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ABSTRACT 

CHEMICAL DETERMINANTS OF DIGESTIBILITY OF PROTEINS AND BIO-

AVAILABILITY OF AMINO ACIDS AND IDENTIFICATION OF EFFECTIVE 

INDICATORS OF HEAT DAMAHE IN ANIMAL PRODUCTS 

 

     Sharareh Jahanbin                                                                     Advisor(s): 

     University of Guelph, 2021                                                        Professor D.P. Bureau 

                                                                                                           Professor A.K. Shoveller 

The nutritional value of feed ingredients varies due to the use of different raw materials 

and processing conditions during the production of protein ingredients. Thermal processing is 

central to the production of many feed ingredients. Proteins tend to be reactive and may undergo 

chemical changes during thermal processing which is collectively described as “heat damage”. 

Heat damage includes numerous chemical processes that may irreversibly damage amino acids or 

render protein more resistant to digestion. Processing of proteins at high temperatures can result 

in protein cross-linking. The presence of cross-linked amino acids in the structure of proteins may 

make parts of these proteins more refractory to the action of proteases, reducing the nutritional 

value of dietary proteins.  

This thesis presents: (i) an in vivo digestibility trial to characterize the variability in the 

digestibility of amino acids in different feed ingredients; (ii) characterization of the chemical 

changes associated with heat damage of a model animal protein and identification of reliable 

indicators of different types of chemical/heat damage; (iii) an in vitro digestibility trial to examine



 

the impacts of heat damage on digestibility of model animal protein. In Study 1, it was observed 

that the apparent digestibility coefficients (ADCs) of macronutrients and amino acids varied 

significantly among different feed ingredients. In Study 2, exposing chicken meat (CM) samples 

to increasing temperatures in the absence or presence of chemical agents resulted in significant 

decreases in several essential amino acids and significant increases in the formation of cross-linked 

amino acids. The study provided evidence that the formation of the disulphide bridges was not 

significant under the conditions examined. Finally, Study 3 revealed negative and significant 

correlations between in vitro protein digestibility and cross-linked amino acids formation when 

using a lower concentration of pepsin.  

Results from this thesis underline the significance of protein cross-linking in heat-damaged 

ingredients and suggest that cross-linked amino acids can be practical indicators of heat damage 

for protein ingredients and could help better predict the nutritive value of proteins in feed 

resources. Furthermore, our findings could be used to further investigate approaches to improve 

the nutritive value of protein ingredients. 
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Chapter 1. General Introduction 

 

Protein is an important and expensive component of the diet of animals. Proteins are 

composed of amino acids and several of these amino acids are nutritionally essential. Supplying a 

sufficient amount of protein and essential amino acids is vital to ensuring efficient growth and feed 

utilization in animals (Stein et al., 2007; Kim et al., 2019; Lee et al., 2020). Amino acids are the 

building blocks of body proteins and are precursors of several metabolically important compounds 

and molecules, thus they are involved in a multitude of biochemical reactions. Amino acids are 

also good sources of energy, notably in fish species (NRC, 2011).  

One of the major goals in animal nutrition is to meet the nutritional requirements of the 

animals in the most economical fashion. Depending on the animal’s requirement, animal feeds are 

formulated to different protein and essential amino acids levels using a variety of protein sources 

varying in quality and cost (Hartmann and Siegrist, 2017; Kim et al., 2019). The quality of protein 

source depends primarily on the chemical composition, e.g., amino acid profile of protein, 

digestibility and bio-availability of these amino acids, the presence and levels of different anti-

nutritional factors, and other chemical components (e.g. dietary fiber). Animal feed manufacturers 

can rely on different, well-established chemical analysis techniques to quantify the concentrations 

of amino acids and other chemical components of feed ingredients. Most feed manufacturers rely 

on Quality Assurance and Quality Control (QA&QC) programs to monitor the composition of feed 

ingredients and finished/complete feeds. 
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Significant variation in the nutrient digestibility of feed ingredients has been documented 

(Bureau et al., 1999; Aslaksen et al., 2006; Hernández et al., 2015; Oeda-Rodrigues et al., 2019; 

Lee et al., 2020). This variability has major implications on animal feed quality. Digestible amino 

acids provide a more rational basis for the formulation of feeds meeting the requirements of the 

animals. However, meaningfully assessing the digestibility and bio-availability of nutrients of feed 

ingredients remains one of the key challenges for animal feed manufacturers. Determining the 

digestibility of nutrients of feed ingredients is challenging, costly, and time-consuming. It is 

generally done with in vivo animal feeding assays (digestibility trials) that require specialized 

infrastructure, equipment, personnel, and expertise. These trials often take weeks to set up and 

complete and are very costly. In addition, the digestibility of nutrients cannot be assessed for every 

batch or lot of feed ingredients purchased and used in feed formulation. Some feed manufacturers 

rely on in vitro assays (e.g. pepsin digestibility assays) or rapid analysis techniques such as near-

infrared spectrophotometry (NIRS) to estimate digestibilities. These techniques have limitations 

such as a lack of good correlation between pepsin digestibility and in vivo digestibility of nutrients 

and animal performance.  

In vivo determination of digestibility has limitations, as have been previously reported by 

Libao-Mercado et al. (2009), Poppi et al. (2011), and Pfeuti et al. (2019). According to those 

authors, fish and pigs fed diets formulated to contain the same level of digestible amino acids and 

other nutrients were found to perform differently. This suggests that digestibility does not always 

provide an accurate representation of the bio-availability of amino acids. Amino acids may be 

measured as digestible, but may not be absorbed in a form that is usable to animals. Experimental 

observations indicated that certain protein ingredients had relatively high digestibility of protein 
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and essential amino acids, but significantly lower levels of bio-available amino acids than 

predicted on the basis of the digestibility (Poppi et al., 2011; Pfeuti, 2017; Pfeuti et al., 2019). 

Hence, it is critical to obtain reliable information on the bio-availability of amino acids of 

ingredients prior to feed formulation and production. Overestimating bio-availability of essential 

amino acids may result in the production of feeds that do not meet the nutrient requirements of the 

animals. On the other hand, if nutrient bio-availability is underestimated, feeds may be formulated 

with nutrient levels that are greater than required, resulting in higher feed costs than necessary and 

an environmental impact due to high nitrogen and phosphorous. 

At the origin of differences in the digestibility and bio-availability of amino acids of protein 

sources, are differences in raw materials and processing conditions (equipment, temperature, 

pressure, duration, etc.) (Papadopoulos et al., 1989; Wang and Parsons, 1998; Piva et al., 2001). 

Thermal treatment is central to the transformation of raw materials (e.g. oilseeds, animal by-

products, etc.) into feed ingredients that can be more easily handled, shipped, stored, and used in 

animal feeds. However, proteins tend to be reactive and may undergo chemical changes during 

thermal processing. The temperature and chemicals during thermal processing and drying may 

result in significant changes to protein and amino acids, and other nutrients through a variety of 

chemical reactions. “Heat damage” is the general term used to describe all of these changes. This 

heat damage includes numerous chemical processes such as protein oxidation (ProtOx), pyrolysis, 

racemization of amino acids, Maillard reactions, and protein and amino acid cross-linking (Finot, 

1981; Feeney and Whitaker, 1987; Friedman, 1999; Drevin et al., 2001; Gerrard, 2002a,b; Lund 

et al., 2011). Interestingly, the impacts of different types of chemical changes induced by thermal 

processing on the nutritive value of protein ingredients have rarely been investigated in a 
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comprehensive and systematic manner. These reactions may irreversibly damage or destroy amino 

acids, rendering the protein more resistant to digestion (Opsvedt et al., 1984; Papadopoulos, 1989; 

González-Vega et al., 2011) and reduce the nutritive value of proteins in feed resources (Mauron, 

1990; Friedman, 1994). 

Processing of proteins at high temperatures can result in protein cross-linking. Protein 

cross-linking refers to the formation of covalent bonds between polypeptide chains within a protein 

(intramolecular cross-links) or between proteins (intermolecular cross-links) (Feeney and 

Whitaker, 1987; Friedman, 1999; Gerrard, 2002b). These can produce substantial changes in the 

structure and properties of proteins (Singh, 1991; Friedman, 1999; Cartus, 2017). The presence 

and significance of cross-linked amino acids (CLAAs) in heat-damaged proteins on the 

digestibility and bio-availability of amino acids have received little attention (Al-Saadi and Deeth, 

2008; Rombouts et al., 2010; Pfeuti, 2017). The presence of cross-linked amino acids in the 

structure of heat-damaged protein or polypeptides may hinder the action of proteases thereby 

making heat-damaged proteins, or parts of these proteins, more refractive to digestion.  

The challenges lie in a relatively poor characterization of chemical changes associated with 

thermal processing and the impact of these changes on protein quality (digestibility and bio-

availability of amino acids) despite decades of research in animal nutrition science and the 

importance of assessing the nutritive value of protein-rich feed ingredients from an animal 

production perspective. Understanding the chemical basis of the damage that is imposed on raw 

materials through different thermal processing conditions may lead to a better approach to predict 

the nutritive value of ingredients before use in feed formulation. There is a need for a reliable 

indicator of different types of heat damage that could help better characterize and predict the 
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nutritive value of protein ingredients. This project involved a combination of lab bench assays and 

chemical analyses and will lay the foundation of in vivo studies and the development of novel and 

effective Quality Assurance and Quality Control (QA/QC) methods for animal protein ingredients.  

 

1.1 Objectives of the thesis  

The overall objectives of this thesis were to examine chemical determinants of digestibility 

of heat-damaged proteins and identify effective indicators of different types of chemical/heat 

damage in animal protein ingredients. The main specific objectives were: 

 

(1) To determine apparent digestibility coefficients (ADCs) of macronutrients and amino 

acids in different protein ingredients fed to rainbow trout, with the aim of characterizing 

the variability in the digestibility of amino acids in different feed ingredients whose 

production involves some degree of heat processing; 

(2) To characterize the chemical changes to proteins and amino acids induced by thermal 

processing of a model animal protein;  

(3) To examine the impacts of heat damage on in vitro digestibility of model animal protein; 

and  

(4) To begin the process of identifying a reliable indicator of different types of chemical/heat 

damage that could help better predict the nutritive value of protein ingredients. 
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Chapter 2. Literature Review 

 

2.1 Introduction 

Proteins are a major component of animal feeds and contribute significantly to the total 

feed cost, therefore fulfilling protein requirements is an important part of the cost of production. 

Protein ingredients of different origins are produced using different raw materials, processing 

equipment, and conditions. However, many potentially useful protein sources for animal feeding 

would remain unused if proper processing was not possible (Papadopoulos, 1989). Thermal (heat) 

treatment is central to feed processing. Thermal processing is used to cook and dry raw material, 

thereby reducing volume, improving handling and storage characteristics of feed ingredients, 

curbing microbial spoilage, and reducing levels of certain anti-nutritional factors (ANFs). 

Significant decreases in ANFs (trypsin inhibitor, haemagglutinin activity, tannins, saponins, and 

phytic acid) of chickpea were observed after cooking using microwave and other traditional 

cooking methods (Alajaji and El-Adawy, 2006). In a study by Khattab et al. (2009), cooking 

improved the nutritional quality of legume seeds, most likely due to a reduction in ANFs such as 

heat labile protease inhibitors.  

Maintaining a balance between efficient cooking and drying, and retaining the nutritional 

quality of the final product is an extremely important component to optimize thermal processing 

conditions in rendering. Excessive thermal processing can have deleterious effects on the 

nutritional quality of protein ingredients (Wang and Parsons, 1998; Bureau et al., 1999). The time 

of exposure to the heating and the actual temperature of processing were both important factors 
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affecting the protein quality of dried blood meals (Moughan et al., 1999). Increasing processing 

temperature was indicated to decrease the availability of amino acids in different animal protein 

ingredients including meat meals, meat and bone meals, feather meals, and poultry by-products 

(Skurray and Herbert, 1974; Wang and Parsons, 1998; Pfeuti, 2017; Lewis et al., 2019). Lewis et 

al. (2019) suggested that the rendering of poultry by-product meals and other animal proteins 

should be done at temperatures that do not exceed 120-130°C. The nutritive value and available 

lysine of legumes have been reported to decrease as processing time and temperature were 

increased (Chau et al., 1997; Kon and Sanshuck, 1981). Khalil and Mansour (1995) found that 

cooking reduced sulfur-containing amino acids content in faba bean. 

The extent of heat damage to proteins and their nutritional quality are determined by the 

processing conditions. For instance, Wang and Parsons (1998) showed that differences in 

processing systems and temperatures can cause substantial variability in amino acid digestibility. 

Part of the response variations, according to those authors, could be attributed to the processing 

temperature within the system or the duration of cooking time. Johns et al. (1987) found negative 

effects of cooking time on amino acid digestibility of meat and bone meals heated at 150°C for 0, 

1.5, 3, 4, and 5 hours. A highly digestible poultry meal was produced by carefully pre-treating and 

preparing poultry carcasses coupled with a moderate cooking temperature (110°C), while 

purposely overheating (145°C) a commercial source of poultry meal dramatically reduced its 

protein digestibility (Lewis et al., 2019). 

These observations are consistent with the fact that proteins and their amino acid 

components tend to be reactive and may undergo chemical changes during thermal processing 

(Papadopoulos, 1989; Mauron, 1990). These changes are collectively described as “heat damage”.  
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There are several types of chemical processes that can contribute to heat damage. Among these 

reactions, protein oxidation, racemization of amino acids, Maillard reactions, protein and amino 

acid cross-linking, and in the extreme case, pyrolysis have been shown to affect the nutritive value 

of protein ingredients (Dworschak and Carpenter, 1980; Friedman, 1999; de Vrese et al., 2000; 

Gerrard, 2002a,b; Hawkins et al., 2009). These chemical changes lead to a significant reduction in 

the nutritional value of animal protein ingredients due to the destruction of amino acids that make 

protein more difficult for digestive enzymes to access, resulting in decreased digestibility and bio-

availability and a lower supply of amino acids for growth and maintenance. There seems to be 

very limited consideration in the animal nutrition literature for systematically and comprehensively 

studying the importance and impacts of these chemical reactions on the nutritive value of common 

feed ingredients. 

Understanding the chemical basis of the damage that is imposed on raw materials through 

various thermal processing conditions may lead to a more accurate approach and/or method of 

predicting the nutritive value of protein ingredients before they are used in feed formulation. The 

impacts of the different types of chemical changes induced by thermal processing on amino acid 

composition, digestibility, and bio-availability of protein ingredients deserve to be investigated in 

a comprehensive and systematic fashion. There is a need for indicators of different types of heat 

damage that could help characterize and predict the nutritive value of protein ingredients. 

Furthermore, approaches that could inhibit or minimize some of the deleterious chemical reactions 

affecting amino acids during thermal processing need to be determined. The aims of this literature 

review are: 1) to examine important chemical changes associated with heat damage of proteins, 2) 

to address reliable indicators of heat damage that are correlated with the nutritional value of protein 
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ingredients, 3) to investigate the metabolic fate/transit of products resulting from the chemical 

reactions, and 4) to discuss the commonly used analytical techniques in amino acid analysis and 

advanced analysis methods in the prediction of protein structures.  

2.2 Chemical reactions resulting from thermal processing of protein 

ingredients and their impacts on protein digestibility and bio-availability 

of amino acids 

 

2.2.1 Protein Oxidation (ProtOx) 

Protein oxidation is currently one of the most important issues of study in the field of food 

chemistry. Nevertheless, the fact that proteins are targets for reactive oxygen species (ROS) was 

overlooked for several decades while the oxidation of other food compounds like lipids was 

thoroughly investigated (Lund et al., 2011; Estévez et al., 2017). The absence of appropriate and 

specific methodologies to measure protein oxidation and the idea that lipid oxidation was the 

primary cause of food degradation, along with microbial spoilage, limited the development of this 

highly novel research area. The majority of protein oxidation studies in recent decades have been 

focused on the significance of oxidized proteins to human health, specifically in a variety of age-

related diseases (i.e. Alzheimer’s), while the occurrence of ProtOx in food systems has been 

remained largely unknown (Estévez et al., 2017). 

Proteins are undoubtedly important in the nutritional, sensory, and technological properties 

of foods (Davies, 2005). ProtOx can greatly affect the quality attributes of foodstuffs (Soladoye 

et. al., 2015). In both food and biological systems, proteins are readily oxidized in the presence of 

radicals and non-radical species. Protein oxidation in muscle foods can be induced directly through 
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reactive oxygen species (ROS) (either free radicals or non-free radicals) and reactive nitrogen 

species (RNS) or indirectly by secondary products of oxidative stress (i.e. lipid peroxidation and 

sugar oxidation products) (Lund et. al., 2011). These reactive species can initiate ProtOx in a meat 

system either by modifying the amino acid side chains or attacking the polypeptide backbone of 

the protein (Xiong, 2000; Lund et al., 2011). The consequences of this oxidative stress are 

modifications to the amino acid side chains and fragmentation, aggregation, and loss of protein 

function. Almost all of the amino acids are very vulnerable to free radicals. It has been suggested 

that cysteine, tyrosine, tryptophan, phenylalanine, histidine, proline, arginine, lysine, and 

methionine are particularly sensitive to ROS (Dalle-Donne et al., 2001; Davies, 2005; Zhang et 

al., 2013).   

Protein oxidation proceeds and ends according to multiple mechanisms, depending on the 

target and the oxidising agent, and the consequences include the loss of sulfhydryl groups, the 

formation of protein carbonyls derived from oxidation of amino acids, the formation of cross-links, 

and the modification of aromatic amino acids (Lund et. al., 2011; Zhang et al., 2013). Free radicals 

attack basic amino acids such as arginine, histidine, and lysine, forming sidechain carbonyls, which 

are typically used as indicators of protein oxidation (Stadtman and Berlett, 1997). The formation 

of carbonyls from particular amino acid side chains contributes to disrupting the conformation of 

myofibrillar proteins, resulting in denaturation and loss of protein functionality. In addition to 

protein carbonylation, when dietary proteins are exposed to the oxidative activity of ROS, they 

lose thiols and tryptophan and create covalent cross-links (disulphide bonds and/or dityrosines) 

(Estévez and Heinonen, 2010; Rehder and Borges, 2010).   
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Products generated by lipid peroxidation are also closely related to the oxidative 

degradation of food proteins and peptides. The interaction between lipid oxidation and ProtOx has 

been widely investigated (Viljanen et al., 2004; Fuentes et al., 2010; Roldan et al., 2014). Amino 

acids with reactive side chains are sensitive to lipid peroxidation products. Morzel et al. (2006) 

have reported that free radicals from lipid peroxidation would facilitate ProtOx in meat systems. 

Srinivasan et al. (1996) maintain that ProtOx and lipid peroxidation are closely associated and 

invariably occur hand-in-hand. Schaich and Pryor (1980) postulated that both lipid and protein 

oxidation are induced by free radical chain reactions. 

Cooking/heat treatment has been shown to prompt the generation of ROS, which can 

increase the tendency of ProtOx in meat (Traore et al., 2012). Heating above 60°C can trigger 

oxidative cleavage of the porphyrin ring of heme, releasing heme iron and increasing lipid and 

protein oxidation (Miller et al., 1994). In a study by Roldan et al. (2014), heating induced both 

lipid and protein oxidation in lamb loins, including the formation of specific protein carbonyls 

such as α-aminoadipic and γ-glutamic semialdehydes (AAS and GGS, respectively). Although 

some researchers have not found a direct relationship between lipid and protein oxidation (Haak 

et al., 2006; Haak et al., 2008; Gatellier et al., 2010), available results imply a strong link between 

these two processes (Vuorela et al., 2005; Lund et al., 2007; Fuentes et al., 2010; Rodríguez-

Carpena et al., 2011).  

ProtOx-induced chemical changes lead to impaired protein functionality and resistance of 

proteins to proteolysis, which may decrease protein digestibility and bio-availability of amino 

acids. Protein carbonylation and the formation of protein cross-links have been recognized as the 

most important chemical modifications in the loss of muscle protein functionality (Xiong, 2000; 
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Estévez, 2011; Utrera and Estévez, 2012). The formation of various oxidized products such as 

sulfenic acid, sulfinic acid, and disulphide cross-links results from the oxidation of thiol groups 

through a series of complex reactions (Rehder and Borges, 2010; Jacob et al., 2012). 

According to research findings by Santé-Lhoutellier et al. (2008), protein carbonylation 

might not be a reliable indicator of ProtOx’s impact on protein digestibility. Those authors 

suggested that carbonyl production is limited to only one group of amino acids and may not be 

representative of the whole oxidation phenomenon. They assumed that the mechanisms by which 

oxidation modulates digestibility are complex and may involve other groups of amino acids, 

notably aromatic amino acids, which are particularly represented in recognition sites of proteases. 

 

2.2.2 Racemization of amino acids 

Racemization of amino acids is another mechanism that might affect protein quality during 

processing. This occurs most readily after alkaline treatments, but it can also happen to a lesser 

extent during the heating of proteins (Papadopoulos, 1989; Opstvedt et al., 2003). An extensive 

area of the peptide chain around the racemized amino acid residues cannot be used as the substrate 

binding site of proteases if only small amounts of D-amino acids are present. This causes a 

significant decrease in proteolysis and diminishes protein digestibility. De Vrese et al. (2000) 

indicated that short D-amino acid containing peptide fragments are less digestible than the L-

enantiomers. Those authors showed that D-amino acids were mainly responsible for lower true 

ileal protein digestibility in pigs fed experimental diets. Paquet et al. (1985) showed that peptidic 

degradation proceeds up to the point at which there is a D-amino acid at the end of the peptide 
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chain, preventing the further activity of the exopeptidases and the release of absorbable peptides 

and free amino acids. This implies that the digestibility of all amino acids remaining in these 

peptides has been impaired. Both racemization and cross-links were reported to hinder proteolysis 

and reduce protein and peptide digestibility in in situ experiments using isolated loops of rat 

intestine (Schwass et al., 1983). The results of the study by Schwass and Finley (1984) showed 

that serine and aspartate are the residues that undergo the greatest racemization at the lowest 

temperature and/or the least harsh conditions. They argued that serine could provide a more 

sensitive indicator of racemization within a protein.  

 

2.2.3 Amino acid-reducing carbohydrate reactions (Maillard or non-enzymatic browning 

reactions) 

Maillard reactions induced by heating involve binding of the amino group of amino acids, 

peptides, or proteins to the carbonyl group of reducing sugars such as glucose and lactose (Bastos 

et al., 2012). Temperature, water activity (aw), pH, moisture content, and chemical composition 

are all factors that influence non-enzymatic browning reactions. Browning occurs at aw between 

0.60 and 0.85 in most cases, and the browning rate increases with increasing pH, up to a pH of 

around 10 (Dworschak and Carpenter, 1980; Morales and Van Boekel, 1997; Gerrard, 2002a). The 

rate of non-enzymatic reaction is slow at low temperatures (≤ 35°C) and accelerates at 

temperatures over 55°C. The majority of research into the effect of temperature on Maillard 

reactions has been carried out between 55 and 120°C, with the reaction times varying from 30 

minutes to 24 hours and even up to a few days (Lee et al., 2017). 
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Lysine is the most susceptible amino acid in intact proteins that participates in the Maillard 

reaction because it has a free amino group at the epsilon carbon that is readily available to react 

with reducing sugars. Free lysine is even more reactive because it has two free amino groups 

(Moughan et al., 1999). Previous studies showed that the lysine digestibility was reduced in pigs 

and/or poultry resulting from Maillard reactions in different feed ingredients (Van Barneveld et 

al., 1994; Shirley and Parsons, 2000; Fontaine et al., 2007; Pahm et al., 2008; Boucher et al., 2009). 

Öste and Sjödin (1984) have reported negative effects of glucose-lysine browning products (<6–8 

kDa in molecular weight) on the digestibility of dietary proteins in vivo in rats. 

The Maillard reaction is a series of sequential and parallel reactions divided into “early”, 

“advanced” and “final” stages; these three stages are influenced by each other and also by many 

other parameters (Faist and Erbersdobler, 2001). Maillard reaction is often described in food 

systems but it also occurs in living organisms, and in this case, it is called glycation (Bastos et al., 

2012). Formation of Amadori products (aminoketones) from the reaction of protein-bound lysine 

with the carbonyl group of reducing sugars accrue during early Maillard reaction. Early Maillard 

reaction derivatives of lysine with glucose, lactose, and maltose include N-ε-fructosyllysine, N-ε-

lactulosyllysine and N-ε-maltulosyllysine, respectively. Amadori products are the first stable 

intermediate resulting from the early Maillard reaction in foods as a consequence of heat treatment 

or storage (Martins et al., 2000; Mavromichalis, 2001). They make lysine biologically unavailable 

and reduce the digestibility of protein by decreasing the action of proteinases such as trypsin and 

carboxypeptidase (Dworschak and Carpenter, 1980; Plakas et al., 1985; Deng et al., 2005). 

Because the destruction of lysine is often 5-15 times greater than with other amino acids (e.g., 

methionine, cystine, tryptophan, leucine), changes in the bio-availability of lysine represent both 
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the occurrence and intensity of the Maillard reaction (Papadopoulos, 1989; Bastos et al., 2012). 

Rérat et al. (2002) observed that the losses in protein nutritive value were due mainly to the 

deterioration of lysine and, to a lesser extent, to the decreased digestibility of other essential amino 

acids. Finot (1981) showed that up to 70% of lysine was quantified as Amadori lysine in milk 

products, depending on temperature and time of heating. Finot and Magnenat (1981) postulated 

that early Maillard browning reduced the digestibility of lysine from casein by 10% in rats, whereas 

advanced Maillard browning reduced it by 40-50%. 

During advanced Maillard reactions, some cross-linkages are established between lysine 

and other amino acids within the protein, which may reduce the efficiency of proteolytic enzymes 

(Goldberg et al., 2004; Qu et al., 2017). In advanced Maillard reactions, the formation of a 

deoxyketosyl compound contributes to the formation of brown pigments or melanoidins, which is 

likely the reason for the color change in over-heated feedstuffs. Melanoidins may also block 

absorption sites in polypeptide chains because of steric hindrances and may reduce the digestibility 

of amino acids and peptides. The formation of Nε-(carboxymethyl)lysine (CML) and some 

intermediate derivatives of the reaction, such as hydroxymethylfurfural (HMF) are the most 

common indicators that occur during advanced Maillard reaction (Charissou et al., 2007; Bastos 

et al., 2012; Nguyen et al., 2014). In biological systems, these compounds are called advanced 

glycation end products (AGEs), produced through the subsequent oxidation of the Amadori 

products (Henle, 2005). AGEs have been reported to cause pathological changes in laboratory 

animals such as rats (Mehta and Deeth, 2016) and also in humans who consume a large amount of 

food containing AGEs (Gerrard, 2002a; Tamanna and Mahmood, 2015). 
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Cross-link formation, interaction with receptors for advanced glycation end products 

(RAGE), and intracellular glycation are the three main mechanisms by which AGEs cause 

biological adverse effects (Lapolla, et al., 2005). As a result of this cross-linking and formation of 

unnatural amino acids, AGEs are less available for absorption because of their resistance to 

digestive enzymes (Corpet et al., 1995; Hellwig et al., 2014). According to research findings on 

dietary AGEs, they are linked to oxidative stress, inflammation, and, subsequently, diabetes and 

cardiovascular diseases (Van Nguyen, 2006; Silván et al., 2011). In addition, high intake of AGEs 

causes cellular dysfunction, that is, modification of protein structures, interference with lipid 

metabolism along with vascular inflammation, thrombogenesis, and increased risk of food 

allergies (Gupta et al., 2018).  

Many researchers have underlined the health benefits and risks of Maillard reaction 

products (MRPs) which are prevalent in the diet. Hence, it is critical to characterize and quantify 

the MRPs in common foods and to establish guidelines for food health (Delgado-Andrade et al., 

2009; Gupta et al., 2018). The development of sophisticated analytical techniques made it feasible 

to isolate, characterize, and quantify several specific chemical compounds generated in vitro and 

in vivo, both at the early and advanced stages of the Maillard reaction. The most prevalent chemical 

compounds are Amadori compounds like fructosyllysine (FL) which is the early Maillard product 

(indirectly analyzed as furosine) and in the severe heat treatments, the advanced Maillard products 

are Nε-(carboxymethyl) lysine (CML) and hydroxymethylfurfural (HMF) (Charissou et al., 2007; 

Bastos et al., 2012). Measurement of fluorescent compounds produced during the reaction is also 

a reliable tool to determine the extent of nutritional loss due to thermal processing of foods 

(Friedman, 1996; Delgado-Andrade et al., 2009). 
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2.2.4 Pyrolysis of amino acids 

Pyrolysis reactions occur when foods are heated to over 300°C in an oxygen-limited 

environment. The yield and chemical composition of the pyrolysis products are affected by the 

characteristics of the feedstock and the process variables such as heating rate and residence time 

of the process (Mohan et al., 2006; Zhao et al., 2013). Pyrolysis is quite distinct from the classic 

Maillard reaction. It is evidenced by the pyrolysis compounds formed from pure proteins, peptides, 

and amino acids in the total absence of carbohydrates. These chemical compounds are frequently 

mutagenic (Mauron, 1990; Drevin et al., 2001) and can increase the nutritionally related cancers 

(e.g. colon or breast cancer) (Goldman and Shields, 2003). 

Pyrolysis, gasification, and combustion of biomass generate polycyclic aromatic 

hydrocarbons (PHAs) and nitrogen-containing polycyclic aromatic compounds (N-PACs). PHAs 

are known as environmental pollutants. N-PACs are produced from pyrolysis of proteinaceous 

materials found in agriculture and forestry residues (1-25 wt% protein) and in animal waste and 

sewage (15-30 wt% protein). The formation of N-PACs from the thermal processing of biomass 

has received less attention, despite the fact that they are potentially more toxic than PAHs (Britt et 

al., 2002; Britt et al., 2004). The pyrolysis of amino acids and proteins has been investigated under 

a wide variety of conditions ranging from low temperatures with long residence times to high 

temperatures with short residence times as a result of their biological significance. For instance, 

the thermal degradation of proteins during cooking protein rich foods has been shown to produce 

mutagenic N-PACs, whereas thermal degradation of proteins and amino acids in tobacco is 

responsible for the aroma and flavor of tobacco smoke as well as contributing to its biological 

activity (Britt et al., 2004; Weidemann et al., 2018). In general, the production of N-PACs and 
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PAHs via the pyrolysis of amino acids is low (less than 0.5 wt %), except for tryptophan (Chiavari 

and Galletti, 1992; Sharma et al., 2003). Tryptophan is an indole with a thermally-labile side chain. 

The indole moiety can stay intact during pyrolysis and form various products through the reactions 

occurred along its side chain (Sharma et al., 2003). 

Amino acids and proteins react with reducing sugars such as glucose to produce Amadori 

compounds. This is the initial step in the Maillard reaction, a complex series of reactions that 

results in the loss of food quality at room temperature due to the formation of brown pigments. 

The production of Amadori compounds from amino acids and reducing sugars provide a low 

energy pathway for their breakdown (Britt et al., 2004). Moreover, the number of decomposition 

products from Amadori compounds far exceeded the decomposition products from the individual 

components. According to the findings by Britt et al. (2004), the proline Amadori compound and 

mixtures of proline and glucose produce significantly more N-PACs and PAHCs than proline or 

glucose alone, and glucose improves the formation of N-PACs particularly at lower temperatures. 

 

2.2.5 Protein Cross-linkage  

Protein cross-linking can occur when proteins are processed at high temperatures. Protein 

cross-linking results from the formation of covalent bonds between polypeptide chains within a 

protein (intramolecular cross-links) or between proteins (intermolecular cross-links) (Feeney and 

Whitaker, 1987). These can produce substantial changes in the structure and properties of proteins 

(Singh, 1991; Friedman, 1999). Cross-linking of proteins may occur as a result of sulfhydryl group 

interactions (Sawyer, 1968; Hoffmann and van Mil, 1997). The thiol groups of cysteine molecules 
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in proteins often react together to form disulphide bonds, yielding highly stable cys-cys dimers 

(cystine). 

Protein cross-linking has been shown to have a considerable impact on protein digestibility 

and amino acid bio-availability (Friedman, 1999; Kroll et al., 2003; Gilani et al., 2005), which is 

often disregarded in animal nutrition. Belikov et al. (1981) suggested that the deteriorative effect 

of heat was related to the formation of disulphide cross-linkages. Excessive heat in the processing 

of proteins, however, has been found to be correlated with the creation of other cross-linked amino 

acids, which lead to protein cross-linkages that do not involve disulphide bonds. One of the 

hypotheses is that the presence of cross-links in the structure of protein or polypeptide, either as 

disulphide bridges or other cross-linked amino acids, may make proteins, or parts of these proteins, 

more refractory to the action of proteases (Belikov et al., 1981; Opstvedt et al., 1984; Pfeuti, 2017).  

2.2.5.1 Disulphide bonds 

Sulfhydryl (S-H) groups and disulphide (S-S) bonds play important roles in the structure 

and functional properties of proteinaceous foods. Disulphide cross-linking in proteins may occur 

from oxidation of sulfhydryl groups and sulfhydryl-disulphide interchange in what is commonly 

known as formation of disulphide bridges (Friedman, 1994; Gerrard, 2002b). Formation of 

disulphide bridges is very common in any protein containing high concentrations of the amino acid 

cysteine upon protein denaturation. Keratin contains high concentrations of cysteine. The 

disulphide bonds hold keratin polypeptides together to form a stable conformation that is essential 

for the functional properties of keratin-rich structures including feathers, hair, nails, and claws 

(Wrześniewska-Tosik and Adamiec, 2007).  
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Steam hydrolysis (high pressure, high moisture conditions) is effective in disrupting the 

disulphide bonds of keratins in raw feathers, rendering these structures digestible to animals. 

However, the apparent digestibility of protein of different steam hydrolyzed feather meals is found 

to be varied (Sugiura et al., 1998; Bureau et al., 1999; Cheng et al., 2004; Glencross, 2011). Pfeuti 

et al. (2019) developed a novel pre-treatment approach that significantly improved the digestibility 

and bio-availability of amino acids in commercially produced steam hydrolyzed feather meals fed 

to rainbow trout. Those authors indicated that “residual disulphide bonds” present in feather meals 

can have a significant effect on the digestibility and bio-availability of amino acids of this 

ingredient (Pfeuti et al., 2019). Disulphide cross-linking has been suggested to hamper the attack 

by proteolytic enzymes and, therefore, decrease protein digestibility. This hypothesis is supported 

by the fact that Zhang et al. (2014) observed a significant inverse linear correlation (R2=0.98) 

between disulphide bond content and the in vitro pepsin digestibility of steam hydrolyzed feather 

meal.  

The formation of disulphide bridges has also been observed in protein ingredients (e.g. fish 

meal) subjected to excessive thermal processing (Opstvedt et al., 1984). Ljøkjel et al. (2000) 

postulated that an increased content of disulphide bonds has been linked to reduced digestibility 

of protein, especially cysteine. In a study by Ellepola et al. (2006), disulphide bond formation was 

shown to play a major role in the thermal aggregation of rice globulin. Faris et al. (2008) reported 

that the degree of hydrolysis by trypsin and pancreatin was significantly correlated to the degree 

of disulphide reduction of soy flour. 
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Cleavage of disulphide bonds has been claimed to increase in vitro digestibility of heat-

damaged or native proteins (Opstvedt et al., 1984; Lister et al., 1995; Opstvedt et al., 2003; Garcia 

et al., 2011). In fact, the level of processing can be revealed by assessing the levels of S-H and S-

S bonds. The hypothesis that disulphide cross-linkages generated by the oxidation of sulfhydryl 

(S-H) groups reduces protein digestibility is also supported by the fact that cleavage of disulphide 

bonds has increased in vitro protein digestibility (Lister et al., 1995; Garcia et al., 2011). 

2.2.5.2 Cross-linked amino acids 

Despite the fact that cross-linked amino acids (CLAAs) have been proposed as sensitive 

indicators of heat damage in proteins, little attention has been given to these chemical compounds 

(Boschin et al., 2003; Rombouts, et al., 2016; Pfeuti, 2017). It has been shown that increased 

processing temperatures of meat and bone meal result in lower availability of the dietary amino 

acid lysine when fed to pigs, chicks, and rats (Batterham et al., 1986). This implies that during the 

heating process, proteins may be damaged to a degree that leads to a decline in the nutritional 

availability of protein ingredients. A generally accepted theory on the disappearance of lysine in 

heat-treated materials asserts that it is being converted into the cross-linked amino acid named 

lysinoalanine (LAL). This is a result of the heat-induced reconfiguration of the protein structure, 

where the thiol groups of cysteine residues bind together to create disulphide bonds and form 

cystine residue which is more stable than cysteine molecules (Cartus, 2017). 

During thermal processing, especially under alkali conditions, cystine may not be cleaved 

between its two sulfur groups to give two cysteine residues (reduction reaction), but maybe 

subjected to β-elimination of one of the sulfur atoms instead (Figure 2-1). This reaction results in 

the formation of perthiocysteine residue and dehydroalanine (DHA) (Friedman, 1999). Serine and 



 

 

22 

 

phosphoserine are also susceptible to β-elimination reaction and give rise to the formation of 

dehydroalanine (Figure 2-1). The double bond of the dehydroalanine intermediate is highly 

reactive and has a strong affinity for cysteine, lysine, histidine, ornithine, and ammonia, forming 

lanthionine (LAN), lysinoalanine (LAL), histidinoalanine (HAL), ornithoalanine (OAL), and β-

aminoalanine (BAL), respectively (Figure 2-1) (Asquith et al., 1974; Friedman et al., 1984; 

Friedman, 1999). The hydrolytic degradation of arginine produces ammonia and ornithine which 

are involved in the formation of OAL and BAL. Zhao et al. (2016) and Friedrich et al. (2017) 

observed that arginine had little impact on the rate of DHA formation which was consistent with 

the guanidinium group being a poor nucleophile.  

The development of cross-linked amino acids during heat and alkali treatment of proteins 

is followed by disappearance of the precursors cysteine, serine, arginine, and lysine (Friedman et 

al., 1999). Papadopoulos (1989) indicated that the amount of LAN formed in feather meal was 

proportional to the loss of cysteine during processing. Zhao et al. (2016) indicated that serine, 

cysteine, cystine, and lysine were the precursor amino acids that participated in the formation of 

LAL in the duck egg white samples. 

The reactivity of amino acid side chains (serine, cysteine, and cystine) to yield 

dehydroalanine is based on their acidity in the first stage of LAL and LAN formation. The group 

will leave faster if the acid is stronger (Clayden et al., 2012). Serine is the most obvious alternative 

source of DHA (Mellet and Louw, 1965). It seems that serine in the proteins studied requires more 

severe conditions to undergo the β-elimination leading to the production of DHA. Hence, at 

elevated temperatures and pH, serine may become a major contributor to lysinoalanine synthesis 

in proteins, whereas cystine appears to be the most important contributor under mild conditions. 
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This idea is substantiated by the observed loss of serine residues under relatively extreme 

conditions in terms of pH and temperature, but not under milder conditions (de Groat et al., 1976; 

Friedman, 1978). Cysteine residues react more slowly than cystine in the process of DHA 

formation and, therefore, it has been suggested that cystine can contribute effectively to increase 

DHA concentration (Friedman, 1999; Nielsen et al., 2020). Friedrich et al. (2017) claimed that for 

the maximal production of DHA, lysine is needed to be one residue separated from the cysteine 

residue. Those researchers proposed that the lysine epsilon amino group accelerated DHA 

production, so if the lysine was immediately adjacent to the cysteine, only limited promotion of 

DHA was observed. Consequently, the exact position of the lysine residue relative to the cysteine 

was also important for maximum DHA synthesis (Friedrich et al., 2017).  

There is a general consensus that the rates of formation of different cross-linked amino 

acids are dependent on temperature, pH, treatment time, and the concentration of precursors 

(Savoie and Parent, 1983; Friedman et al., 1984; Papadopoulos, 1989; Friedman et al., 1999). The 

temperature had a significant effect on stimulating the production and increasing the 

concentrations of LAL and LAN in heated animal proteins. Nielsen et al. (2020) reported that 

significant levels of these cross-links are formed in dairy products. Those authors indicated that 

the formation of LAL and LAN cross-links can be both intra- or inter-molecular. The production 

of these covalent cross-links between amino acids may lead to protein aggregation and also to 

changes in protein properties (Nielsen et al., 2020). 

Lysinoalanine and lanthionine were reported to be present in diverse processed feed 

ingredients (Robbins et al., 1980; Friedman et al., 1984; Rombouts et al., 2010). Besides that, 

Rombouts et al. (2016) reported the potential occurrence of other dehydroamino acid-derived 
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bonds such as in 3-methyl-lanthionine (3-methyl-LAN) and 3-methyl-lysinoalanine (3-methyl-

LAL) from various precursors (cystine, cysteine, lysine, serine, and threonine) in heated food 

proteins. Despite the fact that several processed feedstuffs, including feather meal, chicken by-

product meal, and soybean protein concentrate, contain a significant amount of the arginine 

precursor, OAL and BAL have received little attention (NRC, 2011).  

Proteins containing cross-linked amino acids may be largely digested and/or could result 

in the production of compounds (dipeptides, metabolites) that are not bioavailable. Apparent 

digestibility is a measure of the disappearance of the nutrients at different parts of the digestive 

tract; so, it might not be a reliable predictor of the nutrient’s bio-availability. Cross-linked amino 

acids containing polypeptides can be quite soluble and may be lost during the collection of fecal 

material using common fecal collection methods. Nutrients may also disappear as a result of 

microbial fermentation or may be absorbed in a form that is not metabolizable and, therefore, not 

bioavailable to the animal (Moughan et al., 1999; Garcia-Mora et al., 2014).  

Some of the cross-linked amino acids may be toxic. LAL, OAL, and BAL were cross-

linked amino acids generated during the thermal and/or alkali treatment of keratin and believed to 

cause renal lesions in rats (De Groot et al., 1976; Feron et al., 1978; Boschin et al., 1999; Koleva 

et al., 2009). Free LAL is nephrotoxic to rats. The lesion formed is characterized by nuclear and 

cytoplasmic enlargement in the straight portion of the proximal renal tubule. Toxicity, however, 

seems to vary with the animal species. For example, LAL is toxic to rodents, but not to Japanese 

quail (Hayashi, 1982). De Groot et al. (1976) reported that 100 ppm of dietary crystalline 

lysinoalanine caused nephrocytomegaly in rats, whereas 6000 ppm of LAL (a protein-bound 

compound) from alkali-treated casein or soybean protein did not have any toxic effect. This makes 
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determining the toxicity of CLAAs to humans difficult. The sensitivity of humans to LAL toxicity 

is unknown (Hayashi, 1982; Boschin et al., 2003; Friedrich et al., 2017). Feeding of male preterm 

human babies for 5 days with LAL-containing infant formulas led to an overall rise in urinary 

microprotein levels, but there was no evidence of tubular damage (Langhendries et al., 1992). 

It has been proposed that LAL, which is known to be a chelator of certain metal ions, may 

exert its toxic effect by metal-binding in renal tubular cells. The toxicity of free and protein-bound 

LAL appears to differ significantly. It has been found that the nephrotoxic effect of free LAL is 

80-100 times greater than that of protein bound species. Although the amount of LAL in common 

foods appears to be sufficiently low not to induce renal toxicity in humans, further information 

about the mechanism of toxicity is required to fully assess the nutritional and toxicological 

significance of dietary LAL in humans (Henle et al., 1993; Boschin et al., 2003; Friedrich et al., 

2017). Table 2-1 provides an overview of different chemical reactions induced by thermal 

processing and compares the impacts of chemical changes on proteins’ nutritional value.    

 

2.3 Absorption and metabolism of products resulting from chemical reactions 

in heat-processed foods/feed 

Chemical reactions may happen during the heat processing and storage of foods/feed that 

affect the side chains of several amino acids, with consequences for the nutritional and 

physiological properties of food proteins. Advanced analytical methods were used to identify the 

majority of newly formed compounds through each chemical reaction. The information on the 

absorption and metabolism of these compounds needs to be investigated. The biochemical 

modifications induced by the chemical compounds lead to decreased protein quality due to the loss 
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of essential amino acids and the generation of new molecular species, which are associated with 

some serious diseases in animals and humans. This kind of information requires specific 

approaches, such as the use of radiolabeled molecules, a technique known as “metabolic transit”, 

which provides peerless data on the quantification of the metabolic pathways and on the kinetics 

of the metabolic processes involved (Faist and Erbersdobler, 2001; Finot, 2005). 

The Maillard reaction occurs when sugars and their breakdown products are covalently 

attached to lysine, arginine, and histidine residues, resulting in the creation of Amadori products 

such as fructoselysine (FL), lactuloselysine, and advanced Maillard reaction products (MRPs), 

and/or advanced glycation end products (AGEs) like Nε-(carboxymethyl)lysine (CML), pyrraline, 

and hydroxymethylfurfural (HMF). The various Maillard reaction products differ significantly in 

terms of absorption, metabolism, and excretion. During the initial/early stages of the Maillard 

reaction, the first addition product of amino acids with reducing sugars (aldolsylamines) or free 

aldehydes (Schiff's bases) was shown to be 100% accessible in feeding trials with rats (Finot, 

2005). The derivatives formed in the early stage of reactions are able to release lysine in the acidic 

pH of the stomach. It was illustrated that the metabolism of these first step reaction products can 

be considered to be the same as that of the unmodified amino acid. The first step of this reaction 

is reversible and the resulting products have no specific pathological effect. However, these 

products are considered as the precursors of the irreversible Amadori compounds. 

The intestinal absorption of Amadori compounds has been found to occur by passive 

diffusion and the absorption rate for ε-fructose-lysine was higher than that of fructose-methionine 

and α-fructose-lysine (Erbersdobler et al., 1981). The fecal excretion of ingested ε-fructose-lysine 

was within a range of 1-3% and the urinary excretion varied up to 80% depending on the different 
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animal studies performed (Erbersdobler, 1977; Finot and Magnenat, 1981; Lee and Erbersdobler, 

2005; Erbersdobler et al., 2018). Finot and Magnenat (1981) indicated that in rats about 60% of 

orally administered free ε-fructose-lysine was excreted in the urine compared with 10% for the 

dietary protein-bound derivative.  

The transit data for protein-linked fructose-lysine, which makes up the majority of the 

ingested Amadori compounds, remain unknown, implying either further metabolism, breakdown 

by intestinal microbial activity, or accumulation in different tissues (Faist and Erbersdobler, 2001). 

The in vitro assay by Erbersdobler et al. (1970) showed that the degradation of protein-bound 

fructose lysine was up to 80% by rat intestinal micro-organism within 48 hours of incubation. The 

microflora species vary from one animal to another and with the amount of material provided to 

the animal as well as the intestinal transit time. Finot and Magnenat (1981) investigated the 

accumulation of fructose-lysine in different tissues by rat feeding experiments using 14C-labeled 

fructose-lysine. Their results showed that the uptake into the kidneys is highest followed by the 

liver, the pancreas, the salivary glands, and the Harder’s glands (Finot and Magnenat, 1981). 

The absorption of dietary modified amino acids and their transport into the epithelial cells 

have been previously studied. For Maillard reaction products such as CML and pyrraline, it was 

shown that they are actively transported into epithelial cells when bound in dipeptides, but not as 

the free amino. Fructose-lysine (FL) was neither transported in free nor in peptide-bound form 

(Hellwig et al., 2011). The metabolic transit of CML and FL in rats was measured at 30.4 and 

31.2%, respectively, with CML being mainly excreted through the urine and FL accumulating in 

the kidneys (Somoza et al., 2006). In comparison with the CML and FL, the metabolic transit of 

lysinoalanine (LAL) was much lower, at only 5.6% (Somoza et al., 2006). LAL, which is produced 
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by the reaction of the amino group of lysine with dehydroalanine, is the main product resulting 

from thermal processing. Although the urinary excretion of FL and LAL is only poorly influenced 

by dietary intake, more than 60% of pyrraline from foods is excreted renally (Förster et al., 2005). 

Protein-bound LAL is poorly released during simulated gastrointestinal digestion (Friedman et al., 

1981; Savoie et al., 1991). This finding, however, cannot directly be applied to the products like 

CML and FL, because LAL is a cross-linking amino acid which hinders proteolysis. According to 

the findings by Qiao et al. (2004) amino acids that are chemically modified without cross-linking 

seem to be as well digestible as proteinogenic amino acids. 

The absorption availability of amino acids is expressed as the release of amino acids into 

peptides smaller than 1,000 Da, according to a study that used analytical size-exclusion 

chromatography to determine the molecular weight of modified amino acid fractions (Hellwig et 

al., 2014). While between 30 and 60% of FL and CML, respectively, were released into peptides 

smaller than 1,000 Da, it was only 3-6% for LAL during simulated digestion (Savoie et al., 1991). 

LAL was shown to be practically absent from peptides smaller than 1,000 Da and remains bound 

in longer peptides. LAL strongly accumulates in peptides with a length of at least 30-40 amino 

acids which strongly impairs its absorption availability, because only free amino acids, di- and 

tripeptides can be absorbed by intestinal carriers.  

Cross-linked amino acids are generally poorly liberated from proteins during intestinal 

digestion and, so, are not available for intestinal absorption (Hellwig et al., 2014). On the contrary, 

CML and FL are available for absorption, because they emerge in small peptides similar to 

proteinogenic amino acids (Hellwig et al., 2011). However, it was reported that the FL dipeptides 

are not substrates of intestinal peptide transporter PEPT1 and, therefore, cannot be transported 
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across the epithelium (Hellwig et al., 2011). FL should enter the large intestine like LAL, instead. 

Previous studies indicated that there is a difference between the fecal and urinary excretion of free 

and protein-bound LAL. The urinary excretion of free LAL was reported to be higher than the 

protein-bound LAL and predominantly contributes to the mechanism of nephrocytomegaly in rats 

(Somoza et al., 2006; Hellwig et al., 2014).  

The metabolic transit studies performed with advanced Maillard products and/or advanced 

glycation end products (e.g. melanoidins, premelanoidins, or melanoidin precursor compounds) 

indicated that they are partially absorbed by the intestine. According to the findings, the level of 

absorption was low for the high-molecular-weight fractions and high for the low-molecular-weight 

fractions. However, the fractions absorbed are speculated not to be utilized by the organism and 

are excreted slightly modified or unmodified with the urine. It was also reported that the kidneys 

retain these metabolites longer than other organs (e.g. liver) (Faist and Erbersdobler, 2001; Van 

Rooijen et al., 2013).  

Although Maillard reaction products have been measured in human tissue and plasma 

proteins, the concentrations circulating in vivo are far lower than the amounts consumed with a 

daily diet. Advanced glycation end products (AGEs) have been linked to pathogenic effects due to 

their propensity to create cross-links that change the chemical and biological characteristics of 

native molecules. AGEs can bind to a variety of cellular receptors, speeding up cellular oxidative 

stress and cell activation, especially in the immune system. Since the cross-links of AGEs and 

proteins are refractory to breakdown, the turnover rate is slowed and tissue repair impeded. As a 

result, these chemicals accumulate in tissues, with the amount varying depending on the protein's 
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turnover rate. Hence, AGEs have been linked to a variety of diabetic and renal problems, as well 

as Alzheimer’s disease (Goldberg et al., 2004; Qu et al., 2017). 

The intake of dietary AGEs decreases gut microbiota abundance and diversity, mainly due 

to their resistance to digestive enzymes, adversely modifying gut microbiota composition. 

Moreover, the colonic epithelial barrier is impaired by dietary AGEs. These results need to be 

considered in foods/feed processing. Understanding the chemical, nutritional, and toxicological 

consequences of these chemical reactions can lead to better and safer foods/feed and enhanced 

human and animal health (Dworschak and Carpenter, 1980; O'Brien et al., 1989; Bastos et al., 

2012). 

2.4 Advanced analytical methods in the analysis of amino acids and protein 

structures  

Heat processing has been shown to improve the nutritional content of feed proteins; 

nevertheless, it may have a negative impact on protein utilization in simple-stomached animals 

(Bureau et al., 1999; González-Vega et al., 2011; Almeida et al., 2014b). In other words, exposure 

to denaturation temperatures may increase the digestibility of native proteins by unfolding the 

polypeptide chain and rendering the protein more susceptible to digestive enzymes. However, 

when proteins are exposed to higher temperatures, digestibility is reduced due to reactions between 

amino acids and other compounds and intra-molecular reactions between amino acids within the 

protein molecule. The new chemically formed compounds cannot be split by digestive enzymes. 

Therefore, as our understanding of dietary amino acid requirements and metabolism in livestock 

improves, the accuracy of amino acid analyses in feeds and biological materials becomes 

increasingly important. Accurate amino acid quantification in feed ingredients allows for better 
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feed formulation based on the animal’s requirements. Better amino acid determination in 

biological samples such as plasma, feces, and tissues leads to a better understanding of the 

metabolism and requirements for these nutrients accordingly (Moughan, 2003). Therefore, 

advances in animal nutrition are highly dependent on the advances in amino acid analyses. 

Structural and folding properties of proteins may change due to environmental changes 

such as temperature or pH. The chemical and biological properties of the protein are highly 

dependent on the three-dimensional or tertiary structures of protein. However, a deep knowledge 

of the secondary structure may be highly useful for the understanding and prediction of the three-

dimensional structures of proteins and it is used to identify protein features for fold recognition. It 

has been postulated that all successful methods for predicting tertiary structure rely on predictions 

of secondary structure (Singh, 2005; Ji and Li, 2010). 

The chemical changes that occur in the structure of feed proteins may lead to a sharp 

decrease in their nutritive value due to the combined effect of the degradation of essential amino 

acids and the decline in the bio-availability of amino acids (Osner and Johnson, 1974; 

Papadopoulos, 1989). As a result, technologies that rapidly evaluate and predict the nutritional 

quality of feed ingredients prior to use in the diets are required. Throughout the years, various 

methods employing different analytical equipment have been developed. Each analytical technique 

presents benefits and disadvantages. The analytical equipment and related methods used for amino 

acid analysis vary depending on the substrate to analyze, the equipment available, and the budget 

available. 
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Currently, ultra-high-pressure liquid chromatography (UHPLC) is mostly used to measure 

amino acids in feedstuffs and other substrates. Protein-bound amino acids must be hydrolyzed into 

their free form before being evaluated. Protein hydrolysis is typically accomplished by incubating 

the sample in 6 M hydrochloric acid at 110°C for 24 hours in an oxygen-free condition (Llames 

and Fontaine, 1994). Preferably, cysteine should be calculated separately from cysteic acid since 

a certain quantity of cysteic acid may already be present in feed ingredients prior to oxidation, 

considering the total of cysteic acid measured after performic oxidation as cysteine will 

overestimate the cysteine concentration.  

Cross-linked amino acids (CLAAs), like normal amino acids, can potentially be analyzed 

using UHPLC after acid hydrolysis. The purified CLAAs are expensive and have no nutritional 

value in feed ingredients; hence, only a few investigations have been done to establish appropriate 

quantification methods for those chemicals. Lysinoalanine (LAL) was measured in different dairy 

products by HPLC (Faist et al., 2000; Al-Saadi and Deeth, 2008; Liu et al., 2017) or various liquid 

chromatography mass spectrometry (LC-MS/MS) systems (Cardoso et al., 2019). More recently, 

Nielsen et al. (2020) used an LC-MS triple quadrupole (Q) based multiple reaction monitoring 

(MRM) method for the determination of lysinoalanine (LAL) and lanthionine (LAN) 

simultaneously. The results confirmed significant concentrations of LAL and LAN in dairy 

products, which reduced the nutritional value of the proteins. Those authors believed that the 

determination of cross-linked amino acids in dairy products can be overestimated by traditional 

high-performance liquid chromatography (HPLC) due to the interference from co-eluting 

compounds and, therefore, a false calculation of the target analyte in dairy products. 

Histidinoalanine (HAL) was not analyzed by Nielsen et al. (2020) due to the lack of a commercial 
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HAL standard. Pfeuti (2017) postulated that HAL was present in all feather meal experimental 

samples, but at levels too low and variable to be quantified and reported with any level of precision. 

However, high concentrations of the cross-linked amino acids such as LAN, LAL, and BAL were 

measured by those authors in the feather meals that had not been treated with a reducing agent. A 

high degree of heat damage imposed on proteins during the manufacturing of feather meals of 

different origins was suggested to affect the digestibility of protein and bio-availability of amino 

acids (Pfeuti, 2017). 

The disulphide (S-S) and sulfhydryl (S-H) levels in feedstuffs have been commonly 

assessed by the DTNB (5,5-dithio-bis-(2-nitrobenzoic acid)) method, also known as the Ellman’s 

Reagent Method (Opstvedt et al., 1984; Chan and Wasserman, 1993; Hu, 1994; Aslaksen et al., 

2006; Zhang et al., 2014). This approach has been popular and widely used because of its low cost 

and ease of application. However, Ellman’s reagent is limited in its sensitivity and requires a 

relatively large amount of sample. In some cases, the presence of cysteine thiols might be 

undesirable or abnormal; a more sensitive technique to detect low concentrations of such species 

would be beneficial. Nowadays, the Fourier-transform (FT) Raman spectroscopy has been 

extensively used to detect the amount and conformation of disulphide bonds (Ellepola et al., 2006; 

Pfeuti et al., 2019; Pfeuti et al., 2021) and also sulfhydryl groups (Li-Chan et al., 1994; Baranski 

and Baranska, 2008) in feed ingredients. Raman spectroscopic analysis is based on the inelastic 

scattering of photons caused by vibrational transitions of the functional groups of the molecules. 

Chemical changes and the microenvironment of functional groups affect both the frequency and 

intensity of molecular vibrations, which are reflected in Raman spectrum variations (Careche and 

Li-Chan, 1997). This method is non-destructive, non-invasive, and does not need any sample 
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extraction or purification. Furthermore, Raman is not affected by varying water content and it can 

detect substances even if only small amounts are present (Fowler, 2015). Above all, Raman 

spectroscopy has an advantage over other analytical procedures in that it can provide information 

on the levels of S-S and S-H bonds (found on cystine and cysteine, respectively) in a compound at 

the same time.  

Raman spectroscopy is a useful technique for acquiring direct information on the secondary 

and tertiary structural changes that occur in meat protein/lipid emulsions as a result of the addition 

of different lipids and thermal treatment (Herrero, 2008b; Shao et al., 2011; Xiong, et al., 2016; 

Han et al., 2019). Thermal treatment resulted in the development of β-sheets and β-turns at the 

expense of α-helices, along with higher amounts of the random coil, suggesting that thermal 

treatment can cause a partial alteration of different secondary structures (Shao et al., 2011; Xu et 

al., 2011). Consequently, a higher β-sheet content was associated with the formation of aggregates 

that covered the enzyme cleavage sites, restricted protease hydrolysis, and hindered protein 

digestion. The reduction in digestibility of the proteins heated at 100°C and above was related to 

cross-linking of the proteins and the development of protein aggregation that forms a dense 

structure and blocks the enzymatic cleavage sites (Morzel et al., 2006; Bax et al., 2012). Sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) can be used to isolate cross-

linked from non-cross-linked species.  

SDS-PAGE analysis enables direct visualization of protein degradation, isolation, and 

quantification of feed proteins (Sadeghi et al., 2006). This method relies on molecular weight 

differences to separate proteins (Barh and Azevedo, 2017). An electric charge is used to move 

protein through an inert gel (in this case, a polyacrylamide gel). The negative charges on SDS 
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disrupt most of the complex structure of proteins, imparting all proteins with a relatively equal 

negative charge. The negatively charged proteins are strongly attracted to an anode (positively- 

charged electrode) in an electrical field. Proteins with a higher molecular weight will take longer 

to pass through the pores of the gel while small molecules move faster in polyacrylamide gels 

(Sadeghi et al., 2006; Barh and Azevedo, 2017). In general, electrophoretic migration rates are 

affected by the charge, size, and structure of proteins. Protein bands are identified after separation 

by comparing with molecular weight markers. SDS-PAGE method can be used for more than only 

species identification (Ortea et al., 2012; Montowska and Pospiech, 2013). For instance, 

Montowska and Pospiech (2013) observed that the heating destroyed the quality of distribution of 

high molecular weight proteins in cooked meat samples more than that of low molecular weight 

proteins. Hofmann (1977) reported that the thermal processing did not affect the protein migration 

or size of the molecules. Nevertheless, the heating lowered the intensity of staining, particularly in 

high molecular weight proteins, such as myosin heavy chains. The changes in the staining of 

muscle proteins could be attributed to the processes of their degradation and/or aggregation 

(Hofmann, 1977). 

Overall, the investment and research in development of analytical methods for protein and 

amino acid determination have been inclined to grow, resulting in foods/feed quality improvement 

and product origin assurance. The budget, the analytical equipment available, the significance and 

sensitivity of analysis, and the type and number of samples to analyze are the factors that must be 

taken into account before deciding which type of analytical techniques should be applied. 

 

 

https://www.sciencedirect.com/science/article/pii/S0308814612014768#b0055
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Table 2-1: Overview of chemical reactions resulting from thermal processing. 

Type of Reaction 

 

 

Chemical Change Impact/Result Detection/Signs 

1) Protein      

Oxidation 

(ProtOx) 

 

 Oxidative modification of amino acid 

side chains 

 Loss of sulfhydryl groups and 

oxidation of sulfur containing amino 

acids 

 Modification of aromatic amino acids 

 Formation of protein carbonyls 

 Formation of cross-links between 

proteins and peptides scissions 

 Formation of aggregates through: 

 

a.      Covalent linkage (covalent cross-links):  

         Disulfide bonds   

         Dityrosine bonds 

b.     Non-covalent linkage:  

        Hydrogen bonds as specific bonds between 

the lipid and protein moieties of a 

protein-lipid complex. 

 Color and flavor change 

 Irreversible damage to amino acids, 

notably lysine, methionine, arginine, 

and threonine. 

 Decreased solubility of proteins 

 Decreased susceptibility of proteins to 

proteases due to decrease in solubility 

and to steric hindrance 

 Reduced nutritional quality of protein 

(mainly reduced bio-availability of 

amino acids) due to:  

 

a. Irreversible modifications of amino 

acids 

b. Reduced digestibility of proteins and 

      and                 amino acids 

 

 

 

 

 

 Total protein carbonyls:  

- 2,4-dinitrophenylhydrazine   

(DNPH)  

- DNPH-ELISA 

 

 Specific carbonyl (AAS and 

GGS): 

- HPLC-ESI-MS/MS  

 

 Disulphide bonds and reduced  

thiol groups:  

- Ellman’s method (Ellman  reagent 

or DTNB [5,5′-dithio-bis(2-

nitrobenzoic acid)] 

- Raman Spectroscopy 

 

 -Dityrosine bonds: 

- Fluorescence Spectroscopy 

- UPLC 

 

 Cross-linked amino acids/proteins:  

- UPLC 

 

 Aromatic amino acid:  

- UV Spectroscopy 
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Type of Reaction 

 

 

Chemical Change Impact/Result Detection/Signs 

2) Pyrolysis of 

amino acids and 

carbohydrates 

 

 Destroy amino acids, notably proline, 

lysine, alanine, and valine 

 Formation of Amadori compounds 

 Formation of toxic compounds 

 Formation of color and flavor 

 

 Decreased  amino acid composition 

 Decreased solubility of proteins due to 

protein denaturation 

 Decreased susceptibility of proteins to 

proteases due to decrease in solubility  

 Reduced nutritional quality of protein 

(mainly reduced bio-availability and 

digestibility of amino acids) 

 Amadori compounds: 

- Py-GC/MS 

 

 PAHs and N- PACs: 

- GC- FID or GC-SIMMS 

 

3) Racemization 

of amino acids 

 Racemization of amino acids from L to 

D-form 

 Destroy amino acids, notably aspartate, 

cysteine, and serine 

 Irreversible change to amino acids 

 Decreased solubility of proteins due to 

protein denaturation 

 Decreased susceptibility of proteins to 

proteases due to decrease in solubility 

and to steric hindrance 

 Reduced nutritional quality of protein 

(mainly reduced bio-availability of 

amino acids) due to:  

 

a. Increased racemized amino acid 

residues 

b. Reduced digestibility of proteins and 

amino acids 

 

 

 

 

 

 D-amino acids: 

- UPLC 
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Type of Reaction 

 

 

Chemical Change Impact/Result Detection/Signs 

4) Amino acids- 

reducing 

carbohydrates 

reactions 

(Maillard 

reactions) 

 Formation of flavor and color 

 Destruction of essential amino acids, 

mainly lysine 

 Formation of Amadori compounds 

 Formation of protein cross-linkages 

(cross-linking between Maillard 

reaction products (MRPs) and proteins) 

 Decreased  amino acid composition 

 Decreased solubility of proteins due to 

protein denaturation 

 Decreased susceptibility of proteins to 

proteases due to decrease in solubility 

and to steric hindrance 

 Reduced nutritional quality of protein 

(mainly reduced bio-availability and 

digestibility of amino acids) due to: 

 

a. Irreversible modifications of amino 

acids 

b. Formation of protein cross-linkages 

c.            Reduced digestibility of proteins 

                and amino acids 

 

 Decreased mineral bio-availability 

due to mineral-binding properties of 

MRPs 

 

 Amadori compounds 

                (Furosine analysis): 

- HPLC/ UPLC 

 

 Fluorescent compounds: 

- FAST method (Fluorescent of 

Advanced Maillard products and 

Soluble Tryptophan) 

 

 Hydroxymethyfufural (HMF): 

- Liquid or gas high-resolution 

chromatography (HPLC/HRGC) 

 

 Nε-(carboxymethyl) lysine (CML): 

- HPLC 

- UPLC-MS/MS 

- LC-MS/MS 

- GC-MS 

- Enzyme-linked        

immunosorbent assay based on a 

monoclonal anti-CML antibody 
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Type of Reaction 

 

 

Chemical Change Impact/Result Detection/Signs 

5) Protein Cross-linkage  

5a) Disulphide 

bonds 

 

 

 Binds cysteine residues 

 Oxidation of sulfhydryl groups 

 Sulfhydryl-disulphide interchange 

reaction 

 Formation of disulphide cross-linkages 

within the protein molecules 

 

 Structural changes in proteins 

 Decreased cysteine residues 

 Decreased solubility of proteins 

 Decreased susceptibility of proteins to 

proteases due to decrease in solubility 

and to steric hindrance 

 Reduced nutritional quality of protein 

(mainly reduced bio-availability of 

amino acids) due to: 

 

a. Formation of disulphide bonds/ 

protein cross-linkages 

b. Reduced digestibility of proteins and 

amino acids 

 Disulphide and 

               Sulfhydryl bonds: 

 

- Ellman’s method (Ellman  reagent 

or DTNB [5,5′-dithio-bis(2-

nitrobenzoic acid)] 

- Raman Spectroscopy 

 

 

5b) Cross-linked 

amino acids 

 

 Destroy amino acids, notably lysine, 

cysteine, arginine, histidine, threonine, 

and serine 

 Formation of cross-linked amino acids 

and proteins 

 Create toxic products such as 

lysinoalanine 

 Protein aggregation 

 

 Decreased most indispensable and 

dispensable amino acids 

 Decreased solubility of proteins 

 Decreased susceptibility of proteins to 

proteases due to decrease in solubility 

and to steric hindrance 

 Reduced nutritional quality of protein 

(mainly reduced bio-availability of 

amino acids) due to: 

 

a. Formation of cross-linked amino acids 

b. Reduced digestibility of proteins and 

amino acids 

 

 Cross-linked amino acids: 

- Fluorescent  Spectroscopy 

- UPLC 
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Figure 2-1: Mechanisms of formation of cross-linked amino acids (lysinoalanine, lanthionine, histidinoalanine, β-aminoalanine, and 

ornithinoalanine). 
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Chapter 3. Apparent Digestibility of Protein, Energy and 

Amino Acids of Different Feed Ingredients for Rainbow Trout 

(Oncorhynchus mykiss) 

 

3.1 Abstract 

The variable nutrient content and digestibility of most practical feed ingredients of fish 

diets is an issue of concern, therefore, knowledge about the nutritional value of feed ingredients is 

necessary. A digestibility trial was carried out to determine the apparent digestibility coefficients 

(ADCs) of macronutrients and amino acids in various feed ingredients: poultry by-product meal 

(PBM), turkey meal (TM), feather meal (FEM), porcine meat and bone meal (PMBM), canola 

meal (CM), sunflower meal (SFM), and corn protein concentrate (CPC) for rainbow trout (75.3 ± 

3.81 g, mean ±SD). A reference diet and experimental diets (consisting of 70% reference diet and 

30% of each test ingredient) were prepared. Yttrium oxide was used as a digestibility marker. Fish 

were stocked in 50-L fiberglass tanks equipped with settling columns for faeces collection in a 

semi-recirculated system (24 tanks). Of the test ingredients, the SFM had the highest ADC for 

crude protein (95%) (P < 0.05) while the FEM (69%) had the lowest value, followed by the CPC 

(78%) and PBM (79%). The ADCs of crude protein were not significantly different for the TM 

(84%), PMBM (85%), and CM (87%) (P > 0.05). The SFM had the highest ADCs for all estimated 

amino acids while the FEM had the lowest values among the test ingredients. The ADCs of 

macronutrients and amino acids of different protein ingredients showed significant differences (P 
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< 0.05), indicating their variable availabilities in examined feedstuffs. This variability must be 

taken into consideration when formulating fish diets. 

 

3.2 Introduction 

Determination of the Apparent Digestibility Coefficient (ADC) is an important 

consideration in evaluating the nutritional value of a feedstuff. Historically, the major component 

of fish feed was fishmeal due to its high protein content, balanced concentrations of amino acids, 

agreeable palatability, and digestibility. However, alternative protein sources in fish diets are 

necessary for the economic success of the aquaculture industry along with the rapid growth of 

global production (Pelletier et al., 2018; Kim et al., 2019). Terrestrial plant meals and rendered 

animal by-products are considered to be two main categories of alternative protein sources (Hardy, 

2010; Klinger and Naylor, 2012; Simon et al., 2019).  

Rendered animal by-products such as meat and bone meals, poultry by-products meal, 

feather meal, and blood meal are widely used ingredients in the formulation of fish feeds (Bureau 

et al., 1999; Montoya‐Camacho et al., 2018; Kim et al., 2019). The high protein, lipid, and mineral 

contents make these ingredients valuable for the diet formulation of growing fish. Despite our 

reliance upon these ingredients in feeds, significant variations have been reported for the 

digestibility of nutrients (Bureau et al., 1999; Gaylord et al., 2010; Pelletier et al., 2018). This 

variability has major implications for aquafeed production as the quality of ingredients determines 

the quality of feed and may directly affect the digestibility of nutrients. High variability of the 

digestibility of nutrients in rendered animal protein ingredients has been reported (Portz and 
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Cyrino, 2004; de Carvalho et al., 2016; Lewis et al., 2019; Mo et al., 2019). The ADCs of crude 

protein in feather meals were shown to vary from 58% to 93% in rainbow trout (Cho et al., 1982; 

Sugiura et al., 1998; Bureau et al., 1999; Cheng et al., 2004; Glencross, 2011). Dawson et al. (2018) 

reported that the ADCs of crude protein in poultry by-products meals were 82-86% for juvenile 

black sea bass (Centropristis striata). In a study by Zhang et al. (2015), the ADCs of crude protein 

for porcine meat and bone meal (78.0%) and poultry by-product meal (77.5%) were higher than 

that of feather meal (60.7%). The ADCs of crude protein for six meat and bone meals and eight 

blood meals varied between 83–89% and 82-99% in rainbow trout, respectively (Bureau et al., 

1999). 

Plant-based protein ingredients (e.g. soybean meal, corn gluten meal, sunflower meal, and 

cottonseed meal) have become prominent ingredients in fish diets. However, a reduction in fish 

growth and health has been reported due to the presence of anti-nutritional factors (ANFs) and 

insufficient concentrations of essential amino acids (Thiessen et al., 2003; Glencross et al., 2004; 

Galkanda Arachchige et al., 2019; Hassaan et al., 2019). ANFs have a negative impact on the 

digestibility and the nutrient availability of diets. Greiling et al. (2018) reported variable protein 

ADCs of differently processed sunflower seed oil cakes (25-88.5%) in rainbow trout. The ADCs 

of crude protein in canola meals ranged from 77 to 88% (Mwachireya et al., 1999). 

The diversity in processing equipment and conditions (temperature, pressure, duration, 

etc.), and raw materials used by the rendering industry to process the ingredients is responsible for 

this variability in nutritional value (Latshaw et al., 1994; Opstvedt et al., 2003; Poppi, 2009). 

Maintaining a balance between efficient cooking and drying, and the nutritional quality of final 

products is an important component to optimize the processing conditions in rendering. Hence, the 
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quality control of raw ingredients and the improvement of processing conditions aim to reduce the 

variability in protein quality, to increase the nutrient digestibility and availability, and to ensure 

the consistency of high-quality protein ingredients for aquafeed production (Gaylord et al., 2010).  

The objective of this study was to determine the apparent digestibility coefficients (ADCs) 

of macronutrients and amino acids in seven feed ingredients (animal and plant origins) using 

rainbow trout as an experimental model. We compared different alternative protein ingredients fed 

to fish to investigate the impact on ADCs of nutrients. We also explored the variability in the 

protein quality, the digestibility and utilization, and the availability of amino acids in the selected 

feed ingredients.  

 

3.3 Materials and Methods 

3.3.1 Diet Formulation 

The reference diet (Reference-diet, Table 3-1) was formulated to meet all the nutrient 

requirements of rainbow trout (NRC, 2011). Yttrium oxide (Y2O3; Sigma-Aldrich Inc., MD, USA) 

was added as a digestibility indicator to the reference diet at 100 mg/kg. The reference diet mash 

was combined with each test ingredient (PBM, TM, FEM, PMBM, CM, SFM, and CPC) (Table 

3-2) in a 70:30 ratio (as is basis) to produce seven experimental diets (PBM-diet, TM-diet, FEM-

diet, PMBM-diet, CM-diet, SFM-diet, and CPC-diet) (Table 3-3). The reference diet and the 

experimental diets were mixed using a Hobart mixer (Hobart Ltd., Don Mills, Ontario), pelleted 

using a laboratory steam pellet mill (California Pellet Mill Co., San Francisco, California, USA), 

and dried under forced- air at room temperature for 24 h. The diets were stored at 4°C until used. 
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The amount of the diet needed was weighed weekly. The proximate composition and amino acid 

profiles of the test ingredients and the experimental diets are presented in Tables 3-2 and 3-3. 

 

3.3.2 Fish, feeding, and sample collection 

Rainbow trout (Oncorhynchus mykiss) were obtained from the Alma Aquaculture Research 

Station of the University of Guelph (Elora, ON, Canada). The fish were acclimated to the 

experimental conditions for a week before starting the trial. During this period, fish were fed a 

specific commercial trout diet (Martin Mills Feeds, Elmira, ON, Canada). The fish were treated in 

accordance with the guidelines of the Canadian Council on Animal Care (CCAC, 1984) and the 

University of Guelph Animal Care Committee. 

A total of 336 fish, with an initial average body weight of 75.3 ± 3.81 g/fish, were randomly 

allocated to 24 rectangular fiberglass tanks (50 L) (14 fish/tank), with three replicate tanks per diet. 

Each tank was aerated and provided with a water flow rate of 1.5 L/min. The aquatic system was 

equipped with faeces settling columns (Guelph System) as described by Cho et al. (1982) and was 

supplied with filtered well water. The water temperature of the semi-recirculated system (~30% 

make up water per pass) was maintained at approximately 11.5°C by a manual adjustment of the 

fresh water renewal. Water temperature varied from 10 to 12°C during the trial. The water flow 

velocity was controlled to minimize settling of the faeces in the drainpipe and to maximize 

recovery of the faeces in the settling column. The fish were held under a photoperiod regime of 

12:12 h dark to light.  
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Each experimental diet was randomly allocated to a collection unit. Each collection unit 

was composed of three tanks with a column for faeces collection. Four faecal samples per diet 

were collected over the experimental periods (2-pooled faecal samples per period). The fish were 

acclimated to the water conditions and their experimental diets for 4 days before starting faecal 

collection. The experimental diets were randomly re-allocated to new collection units at the 

beginning of the second period. The fish were fed to satiety twice daily on weekdays (09:00 and 

16:00 hours) and once per day on weekends. The feed consumption and weight gain were recorded 

throughout the trial. Although the trial was designed to study the digestibility of the selected 

ingredients, the growth performance of the fish was recorded for 44 days (Table 3-4). An hour 

after the last daily meal, the drainpipe and the settling column were brushed out to remove residual 

feed and faeces from the system. One-third of the water in the tanks was drained to ensure that the 

cleaning procedure was efficient.  Before the first daily feeding on the next day, the settled faeces 

and their surrounding water were gently withdrawn from the base of the settling column into 250- 

ml Sorvall bottles (Sorvall® Instruments, Wilmington, DE, USA). The faecal samples were 

centrifuged at 3,220 x g for 15 min (Eppendorf Centrifuge 5810R, Eppendorf AG, Hamburg, 

Germany), and the supernatants were discarded. At the end of the trial, the faecal samples were 

lyophilized, ground and stored at −20°C until analysis.  

 

3.3.3 Chemical Analysis 

Diets, ingredients, and faeces were chemically analysed according to the following 

methods: Dry matter (DM) and ash content, according to AOAC (1995); crude protein (% N × 

6.25), with the macro-Kjeldahl method, according to AOAC (1995) using a Kjeltec protein 
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analyzer (Model #8200, Tecator, Hoganas, Sweden); crude lipids using an Ankom XT20 fat 

analyser (Ankom Technology, Macedon, NY, USA); and gross energy (GE) content using a Parr 

1271 automated bomb calorimeter (Parr Instruments, Moline, IL, USA). Phosphorus and Yttrium 

oxide content of the experimental diets and faeces were analyzed by the Laboratory Services 

Division, University of Guelph, ON, Canada, using inductively coupled plasma optical emission 

spectroscopy technique (ICP‐OES, Varian Vista Pro CCD simultaneous, Varian Optical 

Instruments, Mulgrave, Australia). Total carbohydrate content was calculated based on the dry 

matter content of a sample by subtracting the protein, lipid and ash. 

For the extraction of amino acids (samples of diets, ingredients and faeces), 0.05 g of dried 

sample was hydrolyzed in a 15 mL test tube with 5 mL of 6 N HCl and 1% phenol for 24 h at 110 

°C under a pre-purified nitrogen atmosphere. After 24 h, the tubes were removed from the heating 

block and cooled down to room temperature (25 °C). Then, 1 mL of 5 mM L-norvaline (internal 

standard, Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) solution was added. The samples 

were vortexed and filtered through a 0.22 µm PES membrane syringe filter (Millex® Syringe Filter 

Units, Sterile, 33mm, Darmstadt, Germany). Then, 100 μL of the extract was neutralized using 

100 μL of 6 N NaOH. A standard mix containing 18 amino acids (Sigma-Aldrich, St. Louis, 

Missouri, USA) was used to identify and quantify individual amino acids. Glutamine, asparagine 

and tryptophan were also added to the standard. The standard and neutralized samples (10 μL) 

were derivatized using an AccQ-Tag Ultra derivatization kit (Waters Corporation, Milford, MA, 

USA). The derivatized amino acids were separated using UPLC (Waters Corporation, Milford, 

MA, USA) with UV detection (260 nm) for a cycle time of 10 min per sample. Derivatized amino 

acids (1 μL injection volume) were separated in a column (2.1×100 mm, 1.7 μm) maintained at 
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55˚C. The amino acids’ peak areas were integrated, compared with those of known standards and 

analyzed using Waters Empower 2 Software (Waters, Milford, MA, USA). 

 

3.3.4 Calculations 

3.3.4.1 Growth Parameters 

Growth rate (thermal unit growth coefficient (TGC), g1/3 degree day-1) was calculated for 

each tank as follows (Iwama and Tautz, 1981; Cho, 1992; Bureau and Hua, 2008):  

                                                             n 

TGC = [FBW (1/3) −IBW (1/3)] / [Σ (Ti × Di)] × 100 
                                                                   i=1 

where FBW is final body weight (g); IBW is initial body weight (g); Ti is water temperature (°C) 

of the ith day; and Di is the ith day of the growth period. 

Feed efficiency (FE, gain: feed) for each tank was determined as: 

FE = live body weight gain ∕ dry feed intake 

where feed intake (FI, g DM/fish) = total dry feed (g)/ number of fish; 

Live body weight gain (g) = (FBW/final number of fish) − (IBW/initial number of fish). 

 

3.3.4.2 Apparent Digestibility Coefficient (ADC) 

The apparent digestibility coefficients (ADCs) of nutrients, gross energy (GE), and 

individual amino acids of the reference and experimental diets were calculated as follows (Cho et 

al., 1982):  
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ADC = 1− (F/D × Di /Fi)  

where D = % nutrient (or %AU and kJ/g GE) of diet, F = % nutrient (or %AU and kJ/g GE) of 

faeces, Di = % digestion indicator of diet (Y2O3), Fi = % digestion indicator of faeces (Y2O3).  

The ADCs of nutrients, GE, and individual amino acids of the test ingredients (ADC ingr) 

were calculated based on the digestibility of the reference and experimental diets using the 

equation proposed by Forster (1999), and mathematically simplified as per the recommendation 

of Bureau and Hua (2006):  

ADC test ingredient = ADC test diet + ((ADC test diet−ADC ref. diet) × (0.7 × D ref /0.3 × D ingr))  

where, D ref = % nutrient (or %AU and kJ/g GE) of reference diet mash (as is), D ingr = % nutrient 

(or %AU and kJ/g GE) of test ingredient (as is). 

 

3.3.5 Statistical analysis 

Data were analyzed using SAS version 9.4 (SAS Institute, Cary, NC, USA). The growth 

parameters and the ADCs of the nutrients and amino acids of the reference and experimental diets 

and the test ingredients were compared with the analysis of variance (ANOVA) as a completely 

randomized design using the GLIMMIX procedure. Significant differences were determined by 

Tukey’s HSD (honestly significant difference) test at P ≤ 0.05 level. All data are presented as 

means and pooled standard error (SEM).  
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3.4 Results 

3.4.1 Diet composition and digestibility  

The crude protein content was moderately higher in the Reference-diet, PBM-diet, TM-

diet, FEM-diet, PMBM-diet, and CPC-diet than in the CM-diet and SFM-diet (Table 3-3). The 

FEM-diet and CM-diet had the highest and lowest protein concentrations with values of 63% and 

48.5%, respectively (Table 3-3). The concentrations of crude lipid, ash, total carbohydrates, and 

phosphorus in the reference and experimental diets ranged from 15.8-21.8%, 4.7-10.4%, 10.3-

25.3%, and 0.8-1.7%, respectively. The gross energy ranged from 22.6 to 24.4% kJ g-1. The 

concentrations of all amino acids (except histidine and lysine) in the FEM-diet and CPC-diet were 

higher than in the other experimental diets (Table 3-3). In contrast, the CM-diet showed the lowest 

concentrations of all amino acids (except lysine) compared to the other experimental diets. Live 

body weight gain, feed intake, feed efficiency (FE), and growth rate (TGC) of fish fed the eight 

diets are reported in Table 3-4. 

The apparent digestibility coefficients of chemical components and amino acids of the 

experimental diets were significantly different (P ≤ 0.0002) (Table 3-5). There were no differences 

in the dry matter ADCs of the PBM-diet, FEM-diet, PMBM-diet, CM-diet, and CPC-diet (P > 

0.05). However, differences were observed between the dry matter ADCs of the Reference-diet 

and SFM-diet with the highest and lowest dry matter ADCs, respectively (P < 0.0001). The ADCs 

of crude protein were the highest in the Reference-diet and SFM-diet, followed by the CM-diet, 

TM-diet and the PMBM-diet, PBM-diet and the CPC-diet, and then the FEM-diet. Of the 

experimental diets, the Reference-diet and SFM-diet had the highest and lowest lipid ADCs, 

respectively (P < 0.0001). There were no differences in lipid ADCs of the PBM-diet, TM-diet, 
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PMBM-diet, CM-diet, and CPC-diet (P > 0.05). The CM-diet and PBM-diet had the highest and 

lowest ADCs for ash, respectively (P < 0.0001). The highest ADCs of carbohydrate were in the 

CM-diet, followed by the FEM-diet and then the Reference and PBM-diets. No differences were 

found in the carbohydrate ADCs of the TM-diet, PMBM-diet, SFM-diet, and CPC-diet (P > 0.05). 

Significant differences were observed between the energy ADCs of the Reference-diet and the 

experimental diets except for the TM-diet. The FEM-diet and SFM-diet had the lowest ADCs for 

energy (P > 0.05). The FEM-diet and TM-diet showed the highest and lowest ADCs for 

phosphorus, respectively (P < 0.0001). 

There were differences in the digestibility of amino acids between the Reference-diet and 

the experimental diets that contained different protein sources (P < 0.0001) (Table 3-5). The ADCs 

of EAAs were the highest in the Reference-diet, followed by the SFM-diet and then the CM-diet. 

The ADCs of essential amino acids (EAAs) were the lowest in the FEM-diet, followed by the 

CPC-diet and PBM-diet. Similar trends were observed in the ADCs of non-essential amino acids 

(NEAAs). 

 

3.4.2 Ingredients composition and digestibility 

Dry matter, crude protein, crude lipid, ash, total carbohydrates, and phosphorus ranged 

from 90.4-98.3%, 29.3-86%, 1.5-13.5%, 1-20.2%, 0-45.6%, and 0.5-4%, respectively (Table 3-2). 

Gross energy ranged from 17.6 to 23.4 kJ g-1. Crude protein concentrations of the ingredients from 

plant sources (29.3-78.9%) were lower than in the ingredients from animal sources (63-86%). In 

the animal protein ingredients, the highest concentration of crude protein was found in the FEM 
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(86%). The PBM, TM, and PMBM had crude protein in the range of 63-65.5%. In the plant protein 

ingredients, the CPC (78.9%) showed the highest concentration of crude protein, while the CM 

(29.3%) and SFM (36.4%) had the lowest content. Of the test ingredients, the concentrations of all 

EAAs were the highest in the FEM with the exception of leucine, methionine, and phenylalanine 

which were highest in the CPC and lysine which was highest in the PMBM. The lowest 

concentrations of all EAAs were recorded in the CM with the exception of lysine that was lowest 

in the CPC (Table 3-2). In terms of the NEAAs, the highest concentrations were recorded in the 

CPC with the exception of aspartic acid, cysteine, and serine which were highest in the FEM and 

glycine was highest in the PMBM. Similar to the EAAs, the lowest concentrations of all NEAAs 

were observed in the CM with the exception of glutamic acid and proline.  

The ADCs of test ingredients are shown in Table 3-6. The ingredient dry matter 

digestibility was the lowest in the SFM (61%) (P < 0.05). The highest dry matter ADC was 

recorded in the TM. There were no differences in the dry matter ADCs of the FEM, PMBM, CM, 

and CPC (P > 0.05). The TM and SFM had the highest and lowest ADCs for dry matter, 

respectively. The crude protein ADCs of the test ingredients were higher than 77% (ranged from 

78 to 95%), except for the FEM (69%) (P ≤ 0.0001). The SFM had the highest ADC value (95%) 

for crude protein (P < 0.05). The ADCs of crude protein were not different for the TM (84%), 

PMBM (85%), and CM (87%) (P > 0.05). Of the test ingredients, the SFM and FEM had the 

highest and lowest ADCs of crude protein, respectively (P < 0.0001). There were differences in 

the lipid digestibility of different test ingredients (P = 0.002). The TM and CM had the highest 

ADCs for lipid (> 90%) (P > 0.05). The CPC had the highest ADC of ash, followed by the CM 

and FEM which were higher than in the PBM, TM, PMBM, and SFM (P < 0.05). The energy ADC 
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of the TM was the highest compared with those of the FEM, PBM, CM, SFM, and CPC (P < 0.05). 

No differences were observed between the energy ADCs of the SFM and FEM, nor were there 

differences in energy ADCs of the PBM, CM, and CPC (P > 0.05). The ADCs of phosphorus 

showed significant differences in the test ingredients, with the highest and lowest ADCs for the 

FEM (74%) and TM (26%), respectively. No differences were observed among the phosphorus 

ADCs of the PBM, PMBM, and SFM (P > 0.05). In the plant protein ingredients, the CM (61%) 

and SFM (41%) had the highest and lowest ADCs of carbohydrate, respectively (P = 0.02). 

The amino acids ADCs of the test ingredients are presented in Table 3-6. There were 

differences among the digestibility of amino acids from the different protein sources (P < 0.0001). 

The ADCs of EAAs were the highest in the SFM (ranged from 86-102%), followed by the CM 

(ranged from 77-91%) and TM (ranged from 80-89%). The ADCs of EAAs were the lowest in the 

FEM (ranged from 58-79%), followed by the PBM (ranged from 71-81%) and CPC (ranged from 

70-82%). Similar trends were observed in the ADCs of NEAAs. 

 

3.5 Discussion 

The determination of ingredient digestibility is a necessary parameter to accurately 

formulate fish diets. According to the demand for less costly and high quality fishmeal 

replacements in aquaculture diets, the nutritional values of different feedstuffs need to be 

investigated. The quality of feedstuffs and processing methods employed may affect the 

digestibility and utilization of nutrients and ultimately growth performance (Opstvedt et al., 2003; 

Allan and Booth, 2004; Pelletier et al., 2018). Determination of the apparent digestibility could be 
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an important step to investigate the nutritional value of feed ingredients prior to use in feed 

formulation (Cho and Kaushik, 1990; Sugiura et al., 1998). In the present study, feed intake, 

growth rates and feed efficiencies of the diets showed acceptable values compared with the growth 

models for this species (Dumas et al., 2007). It could be inferred that during this trial, faecal 

samples were collected from actively feeding fish growing at a normal rate, which is in line with 

the recommendations of Cho et al. (1982) to obtain realistic and meaningful estimates of apparent 

digestibility of nutrients for fish.  

Due to the diverse nature of by-products, the digestibility of nutrients in the present study 

is different from previous studies. The variation in the nutrient content and digestibility of the most 

practical feed ingredients reveal the importance of continuous inspection of raw materials. In the 

current study, the SFM had the lowest dry matter ADC compared with that of other tested 

ingredients. The lower ADCs for dry matter in plant protein ingredients compared with that of 

animal protein ingredients were reported in a digestibility trial with mandarin fish (Siniperca 

chuatsi) (Mo et al., 2019).  Low ADCs values for dry matter generally indicate that a large amount 

of indigestible material is present in the feedstuff (Li et al., 2013). The SFM had the highest 

concentration of total carbohydrate in plant protein ingredients. A large quantity of indigestible 

fiber fraction might have influenced dry matter, lipid, and energy ADCs (Zhou and Yue, 2012). 

Similar findings were obtained by Hassaan et al. (2019) and Greiling et al. (2018) for Nile tilapia 

(Oreochromis niloticus) and rainbow trout. Together with previous reports, the low ADCs of dry 

matter in animal protein ingredients such as PBM might be attributed to the high concentrations 

of dietary ash that negatively affect dry matter digestibility (Bureau et al., 1999; Wu et al., 2006; 

Zhou and Yue, 2012). The ADCs of lipid in all the tested ingredients showed higher values 
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compared with those of the FEM, SFM, and CPC. The lower lipid digestibility may be attributed 

to high carbohydrate content in the plant protein ingredients and to high saturated fatty acid content 

in the rendered animal protein ingredients (Cho and Kaushik, 1990; Irvin and Williams, 2007; 

Yuan et al., 2010).  

Due to the lack of endogenous and microbial phytase in the intestinal tracts of fish, the 

phosphorus of phytate is not produced (Lall, 1991). It is required to separate phosphorous from 

the phytate molecule (e.g. by the use of exogenous phytase enzyme) to maximize the nutritive 

value of protein ingredients, particularly in plant protein-based diets. In this study, higher values 

of phosphorus ADCs were observed in the FEM, CPC, and CM than in the PBM, TM, PMBM, 

and SFM. These results suggest that the lower the dietary concentration of the phosphorus, the 

better the digestibility, which is similar to that for rainbow trout, turbot (Psetta maxima), Atlantic 

salmon (Salmo salar), and cobia (Rachycentron canadum) (Vielma and Lall, 1998; Burel et al., 

2000; Zhou et al., 2004). In animal protein ingredients, the lower phosphorus ADCs of the PBM, 

TM, and PMBM were likely related to higher phosphorus concentrations as compared to the FEM. 

These results are similar to Cheng et al. (2004) who found that the lower phosphorus ADC value 

in poultry by-product meal was due to the high concentration of bone in this ingredient. They 

assumed that high concentrations of bone altered the ADC value of phosphorus by enhancing the 

precipitation of calcium-phosphate complexes in the gut. According to Sugiura et al. (2000) the 

apparent digestibility of phosphorus, calcium, magnesium, and iron decreased as fish bone content 

in the diet increased. The modest bone contents of the FEM may explain the higher phosphorus 

ADC value in the present study. 
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Protein quality is the most important factor for aquaculture feeds, and this includes 

digestibility and bio-availability of amino acids (Chi et al., 2017; Kim et al., 2019). In animal 

protein ingredients, ADCs of crude protein and energy had the lowest values in the FEM and PBM, 

respectively. These results are in agreement with Cheng et al. (2004) and Glencross (2011) for 

rainbow trout and Barramundi (Lates calcarifer), respectively. Similar findings were reported by 

Tibbetts et al. (2006) who found that feather meal and poultry by-product meal had low nutritional 

value when fed to Atlantic cod (Gadus morhua) due to the high concentrations of poorly digestible 

components (i.e. ash and keratin). The observed values in the present investigation for protein and 

energy ADCs of the FEM and PBM were lower than those previously reported by Bureau et al. 

(1999), Cheng and Hardy (2002), and Pfeuti et al. (2019). According to our results, the protein 

ADC of the SFM was 95%, while previous studies have shown it to be 78%, 88%, and 91% in 

Tilapia, Atlantic salmon, and rainbow trout, respectively (Degani and Yehuda, 1999; Gill, 2002; 

Dalsgaard et al., 2012). These discrepancies are possibly related to fish species, the quality of 

feedstuffs, and processing conditions (Wang and Parsons, 1998; Hekmatpour et al., 2018; Pfeuti 

et al., 2019; Lewis et al., 2019). Furthermore, it is argued that the differences in the methodology 

of faecal collection may affect digestibility estimates and make the comparison difficult among 

experiments (Vandenberg and De La Noue, 2001; Lewis et al., 2019; Mo et al., 2019; Shomorin 

et al., 2019).  

Heat and pressure affect the bio-availability of heat sensitive amino acids and the 

digestibility of protein. In the present study, the ADCs of amino acids were the lowest in the FEM, 

with high protein and amino acid contents. This finding is consistent with the idea of Tacon et al. 

(2006) who stated that feather meal had a high protein content but varied in its nutritional quality. 
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Mirzakhani et al. (2018) categorized feather meal as the lowest quality ingredient among tested 

feedstuffs with a protein ADC lower than 70% in Siberian sturgeon (Acipenser baeri). The low 

nutritional value of feather meal is likely related to the high content of poorly digestible keratin 

with strong disulphide bindings and lower essential amino acids such as methionine, lysine, and 

histidine (de Carvalho et al., 2016; Pfeuti et al., 2019). In the present study, the FEM followed by 

the PBM, and CPC showed the lowest digestibility coefficients for the essential amino acids 

(EAAs) and non-essential amino acids (NEAAs). Surprisingly, the FEM and CPC had the highest 

concentrations of EAAs. The differences in the digestibility of amino acids (particularly EAAs) 

from variable protein sources lead to inaccuracies in fish feed formulation (Wang et al., 2012). 

Undercooking or overheating of the poultry by-product meal and feather meal may lead to low 

amino acid digestibility (de Carvalho et al., 2016). The digestibility of a regular poultry by-product 

meal was shown to be low in barramundi and rainbow trout, indicating thermal damage or poor 

processing techniques (Glencross, 2011), whereas the premium grade poultry by-product meal had 

much higher protein digestibility (Lewis et al., 2019). 

Lysine and methionine are often the most limiting EAAs in the feedstuffs used for the 

production of commercial feed. Martinez-Amezcua and Parsons (2007) pointed out that the raw 

materials varied in their susceptibility to heat induced damage based on higher lysine destruction 

in corn distillers dried grains compared with other feed ingredients. Zhang et al. (2015) observed 

the heat damage to lysine during the rendering process and the reduced digestibility of protein in 

bone fragments in bullfrog, Rana (Lithobates catesbeiana). In total, heat damage includes 

numerous chemical processes such as protein oxidation, pyrolysis, racemization of amino acids, 

Maillard reactions, and protein and amino acid cross-linking (Opstvedt et al., 1984; Friedman, 
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1999). These chemical changes lead to a significant reduction in the nutritional value of the 

rendered animal protein ingredients due to the destruction of amino acids. The alterations in protein 

structure make it more difficult for digestive enzymes to access the digestion sites, which decrease 

protein digestibility and bio-availability of amino acids, and ultimately decrease dietary limiting 

amino acids for growth and maintenance (Bureau et al., 1999; Opstvedt et al., 2003). 

Understanding the chemical basis of damage imposed on raw materials through different thermal 

processing conditions may lead to a better approach to predict the nutritive value of ingredients 

before their use in feed formulation. 

Apparent digestibility is a measure of the disappearance of nutrients and therefore not a 

measure of bio-availability of nutrients. The cooking and the drying conditions, notably 

temperature, have significant effects on the nutritional quality of the protein ingredients, leading 

to variable nutrient content and quality (Wang and Parsons, 1998; Bureau et al., 1999). 

Experimental evidence suggests that proteins containing cross-linked amino acids (induced by 

thermal processing) are digested but may result in the release of compounds (dipeptides, 

metabolites) that are not metabolically bioavailable to animals (Friedman, 1994; Friedman, 1999; 

Opstvedt et al., 2003; Pfeuti, 2017). As a result, accurate estimations of the nutritional values (e.g. 

protein, amino acids) of ingredients are necessary to minimize the feeding of excess nitrogen, 

reduce the costs of diets, and notably, to improve animal health and growth (Opstvedt et al., 1984; 

Friedman, 1994; Pelletier et al., 2018).  
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3.6 Conclusions 

The calculated apparent digestibility coefficients (ADCs) of the test ingredients varied 

significantly among the different protein sources. Of the seven test ingredients, the SFM (95%) 

and FEM (69%) had the highest and lowest ADCs of crude protein, respectively (P < 0.0001). No 

significant differences were observed in the ADCs of crude protein for the TM, PMBM, and the 

CM (P > 0.05). The SFM had the highest ADCs for all estimated amino acids while the FEM had 

the lowest values among the test ingredients. 

The results from this study suggest the necessity of quality control of various feed 

ingredients due to the variation that exists in the nutrient content and digestibility. This variability 

has major implications for animal feed producers, as this variability could directly affect the 

biological quality and utilization of finished feed. There is a need for more solid information on 

the nutritional content and chemical basis of the variability in digestibility of animal protein 

ingredients, in order to optimize the use of these ingredients in animal feeds. 
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Table 3-1: Ingredient composition of the reference diet. 

Ingredients Inclusion level (%) 

Fish meal, 70% CP 35 

Blood meal, spray-dried, 82% CP 6 

Corn gluten meal, 60% CP 10 

Wheat middlings, 16% CP 17 

Wheat gluten meal, 75% CP 10.5 

Soy protein concentrate, HP300, 55% CP 4 

Vitamin premix1, Martin Mills 1 

Mineral premix2, Martin Mills 0.5 

Fish oil 16 

Total 100 

1 Provides per kg of diet: Retinyl acetate (vit. A), 75mg; Cholescalciferol (vit. D), 60mg; dl-a-tocopherol-acetate 

(vit. E), 300mg; Menadione Na-bisulfate (vit. K), 1.5mg; Cyanocobalamine (vit. B12), 30mg; Ascorbic acid 

monophosphate, 300mg; Biotin, 210mg; choline chloride (chloride, 50%), 15mg; D-calcium pantothenate, 

32.6mg; pyridoxine-HCL (vit. B6), 7.5mg; Riboflavin (vit. B2), 9mg; Thiamin-HCL (vit. B1), 1.5mg; Caro-Pink 

(Astaxanthin), 500mg.  
2 Provides per kg: sodium chloride (NaCl, 39% Na, 61% Cl), 3077mg; potassium iodide (KI, 24% K, 76%I), 

10.5mg; ferrous sulphate (FeSO4-H20, 20% Fe),65mg; manganese sulphate (MnSO4, 36% Mn), 88.9mg; zinc 

sulphate (ZnSO4-H2O, 40% Zn), 150mg; copper sulphate (CuSO4-H20, 25% Cu), 28mg; yttrium oxide, 100mg.  
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Table 3-2: Proximate composition and amino acid profiles of the test ingredients (as is basis). 

 
PBM1 TM1 FEM1 PMBM1 CM1 SFM1 CPC2 

Dry matter, % 98.3 93.7 95.1 97.8 90.9 90.4 92.6 

Crude protein, % 63.0 63.2 86.0 65.5 29.3 36.4 78.9 

Lipids, % 13.0 11.9 6.3 13.5 11.5 1.5 3.5 

Ash, % 21.0 20.2 3.3 17.6 5.2 6.9 1.0 

Total Carbohydrate a, % 1.3 0.0 0.0 1.3 44.8 45.6 9.2 

Gross energy, (kJ/g) 20.4 18.7 23.2 20.8 19.8 17.6 23.4 

Phosphorus, % 3.4 3.3 0.5 4.0 0.8 1.1 2.0 

        

Essential amino acids (% in the weight of ingredient as is) 

Arginine 3.8 4.1 4.9 4.0 2.0 3.0 2.3 

Histidine 1.3 1.3 1.9 1.7 0.9 1.0 1.6 

Isoleucine 2.0 2.0 3.3 2.3 1.3 1.6 3.1 

Leucine 3.9 4.0 6.7 4.6 2.3 2.5 13.1 

Lysine 3.3 3.2 3.1 3.7 3.3 2.4 1.1 

Methionine                             1.2 1.2 0.8 1.2 0.4 0.6 1.7 

Phenylalanine 2.4 2.5 4.0 2.7 1.4 1.8 5.1 

Threonine 2.3 2.4 3.8 2.5 1.5 1.5 2.7 

Valine 2.6 2.5 5.5 3.2 1.8 2.0 3.6 

        

Non-Essential amino acids (% in the weight of ingredient as is) 

Alanine 3.9 4.0 4.1 4.4 1.5 1.7 6.7 

Aspartic acid 4.6 4.8 6.1 5.3 2.4 3.5 4.4 

Glutamic acid 5.8 3.1 3.2 0.1 4.0 5.7 13.2 

Cysteine 0.3 0.4 2.0 0.3 0.3 0.3 0.7 

Glycine 6.2 7.1 5.4 7.2 1.9 2.6 2.1 

Proline 3.9 4.5 6.1 4.8 1.9 1.7 7.6 

Serine 2.5 2.8 7.0 2.7 1.4 1.7 4.3 

Tyrosine 1.7 1.6 2.0 1.7 0.9 0.9 3.0 

        
PBM, poultry by-product meal; TM, turkey meal; FEM, feather meal; PMBM, porcine meat and bone meal; CM, 

canola meal; SFM, sunflower meal; CPC, corn protein concentrate.  
1 Los Fiordos, Puerto Montt, Chile. 
2 Cargill Corn Milling, Cargill, Inc., Blair, NE, USA. 

Values are mean (n=2). a Calculated values. 
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Table 3-3: Proximate composition and amino acid profiles of the experimental diets (as is basis). 

                                                   Diets     

                    

 Reference  PBM TM FEM PMBM CM SFM CPC 

Dry matter, % 96.0 96.2 96.0 96.3 97.4 97.4 97.6 97.6 

Crude protein, % 53.5 56.2 57.0 63.0 56.8 48.5 50.1 62.4 

Lipids, % 21.8 19.1 18.3 16.9 18.9 19.2 15.8 16.5 

Ash, % 5.9 9.8 10.4 5.4 9.2 6.0 6.4 4.7 

Total Carbohydrate a, % 14.8 11.2 10.3 11.0 12.5 23.6 25.3 14.1 

Gross energy, (kJ/g) 24.0 22.8 22.6 23.9 23.2 23.4 22.7 24.4 

Phosphorus, % 1.0 1.7 1.6 0.9 1.5 1.0 1.0 0.8 

         

Essential amino acids (% in the weight of diet as is) 

Arginine 3.3 3.1 3.2 3.3 3.3 2.8 3.2 3.0 

Histidine 1.4 1.2 1.2 1.3 1.3 1.2 1.4 1.2 

Isoleucine 1.9 1.8 1.8 2.2 1.9 1.7 1.9 2.0 

Leucine 4.4 4.0 4.0 4.9 4.1 3.9 4.1 5.9 

Lysine 3.3 2.7 3.1 2.7 3.0 2.6 2.6 2.3 

Methionine            1.3 1.1 1.2 1.3 1.1 1.0 1.1 1.3 

Phenylalanine 2.6 2.4 2.5 2.7 2.4 2.3 2.7 3.2 

Threonine 2.2 2.0 2.1 2.4 2.2 2.0 2.1 2.2 

Valine 2.6 2.4 2.4 2.9 2.6 2.4 2.6 2.7 

         

Non-Essential amino acids (% in the weight of diet as is) 

Alanine 2.9 2.9 2.9 3.4 3.0 2.5 2.6 3.5 

Aspartic acid 4.3 4.1 4.1 4.7 4.3 3.8 4.0 4.2 

Glutamic acid 8.0 7.0 7.0 7.3 7.3 6.9 7.3 8.5 

Cysteine 0.5 0.4 0.4 0.6 0.5 0.4 0.4 0.5 

Glycine 2.6 3.1 3.2 3.4 3.2 2.5 2.7 2.6 

Proline 3.4 3.3 3.3 3.8 3.5 3.1 3.2 4.1 

Serine 2.6 2.3 2.4 3.2 2.6 2.3 2.4 2.9 

Tyrosine 1.6 1.6 1.6 1.6 1.5 1.5 1.7 2.2 

         

PBM, poultry by-product meal; TM, turkey meal; FEM, feather meal; PMBM, porcine meat and bone meal; CM, 

canola meal; SFM, sunflower meal; CPC, corn protein concentrate. 

Values are mean (n=2). a Calculated values. 
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Table 3-4: Growth performance of rainbow trout fed the eight experimental diets for 44 days. 

 

Treatment 

IBW FBW Gain  TGC  Feed Intake FE  

g/fish g/fish g/fish % g/fish (gain:feed) 

Reference- diet 76.5ab  213.9a  137.4a 0.354a 94.7a 1.47a 

PBM- diet 81.6a  178.9a  97.2b 0.264b 94.5a 1.03b 

TM- diet 68.4b  192.3a  123.9ab 0.343ab 82.6a 1.50a 

FEM- diet 74.1ab  206.8a  132.7ab 0.349ab 92.2a 1.44a 

PMBM- diet 77.9ab  185.0a  107.2ab 0.291ab 88.4a 1.21ab 

CM- diet 73.5ab  200.7a  127.1ab 0.340ab 97.6a 1.30ab 

SFM- diet 74.5ab  197.5a   123.0ab 0.328ab 95.9a 1.27ab 

CPC- diet 76.1ab  190.1a  114.0ab 0.308ab 83.9a 1.36ab 

Pooled SEM a 1.05 3.27 3.56 0.008 1.75 0.04 

P-value <0.07 <0.1 <0.05 <0.03 <0.2 <0.009 

IBW, initial body weight; FBW, final body weight; TGC, thermal unit growth  coefficient; FE, feed efficiency; PBM, 

poultry by-product meal; TM, turkey meal; FEM, feather meal; PMBM, porcine meat and bone meal; CM, canola 

meal; SFM, sunflower meal; CPC, corn protein concentrate. 

Values followed by different superscript letters are significantly different (Tukey's HSD test, P ≤ 0.05). 
 a Pooled standard error (n = 24) of a mean of all diets. 

Values are mean (n=3).
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Table 3-5: Apparent digestibility coefficients of chemical components and amino acids in the experimental diets fed to rainbow trout. Values are 

mean (n=4). 

 Diets 

 
Reference PBM TM FEM PMBM CM SFM CPC Pooled 

SEM b 

P-value 

ADC (%) of chemical components   

Dry matter 82a 79b 81ab 79b 80b 80b 76c 80b 0.36 <0.0001 

Crude protein 95a 89d 91c 84e 91c 93b 95a 88d 0.64 <0.0001 

Lipids 96a 94ab 95ab 93bc 94ab 95ab 91c 94ab 0.32 <0.0001 

Ash 49abcd 39e 44cde 53ab 44de 55a 47bcde 52abc 1.29 <0.0001 

Total Carbohydrate a 33c 33c 34bc 41ab 37bc 48a 37bc 38bc 1.28   0.0002 

Gross energy  88a 85c 87ab 82d 86bc 85c 82d 84c 0.43 <0.0001 

Phosphorus 57ab 40c 38c 60a 39c 54ab 50b 59ab 1.84 <0.0001 

 

ADC (%) of essential amino acids  
  

Arginine  98a 92f 95cd 86g 93e 96bc 97ab 94de 0.64 <0.0001 

Histidine  96a 90c 93b 82e 91bc 95a 96a 88d 0.82 <0.0001 

Isoleucine  95a 89d 92c 85e 91c 93b 95a 88d 0.64 <0.0001 

Leucine  96a 90d 93bc 84e 92c 94ab 96a 83e 0.83 <0.0001 

Lysine  97a 90c 94b 86d 92c 95b 94b 94b 0.58 <0.0001 

Methionine 96a 91e 94c 93d 93d 95b 97a 89f 0.46 <0.0001 

Phenylalanine  97a 90d 93bc 83f 91cd 94b 96a 87e 0.79 <0.0001 

Threonine  95a 88d 92bc 81e 91c 92b 94a 88d 0.74 <0.0001 

Valine  96a 89d 92c 80e 92c 94b 96a 89d 0.87 <0.0001 

 

ADC (%) of non-essential amino acids 

Alanine                          96a                     89c 92b 87d 92b 94a 95a 85d 0.66 <0.0001 

Aspartic acid                 95a 89d 92c 85e 91c 94b 95ab 89d 0.60 <0.0001 
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 Diets 

 
Reference PBM TM FEM PMBM CM SFM CPC Pooled 

SEM b 

P-value 

Glutamic acid                98a 94c 96b 91d 95b 97a 97a 89e 0.57 <0.0001 

Cysteine                         95a 87e 90cd 59f 91bc 94ab 96a 88de 2.00 <0.0001 

Glycine                          95a 88c 90b 87d 91b 94a 95a 91b 0.55 <0.0001 

Proline                           97a 92b 94b 84d 93b 96a 97a 88c 0.74 <0.0001 

Serine                            96a 89c 92b 79d 92b 94ab 95a 87c 0.92 <0.0001 

Tyrosine                        94b 86d 90c 79e 90c 93b 96a 89c 0.91 <0.0001 

          

PBM, poultry by-product meal; TM, turkey meal; FEM, feather meal; PMBM, porcine meat and bone meal; CM, canola meal; SFM, sunflower meal; CPC, corn 

protein concentrate. 

Values followed by different superscript letters are significantly different (Tukey's HSD test, P ≤ 0.05). 
a Calculated values. b Pooled standard error (n = 32) of a mean of all diets. 
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Table 3-6: Apparent digestibility coefficients of chemical components and amino acids in the test ingredients in rainbow trout. Values are mean 

(n=4). 

 
PBM TM FEM PMBM CM SFM CPC 

Pooled 

SEMb P-value 

ADC (%) of chemical components 

Dry matter 70b 76a 71ab 75ab 75ab 61c 74ab 1.17 <0.0001 

Crude protein 79c 84b 69d 85b 87b 95a 78c 1.55 <0.0001 

Lipids 90ab 92a 75bc 90ab 93a - 70c 2.47     0.002 

Ash 33c 41c 68b 40c 72b 43c 91a 4.76 <0.0001 

Total Carbohydrate a - - - - 61a 41b 56ab 4.39       0.02 

Gross energy  77b 85a 67c 82ab 76b 64c 76b 1.54 <0.0001   

Phosphorus 29cd 26d 74a 30cd 46bc 35cd 61ab 4.05 <0.0001   

 

ADC (%) of essential amino acids 
  

Arginine 81e 89bc 68f 86cd 91b 96a 82de 1.69 <0.0001 

Histidine  76d 85c 58e 82c 91b 96a 72d 2.34 <0.0001 

Isoleucine  73d 85b 71d 82b 86b 95a 77c 1.60 <0.0001 

Leucine  74c 86b 67d 83b 86b 95a 74c 1.79 <0.0001 

Lysine  73c 88a 61d 80b 89a 86a 70c 1.95 <0.0001 

Methionine 77d  89b 79d 83c 86bc 102a 78d 1.63 <0.0001 

Phenylalanine  71d 80b 60e 76bc 77bc 88a 75cd 1.66 <0.0001 

Threonine  73c 84b 63d 82b 84b 92a 75c 1.78 <0.0001 

Valine  73c 83b 63d 84b 88b 95a 76c 1.95 <0.0001 

 

ADC (%) of non-essential amino acids 

Alanine 79c 87b 73d 86b 88b 93a 75cd 1.44 <0.0001 

Aspartic acid 74d 86c 69e 83c 89b 94a 77d 1.67 <0.0001 

Glutamic acid 80b 83b 48d - 93a 96a 76c 3.35 <0.0001 

Cysteine 59d 78c 39e 78c 90b 99a 78c 3.61 <0.0001 
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PBM TM FEM PMBM CM SFM CPC 

Pooled 

SEMb P-value 

Glycine 82c 87b 77c 87b 91b 96a 80c 1.24 <0.0001 

Proline 82c 87b 68d 87b 91a 95a 79c 1.61 <0.0001 

Serine 74c 83b 65d 84b 86b 95a 76c 1.78 <0.0001 

Tyrosine 68e 81cd 52f 77d 92b 104a 83c 3.09 <0.0001 

          
PBM, poultry by-product meal; TM, turkey meal; FEM, feather meal; PMBM, porcine meat and bone meal; CM, canola meal; SFM, sunflower meal; CPC, corn 

protein concentrate. 

Values followed by different superscript letters are significantly different (Tukey's HSD test, P ≤ 0.05). 
 a Calculated values. b Pooled standard error (n = 28) of a mean of all ingredients. 
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Chapter 4. Characterization of Chemical Changes Associated 

with Heat Damage of Animal Proteins and Identification of 

Effective Indicators of Such Damages 

 

4.1 Abstract 

Thermal or heat treatment is central to the processing of many feed ingredients. Proteins, 

and the amino acids that compose them, tend to be reactive and can undergo chemical changes 

during thermal processing. This “heat damage” can have deleterious effects on the nutritional 

quality of ingredients. The chemical changes associated with heat damage and their impacts on 

digestibility and bio-availability of amino acids are poorly characterized. Processing of proteins at 

high temperatures can result in protein cross-linking, the formation of covalent bonds between 

polypeptide chains within a protein or between proteins. There is emerging evidence that the 

presence of cross-links in the structure of proteins, whether from disulphide bridges or other cross-

linked amino acids, may render parts of these proteins more resistant to the action of proteases. 

This study aimed to examine protein cross-linking associated with thermal processing.  

Freeze-dried chicken breast meat (CM) samples were subjected to thermal processing at 

different temperatures (70, 80, 95, 110, 120, and 130°C) for 45 min in an autoclave in the absence 

(Control) or presence of chemical agents. L-serine and ferrous sulfate were used to stimulate amino 

acid cross-linking (Cross-Linking) and protein oxidation (ProtOx), respectively. Amino acids and 

cross-linked amino acids, namely lysinoalanine (LAL), lanthionine (LAN), and β-aminoalanine 
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(BAL) were quantified using a standard amino acid analysis technique UPLC. The content of 

sulfhydryl (S-H) and disulphide (S-S) bonds in CM was monitored using FT-Raman spectroscopy.  

Exposing CM samples to increasing temperatures in the absence or presence of L-serine 

and ferrous sulfate resulted in significant decreases in several essential amino acids (lysine, 

arginine, histidine, threonine, and methionine) and significant increases in the formation of cross-

linked amino acids, notably LAL and LAN. Higher concentrations of the cross-linked amino acids 

were observed in the Cross-Linking and ProtOx treatments compared to the Control groups. 

Processing temperatures exceeding 110°C were associated with increased concentrations of LAL 

and LAN. S-H and S-S bonds contents of CM decreased dramatically in the Control and ProtOx 

treatment groups with increasing temperature (P < 0.05), indicating that the formation of 

disulphide bridges did not appear to be significant under the conditions examined. This may 

suggest that cystine in heat-damaged proteins can suffer β-elimination of one of the sulfur atoms 

resulting in the formation of dehydroalanine residues that can react with certain amino acids to 

form cross-linked amino acids. This study highlights the importance of protein cross-linking in 

heat damage and suggests that cross-linked amino acids can be practical indicators of heat damage 

in protein ingredients. 
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4.2 Introduction 

Experimental and anecdotal evidence suggests that significant variability exists in the 

digestibility and bio-availability of amino acids and the nutritive value among the batches of 

different rendered animal protein ingredients. While this variability appears to be related to the 

difference in the processing equipment and conditions (cooking and drying temperature and 

duration), very little effort has been invested in identifying the chemical basis of these differences.    

Proteins tend to be reactive and may undergo chemical changes during thermal processing 

(Papadopoulos, 1989; Mauron, 1990). This is collectively described as the “heat damage”. This 

heat damage includes the numerous chemical processes such as protein oxidation (ProtOx), 

pyrolysis, racemization of amino acids, Maillard reactions, and protein and amino acid cross-

linking (Finot, 1983; Friedman, 1999; Gerrard, 2002b; Lund et al., 2011). These reactions may 

irreversibly damage or destroy the amino acids or render the protein more refractory to digestion 

(Opsvedt et al., 1984; Papadopoulos, 1989).  

The chemical reactions induced by the thermal processing have impacts on the two main 

determinants of nutritive value of proteins, namely digestibility and biological value (Mauron, 

1990; Friedman, 1994). Protein digestibility may be reduced by the modification of the protein 

molecule and the formation of compounds or structures that hinder the activity of proteases. The 

biological value may be diminished by the destruction of essential amino acids and the irreversible 

damages that reduce amino acids bio-availability (March and Hickling, 1982; Mauron, 1990; 

Friedman, 1996; Mohammed et al., 2000). Early studies have indicated that chemical damages led 

to a reduction in the essential amino acid content and the bio-availability in protein-rich ingredients 

(Friedman, 1994; Wang and Parsons, 1998; Opstvedt et al., 2003; Fontaine et al., 2007; Soladoye 
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et al., 2015). The presence of cross-linked amino acids, notably the disulphide bridges, in the 

structure of heat-damaged protein or polypeptides may hinder the action of proteases thereby 

making the heat-damaged protein, or parts of these proteins, more refractive to digestion (Opstvedt 

et al., 1984; Pfeuti, 2017). Proteins containing cross-linked amino acids may be digestible but 

result in the release of components (dipeptides, metabolites) that would not be metabolically 

bioavailable and may be excreted in the urine or metabolized to compounds of no nutritive value 

to animals (Friedman, 1999; Garcia-Mora et al., 2014; Almeida et al., 2014b; Zhao et al., 2016).  

Proteins are readily oxidized in the presence of radicals and non-radical species in both 

foods and biological systems. Protein oxidation (ProtOx) in meat could be induced directly by the 

reactive oxygen species (ROS) (either free radical or non-free radical) and the reactive nitrogen 

species (RNS) or indirectly by the secondary products of oxidative stress (lipid peroxidation and 

sugar oxidation products) (Estévez, M., 2011; Lund et al., 2011). It is known that heating may 

stimulate the generation of ROS, which in turn increases the tendency for the ProtOx (Traore et 

al., 2012; Roldan et al., 2014). Heating above 60 °C could trigger the oxidative cleavage of 

porphyrin ring of heme, leading to the release of heme iron, which might result in increased 

oxidation of the proteins (Miller et al., 1994). 

Iron (Fe) is an essential micronutrient for animal growth and health. Nevertheless, iron may 

generate the ROS that promote the destructive free-radical reactions in foods or in vivo (Torres-

Fuentes et al., 2012). Cooking has been shown to deplete heme iron from 10% to 100%, resulting 

in an increase in non-heme iron ions, which promote protein oxidation (Garcia et al., 1996; Purchas 

et al., 2006). Iron supplements may undergo many changes as they are influenced by many 

materials during the long periods of storage and processing (Li et al., 2017). Highly oxidative 
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effects of an environment could progress from mere protein-unfolding to the cross-linking and 

massive aggregation as well as the modification of protease-active sites, resulting in decreased 

proteolytic sensitivity and protein digestibility (Estevez, 2011; Roldan et al., 2014). 

The processing conditions determine the extent of heat damage to the proteins and the 

nutritional quality (Papadopoulos, 1989). Cooking and drying conditions (temperature, duration, 

etc.) could have significant effects on the nutritional quality of protein ingredients (Wang and 

Parsons, 1998; Bureau et al., 1999). Moughan et al. (1999) reported that the time of exposure to 

the heating and the temperature of processing combined were critical factors determining the 

protein quality of dried blood meals. Those authors showed that heat treatment lowered apparent 

ileal nitrogen digestibility in rats, while the increased duration of heat treatment did not cause a 

further decrease in nitrogen digestibility of blood meal samples. The higher temperatures during 

processing were shown to decrease the availability of amino acids in meat and bone meals (Kondos 

and McClymont, 1972; Batterham et al., 1986). Several studies indicated that at temperatures 

above 70°C, irreversible aggregation occurred, which resulted in the formation of aggregates due 

to sulphydryl group interaction and disulphide interchanges, along with the contribution of non-

covalent hydrophobic interactions (Sawyer, 1968; Hoffmann and van Mil, 1997; Verheul et al., 

1998). Almeida et al. (2014a) showed that the apparent and standardized ileal digestibility of 

amino acids to pigs significantly decreased in canola meal processed at increasingly higher 

temperatures and duration by autoclaving. Bureau et al. (1999) observed dramatically different 

apparent digestibility coefficients (ADCs) of protein in blood meals produced using different 

drying equipment, with more gentle (lower temperature) drying conditions being associated with 

significantly higher digestibility.  
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Since apparent digestibility is a measure of the disappearance of the nutrients at different 

parts of the digestive tract, it might not be an accurate estimation of the nutrient’s bio-availability. 

Nutrients may disappear due to microbial fermentation, leaching during the collection of the fecal 

material, or maybe absorbed in a form that is not metabolizable and thus not bioavailable to the 

animal (Moughan et al., 1999). The direct assessment of bio-availability of amino acids in protein 

ingredients is relatively complex, sensitive to several methodological artefacts, and often difficult 

to meaningfully assess without a sophisticated experimental protocol (Chowdhury et al., 2015). 

There is a need for more detailed characterization of the composition of thermally processed 

protein ingredients with an emphasis on the chemical reactions that are associated with the heat 

damage. A better understanding of the chemical basis of the heat damage could result in a better 

approach to estimate the nutritional value of protein ingredients. There is also a need for effective 

and practical indicators of heat damage and different chemical changes that could be used in 

quality control programs by renderers and feed manufacturers. These indicators could assist in the 

meaningful and accurate characterization of the nutritive value of different batches (lots) of 

rendered animal proteins. 

In this chapter, we focused on two major types of chemical reactions, a) protein oxidation 

(ProtOx) and b) protein and amino acid cross-linking. The objectives of this study are to 1) 

characterize some of the chemical changes induced by the thermal processing of animal proteins 

and 2) identify reliable indicators of different types of chemical/heat damage that could help better 

predict the nutritive value of rendered animal protein ingredients. This study involves a 

combination of lab bench assays, chemical analyses, and spectroscopic measurements. This work 
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is important foundational work for future in vivo studies and the development of novel and 

effective quality assurance and quality control (QA/QC) methods for animal protein ingredients.  

We stimulated heat treatment of chicken meat (CM) at different temperatures and 

compared the treated CMs to examine the impact of heating on the chemical composition and 

amino acid profiles of the protein ingredients. We also investigated the potential indicators of 

different types of chemical damage as the determinants of digestibility of heat-damaged proteins. 

Furthermore, the nitrogen mass balance approach was applied to evaluate the reliability of nutrient 

analysis results from the heat-treated protein ingredients and to elucidate the utilization of digested 

nutrients (e.g. amino acids). 

 

4.3 Materials and Methods 

4.3.1 Sample Preparation and Treatments 

Skinless chicken breast meat (CM) was purchased from a local supermarket and cut into 

small parts, freeze-dried, ground into fine particles, and stored at −20°C until used. The same batch 

of lyophilized CM was used in a series of lab bench trials. The proximate composition and amino 

acid profiles of the lyophilized CM are presented in Table 4-1. 

Table 4-2 provides an overview of the experimental design of the lab bench study which 

included 18 different treatments done in two replicates (36 experimental units). The CMs were 

subjected to various temperatures in the absence (Control/CTL) or presence of chemical agents 

that putatively stimulate protein oxidation (ProtOx/Pox) and amino acid cross-linking (Cross-
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Linking/CLK). The range of temperatures simulate a broad range of processing conditions, 

including the range of temperatures commonly used in rendering. 

Aliquots (20 g) of CM in polyethylene bags with free access to the air were heated in 

autoclave A (Model #LAC-5100S) for 45 min at either 70, 80, 95, 110, 120°C, and in autoclave B 

(Model #3870E) for 45 min at 130°C.  Ferrous sulfate was used to promote protein oxidation and 

L-serine was used to promote amino acid cross-linking. The quantity of ferrous sulfate added was 

equivalent to the molar content of sulfur amino acids (methionine + cysteine) in the CM and the 

quantity of L-serine added was equivalent to the molar content of amino acids (lysine, arginine, 

cysteine) putatively participating in the nucleophilic addition reaction involving dehydroalanine 

(DHA), a serine degradation intermediate produced during the thermal processing (Friedman, 

1999; Zhao et al., 2016). The heat-treated CMs (18 different treatments, 36 experimental units) 

were freeze-dried and stored at −20°C until analyzed (Figure 4-1).  

 

4.3.2 Chemical Analysis 

The heat-treated CMs were analyzed for proximate composition according to standard 

methodology. Dry matter (DM) and ash content were determined according to AOAC (1995). 

Crude protein (% N × 6.25) was determined with the macro-Kjeldahl method, according to AOAC 

(1995) using a Kjeltec Protein Analyzer (Model #8200, Tecator, Hoganas, Sweden). Crude lipids 

were extracted using an Ankom XT20 fat analyser (Ankom Technology, Macedon, NY, USA); 

and the gross energy (GE) content of the samples was calculated as described by Cho et al. (1982). 
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The lyophilized and heat-treated CMs were analyzed for amino acids and cross-linked 

amino acids such as lysinoalanine (LAL), lanthionine (LAN), and β-aminoalanine (BAL) using 

UPLC, following an acid hydrolysis method (Llames and Fontaine, 1994) and performic acid 

oxidation with an acid hydrolysis-sodium metabisulfite method for methionine and total cysteine 

(cysteine, cystine, and cysteic acid) (Llames and Fontaine, 1994). The LAL (LL and DL mixture) 

was obtained from Bachem Americas (Torrance, California, USA), the LAN (DL and meso 

mixture) was obtained from TCI America (Portland, Oregon, USA), and the BAL (DL-form) 

calibration standard was obtained from Sigma-Aldrich (Oakville, ON, Canada). The standard and 

treated CMs (10 μL) were derivatized using the AccQ-Tag method (Waters Corporation, Milford, 

MA, USA). The derivatized cross-linked amino acids were separated using UPLC (Waters 

Corporation, Milford, MA, USA) with UV detection (260 nm) with a cycle time of 12 min per 

sample. The derivatized amino acids (1 μL injection volume) were separated in a column (2.1×100 

mm, 1.7 μm) maintained at 55˚C. 

 

4.3.3 Spectroscopic Measurements 

FT-Raman spectra of the heat-treated CMs were obtained using a FRA 106/s module on a 

Bruker IFS66vs FTIR spectrometer (Billerica, Massachusetts, USA) with excitation at 1064 nm, 

with a resolution of 2 cm-1, in 180˚ backscattering geometry. A total of 14,000 scans for each 

sample were produced over the Raman shift 0 -3500 cm-1 using a laser power of 525 mW. The 

treated CM samples were milled and packed in a standard 2 mm cavity cell. The sulfhydryl (S-H), 

disulphide (S-S), and amide III (C-NH) regions were analyzed using OriginPro 2019 (OriginLab 

Corporation, USA). The tentative assignments for the peaks making up the S-H, S-S, and the amide 
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III bands complex have been made based upon those given in the Raman literature (Table 4-3) 

(Carew et al., 1975; Qian and Krimm, 1992; Ellepola et al., 2006; Herrero, 2008b; Wang et al., 

2016). The intense band component at 2550-2580 cm-1 can be attributed to the S-H region and the 

490-547 cm-1 component has been assigned to the disulphide bridge region. The intensity at 

1245±4 cm-1, represented a stretching of C-N-H that included a contribution from segments of 

disordered peptides. The baseline correction of the aforementioned regions was carried out by a 

straight line between two points, based on the boundaries for each band (Table 4-3). These regions 

were then normalized by the C-H band at 2800- 3000 cm-1. The area under each band was 

calculated and reported as arbitrary units (AU). The Raman spectra were plotted as relative 

intensity (AU) against Raman shift in wavenumber (cm-1). 

 

4.3.4 Nitrogen Mass Balance 

The "mass balance" calculation is on the basis of the elemental analysis (nitrogen analysis) 

and analysis of individual chemical components (e.g. amino acids). The nitrogen mass balance 

approach was developed by the Fish Nutrition Research Laboratory (FNRL), University of 

Guelph, to verify the results of missing nitrogen from typical test ingredients. This approach led 

us to reconcile the results of the proximate analysis (which is based on elemental nitrogen analysis 

for calculation of crude protein) and the results of the analysis of individual nutrients (e.g. amino 

acids). 
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The proximate composition, amino acids and cross-linked amino acids profiles of the heat-

treated CMs are presented in Tables 4-4 and 4-6. Total nitrogen was measured according to the 

macro-Kjeldahl method (AOAC, 1995) using a Kjeltec protein analyzer (Model #8200, Tecator, 

Hoganas, Sweden) and the crude protein derived from total nitrogen by multiplying the officially 

accepted 6.25 as the nitrogen conversion factor. 

 

a: Total Nitrogen (N) from Protein (%DM) = Crude protein (%DM) /6.25. 

b: Total N from Essential Amino Acids (EAAs) (%DM) = Sum of nitrogen contents (%DM) from 

individual EAAs. 

c: Total N from Non-Essential Amino Acids (NEAAs) (%DM) = Sum of nitrogen contents (%DM) 

from individual NEAAs. 

d: Total N from Amino Acids (AAs) (%DM) = Total N from EAAs + Total N from NEAAs. 

e: Total N from Cross-Linked Amino Acids (CLAAs) (%DM) = Sum of nitrogen contents (%DM) 

from individual CLAAs. 

f: Differences between the N balance (%DM) = a - d - e 

Missing N (% total N) = (100 × f) / a 

The proportion of AAs-N to total N (%) = (100 × d) / a 

The proportion of CLAAs-N to total N (%) = (100 × e) / a 
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4.3.5 Statistical Analysis 

Data were analyzed using SAS version 9.4 (SAS Institute, Cary, NC, USA). The proximate 

composition, amino acids and cross-linked amino acids profiles of the heat-treated CMs, and the 

spectroscopic measurements were compared between the treatments with the analysis of variance 

(ANOVA) using the GLIMMIX procedure, in which the temperature was an independent variable 

and an interaction term (treatment × temperature) was included in the model. Significant 

differences were determined by Tukey’s HSD (honestly significant difference) test at P < 0.05 

level. All data are presented as means and pooled standard error (SEM).  

PROC GLM was used for regression analysis, relating the various responses to different 

temperatures within the treatments for all dependent variables. The experimental data was fitted 

using a second-order polynomial equation: Y=b0+ b1*X + b2*X 2 + e 

Where Y is the studied trait, b0 is the intercept, X is the temperature, and b1 and b2 are the regression 

coefficients; differences were considered significant at P < 0.05. The effect of the autoclave 

machine type (fixed effect) was not significant and was not considered in the final analysis. 

 

4.4 Results 

4.4.1 Proximate composition of the test ingredients 

The analysis of variance (ANOVA) for the proximate composition of the heat-treated CMs 

among different treatments indicated significant effects (P < 0.05) of temperature and the 

interaction of temperature and treatment (Table 4-4). The Pox95 and CTL110 had the highest and 

lowest concentrations of dry matter, respectively (P < 0.0001). The crude protein content of the 
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test ingredients in different treatments were significantly affected by the temperature (P = 0.0004) 

and the interaction of the temperature and treatment (P = 0.0007). The CTL130 (79.2%) showed 

the lowest concentration of the crude protein, while the CLK70 (85.6%) had the highest crude 

protein concentrations (P < 0.0001). There were no significant differences between the crude 

protein content of the Pox130 and the CLK130 (P > 0.05). The ProtOx treatment showed 

significant differences (P < 0.05) in lipid concentrations of the test ingredient compared to the 

Control and Cross-Linking treatments except for those heated at 70, 95, and 130°C. No significant 

differences were observed in lipid concentrations of the test ingredient heated at different 

temperatures between the Control and Cross-Linking treatments. The ash content of the test 

ingredients in the ProtOx treatment was the highest compared with those of the Control and Cross-

Linking treatments (P < 0.05). The Cross-Linking treatment had the highest energy content of the 

test ingredients compared with those of the Control and ProtOx treatments (P < 0.05).  

The quadratic polynomial regression across the temperature range within each treatment 

was used to evaluate the responses for the proximate analysis of the test ingredients (Table 4-5). 

Decreases in the crude protein concentrations of the test ingredients in each treatment were 

observed with increasing temperature. The second-order polynomial regression analysis indicated 

that there were non-significant relationships between the crude protein content of the test 

ingredients and the temperature in the Control and ProtOx treatments (P > 0.05). However, a 

significant quadratic decrease in the crude protein content of the test ingredients was observed in 

the Cross-Linking treatment with the increase of temperature (P = 0.02, R2 = 0.56) (Figure 4-2). 

A similar relationship occurred for dry matter concentrations of the test ingredients and the 

relationship was only significant in the Cross-Linking treatment (P = 0.04, R2 = 0.52). No 
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significant effect of the temperature was observed on the energy content of the test ingredients 

within the treatments (P > 0.05) (Figure 4-2). 

 

4.4.2 Amino acids and cross-linked amino acids analysis of the test ingredients 

The analysis of variance (ANOVA) for the amino acids and cross-linked amino acids 

concentrations of the heated CMs in different treatments showed significant effects of the 

temperature for all the amino acids and cross-linked amino acids (P < 0.05) except for Gly (Table 

4-6). The significant interactions of the temperature and treatment were observed for all the amino 

acids and cross-linked amino acids (P < 0.05), except for the Ile, Leu, Val, Ala, Glu, Gly, and Pro 

(P > 0.05). The decreases in the concentrations of the amino acids and the concurrent increases in 

the cross-linked amino acids content of the test ingredients were associated with increasing the 

temperature (Table 4-6). Higher concentrations of essential amino acids (Arg, His, Lys, Met, Phe, 

and Thr) and non-essential amino acids (Ala, Asp, and Cys) were observed in the Control treatment 

at different temperatures compared with those of the ProtOx and Cross-Linking groups (P < 0.05). 

Lower concentrations of the amino acids were observed in the Pox130 (Arg, Leu, Lys, Phe, Val, 

Asp, Glu, Gly, Ser, Tyr); Pox120 (Thr); Pox110 (Met, Thr); CLK130 (His, Ala, Cys, Pro); and 

CLK120 (Ile). 

The higher concentrations of cross-linked amino acids (DL-LAL, LL-LAL, and LAN) were 

observed in the Cross-Linking and ProtOx treatments compared to Control groups (P < 0.0001) 

(Table 4-6). There were significant relationships between increased cross-linked amino acids 

formation/concentrations and increased temperature (P < 0.0001). The highest concentrations of 
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DL-LAL were recorded in the CLK120 (0.92%) and CLK130 (0.91%) groups, followed by the 

Pox130 (0.83%) and Pox120 (0.80%) groups (P < 0.0001). The peaks corresponding to the LL-

LAL and LAN were well separated in the test ingredients and detected only at a temperature of 

130°C in the ProtOx and Cross-Linking treatments. Higher concentrations of the LL-LAL (1.20%) 

and LAN (2.39%) were recorded in the Pox130 (P < 0.0001) compared to those of the Cross-

Linking treatment at 130°C (LL-LAL: 0.98% and LAN: 2.23%). The concentrations of BAL were 

too low and could only be detected in the CTL120 (0.02%) and CLK120 (0.04%) treatments (P < 

0.0001). 

The quadratic polynomial regression across the temperature range within each treatment 

was used to evaluate the responses for the amino acids and cross-linked amino acids analysis of 

the heat-treated CMs (Table 4-7).  The temperature had a significant effect on most amino acids 

content of the test ingredients in each treatment. The significant quadratic decreases were observed 

in the concentrations of all amino acids as the temperature increased (P < 0.05), except for Met in 

the Control, Leu in the Cross-Linking, Tyr in the Control and Cross-Linking, and the Gly in all 

treatments (P > 0.05). The regression analysis using the concentrations of the Val, Glu, Cys, and 

Pro in the Control treatment, the Arg, His, Lys, Met, Phe, Thr, Val, Ala, Glu, Cys, and Pro in the 

ProtOx treatment, and the Arg, Lys, Ala, Asp, and Pro in the Cross-Linking treatment, showed 

highly significant quadratic relationships (P ≤ 0.0001) between decreased content of amino acids 

and increased temperature (Figure 4-3). 

The temperature had a significant effect on promoting the formation and increasing the 

concentrations of cross-linked amino acids of heated CMs in the different treatments (Table 4-7). 

The concentrations of the DL-LAL increased quadratically with increasing the temperature in the 
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Control (P < 0.0001, R2 = 0.94), ProtOx (P < 0.0001, R2 = 0.88), and the Cross-Linking treatments 

(P = 0.0002, R2 = 0.84) (Figure 4-4). No LL-LAL and LAN formations were recorded in the 

Control treatment. However, significant quadratic relationships were found in the ProtOx and 

Cross-Linking treatments between the formation of LL-LAL (P = 0.003, R2 = 0.73) and LAN (P 

= 0.003, R2 = 0.73) and the temperature. There were no BAL formations in the ProtOx treatment. 

The formations of BAL were not significantly affected by the temperature in the Control and 

Cross-Linking treatments (P > 0.05). Figure 4-5 shows the effect of temperature on the cross-

linked amino acids content of the heat-treated CMs in the Control (Figure 4-5a), ProtOx (Figure 

4-5b), and the Cross-Linking (Figure 4-5c) treatments. 

 

4.4.3 FT-Raman analysis 

The analysis of variance (ANOVA) for the FT-Raman spectra of the heat-treated CMs in 

the sulfhydryl (S-H), disulphide (S-S), and the amide III (C-NH/disordered structure) regions are 

presented in Table 4-8. There were significant effects (P < 0.0001) of temperature for all the 

regions assessed in the test ingredients. The significant interactions of the temperature and 

treatment were recorded for all the estimated regions (P < 0.0001), except for amide III (C-NH/ 

disordered structure) (P = 0.07). In the 2550–2580 cm-1 region, S-H stretching underwent 

significant differences with increasing temperature. The lowest band areas for S-H stretching 

region were observed in the Pox130 (0.006 AU) and Pox120 (0.010 AU) treatments while the 

greatest area size for the S-H region was recorded in the CTL70 (0.107 AU) (P < 0.0001) (Figures 

4-6a and 4-6b). Likewise, significant changes occurred for the estimated areas corresponding to 

S-S (490-547 cm-1) and C-NH (1240-1250 cm-1) regions as the temperature increased. Pox130 
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(0.047 AU) and CTL70 (0.319 AU) had the lowest and greatest estimated areas for the S-S bond 

region, respectively (P < 0.0001). No distinct C-NH stretching band for disordered structure 

appeared in the CTL70 treatment while the greatest band areas for C-NH stretching (disordered 

structure) in each treatment were detected in the CTL130 (0.017 AU) and Pox130 (0.013) (P < 

0.0001) (Figures 4-7a and 4-7b). 

The significant quadratic decreases in the S-H stretching bands of the test ingredients in 

the Control (P = 0.01, R2 = 0.94) and ProtOx (P = 0.006, R2 = 0.97) treatments were observed with 

increasing the temperature (Table 4-9; Figure 4-8a). The S-S bond areas of the test ingredients also 

decreased with increasing the temperature and the effect of the temperature was significant within 

the Control (P = 0.03, R2 = 0.98) and ProtOx treatments (P = 0.02, R2 = 0.93) (Figure 4-8b). In 

contrast to S-H and S-S bonds, the analyzed C-NH stretching vibrations (disordered structure) of 

the test ingredients increased linearly as temperature increased in the Control (P = 0.02, R2 = 0.78) 

and ProtOx (P = 0.02, R2 = 0.79) groups (Figure 4-8c). 

 

4.4.4 Nitrogen mass balance results from the test ingredients 

The nitrogen mass balance results of the CMs heated at various temperatures in different 

treatments are presented in Table 4-10. The highest content of missing nitrogen was observed in 

the Pox120 (5.5%) group, followed by the CLK120 (3.8%) and Pox110 (3.6%) treatments and 

then the CLK110 (3.5%) treatment. No missing nitrogen was recorded in the CTL70, CTL80, 

CTL95, CTL130, and the CLK70 treatments. The proportion of AAs-nitrogen to total nitrogen 
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varied from 93.4 to 103% and the proportion of CLAAs-nitrogen to total nitrogen varied from 0.2 

to 5.2% in the different test ingredients and/or treatments (Table 4-10). 

 

4.5 Discussion 

The adverse effect of heat treatment on the nutritive value of proteins has been extensively 

studied. However, the impacts of different types of chemical changes induced by thermal 

processing on the nutritive value of protein ingredients have rarely been investigated in a 

comprehensive and systematic manner. The present study is, to our knowledge, the first 

investigation of the chemical changes induced by thermal processing and the effect of different 

types of chemical/heat damage on the nutritional value of animal proteins. Heat treatment is the 

most common method for the rendering process. Nevertheless, the differences in the processing 

conditions of protein ingredients may cause variations in the nutritional composition of the feed 

ingredients among the different processing plants (Kondos and McClymont, 1972; Bureau et al., 

1999; Shirley. and Parsons, 2000; Spragg and Mailer, 2007).  

Chemical reactions may occur as a result of the combination of heat, pressure, and the 

moisture applied to the protein ingredients (Deb-Choudhury et al., 2014). Although the 

heat/chemical damage of the feed ingredients does not usually affect the concentration of crude 

protein, the concentrations of amino acids are reduced as the degree of heat damage increases (Kim 

et al., 2012; Almeida et al., 2014a,b). In the current study, the crude protein concentrations of the 

test ingredients in different treatments were significantly affected by the temperature and it 

decreased within the treatments with increasing temperature. However, the regression analysis 
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revealed non-significant relationships between the crude protein content of the heat-treated CMs 

and the temperature in the Control and ProtOx treatments. This is consistent with previous reports 

dealing with feedstuffs heated to different temperatures, in which the crude protein content of the 

treatments was similar and remained unaffected regardless of the degree of heat damage 

(McKinnon et al., 1995; Shirley and Parsons, 2000; González-Vega et al., 2011). Kondos and 

McClymont (1972) noted a significant decrease in the nutritive value of meat meals processed 

above 138°C for 115 minutes, whereas such a decrease was not apparent in the findings of Herbert 

et al. (1974) in the meat and bone meals processed at 145°C for 2 hours. The gross energy content 

of the heat-treated CMs in this study followed the same trend as the crude protein content and the 

regression analysis showed no significant effect of the temperature on the gross energy content of 

the test ingredients within the treatments. This finding is supported by El Boushy et al. (1990) and 

Shirley and Parsons (2000) who showed that the crude protein and gross energy concentrations in 

processed feather meal and meat and bone meal were not affected by the processing pressure or 

time. 

In this study, we stimulated two main chemical reactions, including protein oxidation 

(ProtOx) and amino acid Cross-Linking (in the presence of chemical agents) in the CMs heated to 

different temperatures. Higher concentrations of crude protein were found in the Cross-Linking 

and ProtOx treatments compared to the Control groups. Ljøkjel et al. (2000) indicated that a 

relatively large proportion of the protein fraction in the heated fish meal was not the true protein, 

but rather, the free amino acids and other non-protein nitrogen (NPN) compounds. In a study by 

Nursten (2005), the chemical reactions induced by the heat processing led to the formation of the 

amino acids and protein containing products (insoluble complexes and cross-linked proteins) that 
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were less accessible to the digestive enzymes. Williams et al. (2006) pointed out that the 

conventional amino acid analysis may overestimate the concentration of lysine available to the 

animal in heat-damaged feed ingredients because some of the lysine that participates in the 

Maillard reactions is recovered during the acid hydrolysis step and it is not released in vivo. Those 

authors suggested that this phenomenon is due to the fact that the heat treatment may cause protein 

modifications or damage to the amino acids and other nutrients through the oxidation of sulfhydryl 

(S-H) bonds into the disulphide bonds (S-S), Maillard reactions, oxidative degradation, and even 

pyrolysis. In addition, these reactions produce the nitrogen containing components (non-protein 

nitrogen) that may result in overestimating the nitrogen content of the feed ingredients during the 

protein measurement. These products were reported to have no effect on the digestibility, but 

reduced the bio-availability of amino acids (Gilani and Sepehr, 2003; González-Vega et al., 2011). 

In a study with rats, the bio-availability of several amino acids was reduced in the protein from 

heat-damaged cod fillets that contained substantial amounts of cross-linked amino acids (Ford and 

Shorrock, 1971). 

The cross-linking reactions between the side chains of amino acids may be a consequence 

of heat exposure, the most common being the formation of lysinoalanine (LAL) and lanthionine 

(LAN). Cysteine, serine, and/or threonine may degrade in the presence of heat to form 

dehydroalanine (DHA), probably through a β-elimination reaction, which could then react with 

the ε-amino group of lysine to form LAL or with the thiol group of cysteine to form LAN. The 

LAL and LAN were noted to be rather prevalent and present in diverse processed feed ingredients 

(Robbins et al. 1980, Finley, 1983; Friedman et al. 1984; Latshaw, 1990). These cross-linked 

amino acids were reported to introduce the enzyme-resistant cross-links in proteins resulting in 
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reduced digestibility of proteins and bio-availability of amino acids (Deb-Choudhury et al., 2014; 

Pfeuti et al., 2019). Ingestion of LAL-containing proteins induced lesions in the rat kidneys, known 

as nephrocytomegaly (De Groot et al., 1976, Karayiannis et al., 1979a; Anon 1989). In the present 

study, the cross-linked amino acids such as LAL (LL-LAL and DL-LAL), LAN, and to a lower 

extent BAL were measured in different treatments successfully. The LAL isomers have shown 

different chemical and biological properties (De Weck-Gaudard et al., 1988; Friedman and Pearce, 

1989). The reductions in the amino acid concentrations of heated CMs in the different treatments 

were associated with increasing temperature. The simultaneous increase in the cross-linked amino 

acids content of the test ingredients was observed as the temperature increases. Several studies 

demonstrated that the formation of cross-linked amino acids is accompanied by the reduction of 

essential amino acids in food, which reduces the nutritive value of food proteins (Friedman, 1999; 

Gilani et al., 2005; Wada and Lönnerdal, 2015; Zhao et al., 2016; Pfeuti, G., 2017). 

The rate of LAL formation was determined by the formation rate of DHA. Besides this, 

the formation rate of LAL was related to the activation energy of the β-elimination reaction of each 

amino acid under thermal/alkaline conditions (Maga, 1984; Friedman, 1999). In the current study, 

the higher concentrations of DL-LAL were recorded in the Cross-Linking treatment at 120°C and 

130°C. This result is supported by Van Boekel (1999) who stated that the amount of DHA formed 

in β-casein solutions became saturated over time when heated at 130°C and 140°C, indicating its 

conversion into cross-linked products. In lysozyme treated with various pH buffer solutions at 

different temperatures, the LAL found in lysozyme increased, particularly with pH 13 buffer at a 

temperature higher than 55°C. Nevertheless, a marked cleavage of the LAL occurred with 

prolonged time (Hasegawa et al., 1981). 
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L-serine was used in our study to promote the formation of cross-linked amino acids. 

Karayiannis et al. (1979b) demonstrated that the formation of LAL by interpeptide cross-links was 

possible by using a mixture of poly-L-lysine and poly-L-serine. Friedman (1999) included 

phosphoserine as a precursor amino acid in his summary of possible formation mechanisms of 

LAL. Model studies showed that the β-elimination of threonine occurs much more slowly than 

that of serine. Furthermore, the reactivity of the resulting dehydroaminobutyric acid towards 

nucleophiles was far lower (Weder and Belitz, 2003). Recently, Zhao et al. (2016) showed that the 

formation of LAL in the mixture of L-serine and L-lysine was faster compared with that of other 

experimental mixtures during the alkali treatment of egg white. Those authors indicated that serine, 

cysteine, cystine, and lysine were the precursor amino acids that participated in the formation of 

LAL in the preserved eggs. These findings support the idea of using L-serine in the Cross-Linking 

treatment in the current study to stimulate the formation of cross-linked amino acids, especially 

LAL.  

The lower concentrations of DL-LAL were observed in the Control treatment compared to 

ProtOx and Cross-Linking groups in this study. The peaks corresponding to the LL-LAL and LAN 

were observed only at 130°C in the ProtOx and Cross-Linking treatments, in which the ProtOx 

treatment showed the highest concentrations of those cross-linked amino acids (LL-LAL and 

LAN). The BAL concentrations were found to be very low and were only present at 120°C in the 

Control and Cross-Linking treatments. Interestingly, we observed the lowest concentrations for 

Lys, Arg, Ser, Thr, Phe, Asp, Glu, Tyr, Met, and Gly in the ProtOx treatment at 130°C and 120°C 

and for His, Cys, Pro, and Ala in the Cross-linking treatment at 130°C. The loss of Lys, Cys, Arg, 

Thr, and Ser as a result of heat treatment has been shown in various protein sources (Ljøkjel et al., 



 

 

90 

 

2000; Shirley and Parsons, 2000; Almeida et al., 2014b; Wada and Lönnerdal, 2015). Lysine was 

the amino acid that was most affected by the heat. The main cause of nutritional losses of the 

proteins was the loss of lysine (Friedman et al., 1984; González-Vega et al., 2011). In a study by 

Robbins et al. (1980), the lysine availability in LAL containing feeds for chicks and rats was 

reduced, and it was often coupled to LAN formation and a reduction in the availability of sulfur 

amino acids, particularly cysteine. Heating bovine serum albumin for 240 min at 130°C decreased 

the levels of cysteine, lysine, serine, and threonine and resulted in the formation of various amino-

acid-derived bonds (LAN, LAL, 3-methyl-LAN, and 3-methyl-LAL) in the heated food proteins 

from the various precursors (Rombouts et al., 2016). 

The concentrations of DL-LAL increased quadratically in this study with increasing 

temperature in the Control (P < 0.0001, R2 = 0.94), ProtOx (P < 0.0001, R2 = 0.88), and the Cross-

Linking treatments (P = 0.0002, R2 = 0.84). No LL-LAL and LAN formations were recorded in 

the Control treatment. However, significant quadratic relationships were found between the 

formation of LL-LAL and LAN in the Cross-Linking and ProtOx treatments and the temperature. 

Boschin et al. (2003) suggested that the cross-linked amino acids could be considered as markers 

of heat damage in the proteins and used to estimate the protein quality, particularly when 

evaluating the intensity of heat treatment. 

Sulfur-containing amino acids such as cysteine and methionine are extremely vulnerable 

to oxidation (Becker and Yu, 2013; Drazic and Winter, 2014). During the thermal processing, 

disulphide (S-S) cross-linking in proteins may occur from oxidation of sulfhydryl groups (S-H) 

and sulfhydryl-disulphide interchange (Lagrain et al., 2010; Bazylewski et al., 2017). Increased 

development of protein networks may decrease the protein digestibility (Opstvedt et al., 1984). In 
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the current study, Raman spectroscopic analysis was used to determine the nutritional value of the 

heat-treated CMs by measuring the status of S-H groups and the S-S bonds. In fact, the level of 

processing can be revealed by assessing the levels of S-H and S-S bonds. Higher temperature 

exposure in the processing of chicken breast meat and fish meal reduced protein digestibility due 

to increased disulphide bond formation (Liu and Xiong, 2000; Opstvedt et al., 2003). Comparisons 

of the FT-Raman spectra of the S-H region (2550-2580 cm-1) in this study showed that heating 

significantly decreased the areas of S-H stretching bands in both Control and ProtOx treatments. 

It was also observed that the areas of S-S bonds in both Control and ProtOx treatments decreased 

dramatically as the temperature increased. Surprisingly, ProtoOx does not seem to promote 

cysteine oxidation. These results are similar to those of Opstvedt et al. (1984) who also found that 

the content of S-H groups in Pollock protein decreased in a linear fashion with increasing 

temperatures from 50°C to 115°C. However, no increase in the S-S bonds was observed by those 

authors at the temperature above 95°C in Pollock protein. There are a number of possible 

explanations for these results. During the processing, the cysteine residues are subject to different 

posttranslational modifications, the most common of which include S-glutathionylation, S-

nitrosylation, formation of disulphides (SS) and oxidation to sulfenic (SOH), sulfinic (SO2H) and 

sulfonic (SO3H) acids (Jacob et al., 2012). Furthermore, the dehydroalanine (DHA) derived bonds 

might be formed especially at the alkaline pH and/or high temperature (Friedman, 1999). In the 

present study, the disulphide content of the heat-treated CMs decreased as temperature increased. 

Moreover, the greatest concentrations of cross-linked amino acids formed at a high temperature of 

130°C. This phenomenon is likely due to the fact that by the fission of disulphide bonds at higher 

temperatures, significantly higher concentrations of DHA residues were rapidly formed via β-
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elimination, which then react with the ɛ-amino groups of lysine to form LAL, or with the rest of 

cysteine to form LAN. These results are in agreement with earlier studies indicating that at higher 

temperatures, other non-disulphide cross-linking mechanisms (e.g. cross-linking initiated by β-

elimination) become increasingly apparent (Kleyn and Klostermeyer, 1980; Bouillon and 

Wilkinson, 2005; Jansens et al., 2011). Consequently, the level of cross-linked amino acids may 

indicate the level of heat damage that the CMs formed during the heating. Pfeuti et al. (2019) 

showed that the availability of amino acids in feather meals could be influenced by disulphide 

bond content and the presence of cross-linked amino acids.  

The Raman intensity at 1245±4 cm-1 represented a stretching of C-NH that included a 

contribution from segments of disordered peptides (Wang et al., 2016).  In a study by Ellepola et 

al. (2006), the effect of heating at 100°C on the Raman spectral characteristics of rice globulin 

indicated a progressive conformational transition from the α-helix to anti-parallel β-sheets and the 

disordered structures upon protein denaturation. Similar results were observed in the chemical-

induced denaturation of bovine serum albumin (BSA), in which the BSA underwent irreversible 

changes in the secondary structure that resulted in protein misfolding (Wang et al., 2016). 

Interestingly, the analyzed C-NH stretching vibrations of the heat-treated CMs in our study 

increased in a linear fashion with increasing temperature in the Control and ProtOx treatments, 

suggesting major structural changes in the heated protein ingredients due to progressive increases 

in the formation of disordered structures. These results are in agreement with Sowoidnich et al. 

(2010) who used Raman spectra to monitor the biochemical and physical changes of meat during 

the storage time. 
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The extent of protein degradation could also be estimated as the formation of non-protein 

nitrogen (NPN). The NPN compounds such as urea, urea formaldehyde, melamine, amino acids, 

and ammonia may present in the feed materials which are processed or stored for a long time 

(Islam et al., 2016). Non-protein nitrogen (NPN: NH3-N, DNA-N, and RNA-N) represented only 

a very small proportion (less than 0.2% with an average of 0.05%) of the dry matter contents of 

the tested feed ingredients (Liu and Bureau, 2019. unpublished manuscript). Van Boekel (1999) 

reported that the NPN content of the heated protein solutions increased due to the formation of 

ammonia, as well as the formation of small peptides and cross-linked amino acids. The proportion 

of NPN to total nitrogen in the heated caseinate solutions was high, indicating that a substantial 

portion of the protein was degraded into small fragments at 140°C rather than to ammonia (Van 

Boekel, 1999). Based on our nitrogen mass balance calculation, there were considerable gaps 

between the true nutritive values of the heat-treated CMs on the basis of proximate analysis and 

those estimated from individual nutrient analyses (e.g. AAs and CLAAs). The proportion of 

CLAAs-N to total nitrogen (N) increased with temperature in the present treatments, while the 

proportion of AAs-N to total N decreased. The ProtOx and Cross-Linking treatments had the 

greatest CLAAs-N to total N at 130°C, whereas the highest concentrations of the missing nitrogen 

were found to be present in the ProtOx and Cross-Linking treatments at 120°C and 110°C, 

respectively. This discrepancy might be related to the other NPN compounds which need to be 

investigated. These findings are supported by previous research indicating that processed animal 

protein ingredients had a considerably higher content of NPN such as free amino acids, nucleic 

acids, ammonia, and nitrogenous glycosides (Sriperm et al., 2011). 
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4.6 Conclusions 

Two main chemical reactions were successfully stimulated in this study, including protein 

oxidation (ProtOx) and amino acid cross-linking (in the presence of chemical agents) in the CMs 

heated to different temperatures. The decreases in several essential amino acids (lysine, arginine, 

histidine, threonine, and methionine) content of the heated CMs in the different treatments were 

associated with increasing the temperature. Processing temperatures exceeding 110°C were 

accompanied by increased concentrations of cross-linked amino acids such as lysinoalanine (LAL) 

and lanthionine (LAN). The higher concentrations of cross-linked amino acids (LAL and LAN) 

were measured in the Cross-Linking and ProtOx treatments compared to Control groups. The 

significant reductions in the sulfhydryl (S-H) and disulphide (S-S) content of the heat-treated CMs 

implied the formation of dehydroalanine residues at higher temperatures that can react with certain 

amino acids to form cross-linked amino acids. This study contributes to an improved 

understanding of the nutritive value of heat-processed ingredients by focusing on chemical 

changes associated with the heat damage of proteins and on the identification of effective 

indicators of heat damage that could then be correlated with measures of the digestibility and/or 

bio-availability of amino acids. Accordingly, being able to predict the nutritional value of animal 

protein ingredients would have beneficial environmental and economic implications.  
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Table 4-1: Proximate composition and amino acid profiles (% dry matter basis) of the lyophilized 

chicken meat (CM). 

Component Chicken meat (CM) 

Dry matter   94.4 

Crude protein 85.5 

Lipid 2.9 

Ash 7.0 

Gross energy1 (kJ/g) 23.2 

 

Essential amino acids  

Arginine (Arg) 5.7 

Histidine (His) 3.2 

Isoleucine (Ile) 4.6 

Leucine (Leu) 7.7 

Lysine (Lys) 9.3 

Methionine (Met) 2.5 

Phenylalanine (Phe) 4.0 

Threonine (Thr) 3.8 

Valine (Val) 4.7 

 

Non-Essential amino acids  

Alanine (Ala) 5.3 

Aspartic acid (Asp) 9.3 

Glutamic acid (Glu) 14.2 

Cysteine (Cys) 1.1 

Glycine (Gly) 4.3 

Proline (Pro) 4.3 

Serine (Ser) 4.1 

Tyrosine (Tyr) 2.8 

  

Cross-Linked amino acids  

LL-Lysinoalanine (LL-LAL) - 

DL-Lysinoalanine (DL-LAL) - 

Lanthionine (LAN) - 

β-aminoalanine (BAL) - 

Values are mean (n=2). 1Calculated values. 
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  Table 4-2: Experimental design of lab benchtop experiment with treatment identification. 

  
Treatment ID 

 

 Control ProtOx Cross-Linking 

Chemical agent None + Ferrous sulfate1 + L-Serine2 

Temperature/Duration  
  

70°C / 45 min CTL70 Pox70 CLK70 

80 °C / 45 min CTL80 Pox80 CLK80 

95°C / 45 min CTL95 Pox95 CLK95 

110°C / 45 min CTL110 Pox110 CLK110 

120°C / 45 min CTL120 Pox120 CLK120 

130°C / 45 min CTL130 Pox130 CLK130 

1Ferrous Sulfate Heptahydrate (Crystalline/Certified ACS), Fisher Scientific, Ottawa, ON, Canada. 
2Sigma-Aldrich Canada Co., Oakville, ON, Canada. 

 

 

 

  Table 4-3: Raman bands frequency and general assignments in protein structure. 

Region (cm-1) Assignments Origin References 

490-547 S-S stretch Cystine 
Qian and Krimm, 1992 

Liang et al., 2006 

Wang et al., 2016 

2550-2580 S-H stretch Cysteine 

Qian and Krimm, 1992 

Liang et al., 2006 

Herrero, 2008b 

Wang et al., 2016 

1245 ± 4 C-NH stretch 
Amide III 

(Disordered structure) 

Asher et al., 2004 

Herrero, 2008b 

Wang et al., 2016 
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Table 4-4: Proximate composition of the test ingredients (dry matter basis). 

 Dry 

Matter 

% 

Crude 

Protein 

% 

Lipid 

 

% 

Ash 

 

% 

Gross 

Energy1 

kJ/g Treatment  ID 

      

CTL70 98.7abcde 83.8ab 3.1cde 6.3cdef 22.3cde 

CTL80 98.6abcde 82.9ab 3.1e 6.5bcdef 22.2def 

CTL95 98.7abcde 81.4bc 3.2abcde 6.5bcdef 22.1ef 

CTL110 98.1e 83.7ab 3.3a 6.2defg 22.5abc 

CTL120 98.8abcd 82.4abc 3.2abcde 5.7fgh 22.3cde 

CTL130 98.5abcde 79.2c 3.2abc 6.0efgh 22.1ef 

      

Pox70 98.8abcd 84.5ab 3.1cde 7.5a 22.1ef 

Pox80 98.9abcd 84.1ab 3.2bcde 7.0abcd 22.2ef 

Pox95 99.1a 83.2ab 3.2abcd 6.8abcde 22.1ef 

Pox110 98.9abcd 83.6ab 3.1de 7.0abcd 22.1ef 

Pox120 99.0ab 84.8ab 3.1de 7.1abc 22.1ef 

Pox130 99.0abc 82.6abc 3.2bcde 7.4ab 22.0f 

      

CLK70 98.4cde 85.6a 3.2cde 5.9fgh 22.6ab 

CLK80 98.8abcd 85.4a 3.1e 5.4gh 22.5abc 

CLK95 98.8abcd 84.7ab 3.2bcde 5.2h 22.5ab 

CLK110 98.5bcde 85.3a 3.3ab 5.3h 22.6a 

CLK120 98.2de 84.9ab 3.2bcde 6.0efgh 22.5ab 

CLK130 98.3de 83.5ab 3.2abcde 6.2defg 22.4bcd 

      

Pooled SEM2 0.050 0.282 0.010 0.118 0.034 

      

Effect (P-value)      

Treatment × Temperature 0.0002 0.0007 <0.0001 <0.0001 <0.0001 

Temperature 0.01 0.0004 <0.0001 0.01 <0.0001 

      

CTL, Control; Pox, ProtOx; CLK, Cross-Linking. 

Values followed by different superscript letters are significantly different (Tukey's HSD test, P < 0.05). 

Values are mean (n=2).  1 Calculated values. 2 Pooled standard error (n = 36) of a mean of all test ingredients. 
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Table 4-5: Quadratic regression analysis for the proximate composition of the test ingredients within the 

treatments in response to temperature (dry matter basis). 

 Dry 

Matter 

% 

Crude  

Protein 

% 

Gross  

Energy1 

kJ/g Treatment  ID 

    

CTL70 98.7 83.8 22.3 

CTL80 98.6 82.9 22.2 

CTL95 98.7 81.4 22.1 

CTL110 98.1 83.7 22.5 

CTL120 98.8 82.4 22.3 

CTL130 98.5 79.2 22.1 

    

R2 
0.07 0.34 0.06 

P-value 0.71 0.15 0.77 

    

Pox70 98.8 84.5 22.1 

Pox80 98.9 84.1 22.2 

Pox95 99.1 83.2 22.1 

Pox110 98.9 83.6 22.1 

Pox120 99.0 84.8 22.1 

Pox130 99.0 82.6 22.0 

    

R2 0.20 0.16 0.36 

P-value 0.37 0.45 0.13 

    

CLK70 98.4 85.6 22.6 

CLK80 98.8 85.4 22.5 

CLK95 98.8 84.7 22.5 

CLK110 98.5 85.3 22.6 

CLK120 98.2 84.9 22.5 

CLK130 98.3 83.5 22.4 

    

R2 0.52 0.56 0.41 

P-value 

 

0.04 0.02 0.09 

             CTL, Control; Pox, ProtOx; CLK, Cross-Linking. 

              Values are mean (n=2).  1 Calculated values. 



 

 

99 

 

Table 4-6: Amino acid profiles of the test ingredients (dry matter basis). 

  Essential amino acids (EAAs)  % Non-Essential amino acids (NEAAs)  % Cross-Linked amino acids (CLAAs) % 

Treatment 

ID 
Arg His Ile Leu Lys Met Phe Thr Val Ala Asp Glu Cys Gly Pro Ser Tyr 

LL-

LAL 

DL-

LAL 
LAN BAL 

CTL70 5.7a 3.2a 4.5ab 7.6a 9.3a 2.4abc 3.9ab 3.8abc 4.6ab 5.3a 9.3abcd 14.2a 1.1ab 4.3a 4.2ab 3.9bcde 2.8a - 0.13g - - 

CTL80 5.7a 3.2ab 4.5abc 7.7a 9.3a 2.4abcde 4.0a 3.8a 4.5abcd 5.3a 9.3abc 14.2a 1.1ab 4.3a 4.2ab 4.0abcd 2.7ab - 0.15g - - 

CTL95 5.6abc 3.0bcdef 4.5abcd 7.6a 8.3bc 2.4abc 3.9ab 3.8ab 4.4bcde 5.2a 9.3abcd 14.1abc 1.1ab 4.3a 4.1abcd 3.9cdefg 2.8a - 0.14g - - 

CTL110 5.5abcde 3.0abcde 4.4abcd 7.6a 8.4b 2.3abcde 4.0ab 3.8ab 4.3cde 5.2a 9.1abcde 13.9abcde 1.0def 4.3a 3.9cde 3.9defg 2.7abc - 0.18f - - 

CTL120 5.4bcdef 3.1abcde 4.2bcd 7.5a 8.4b 2.4abcde 3.9abc 3.7abcde 4.3cde 5.1abc 9.2abcde 13.8bcde 0.9fgh 4.3a 3.9de 3.7fgh 2.7ab - 0.19f - 0.02b 

CTL130 5.4cdef 2.9def 4.3abcd 7.4a 8.2bcd 2.3abcde 3.8bcde 3.7abcde 4.3de 5.1abc 8.9efgh 13.8cde 0.8i 4.3a 3.8e 3.7gh 2.7abcd - 0.23e - - 
                       
Pox70 5.6abc 3.2abc 4.6a 7.6a 8.5b 2.4ab 4.0ab 3.8abc 4.6ab 5.3a 9.0abcdef 14.2a 1.1ab 4.3a 4.3a 4.0abcd 2.7ab - 0.14g - - 

Pox80 5.6abc 3.1abcd 4.6a 7.6a 8.5b 2.3abcde 3.9ab 3.7abcde 4.6ab 5.3a 8.9defgh 14.1ab 1.0bc 4.2a 4.2a 4.0abcde 2.7abcd - 0.15g - - 

Pox95 5.5abcd 3.0abcdef 4.5ab 7.6a 8.2bcd 2.3cde 3.9abc 3.6cde 4.4abcde 5.2a 8.6ghij 14.0abcde 1.0cd 4.2a 4.1abc 3.9defg 2.7abcd - 0.18f - - 

Pox110 5.4cdef 3.0cdef 4.5abcd 7.4a 7.9bcd 2.2e 3.7de 3.5e 4.4bcde 5.2abc 8.6hij 13.9abcde 0.9gh 4.2a 4.1abcd 3.8defgh 2.6bcd - 0.24e - - 

Pox120 5.3ef 2.9def 4.4abcd 7.4a 7.7cde 2.2de 3.7cde 3.5e 4.3cde 5.1abc 8.5ij 13.6de 0.9h 4.1a 3.9cde 3.8efgh 2.6cd - 0.80c - - 

Pox130 5.2f 2.9ef 4.3abcd 7.4a 7.2e 2.3cde 3.6e 3.5de 4.2e 5.0cd 8.4j 13.6e 0.7j 4.1a 3.8e 3.7h 2.5d 1.20a 0.83b 2.39a - 
                       
CLK70 5.7ab 3.1abcd 4.6a 7.7a 9.2a 2.5a 4.0ab 3.8ab 4.6a 5.3a 9.4a 14.2a 1.1a 4.3a 4.3a 4.1ab 2.8a - 0.19f - - 

CLK80 5.6abc 3.0def 4.6a 7.6a 9.2a 2.4abc 3.9ab 3.8abc 4.5abc 5.3a 9.3ab 14.2a 1.0de 4.3a 4.3a 4.1a 2.8a - 0.22e - - 

CLK95 5.5abcd 3.0abcdef 4.4abcd 7.6a 8.4b 2.3abcde 3.9abc 3.8ab 4.4abcde 5.2ab 9.0cdefg 14.0abcd 1.0def 4.3a 4.1abcd 4.1abc 2.8a - 0.24de - - 

CLK110 5.5abcde 3.0abcdef 4.4abcd 7.5a 8.1bcd 2.4abcd 3.9ab 3.7abcd 4.5abcde 5.2ab 9.0bcdefg 14.0abcde 0.9efg 4.3a 4.0bcde 3.9defg 2.8a - 0.27d - - 

CLK120 5.4cdef 3.0bcdef 4.2d 7.6a 8.0bcd 2.3abcde 3.9abcd 3.7abcde 4.3cde 5.0bcd 8.8efghi 13.7cde 0.9gh 4.3a 3.8e 3.9cdef 2.7a - 0.92a - 0.04a 

CLK130 5.3def 2.8f 4.2cd 7.5a 7.6de 2.3bcde 3.8bcde 3.6bcde 4.3bcde 4.9d 8.8fghij 13.8cde 0.6j 4.2a 3.8e 3.8defgh 2.7ab 0.98b 0.91a 2.23b - 
                       

Pooled 

SEM1 
0.024 0.018 0.024 0.018 0.100 0.012 0.021 0.018 0.022 0.021 0.050 0.035 0.024 0.013 0.030 0.023 0.014 0.058 0.048 0.123 0.0015 

Effect (P-

value) 
                     

Treatment × 

Temperature 
0.04 0.008 0.21 0.55 <0.0001 0.003 <0.0001 0.0002 0.46 0.05 <0.0001 0.77 <0.0001 0.11 0.33 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Temperature <0.0001 <0.0001 <0.0001 0.005 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.14 <0.0001 <0.0001 0.0003 <0.0001 <0.0001 <0.0001 <0.0001 

CTL, Control; Pox, ProtOx; CLK, Cross-Linking. 

Values followed by different superscript letters are significantly different (Tukey's HSD test, P < 0.05). 

Values are mean (n=2). 1 Pooled standard error (n = 36) of a mean of all test ingredients. 
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Table 4-7: Quadratic regression analysis for the amino acid profiles of the test ingredients within the treatments in response to temperature (dry matter 

basis). 

 Essential amino acids (EAAs)  % Non-Essential amino acids (NEAAs)  % 
Cross-Linked amino acids 

(CLAAs)  % 

Treatment 

ID 
Arg His Ile Leu Lys Met Phe Thr Val Ala Asp Glu Cys Gly Pro Ser Tyr 

LL-

LAL 

DL-

LAL 
LAN BAL 

CTL70 5.7 3.2 4.5 7.6 9.3 2.4 3.9 3.8 4.6 5.3 9.3 14.2 1.1 4.3 4.2 3.9 2.8 - 0.13 - - 

CTL80 5.7 3.2 4.5 7.7 9.3 2.4 4.0 3.8 4.5 5.3 9.3 14.2 1.1 4.3 4.2 4.0 2.7 - 0.15 - - 

CTL95 5.6 3.0 4.5 7.6 8.3 2.4 3.9 3.8 4.4 5.2 9.3 14.1 1.1 4.3 4.1 3.9 2.8 - 0.14 - - 

CTL110 5.5 3.0 4.4 7.6 8.4 2.3 4.0 3.8 4.3 5.2 9.1 13.9 1.0 4.3 3.9 3.9 2.7 - 0.18 - - 

CTL120 5.4 3.1 4.2 7.5 8.4 2.4 3.9 3.7 4.3 5.1 9.2 13.8 0.9 4.3 3.9 3.7 2.7 - 0.19 - 0.02 

CTL130 5.4 2.9 4.3 7.4 8.2 2.3 3.8 3.7 4.3 5.1 8.9 13.8 0.8 4.3 3.8 3.7 2.7 - 0.23 - - 

R2 0.80 0.53 0.66 0.56 0.83 0.18 0.51 0.52 0.89 0.54 0.83 0.90 0.98 0.16 0.93 0.83 0.43 - 0.94 - 0.17 

P-value 0.0007 0.03 0.008 0.03 0.0003 0.41 0.04 0.04 <.0001 0.03 0.0003 <.0001 <.0001 0.44 <.0001 0.0003 0.08 - <.0001 - 0.44 

Pox70 5.6 3.2 4.6 7.6 8.5 2.4 4.0 3.8 4.6 5.3 9.0 14.2 1.1 4.3 4.3 4.0 2.7 - 0.14 - - 

Pox80 5.6 3.1 4.6 7.6 8.5 2.3 3.9 3.7 4.6 5.3 8.9 14.1 1.0 4.2 4.2 4.0 2.7 - 0.15 - - 

Pox95 5.5 3.0 4.5 7.6 8.2 2.3 3.9 3.6 4.4 5.2 8.6 14.0 1.0 4.2 4.1 3.9 2.7 - 0.18 - - 

Pox110 5.4 3.0 4.5 7.4 7.9 2.2 3.7 3.5 4.4 5.2 8.6 13.9 0.9 4.2 4.1 3.8 2.6 - 0.24 - - 

Pox120 5.3 2.9 4.4 7.4 7.7 2.2 3.7 3.5 4.3 5.1 8.5 13.6 0.9 4.1 3.9 3.8 2.6 - 0.80 - - 

Pox130 5.2 2.9 4.3 7.4 7.2 2.3 3.6 3.5 4.2 5.0 8.4 13.6 0.7 4.1 3.8 3.7 2.5 1.20 0.83 2.39 - 

R2 0.97 0.86 0.80 0.64 0.88 0.96 0.92 0.94 0.88 0.95 0.83 0.86 0.96 0.50 0.94 0.86 0.85 0.73 0.88 0.73 - 

P-value <.0001 0.0001 0.0007 0.01 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.0004 0.0001 <.0001 0.05 <.0001 0.0002 0.0002 0.003 <.0001 0.003 - 

CLK70 5.7 3.1 4.6 7.7 9.2 2.5 4.0 3.8 4.6 5.3 9.4 14.2 1.1 4.3 4.3 4.1 2.8 - 0.19 - - 

CLK80 5.6 3.0 4.6 7.6 9.2 2.4 3.9 3.8 4.5 5.3 9.3 14.2 1.0 4.3 4.3 4.1 2.8 - 0.22 - - 

CLK95 5.5 3.0 4.4 7.6 8.4 2.3 3.9 3.8 4.4 5.2 9.0 14.0 1.0 4.3 4.1 4.1 2.8 - 0.24 - - 

CLK110 5.5 3.0 4.4 7.5 8.1 2.4 3.9 3.7 4.5 5.2 9.0 14.0 0.9 4.3 4.0 3.9 2.8 - 0.27 - - 

CLK120 5.4 3.0 4.2 7.6 8.0 2.3 3.9 3.7 4.3 5.0 8.8 13.7 0.9 4.3 3.8 3.9 2.7 - 0.92 - 0.04 

CLK130 5.3 2.8 4.2 7.5 7.6 2.3 3.8 3.6 4.3 4.9 8.8 13.8 0.6 4.2 3.8 3.8 2.7 0.98 0.91 2.23 - 

R2 0.87 0.52 0.80 0.36 0.95 0.72 0.58 0.79 0.72 0.93 0.87 0.79 0.83 0.47 0.91 0.85 0.46 0.73 0.84 0.73 0.17 

P-value 0.0001 0.04 0.0007 0.13 <.0001 0.003 0.02 0.0009 0.003 <.0001 <.0001 0.0009 0.0003 0.06 <.0001 0.0002 0.06 0.003 0.0002 0.003 0.44 

          CTL, Control; Pox, ProtOx; CLK, Cross-Linking. Values are mean (n=2). 
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Table 4-8: FT-Raman spectra (sulfhydryl (S-H), disulphide (S-S), and amide III (C-NH/disordered 

structure) regions) of the test ingredients. 

 

 

Treatment ID 

S-H 

(AU)1 

S-S 

(AU) 
 

C-NH 

(AU) 

 

 Region (cm-1)  

2550-2580 490-547 1240-1250 

    

CTL70 0.107a 0.319a - 

CTL80 0.089c 0.195de 0.003cd 

CTL95 0.076d 0.199d 0.013ab 

CTL110 0.029f 0.223c 0.008bc 

CTL120 0.023g 0.193e 0.012ab 

CTL130 0.026fg 0.118f 0.017a 

    

Pox70 0.099b 0.243b 0.002d 

Pox80 0.096b 0.190e 0.001d 

Pox95 0.076d 0.069h 0.011b 

Pox110 0.041e 0.058i 0.009b 

Pox120 0.010h 0.086g 0.011b 

Pox130 0.006h 0.047j 0.013ab 

    

Pooled SEM2 0.011 0.025 0.002 

    

Effect (P-value)    

Treatment × Temperature <0.0001 <0.0001 0.07 

Temperature <0.0001 <0.0001 <0.0001 

    

CTL, Control; Pox, ProtOx. 

Values followed by different superscript letters are significantly different (Tukey's HSD test, P < 0.05). 
1AU: The area under each band was calculated and reported as arbitrary unit (AU). In freeze-dried samples, the S-H 

and S-S bands had areas of 0.124 and 0.258 AU, respectively.  
2Pooled standard error (n= 12) of a mean of all test ingredients.  

The regions were normalized by the C-H band area at 2800- 3000 cm-1. 

Values are mean (n= 14,000 scans for each sample). 
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Table 4-9: Quadratic regression analysis for the FT-Raman spectra (sulfhydryl (S-H), disulphide (S-S), 

and amide III (C-NH/disordered structure) regions) of the test ingredients within the treatments in 

response to temperature. 

 

 

Treatment ID            

S-H 

(AU)1 

S-S 

(AU) 
 

C-NH 

(AU) 

 

 Region (cm-1)  

2550-2580 490-547 1240-1250 

    

CTL70 0.107 0.319 - 

CTL80 0.089 0.195 0.003 

CTL95 0.076 0.199 0.013 

CTL110 0.029 0.223 0.008 

CTL120 0.023 0.193 0.012 

CTL130 0.026 0.118 0.017 

    

R2 0.94 0.98 0.78 

P-value 0.01 0.03 0.02 

    

Pox70 0.099 0.243 0.002 

Pox80 0.096 0.190 0.001 

Pox95 0.076 0.069 0.011 

Pox110 0.041 0.058 0.009 

Pox120 0.010 0.086 0.011 

Pox130 0.006 0.047 0.013 

    

R2 0.97 0.93 0.79 

P-value 0.006 0.02 0.02 

CTL, Control; Pox, ProtOx. 
1AU: The area under each band was calculated and reported as arbitrary unit (AU). In freeze-dried samples, the S-H 

and S-S bands had areas of 0.124 and 0.258 AU, respectively.  

The regions were normalized by the C-H band area at 2800- 3000 cm-1.  

Values are mean (n= 14,000 scans for each sample).
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Table 4-10: Nitrogen (N) mass balance of the test ingredients. 

 Crude 

Protein 

Protein-N EAAs-N NEAAs-N CLAAs-N 

 

 

Differences 

between the 

N balance 

 

Proportion 

of AAs-N to 

total N 

Proportion 

of CLAAs-N 

to total N 

Missing N 

Treatment  ID % DM % DM % DM % DM % DM % DM % % % total N 

          

CTL70 83.8 13.4 7.3 6.3 0.02 - 101.9 0.2 - 

CTL80 82.9 13.3 7.3 6.4 0.03 - 103.0 0.2 - 

CTL95 81.4 13.0 7.0 6.3 0.03 - 102.2 0.2 - 

CTL110 83.7 13.4 7.0 6.2 0.03 0.2 98.6 0.2 1.1 

CTL120 82.4 13.2 6.9 6.1 0.04 0.1 99.3 0.3 0.4 

CTL130 79.2 12.7 6.8 6.1 0.04 - 101.8 0.3 - 

          

Pox70 84.5 13.5 7.1 6.3 0.03 0.1 99.4 0.2 0.4 

Pox80 84.1 13.5 7.1 6.3 0.03 0.1 99.3 0.2 0.5 

Pox95 83.2 13.3 6.9 6.1 0.03 0.2 98.3 0.2 1.5 

Pox110 83.6 13.4 6.8 6.1 0.04 0.5 96.1 0.3 3.6 

Pox120 84.8 13.6 6.7 6.0 0.14 0.7 93.4 1.1 5.5 

Pox130 82.6 13.2 6.5 5.9 0.69 0.1 93.9 5.2 0.9 

          

CLK70 85.6 13.7 7.3 6.4 0.03 - 99.9 0.2 - 

CLK80 85.4 13.7 7.2 6.4 0.04 0.05 99.4 0.3 0.4 

CLK95 84.7 13.6 7.0 6.2 0.04 0.3 97.8 0.3 1.9 

CLK110 85.3 13.6 6.9 6.2 0.05 0.5 96.1 0.4 3.5 

CLK120 84.9 13.6 6.8 6.1 0.18 0.5 94.9 1.3 3.8 

CLK130 83.5 13.4 6.6 6.0 0.64 0.1 94.7 4.8 0.5 

          
CTL, Control; Pox, ProtOx; CLK, Cross-Linking; AAs, amino acids; EAAs, essential amino acids; NEAAs, non- essential amino acids; CLAAs, cross-linked 

amino acids; DM, dry matter. 

Aspartate, asparagine, glutamate and glutamine were calculated based on the average ration of aspartate/asparagine and glutamate/glutamine from Li et al., 2011.
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Figure 4-1: Thermal treatment of the test ingredients. Treatments: Control, ProtOx (+ Iron sulfate), and Cross-Linking (+ L-serine). 
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Figure 4-2: Effect of processing temperature on crude protein (CP) and gross energy (GE) content of the 

test ingredients. Treatments: Control, ProtOx, and Cross-Linking. Values are mean (n=2). 
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Figure 4-3: Effect of processing temperature on amino acids composition of the test ingredients. 

Treatments: Control, ProtOx, and Cross-Linking. Values are mean (n=2). 
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Figure 4-4: Effect of processing temperature on DL-Lysinoalanine (DL-LAL) composition of the test 

ingredients. Treatments: Control, ProtOx, and Cross-Linking. Values are mean (n=2). 
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Figure 4-5: Effect of processing temperature on DL-Lysinoalanine (DL-LAL), LL-Lysinoalanine (LL-

LAL), Lanthionine (LAN), and β-aminoalanine (BAL) within various treatments. Control (a), ProtOx (b), 

and Cross-Linking (c). Values are mean (n=2). 
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   (c) 
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Figure 4-6: Band area of sulfhydryl (S-H) region in the Control (a) and ProtOx (b) treatments. 
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Figure 4-7: Band area of amide III (C-NH/disordered structure) region in the Control (a) and ProtOx (b) treatments. 
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Figure 4-8: Effect of processing temperature on sulfhydryl (S-H) (a), disulphide (S-S) (b), and amide III 

(C-NH/disordered structure) (c) regions. Treatments: Control and ProtOx. 
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(c) 
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Chapter 5. Evaluation of the Pepsin Digestibility Assay for 

Predicting Protein Digestibility of Heat-Damaged Animal 

Proteins  

 

5.1 Abstract 

Raw materials and processing methods need to be carefully selected in terms of their 

impact on protein quality to maximize the nutritional value of feed resources. Different techniques 

used in thermal processing of feed ingredients may have different effects on protein quality, 

leading to different protein digestibility and amino acid bio-availability. This study aimed to 

investigate the effect of protein cross-linking induced by thermal processing of chicken breast meat 

(CM) samples along with the use of chemical agents (L-serine and ferrous sulfate) on the 

digestibility of heat-treated protein samples. 

The in vitro pepsin nitrogen digestibility assay was applied at pepsin concentrations of 

0.2% and 0.002% on the heat-treated CMs in different treatments including Control, Cross-linking 

(amino acid cross-linking), and ProtOx (protein oxidation). To visualize changes that occurred in 

heat-treated CM samples after in vitro digestion, sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) was carried out on digested samples from different treatments. 

The in vitro protein digestibility determined by the Kjeldahl method showed that thermal 

processing could significantly affect the protein digestibility of heat-treated CMs at either 0.2% or 

0.002% pepsin concentrations (P < 0.0001). Significant negative correlations were observed 

between protein digestibility and processing temperatures of the CMs within all treatments. The 
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pepsin digestibility of CMs heated at 130°C in the Cross-Linking treatment was the lowest at either 

concentration (P < 0.05). Higher pepsin nitrogen digestibility of the CMs was observed in the 

Control groups at either concentration compared to the Cross-linking and ProtOx treatments. There 

were negative and highly significant correlations between DL-lysinoalanine (DL-LAL) content 

and protein digestibility within the treatments (P ≤ 0.002) in both pepsin assays. Furthermore, the 

negative and significant correlations were observed between protein digestibility and cross-linked 

amino acids (DL-LAL, LL-LAL, and LAN) formation when using the 0.002% pepsin assay (P ≤ 

0.004). Protein digestibility was directly correlated to the decrease in disulphide (S-S) bonds 

content, implying that dehydrolanine might be generated by the fission of disulphide bridges at 

higher temperatures (above 110°C), resulting in increased formations of cross-linked amino acids, 

particularly in Cross-Linking and ProtOx treatments. These results were corroborated by the 

inverse relationship found between the amide III band amplitude (C-NH/disordered structure) of 

heat-treated CMs and the protein digestibility as well as the promotion of protein polymerization 

shown by SDS-PAGE analysis in the 0.002% pepsin assay. The presence of cross-linked amino 

acids and the development of protein aggregation in the heat-treated CM samples may influence 

protein digestibility, lowering the nutritional value of protein ingredients. 
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5.2 Introduction 

The rate of protein digestion and amino acid absorption is known to have a significant 

effect on whole body protein metabolism (Boirie et al., 1997). Understanding the impact of 

cooking temperatures during food/feed processing on protein digestion and amino acid bio-

availability is thus necessary for predicting the nutritive value of protein ingredients before diet 

formulation (Duodu et al., 2003; Lewis et al., 2019; Pfeuti et al., 2019). Denaturation of proteins 

by mild heating can enhance digestion through unfolding of tertiary and secondary structures of 

protein sources. However, excessive thermal processing can have deleterious effects on the 

nutritional quality of protein ingredients (Bureau et al., 1999; Ravindran et al., 2002; Sante-

Lhoutellier et al., 2008; Buchert et al., 2010). Damages associated with most types of chemical 

reactions may irreversibly change or destroy amino acids, rendering the protein more resistant to 

digestion, and reducing the nutritive value of proteins in feed resources (Mauron, 1990; Friedman, 

1994; Sante-Lhoutellier et al., 2007).  

Proteins may undergo significant changes as a result of oxidation (Bacou et al., 2021). The 

oxidative changes decrease the susceptibility of proteins to proteolysis (Davies, 2001; Sante-

Lhoutellier et al., 2007). Irreversible aggregation occurs at temperatures exceeding 70°C, resulting 

in the formation of aggregates due to sulphydryl group interaction, disulphide interchanges 

(Sawyer, 1968; Liu and Xiong, 2000; Mulcahy et al., 2017), and at higher temperatures, (i.e. 

exceeding 110°C) the contribution of covalent cross-links (as measured in Chapter 4). Protein 

cross-linking has been shown to have a significant impact on the digestibility of proteins and the 

bio-availability of amino acids. The presence of cross-links in the structure of protein or 

polypeptide, either as disulphide bridges or as other cross-linked amino acids, may make proteins, 
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or sections of these proteins, more refractory to proteases action (Somoza et al., 2006; Wada and 

Lönnerdal, 2015; Pfeuti, 2017). Intermolecular cross-links and the formation of aggregates in 

highly oxidative conditions have been postulated to reduce protein susceptibility to enzymatic 

proteolysis (Decker et al., 1993; Grune et al., 2004). 

For rapid measurement of protein digestibility, various in vitro techniques have been 

established (Ueki et al., 2014; Moyano et al., 2015; Lewis et al., 2019; Quynh et al., 2019). 

Although the results from in vitro experiments do not necessarily agree with in vivo measures, the 

use of rapid and inexpensive means of assessing the nutritional value of protein ingredients is 

necessary to screen raw materials prior to use in animal feeds. There is a paucity of data pertaining 

to the effects of chemical changes caused by thermal processing on the digestibility of protein 

ingredients. The high variability reported in protein and amino acid digestibility of animal protein 

ingredients highlights the need for simple in vitro methods that can discriminate the differences 

between batches of feed ingredients (Parsons et al., 1997; Bellaver et al., 2000; Kawauchi et al., 

2014). 

The present study was conducted to investigate changes in protein digestibility of heat-

treated CM samples. The objectives of this study were to examine the effect of heat/chemical 

changes on in vitro digestibility of heat-treated CM samples and to discuss the relationships 

between chemical/heat damage indicators (characterized in Chapter 4) and in vitro protein 

digestibility of the test ingredients. This study provides a simple in vitro correlative assay to 

evaluate the protein quality of heat-treated CMs. We applied the pepsin digestibility assay to heat-

treated CMs at two pepsin concentrations (i.e. 0.2% and 0.002%) to examine the digestibility of 

proteins of the test ingredients. We also used sodium dodecyl sulfate-polyacrylamide gel 
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electrophoresis (SDS-PAGE) of digested samples to estimate the molecular weight of protein and 

the extent of digestion. 

 

5.3 Materials and Methods 

5.3.1 Determination of in vitro digestibility of protein 

The pepsin nitrogen digestibility analyses were done according to standard analytical 

procedures (AOAC, 2006; method 971.09). Heat-treated CM samples were ground to pass through 

a 1-mm mesh sieve prior to digestion. The pepsin digestibility of heat-treated CMs was determined 

in duplicate. Briefly, approximately 1 g of each sample was incubated in 150 mL solutions of either 

0.2% pepsin or 0.002% pepsin at 45°C for 16 h. The reaction was terminated by adding one volume 

of 20% trichloroacetic acid (TCA) solution, which was followed by centrifugation at 3,220 x g for 

20 minutes (Eppendorf 5810 R equipped with an A-4-62 rotor, Hamburg, Germany) to collect a 

10% TCA-soluble nitrogen solution as the supernatant. This was stored at 4°C. The mixture was 

filtered through Whatman no. 42 filter paper. Total nitrogen was determined for the filtered residue 

and original heat-treated CMs by the macro-Kjeldahl method (AOAC, 1995) using a Kjeltec 

protein analyzer (Model #8200, Tecator, Hoganas, Sweden). After total nitrogen was determined, 

pepsin nitrogen digestibility was measured as outlined by Miller et al. (2002): 

Pepsin Digestibility = 100(𝐴 ‒ 𝐵)/𝐴  

where: 

A = nitrogen % of original heat-treated CM sample 

B = nitrogen % in residue from pepsin/HCL treatment 
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5.3.2 SDS-PAGE Analysis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of the digested 

samples was performed in a mini-gel system (BoltTM Bis-Tris Welcome Pack, Life Technologies 

Inc., Burlington, ON, CA) according to the manufacturer’s protocol. After mixing protein samples 

with loading buffer at a ratio of 1:3 (loading buffer: sample solution), 20 μl of each protein solution 

and 5 μl of molecular weight marker were loaded into each well of a precast gradient 4-12% 

polyacrylamide gel (Life Technologies Inc., ON, CA). Electrophoresis was carried out with a fixed 

voltage of 180 V for 45 min. After electrophoresis, the proteins on the gel were stained with 

Coomassie G- 250 dye according to the instructions of the manufacturer (Life Technologies Inc., 

ON, CA). 

 

5.3.3 Statistical Analysis 

Data were analyzed using SAS version 9.4 (SAS Institute, Cary, NC, USA). Data on in 

vitro pepsin digestibility of heat-treated CMs at either 0.2% or 0.002% pepsin were compared 

among the treatments with the analysis of variance (ANOVA) using the GLIMMIX procedure, in 

which the temperature was an independent variable and an interaction term (treatment × 

temperature) was included in the model. Significant differences were determined by Tukey’s HSD 

(honestly significant difference) test at P < 0.05 level. All data are presented as means and pooled 

standard error (SEM).  
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The strength of relationships between in vitro pepsin digestibility, heat damage indicators 

and different temperature levels were assessed using quadratic regression analysis. The 

experimental data was fitted using a second-order polynomial equation: Y=b0+ b1*X + b2*X 2 + e 

Where Y is the studied trait, b0 is the intercept, X is the temperature and/or heat damage indicator, 

and b1 and b2 are the regression coefficients. Differences were considered significant at P < 0.05.  

 

5.4 Results 

5.4.1 Pepsin nitrogen digestibility assay of heat-treated CM samples 

The analysis of variance (ANOVA) for the pepsin nitrogen digestibility of heat-treated 

CMs among different treatments revealed significant effects of the temperature and the interaction 

of the temperature and treatment (P < 0.0001) at either 0.2% or 0.002% pepsin concentrations 

(Table 5-1). Pepsin nitrogen digestibility of heat-treated CMs in different treatments ranged from 

80.1% to 88.3% when using 0.2% pepsin and from 77.2% to 85.9% when using 0.002% pepsin. 

The pepsin digestibility of the CMs heated at 130°C in the Cross-Linking treatment was the lowest 

at either concentration (P < 0.05) (Table 5-1). Of the treatments, the Control showed greater pepsin 

nitrogen digestibility of the test ingredients at different temperature levels in both pepsin assays. 

No differences were observed in pepsin nitrogen digestibility of the test ingredients heated at 110, 

120, and 130°C in the ProtOx treatment when using 0.002% pepsin (P > 0.05). 
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5.4.2 Assessing the relationships between in vitro digestibility of protein, heat damage 

indicators, and processing temperature 

Regression analysis was performed to determine the relationships between in vitro protein 

digestibility of heat-treated CMs, heat damage indicators and processing temperature (Tables 5-2, 

5-3, and 5-4). 

5.4.2.1 Relationship between processing temperature and in vitro protein digestibility 

Significant quadratic relationships were measured between pepsin nitrogen digestibility of 

the test ingredients in Control, Cross-Linking, and ProtOx treatments and different temperature 

levels (Table 5-2; Figure 5-1b). We noted strong negative correlations between protein digestibility 

and processing temperature in both 0.2% pepsin (P = 0.0007, R2 = 0.36) and 0.002% pepsin assays 

(P < 0.0001, R2 = 0.63) when heat-treated CM samples for all treatments were included in the 

correlation analysis (Table 5-2). The relationships revealed that the protein digestibility of heat-

treated CMs tended to decrease at higher processing temperatures (Figure 5-1a). 

 

5.4.2.2 Relationship between Cross-Linked amino acids (DL-LAL, LL-LAL, LAN, and BAL) 

content and in vitro protein digestibility 

Significant quadratic relationships were found between DL-lysinoalanine (DL-LAL) 

content of the test ingredients and protein digestibility within all treatments (P < 0.0001) (Table 

5-3a). There were negative and highly significant correlations between DL-LAL content and 

protein digestibility in Cross-Linking treatment when using 0.2% pepsin (P < 0.0001, R2 = 0.96) 

and in Cross-Linking and ProtOx treatments when using 0.002% pepsin (P < 0.0001, R2 = 0.91; P 
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< 0.0001, R2 = 0.92) (Table 5-3a). The relationships showed that the protein digestibility of heat-

treated CMs dropped dramatically with increasing the formation of DL-LAL (Figure 5-2a). 

No significant relationships were found between the LL-lysinoalanine (LL-LAL) and 

lanthionine (LAN) contents of the test ingredients and protein digestibility in ProtOx and Cross-

Linking treatments (P > 0.05). However, significant quadratic relationships were observed in both 

0.2% and 0.002% pepsin assays when heat-treated CM samples within all treatments were included 

in the correlation analysis (P ≤ 0.01) (Tables 5-3b and 5-3c). The correlations suggest a negative 

impact of LL-LAL and LAN formations on the digestibility of test ingredients in different 

treatments (Figures 5-2b and 5-2c). The regression coefficients and R2 values for LL-LAL were 

almost identical to those for LAN (Tables 5-3b and 5-3c). There were no significant correlations 

between β-aminoalanine (BAL) content of the test ingredients and protein digestibility (Table 5-

3d). 

 

5.4.2.3 Relationship between Sulfhydryl (S-H), Disulphide (S-S), and Amide III (C-

NH/disordered structure) bonds content and in vitro protein digestibility 

S-H bands content of the test ingredients in the Control and ProtOx treatments have 

demonstrated strong positive correlations with protein digestibility (Table 5-4a). Nevertheless, the 

pepsin concentration which was significantly correlated with the S-H bands content of the test 

ingredients was 0.002% for all treatments (P = 0.01, R2 = 0.63) (Table 5-4a; Figure 5-3a). 
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The protein digestibility values acquired by the in vitro pepsin digestibility were directly 

related to the decrease in S-S bonds content of the heat-treated CMs for all treatments in either the 

0.2% pepsin (P = 0.001, R2 = 0.78) or 0.002% pepsin concentrations (P = 0.005, R2 = 0.69) (Table 

5-4b; Figure 5-3b). Negative relationships were found between the protein digestibility assay and 

the C-NH bands (amide III/disordered structure) amplitude measured in the test ingredients, but it 

was not significant (Table 5-4c; Figure 5-3c). 

 

5.4.3 Effect of thermal processing on pepsin digested CM samples, as determined by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

Electrophoresis was performed to observe modifications induced by the heat treatment of 

the CM samples. SDS-PAGE analysis of the heat-treated CMs after in vitro digestion is shown in 

Figure 5-4. While proteins were digested to a high extent by pepsin at concentration of 0.2%, 

notable differences were observed at a concentration of 0.002% in the ProtOx treatment at 120 and 

130°C and in the Cross-Linking treatment at 110, 120, and 130°C. Proteins were observed in 

extended stained zones, faintly visible, and were unable to migrate far into the polyacrylamide gel 

(Figure 5-4).  

 

5.5 Discussion 

Protein modifications including amino acid side chain oxidation, protein-protein cross-

linking and backbone cleavage can have a negative impact on the nutritional value, digestibility, 

functioning, and health effects of protein ingredients (Mohammed et al., 2000; Kerwin and 
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Remmele, 2007; Almeida et al., 2015). Application of high temperature (above 100°C) caused 

complete denaturation of myofibrillar proteins and reduction in pepsin activity on protein 

digestibility (Tornberg, 2005; Han et al., 2019). It is evident that processing techniques can 

influence various changes in protein quality, such as oxidized sulfur amino acids and cross-linked 

peptide chains, which may decrease protein bio-availability (Millward et al., 2008; Boye et al., 

2012).  

In the present study, we observed significant negative correlations between protein 

digestibility and processing temperature of the CMs in either the 0.2% or 0.002% pepsin assays 

within all treatments. The protein digestibility of heat-treated CMs decreased markedly at higher 

processing temperatures (exceeding 110°C), particularly in ProtOx and Cross-Linking treatments 

compared with Control treatment. Van Boekel (1999) found that dehydroalanine production in β- 

casein solutions correlated with heating time at 110 and 120°C, but the levels were saturated over 

time when heated at 130 and 140°C, indicating that dehydroalanine was converted into cross-

linked compounds. The in vitro protein digestibility of a mixture of minced fish and wheat was 

reduced when the extrusion temperature was increased from 100 to 140°C (Bhattacharya et al., 

1988). Santé-Lhoutellier et al. (2008) observed a sharp decrease of pepsin activity on chemically 

oxidized myofibrillar proteins from bovine meat after 45 minutes of cooking at 100 °C.  

A large number of studies have documented the negative impact of aggregation on the 

digestibility of meat proteins (Liu and Xiong, 2000; Bax et al., 2012; Zhang et al., 2013; Soladoye 

et al., 2015). During thermal processing, proteins may covalently aggregate with formations of 

cross-linked amino acids, such as lysinoalanine (LAL) and lanthionine (LAN) (Friedman, 1999; 

Gilani et al., 2005; Rawel et al., 2007). Protein aggregates are metabolically stable and largely 
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insoluble, hindering the accessibility of proteolytic enzymes (Johnston et al., 1998). The formation 

of LAL induced by heat processing was one of the most sensitive predictors of protein damage in 

infant formulas (Pompei et al., 1988). It is evident that protein aggregation can also be promoted 

through metals (Stadtman, 1990; Stadtman, 1993). Dizdaroglu et al. (1984) reported a reduced 

protein susceptibility to enzymatic proteolysis due to increased intermolecular cross-links and the 

development of aggregates with oxidative modifications. Gatellier and Santé-Lhoutellier (2009) 

found that cooking reduced myofibrillar digestibility and attributed this to PROTOX-induced 

alterations that occurred during cooking. The 0.002% pepsin assay in the present study was found 

to be more sensitive to changes in CMs quality than the 0.2% assay. The quadratic regression fitted 

to the lower pepsin concentration (P < 0.0001, R2 = 0.63) reacted more significantly to changes in 

processing temperature than the quadratic regression fitted to the higher pepsin concentration (P 

= 0.0007, R2 = 0.36). Similar outcomes were reported by previous studies in which pepsin 

digestibility was used to assess the nutritive value of animal protein ingredients (Parsons et al., 

1997; Bellaver et al., 2000; Kawauchi et al., 2014; Lewis et al., 2019). These authors indicated 

that the lower concentrations of pepsin (i.e. 0.002% and 0.0002%) better showed the protein 

damage in meat and bone meal and poultry by-products samples than the 0.2% pepsin. According 

to these data, we can infer that when greater concentrations of the enzyme are used, the values 

obtained in vitro are too high and do not adequately differentiate between the high and low 

digestibility values. These results could be explained by the fact that insoluble and/or less 

digestible proteins become soluble at high concentrations of pepsin, and consequently, the 

digestibility values have low biological significance. 
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Thermal processing has a deleterious impact on the digestibility of protein ingredients 

(Pfeuti, 2017; Lewis et al., 2019). Inactivation of suitable substrate sites for proteolytic enzymes 

and cross-linking have been suggested to be responsible for the reduced proteolytic degradation of 

protein ingredients. There is often overlooked evidence that protein cross-linking can have a 

significant impact on the digestibility of proteins and the bio-availability of amino acids in heat-

damaged proteins. Proteins containing cross-linked amino acids may be largely digestible and 

could result in the release of compounds (dipeptides, metabolites) that are not metabolizable and, 

thus, not bioavailable to the animal. In rodents, the presence of LAL residues along a protein chain 

reduces digestibility and nutritional quality (Friedman, 1999). According to de Vrese et al. (2000) 

even small amounts of D-amino acids and LAL within a protein can adversely affect protein/amino 

acid digestibility. 

Limited studies have been performed to link chemical/heat damage indicators and the 

digestibility of protein ingredients. Pfeuti et al. (2019) suggested that disulphide bond content and 

conformation may be important determinants of the digestibility of proteins in feed material rich 

in cysteine. Santé-Lhoutellier et al. (2008) reported a direct and quantitative relationship between 

protein oxidative damages by free radicals and loss of protein digestibility. Proteolysis rates were 

shown to be strongly and negatively linked with carbonyl content formed during oxidative 

modifications of myofibrillar proteins from pigs (Santé-Lhoutellier et al., 2007; Santé-Lhoutellier 

et al., 2008). In the current study, we found a negative and highly significant correlation between 

protein digestibility and DL-LAL formation. The correlation study also showed the negative 

impact of LL-LAL and LAN productions on the digestibility of heat-treated CMs in different 

treatments. It is evident that oxidative processes during the heating of protein ingredients can 
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decrease sulfhydryl groups (S-H) by forming disulphide bridges (S-S). In the present study, 

however, changes in the S-S bond content was in direct correlation with protein digestibility, 

implying that dehydrolanine might be generated by the fission of disulphide bridges at higher 

temperatures, resulting in increased productions of cross-linked amino acids. These covalent cross-

links can promote the polymerization and formation of aggregates in proteins. Davies (2001) 

demonstrated that severe oxidative stress induces significant protein oxidation, resulting in protein 

fragments, cross-linked and aggregated proteins that become increasingly resistant to proteolytic 

digestion. Decreased digestibility was also observed on H2O2/hemin-oxidized myosin, in which 

myosin cross-linkages were formed by non-disulphide covalent bonds (Kamin-Belsky et al., 

1996). 

Modifications in secondary structures of proteins can be detected by changes in Raman 

bands (Li-Chan, 1996; Herrero, 2008a,b). Amide III region of the Raman spectrum reflects all 

types of secondary structure that consist of the bands associated with the α-helical, β-pleated sheet, 

and disordered conformational components of proteins (Church et al., 1998). Beattie et al. (2004) 

and Lee et al. (2007) stated that the higher intensity of the amide III band is indicative of a greater 

proportion of unordered structures and increased β-sheet content. Xu et al. (2011) investigated the 

relationships between structural changes and textural properties of pork myofibrillar proteins. 

Their findings revealed that as the heating temperature increased, the α-helix content decreased 

significantly and continued to decline further, while the β-sheet fraction increased rapidly.  

In the present study, negative correlations were observed between the protein digestibility 

assay (either 0.2% or 0.002% pepsin concentrations) and the C-NH bands (disordered structure) 

content measured in the heat-treated CMs, however, it was not significant. Shao et al. (2011) found 
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a negative correlation between α-helical structure and heating, and a positive correlation between 

β-sheet structure and heating, which illustrated a decrease in α-helical structure and increase in β-

sheet structure due to the heating process. The protein digestibility of heat-treated CMs in different 

treatments decreased significantly, as temperature increased, which might be related to the 

formation of protein aggregates during the thermal processing. The classical theory on this 

phenomenon postulates that protein aggregation developed by decreases in α-helix content and 

increases in β-sheet content during the heating process can cover the enzymatic cleavage sites, 

restrict the protease hydrolysis and affect the protein digestion through disordered structure 

development. 

Electrophoresis was used to investigate changes caused by the thermal processing of CM 

samples. SDS-PAGE analysis of the supernatant solutions showed that the proteins in all 

treatments were digested to a high extent in the 0.2% pepsin and were constituted of peptides 

whose molecular weights were lower than 10 kDa. Nevertheless, proteins were observed in 

extended stained zones in ProtOx treatment at 120 and 130°C and in Cross-Linking treatment at 

110, 120, and 130°C when using the 0.002% pepsin concentration. Although diffuse stained bands 

suggest a kind of polymerization, a definite molecular weight could not be determined. Using 

gradient gel electrophoresis, Hasegawa et al. (1981) observed that caseins were polymerized by 

alkali treatment, which was followed by lysinoalanine formation. Wada and Lönnerdal (2015) 

reported that heating milk protein samples facilitated the aggregation of proteins via cross-linked 

products such as lysinoalanine and lanthionine; these authors showed that proteins smeared over a 

wide range of molecular weights when applying SDS-PAGE. They concluded that the chemical 

structures formed in heat-treated milk proteins prohibited the action of trypsin and other digestive 
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enzymes, resulting in decreased protein digestibility (Wada and Lönnerdal, 2015). In the present 

study, we can assume that no breakdown of the heat-treated CMs nor its breakdown to large size 

peptides occurred, implying the formation of proteolytic resistant structures in proteins in Cross-

Linking and ProtOx treatments that cannot be detected by SDS-PAGE nor be precipitated by TCA 

(10% final concentration) in the 0.002% pepsin assay. Kamin-Belsky et al. (1996) observed that 

oxidatively modified proteins were susceptible to proteolysis, but oxidatively cross-linked myosin 

was resistant. Their results showed that decreased digestibility of cross-linked myosin may result 

in lower quality of oxidized muscle foods. We also noted a negative and highly significant 

correlation between protein digestibility and cross-linked amino acids (DL-LAL, LL-LAL, and 

LAN) formations when using the 0.002% pepsin assay (P ≤ 0.004), confirming the impact of this 

phenomenon on the recognition of proteins by protease. Furthermore, protein polymerization/ 

aggregation at higher temperatures and also consistent with Raman results cannot be due to 

disulphide bridge formation (disulphide cross-linkages), as electrophoresis was also performed in 

reducing conditions (data not shown) and we did not notice significant differences between results 

under reduced and non-reduced analyses. Progressed formation of protease resistant structures 

such as cross-linked amino acids (DL LAL, LL-LAL, and LAN) that result in protein cross-

linkages can therefore be assumed. Both Cross-Linking and ProtOx treatments at higher 

temperatures and lower concentrations of pepsin (i.e. 0.002%) caused more marked changes in 

protein migration patterns.  
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5.6 Conclusions 

Protein digestibility of heat-treated CM samples in different treatments determined by a 

combination of in vitro digestion and the Kjeldahl procedure revealed that there are significant 

negative correlations between protein digestibility and processing temperature in both 0.2% and 

0.002% pepsin assays. The CMs heated at 130°C in the Cross-Linking treatment had the lowest 

protein digestibility in either pepsin assays. In comparison to Cross-linking and ProtOx treatments 

at different temperature levels, the Control groups had higher pepsin nitrogen digestibility of the 

CMs at either concentration. The accumulation of protein aggregates and inhibition of the pepsin 

activity when using 0.002% pepsin was found to be dramatic in Cross-Linking and ProtOx 

treatments at higher temperatures (above 110°C), reflecting the resistance of the CMs to pepsin 

proteolysis, possibly due to the formation of non-disulphide covalent bonds. Heat-damaged 

ingredients might be highly digestible by pepsin as we observed in the 0.2% pepsin nitrogen 

digestibility assay and SDS-PAGE analysis; however, since they cannot be metabolically 

bioavailable as stated in previous studies, they are of limited nutritive value to the animal. 

Establishing a relationship between the concentration of cross-linked amino acids as the potential 

indicators of chemical/heat damage and the digestibility of proteins and/or amino acids could 

provide enough data to predict the digestibility of proteins ingredients. It could be an important 

contributing element in ensuring adequate bio-availability and animal health benefits. 
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Table 5-1: Crude protein digestibility in test ingredients with different concentrations of pepsin and (or) 

HCl. 

 
Pepsin Concentration 

Treatment  ID 0.2% 0.002% 

 (% Soluble Nitrogen) 

CTL70 87.7a 85.9a 

CTL80 88.3a 85.4ab 

CTL95 87.1ab 83.8cdef 

CTL110 85.8bc 83.0def 

CTL120 85.4cd 82.7ef 

CTL130 84.2def 82.3f 

   

Pox70 85.3cde 84.3bcd 

Pox80 84.0efg 83.5def 

Pox95 82.9fgh 83.2def 

Pox110 81.3jkl 78.2hi 

Pox120 82.6hij 78.0hi 

Pox130 81.5ijk 78.4hi 

   

CLK70 84.6cde 85.1abc 

CLK80 84.1ef 84.0bcde 

CLK95 82.7ghi 80.3g 

CLK110 82.5hij 80.1g 

CLK120 80.7kl 79.5gh 

CLK130 80.1l 77.2i 

   

Pooled SEM1 0.39 0.46 

   

Effect (P-value)   

Treatment × Temperature <0.0001 <0.0001 

Temperature <0.0001 <0.0001 
   

CTL, Control; Pox, ProtOx; CLK, Cross-Linking. 

Values followed by different superscript letters are significantly different (Tukey's HSD test, P < 0.05). 

Values are mean (n=2). 1 Pooled standard error (n = 36) of a mean of all test ingredients. 

% Protein digestibility in lyophilized chicken meat: 91.6 in 0.2% and 89.7 in 0.002% pepsin concentrations. 
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Table 5-2: Regression coefficients of quadratic functions relating processing temperature to in vitro 

estimates of protein digestibility. Values are mean (n=2). 

 Temperature 
 

Treatment  ID 0.2% Pepsin Digestibility 0.002% Pepsin Digestibility 

 R2          P value                        R2 P value 

CTL 0.93 <0.0001 0.95 <0.0001 

Pox 0.86 0.0001 0.85 0.0002 

CLK 0.95 <0.0001 0.93 <0.0001 
 

  
 

 
 

Protein digestibility 

vs. temperature  

 

0.36 0.0007 0.63 <0.0001 

Polynomial: Second-order (Y=b0+ b1*X + b2*X 2 ) 

b0 90.31 97.31 

b1 -0.0615 -0.2092 

b2 -0.0000166 0.0005399 

CTL, Control; Pox, ProtOx; CLK, Cross-Linking. 
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Table 5-3: Regression coefficients of quadratic functions relating heat damage indicators (DL-LAL, LL-

LAL, LAN, and BAL) to in vitro estimates of protein digestibility. Values are mean (n=2). 

(a) 

 DL-Lysinoalanine (DL-LAL) 

 
Treatment  ID 0.2% Pepsin Digestibility 0.002% Pepsin Digestibility 

 R2 P value                        R2 P value 

CTL 0.84 0.0003 0.76 0.002 

Pox 0.77 0.001 0.92 <0.0001 

CLK 0.96 <0.0001 0.91 <0.0001 
 

    

Protein digestibility 

vs. DL-LAL 

 

0.63 <0.0001 0.77 <0.0001 

Polynomial: Second-order (Y=b0+ b1*X + b2*X 2 ) 

b0 90.12 90.13 

b1 -33.5113 -44.7999 

b2 26.4327068 35.6242889 

 

(b) 

 LL-Lysinoalanine (LL-LAL) 

 
Treatment  ID 0.2% Pepsin Digestibility 0.002% Pepsin Digestibility 

 R2 P value                        R2 P value 

CTL - - - - 

Pox 0.21 0.35 0.17 0.43 

CLK 0.43 0.08 0.40 0.10 
     

Protein digestibility 

vs. LL-LAL 

 

0.24 0.01 0.29 0.003 

Polynomial: Second-order (Y=b0+ b1*X + b2*X 2 ) 

b0 84.33 82.47 

b1 -12.7779 -14.4122 

b2 8.6656942 9.2099111 
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(c) 

 Lanthionine (LAN)  

 
Treatment  ID 0.2% Pepsin Digestibility 0.002% Pepsin Digestibility 

 R2 P value                        R2 P value 

CTL - - - - 

Pox 0.21 0.35 0.17 0.43 

CLK 0.43 0.08 0.40 0.10 
     

Protein digestibility 

vs. LAN 

 

0.24 0.01 0.29 0.004 

Polynomial: Second-order (Y=b0+ b1*X + b2*X 2 ) 

b0 84.33 82.46 

b1 -11.5196 -9.5599 

b2 4.3232539 3.2645694 

 

(d) 

 β-aminoalanine (BAL) 
 

Treatment  ID 0.2% Pepsin Digestibility 0.002% Pepsin Digestibility 

 R2 P value                        R2 P value 

CTL 0.10 0.63 0.14 0.50 

Pox - - - - 

CLK 0.21 0.34 0.07 0.74 
     

Protein digestibility 

vs. BAL 

 

0.13 0.10 0.05 0.43 

Polynomial: Second-order (Y=b0+ b1*X + b2*X 2 ) 

b0 84.04 82.06 

b1 254.7905 145.4372 

b2 -9865.835680 -6184.369250 

CTL, Control; Pox, ProtOx; CLK, Cross-Linking. 
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Table 5-4: Regression coefficients of quadratic functions relating heat damage indicators (sulfhydryl (S-

H), disulphide (S-S), and amide III (C-NH/disordered structure) bonds) to in vitro estimates of protein 

digestibility. 

(a) 

                                                   S-H 
 

Treatment  ID 0.2% Pepsin Digestibility 0.002% Pepsin Digestibility 

 R2 P value                        R2 P value 

CTL 0.85 0.06 0.94 0.01 

Pox 0.88 0.04 0.93 0.02 
     

Protein digestibility 

vs. S-H  

 

0.33 0.17 0.63 0.01 

Polynomial: Second-order (Y=b0+ b1*X + b2*X 2 ) 

b0 82.63 78.74 

b1 37.7677 81.6448 

b2 -21.1221787 -214.9050524 

 

(b) 

                                                   S-S 
 

Treatment  ID 0.2% Pepsin Digestibility 0.002% Pepsin Digestibility 

 R2 P value                        R2 P value 

CTL 0.50 0.35 0.53 0.32 

Pox 0.90 0.03 0.58 0.27 
     

Protein digestibility 

vs. S-S 

 

0.78 0.001 0.69 0.005 

Polynomial: Second-order (Y=b0+ b1*X + b2*X 2 ) 

b0 79.49 76.93 

b1 45.2699 45.3368 

b2 -65.3283267 -56.9345535 
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(c) 

                                                   C-NH 
 

Treatment  ID 0.2% Pepsin Digestibility 0.002% Pepsin Digestibility 

 R2 P value                        R2 P value 

CTL 0.67 0.19 0.85 0.06 

Pox 0.68 0.18 0.54 0.31 
     

Protein digestibility 

vs. C-NH 

 

0.24 0.29 0.41 0.09 

Polynomial: Second-order (Y=b0+ b1*X + b2*X 2 ) 

b0 86.84 85.77 

b1 -520.0740 -853.0804 

b2 22135.14362 38242.84462 

CTL, Control; Pox, ProtOx. 
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Figure 5-1: Quadratic relationships between pepsin nitrogen digestibility and processing temperature (a). 

within various treatments (b). Values are mean (n=2). 
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Figure 5-2: Quadratic relationships between pepsin nitrogen digestibility and heat damage indicators 

(DL-LAL, LL-LAL, and LAN). Values are mean (n=2). 
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Figure 5-3: Quadratic relationships between pepsin nitrogen digestibility and heat damage indicators 

(sulfhydryl (S-H), disulphide (S-S), and amide III (C-NH/disordered structure) bonds). 
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Figure 5-4: Electrophoresis of proteins in test ingredients within different treatments after in vitro digestion using different pepsin concentrations. 

Lane S: molecular weight standard. 
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Chapter 6. General Discussion and Concluding Remarks 

 

Protein, fats, and minerals are the most important nutrients in animal diets (Meeker and 

Hamilton, 2006). Protein is required for the major structural components of animal tissues (like 

muscles) as well as a variety of essential physiological functions (Hamilton, 2006; Sabate and 

Soret, 2014). Additionally, protein is still the most expensive component in animal feeds, 

especially when evaluated for the amino acids it provides (Khatoon et al., 2016; Auzins et al., 

2021). A balanced amino acid profile can guarantee growth, feed efficiency, and animal health.  

Protein ingredients that constitute complete feed products are derived from a variety of raw 

materials of plant and animal origin (Sapkota et al., 2007). Due to the limitation of fishmeal 

resources in marine environments, finding sustainable and affordable alternative sources of protein 

has become a major priority for the animal feed industry, particularly for aquaculture animals 

(Meeker and Meisinger, 2015; Green and Pearsall, 2016; Henchion et al., 2017; Auzins et al., 

2021). Rendered protein meals like meat meal, meat and bone meal, poultry by-product meal, 

feather meal, and blood meal are widely used by animal feed manufacturers (Meeker, 2009; Garcia 

et al., 2011). It is evident that these ingredients are an excellent source of protein, energy, and 

minerals for a variety of animal species, especially aquatic animals with high protein and lipid 

requirements (Meeker and Hamilton, 2006; Gasco et al., 2018a,b). However, because of the 

substantial variability in the nutritional value of animal protein ingredients, feed formulators are 

usually hesitant to use high levels of rendered animal protein ingredients in feed formulation.  
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Digestibility is a measure of nutrient disappearance from the gastrointestinal tract of the 

animal (Stein et al., 2007). High variability in the digestibility of protein by different animal 

species has been widely cited in the scientific literature (Bureau et al., 1999; Portz and Cyrino, 

2004; Rojas and Stein, 2017; Pelletier et al., 2018; Lewis et al., 2019). This variation in nutritional 

value may be due to the variety of processing equipment (cookers, driers, pressure vessels, etc.), 

processing conditions (temperature, pressure, length of time, moisture, etc.), and raw materials 

(hides, skins, hair, feathers, heads, bones, etc.) applied by renderers to process feed ingredients. 

Therefore, to examine the variability in the nutritional value of protein ingredients, the 

apparent digestibility coefficients (ADCs) of macronutrients and amino acids in seven different 

feed ingredients (animal and plant origins) were determined in Chapter 3 using rainbow trout as 

a biological model. The ADCs of protein and amino acids of different protein ingredients showed 

significant differences, suggesting their variable digestibilites in examined feedstuffs. Of the seven 

test ingredients, higher ADCs of crude protein and all essential amino acids (EAAs) were observed 

in the sunflower meal (SFM) while feather meal (FEM) had the lowest ADC values for those 

measured nutrients. Surprisingly, higher concentrations of crude protein and EAAs were observed 

in the FEM.  

According to our results, the protein ADC of SFM was 95%, while in previous studies it 

was 78%, 88%, and 91% in Tilapia, Atlantic salmon, and rainbow trout, respectively (Degani and 

Yehuda, 1999; Gill, 2002; Dalsgaard et al., 2012). Furthermore, the observed values in the present 

investigation for protein and energy ADCs of the feather meal (FEM) and poultry by-product meal 

(PBM) were lower than those previously reported by Bureau et al. (1999), Cheng and Hardy 

(2002), and Pfeuti et al. (2019). As a result, more research on the nutritional value of protein 
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ingredients as well as the variability in protein digestibility and amino acid bio-availability is 

required to optimize the utilization of these ingredients in animal diets. The findings from Chapter 

3 led us to investigate the chemical changes associated with heat damage of protein ingredients 

and their effects on the digestibility and bio-availability of amino acids in animal protein 

ingredients in Chapter 4.  

Many feed ingredients are produced using thermal processing. The cooking and drying 

conditions, particularly temperature, have considerable impacts on the nutritional quality of the 

protein ingredients, and can lead to variable nutrient content and quality (Wang and Parsons, 1998; 

Bureau et al., 1999). Proteins and the amino acids that compose them are prone to chemical 

changes when heated. This “heat damage” can have deleterious effects on the nutritional quality 

of ingredients. The adverse effect of heat treatment on the nutritive value of proteins has been 

extensively studied. However, there appears to be very little consideration in the animal nutrition 

literature for examining the importance and implications of the chemical reactions induced by 

thermal processing on the nutritional value of common feed ingredients in a systematic and 

comprehensive manner. To our knowledge, this was the first study to assess two major types of 

chemical reactions, including amino acid cross-linking (Cross-Linking) and protein oxidation 

(ProtOx) on the nutritional value of animal protein ingredients (Chapter 4).  

Different heat-treated chicken meat (CM) samples in the absence or presence of chemical 

agents (L-serine and ferrous sulfate) were examined to assess the impact of heating on the chemical 

composition and amino acid profiles of the protein ingredients (Chapter 4). Significant declines 

in several essential amino acids (lysine, arginine, histidine, threonine, and methionine) as well as 

significant increases in the formation of cross-linked amino acids (CLAAs), particularly 
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lysinoalanine (LAL) and lanthionine (LAN), were evident in the current study. In addition, 

processing temperatures exceeding 110°C were associated with higher LAL and LAN 

concentrations. Results from Chapter 4 further our knowledge on chemical changes generated by 

thermal processing as well as the potential indicators for different types and degrees of heat 

damage. Higher concentrations of the CLAAs observed in the Cross-Linking and ProtOx 

treatments with increasing temperature indicate the significance of cross-linked amino acids as 

reliable indicators of heat damage for protein ingredients. These indicators may be useful in 

determining the nutritional value of different batches of rendered animal proteins. 

Previous research indicated that the processed animal protein ingredients had a high 

content of non-protein nitrogen (NPN) such as free amino acids, nucleic acids, ammonia, and 

nitrogenous glycosides compared with that of plant protein ingredients (Sriperm et al., 2011). 

Those authors postulated that in vivo apparent protein digestibility was not affected by NPN, since 

it is based on nitrogen ratios between diet and feces. According to the research findings by 

Hertrampf and Piedad-Pascual (2012), not all nitrogen of feed ingredients were referred to as 

protein; nitrogen could also be a component of peptides and NPN. Van Boekel (1999) postulated 

that the NPN content of the heated protein solutions increased due to the production of ammonia, 

as well as the formation of small peptides and cross-linked amino acids. According to our nitrogen 

mass balance calculation (Chapter 4), there were significant gaps between the true nutritive values 

of the heat-treated CMs on the basis of proximate analysis and those estimated from individual 

nutrient analyses (e.g. AAs and CLAAs). The ProtOx and Cross-Linking treatments had the 

greatest percentages of CLAAs-N to total nitrogen (N) at 130°C, whereas the highest 

concentrations of the missing nitrogen were found to be present in the ProtOx and Cross-Linking 
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treatments at 120°C and 110°C, respectively. This discrepancy might be related to the other NPN 

compounds that deserve to be investigated in further studies. 

Chapter 4 also provided measurements of sulfhydryl (S-H) and disulphide (S-S) content 

of the heat-treated CMs by FT-Raman spectroscopy. The significant reductions in the S-H and S-

S content of the heat-treated CMs implied the creation of dehydroalanine residues (by fission of 

disulphide bridges) at higher temperatures that can react with certain amino acids to form cross-

linked amino acids. Chapter 4 focused on gaining a better understanding of the chemical changes 

associated with the heat damage of proteins and on characterizing the effective indicators of heat 

damage that could be correlated with measures of the digestibility and/or bio-availability of amino 

acids and nutritive value. Thus, in Chapter 5, we performed the pepsin nitrogen digestibility assay 

of heat-treated CMs to study the effect of heat/chemical changes on in vitro digestibility of heat-

treated CMs and also to investigate the relationships between chemical/heat damage indicators 

(determined in Chapter 4) and in vitro protein digestibility of the test ingredients. Significant 

negative correlations were found between pepsin nitrogen digestibility assays (using 0.2% and 

0.002% pepsin concentrations) and the processing temperature of the CMs within all treatments. 

Moreover, the protein digestibility of heat-treated CMs decreased considerably at higher 

processing temperatures (above 110°C), particularly in ProtOx and Cross-Linking treatments 

compared with the Control groups (with no chemical agents). This phenomenon might be due to 

the formation of non-disulphide cross-linking compounds (determined in Chapter 4) that impede 

protease activity.  
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Chapter 5 is the first study of its kind to correlate the chemical/heat damage indicators and 

in vitro digestibility of animal protein ingredients. The results obtained by Pfeuti (2017) indicated 

that the disulphide bond content and CLAAs concentrations may be indicators of digestibility of 

crude protein and amino acids in feather meals. Santé-Lhoutellier et al. (2007) found strong and 

negative correlations between the proteolysis rates and carbonyl content formed during oxidative 

modifications of myofibrillar proteins. Our study revealed a negative and highly significant 

correlation between protein digestibility of heat-treated CMs and DL-LAL formation in both 

pepsin assays. Additionally, the adverse effects of LL-LAL and LAN productions on the 

digestibility of heat-treated CMs in different treatments were evident. Oxidative processes during 

the heating of protein ingredients may decrease sulfhydryl groups (S-H) by forming disulphide 

bridges (S-S). However, at higher temperatures (exceeding 95°C), no increase in the S-S bonds 

was occurred (Opstvedt et al., 1984). In the current study, the protein digestibility was directly 

related to the decrease in S-S bonds content, implying that higher temperatures cause disulphide 

bond cleavage and the production of dehydrolanine residue, resulting in the production of more 

cross-linked amino acids. These covalent cross-links can promote the polymerization and 

formation of aggregates in proteins. 

Previous studies have revealed that a higher amide III band intensity indicates a greater 

proportion of unordered structures and increased β-sheet content. Interestingly, we found negative 

correlations between the protein digestibility assays (either 0.2% or 0.002% pepsin concentrations) 

and the amide III band (C-NH/ disordered structure) amplitude measured in the heat-treated CMs, 

suggesting that the protein aggregation was triggered by decreases in α-helix content and increases 

in β-sheet content during the heating process. The results obtained in this study suggest that the 
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amide III bands (C-NH/ disordered structure) may be indicators of protein polymerization and/or 

aggregation in CMs that could affect the protein digestibility of protein-rich ingredients. Changes 

in the secondary structure composition of heat-damaged protein ingredients may result in the 

conformational transition from α-helix to anti-parallel β-sheets and disordered structures. 

Therefore, information about the relationship between the structure of heat-damaged protein 

ingredients and protein digestibility assays would add to the benefits of our work to the animal 

feed industry. 

Heat-damaged protein ingredients might be highly digestible by pepsin as demonstrated by 

a 0.2% pepsin nitrogen digestibility assay and SDS-PAGE analysis. Previous studies also revealed 

that certain protein ingredients had considerably higher digestibility of protein and essential amino 

acids and but significantly lower levels of bio-available amino acids than predicted based on the 

digestibility (Poppi et al., 2011; Pfeuti et al., 2019). Amino acid digestibility only accounts for 

amino acid disappearance from the gut and thus does not properly reflect first-pass metabolism or 

amino acids absorbed in a chemical complex unsuitable for metabolism (Stoll et al., 1998; Stein 

et al., 2007). Further studies to assess the bio-availability of amino acids in heat-damaged protein 

ingredients by animals are suggested. However, measuring amino acid bio-availability takes a long 

time, requires sophisticated experimental and dietary methodology, and might be susceptible to 

experimental artefacts (e.g. environmental conditions, the composition of reference diet, and 

methods of analysis) (Levesque et al., 2010; Poppi et al., 2011; Chowdhury et al., 2015). 

Finally, more research on the effectiveness of approaches (e.g. chemical additives) that can 

minimize deleterious chemical changes during thermal processing or improve the nutritive value 

of ingredients that have already been chemically damaged could lead to more confidently 
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formulating diets that fulfill all the nutrient requirements of the animals. The presence of sulfur‐

containing amino acids (e.g. cysteine, N‐acetyl cysteine, and tripeptide glutathione), sodium 

sulfite, organic acids, copper salts, and carbohydrates during processing were shown to inhibit 

/minimize the formation of lysinoalanine and toxic browning substances in foods (Friedman et al., 

1984, Luo et al., 2014; Mazumder et al., 2019). 
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