease activity and meat quality traits, especially meat color and 

water-holding capacity. In particular, meat color traits were majorly related 

with the degradation of enzymes responsible for glycolysis, such as glycerol-
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3-phosphate dehydrogenase and glucose-6-phosphate isomerase as reported in 

previous study which demonstrate the correlations among glycolytic 

dehydrogenase including glyceraldehyde-3-phosphate dehydrogenase, lactic 

dehydrogenase, and meat color stability were observed in ovine muscle (Xin 

et al., 2018). But for other meat quality traits, same indictor showed correlation 

with different degraded protein between PM and IL muscles. In other words, 

the same degradation protein affected other meat quality characteristics in 

different degrees in two muscles. As for water-holding capacity, Joo (1999) 

indicted the rate of drip loss declined according to the increasing of the 

sarcoplasmic protein solubility. In present study, cooking loss were related 

with the degraded protein of PM, like fructose-bisphosphate aldolase, 

phosphagen kinase N-terminal domain-containing protein, and malate 

dehydrogenase which as well as closely linked with the activities of cathepsin-

B and calpain. While in IL muscle, this was supported by previous studies 

(Hamm, 1986) that myosin and actin have an important influence on water-

holding capacity in meat to a certain extent in view of the cooking loss was 

related to actin (cytoplasmic 1), and myosin binding protein C1 except for L-

lactatedehydrogenase and ADP/ATP translocase. Thus, it further verified that 

the degradation of sarcoplasmic protein and myofibril protein can explain the 

change in water-holding capacity. 
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6. Conclusion 

The differences in muscle fiber composition between duck PM and IL 

results in different trends in proteolysis and changes in meat quality during 

cold storage. Large amounts of various proteolysis-induced peptides were 

observed in both muscles at the initial storage time (day 1), and this indicates 

that intrinsic proteolytic enzymes play a major role in protein degradation at 

the early postmortem stage. Quantitative changes in peptides derived from 

proteins responsible for glycolysis were closely related to changes in meat 

color and water-holding capacity during cold storage. These results indicate 

that several proteins can be markers for predicting or controlling duck meat 

quality. 
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Overall Conclusion 

For better understanding the proteolysis and its relationship to meat 

quality characteristics of chicken and duck meat which are the major poultry 

meat, the proteolysis-induced peptides, physicochemical property, and muscle 

fiber characteristics of chicken and duck skeletal muscles (M. pectoralis major, 

PM and M. iliotibialis, IL) during cold storage were investigated. Although 

duck and chicken are poultry, the different trends in proteolysis between duck 

and chicken muscles were expected due to the different characteristics of 

muscle fiber. 

The study for chicken skeletal muscles revealed important new aspects of 

proteolysis-induced peptides to show the changes of postmortem chickens. The 

results showed there is a different tendency of chicken protein hydrolysis and 

meat quality characteristics between PM and IL muscles which are composed 

of different muscle fiber types (fast vs. slow and fast). Some proteins, such as 

pyruvate kinase, L-lactate dehydrogenase, fructose diphosphate aldolase β- 

Enolase, creatine kinase M-type, and hemoglobin subunits alpha-A, were 

observed to be closely related to the changes of chicken meat quality 

characteristics during cold storage. These results indicate that the proteolysis 

trend and changes of meat quality during cold storage are dependent on the 

different muscle fiber characteristics. 
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The study of duck skeletal muscles was conducted to investigate the 

quantification of peptides derived from duck PM and IL muscles during 10 

days of cold storage. As like the results in chicken skeletal muscles, there were 

different trends in proteolysis and changes of meat quality characteristics 

between PM and IL muscles during cold storage. These results were supported 

by the muscle fiber characteristics in which different muscle fiber types were 

distributed between PM (fast) and IL (slow and fast) muscles. Glyceradehyde-

3-phosphate dehydrogenase and glucose-6-phosphate isomerase responsible 

for glycolysis were closely related to the meat color and water-holding capacity 

of duck meat. 

In conclusion, a large amount of various proteins, regardless of protein 

types (myofibrillar and sarcoplasmic), are affected in the early postmortem 

stage in both chicken and duck skeletal muscles. According to the muscle type, 

the trend of proteolysis and change of meat quality characteristics during cold 

storage were different due to the different muscle fiber characteristics. The 

results for the relationships between protease activity, quantitative changes of 

proteolysis-induced peptides, and meat quality characteristics help us better 

understanding the physicochemical events during the postmortem period in 

poultry meat. In addition, the specific proteins which had the relationships to 

meat quality traits can be used for predicting or controlling poultry meat 

quality during cold storage.  
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Abstract in Korean 

냉장 저장 중 닭과 오리의 골격근에서 단백질 분해로 생성된 

펩타이드 및 육질 변화 

 

청혜린 

서울대학교 국제농업기술대학원 

국제농업기술학과 경제동물과학전공 

 

식육 내에 존재하는 다양한 종류의 단백질 분해효소의 작용으로 

자연적으로 단백질이 분해되는 현상인 단백질 자가분해(proteolysis) 

작용과 그로 인한 육질 특성 변화에 대한 연구는 우육 및 돈육에서 많이 

수행되어 왔다. 그러나 닭 및 오리와 같은 가금류에서는 이러한 연구가 

많이 수행되지 않았고, 더욱이 식육의 연도 향상과 관련이 큰 

근원섬유단백질(myosin, actin, troponins, desmin, nebulin 등)의 분해에 

국한된 연구가 주를 이루고 있다. 식육 내 단백질 분해효소의 작용은 

근원섬유단백질뿐만 아니라 근장단백질을 포함한 대부분의 

식육단백질에 영향을 미침에도 불구하고 전체 단백질에 대한 

분해작용을 보다 세세하게 규명되지 못했다. 따라서, 본 연구는 냉장 중 
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닭과 오리 골격근에서 단백질 자가분해 작용으로 생성된 펩타이드 

분석을 통해 단백질 분해작용을 규명하기 위하여 수행되었다. 또한, 

단백질 자가분해(펩타이드 생성) 작용이 가금류 식육의 품질 변화에 

미치는 영향도 분석하였다. 

첫 번째 연구에서는 닭의 흉근(M. pectoralis major)과 장경근(M. 

iliotibialis)을 4℃에서 7 일 동안 저장하며 단백질 자가분해 현상과 육질 

변화를 분석하였다. 흉근은 장경근보다 낮은 수분과 지방을 함유하고 

있었다(P < 0.05). 저장 기간 동안 pH, 전단가, 명도 및 황색도 변화는 두 

근육에서 유사한 경향을 나타내었다. 포장감량은 장경근 보다 흉근에서 

더 큰 값을 나타냈지만(P < 0.05), 적색도는 두 근육 간 차이를 나타내지 

않았다(P > 0.05). 두 근육은 서로 다른 근섬유 조성을 나타내었는데, 

흉근은 fast type 의 근섬유로만 이뤄진 반면, 장경근은 88.85%의 fast 

type 과 11.15%의 slow type 으로 구성되어 있었고, 이러한 근섬유 조성의 

차이가 단백질 자가분해 작용에서 서로 다른 경향을 나타내게 하였다. 

Pyruvate kinase, L-lactate dehydrogenase, fructose-bisphosphate aldolase, 

beta-enolase, creatine kinase M-type 및 hemoglobin subunit alpha 에서 

유래한 펩타이드의 정량적 변화는 냉장 저장 중 계육 품질의 변화와 매우 

밀접한 연관성을 나타내었다. 따라서, 육질 변화와 연관성이 높은 단백질 
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또는 단백질로부터 유래한 펩타이드는 계육 품질 연관 지표로 활용이 

가능할 것이다. 

두 번째 연구는 오리의 흉근과 장경근을 4℃에서 10 일 동안 

저장하면서 펩타이드의 정량적 변화, 육질 특성 변화 및 단백질 

분해효소(calpains, cathepsins L and B, proteasome 20S, and caspase-3)의 

활성도를 분석하였다. 오리의 장경근은 흉근보다 pH 와 명도는 높았으나, 

가열감량은 유의적으로 낮았다(P < 0.05). 10 동안 냉장 저장 중 흉근은 

pH 가 유의적으로 감소하였으나 적색도는 증가하였다(P < 0.05). 그러나 

장경근은 냉장 저장으로 인한 육질 변화를 나타내지 않았다(P > 0.05). 

단백질 분해효소 중 cathepsin B 와 proteasome 20S 의 활성도는 냉장 저장 

중 변화를 나타내지 않았으나(P > 0.05), calpains 의 활성도는 점차적으로 

감소하였다(P < 0.05). 장경근의 cathepsin L 과 흉근의 caspase-3 의 

활성도는 저장 5 일 후 유의적으로 감소하는 결과를 나타내었다(P < 0.05). 

오리의 흉근에서는 총 37 종의 단백질에서 5,155 개의 펩타이드가 

확인되었고, 그 중 247 종의 펩타이드가 myoglobin 에서 유래하였다. 

장경근에서는 32 개의 단백질에서 4,222 개의 펩타이드가 확인되었고, 

다수의 펩타이드가 actin 에서 유래한 것으로 확인되었다. 두 근육 모두 

caspase-3 의 활성도와 hemoglobin alpha A subunit 유래 펩타이드의 정량적 

변화가 매우 밀접한 연관이 있는 것으로 확인되었고, 육색은 glucose-6-
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phosphate isomerase 및 glyceraldehyde-3-phosphate dehydrogenase 에서 

유래한 펩타이드와 비슷한 변화 경향을 보여주었다. 이상의 결과는 오리 

흉근과 장경근의 수많은 단백질이 자가분해작용의 영향을 받으며, 이들 

중 몇몇 단백질은 오리육의 품질 특성을 예측하거나 제어하기 위한 

지표로 유용하게 활용될 수 있음을 의미한다. 

주요어： M. pectoralis major, M. iliotibialis, 단백질 분해, 펩타이드, 

단백질분해효소, 육질 

학    번: 2019-25723 
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