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ABSTRACT 

The objective of the experiments conducted for this dissertation was to determine the standardized 

ileal digestibility (SID) of amino acids (AA) in a variety of feed ingredients for broiler chickens 

and pigs. The effects of casein in experimental diets on the SID of AA in corn distillers’ dried 

grains with solubles (DDGS) fed to pigs were evaluated. The SID of AA in feed ingredients, which 

include full-fat soybean (FFSB), two soybean meals (SBM), peanut flour (PNF), full-fat canola 

seeds (FFCS), canola meal (CM), canola expellers (CE), hydrolyzed feather meal (HFM), flash 

dried poultry protein (FDPP), poultry meal (PM), and meat and bone meal (MBM), were compared 

in broiler chickens and pigs. One of the studies determined the ileal digestibility of AA in casein 

by regression analysis and investigated the effects of 60 g/kg casein in experimental diets on the 

SID of AA in DDGS. The ileal digestibility of AA in casein were close to 100%, ranging from 

95.5% (SE = 9.10) for Cys to 103.1% (SE = 4.40) for Arg. In addition, the SID of Lys and Phe in 

DDGS determined by pigs fed the diet containing DDGS and casein were greater (P < 0.05) than 

the values determined by pigs fed the diet containing DDGS without casein. Based on the results 

of this experiment, two additional experiments were conducted to determine the effects of graded 

concentrations of casein from 55 to 165 g/kg in experimental diets on the SID of AA in DDGS 

and to determine the effects of dietary DDGS concentrations (i.e., 155.6 or 466.8 g/kg) and 

addition of casein in experimental diets on the SID of AA in DDGS. The SID of indispensable AA, 

except for Arg and Lys, linearly decreased (P < 0.05) as the concentration of casein in experimental 

diets increased. Moreover, pigs fed the diets containing 155.6 g/kg DDGS had less (P < 0.05) SID 

of indispensable AA, except for Trp, in DDGS than those fed the diets containing 466.8 g/kg 

DDGS regardless of the addition of casein in experimental diets. Therefore, it may be concluded 

that the addition of casein improves the SID of AA in DDGS, but reduced DDGS concentration in 

experimental diets decreases the SID of AA in DDGS. In one pair of experiments conducted to 

compare the SID of AA in FFSB, SBM containing 430 g/kg crude protein, SBM containing 470 

g/kg crude protein, and PNF between broiler chickens and pigs, the SID of AA, except for Trp, 

Ala, and Glu, in test ingredients for pigs were greater (P < 0.05) than the values for broiler chickens. 

In addition, in both broiler chickens and pigs, the SID of Ile, Leu, and Val in FFSB were less (P < 

0.05) than in the other test ingredients. In another pair of experiments conducted to compare the 

SID of AA in FFCS, CM, and CE between broiler chickens and pigs, interactions (P < 0.05) 
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between experimental diets and species were observed in the SID of AA, except for Lys, Gly, Pro, 

and Ser. The SID of AA in FFCS for broiler chickens were greater (P < 0.05) than pigs; however, 

there was no difference in the SID of AA in CM or CE between broiler chickens and pigs. The 

objective of a third pair of experiments was to compare the SID of AA in HFM, FDPP, PM, and 

MBM fed to broiler chickens and pigs. There were interactions (P < 0.05) between experimental 

diets and species in the SID of His, Thr, Trp, and Val. In broiler chickens, the SID of His, Thr, and 

Trp in FDPP and PM were greater (P < 0.05) than in HFM but were less (P < 0.05) than MBM; 

however, difference in SID of His, Thr, and Trp among FDPP, PM, and MBM was not observed 

in pigs. Based on the results of three pairs of studies, it was revealed that differences in SID of AA 

in common feed ingredients for both broiler chickens and pigs were affected by species. Therefore, 

it may be concluded that the effects of feed ingredient-specific factors on the SID of AA are 

different between broiler chickens and pigs. 
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 LITERATURE REVIEW 

1.1 Introduction 

Broiler chickens and pigs are major non-ruminant animals in the livestock industry for 

meat production. To maximize meat production, growth of monogastric animals is of importance, 

which is mainly achieved through protein accretion [National Research Council (NRC), 2012]. 

Therefore, an adequate supply of proteins and amino acids (AA) from the diet is necessary to 

optimize the growth of monogastric animals and maintain normal physiological conditions. 

However, excessive supply of dietary proteins increases excretion of nitrogen (N), leading to 

environmental pollution. In addition, increased concentration of protein in diets for monogastric 

animals may increase feed cost, which ultimately reduces the profit of overall production. 

Therefore, a thorough understanding of AA utilization by monogastric animals is required to 

accurately supply proteins and AA in a cost-effective manner while minimizing impacts on the 

environment.  

An accurate determination of available AA in feed ingredients is an essential prerequisite 

for the optimal supply of proteins and AA to broiler chickens and pigs. Due to the ease of 

methodology and additivity in mixed diets, the standardized ileal digestibility (SID) of AA has 

been widely used to describe the availability of AA in feed ingredients and diets for both broiler 

chickens and pigs (Kong and Adeola, 2014). However, most of the previous studies conducted to 

determine the SID of AA in feed ingredients have used semi-purified diets containing feed 

ingredients of interest as the sole source of N, which may cause deficiency of AA if feed 

ingredients of interest do not contain enough available AA to maintain the normal physiological 

condition of animals.  

The SID of AA has been used for both broiler chickens and pigs due to the similarity of 

their digestive physiology. In addition, commercial diets for broiler chickens and pigs have been 

generally produced with common feed ingredients such as corn, wheat, or soybean meal (SBM). 

However, differences in digestive organs between broiler chickens and pigs may affect the SID of 

AA in common feed ingredients. Moreover, the extent to which feed ingredient-specific factors 

affect the SID of AA may be different between broiler chickens and pigs. Therefore, direct 

comparison of the SID of AA in common feed ingredients between broiler chickens and pigs is 
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required for understanding differences in utilization of AA between broiler chickens and pigs. In 

this chapter, general digestive physiology of AA and AA requirements of broiler chickens and pigs 

as well as methodology to determine the availability of AA in feed ingredients are reviewed to 

address the background of the dissertation and clarify the research gap in current monogastric 

nutrition. 

1.2 Proteins and Amino Acids 

Broiler chickens and pigs directly digest dietary proteins in the gastrointestinal tract (GIT) 

using endogenous enzymes. In general, the concentration of crude protein (CP) in commercial 

diets for broiler chickens and pigs ranges from 70 to 230 g/kg, depending on age, body weight 

(BW), and physiological states (NRC, 1994, 2012). The concentration of CP is calculated as the 

product of the concentration of N and 6.25 based on the assumption that the mean concentration 

of N in proteins is 160 g/kg and all N reside in proteins (Lewis, 2001). However, the concentration 

of N varies among proteins depending on the AA composition. The concentration of N in foods 

ranges from 157 g/kg for milk to 183 g/kg for peanuts (NRC, 2012). Moreover, N in feed 

ingredients may be as nonprotein N which results in overestimation of CP concentration (Lewis, 

2001). Nevertheless, the concentration of CP has been used to describe the protein contents in feed 

ingredients and diets due to the representativeness and simplicity of analysis. 

1.2.1 Classification of Amino Acids 

There are 20 primary AA in dietary proteins which are required for biological functions in 

broiler chickens and pigs. Amino acids can be classified by the chemical structure of side chain, 

polarity, metabolism, and nutritional necessity (Table 1.1). Based on the chemical structure, AA 

can be divided into aliphatic, aromatic, and heterocyclic AA (Pond et al., 2005). Among aliphatic 

AA, Ile, Leu, and Val contain a branch in side chains, and therefore, these AA are referred to as 

branched-chain AA. In addition, two sulfur-containing AA, Met and Cys, contain S in side chains. 

Side chains of aromatic AA are composed of a phenyl group. On the other hand, heterocyclic AA 

are characterized by their side chains which contain a ring structure with C and N atoms. Together 

with the chemical structure of side chains, polarity of AA drives the transport of AA in the body 

of monogastric animals. Neutral AA contain either nonpolar or uncharged polar side chains; 
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however, charged polar side chains carry either acidic or basic side chains (Voet et al., 2008). 

Absorbed AA are used for protein synthesis and other metabolic reactions including 

transamination and deamination. In catabolic reactions of AA, glucogenic AA produce metabolites 

which can be involved in glucose metabolism, whereas ketogenic AA produce α-keto acids which 

can be converted to ketone body (D’Mello, 2003).  

Among various criteria to classify AA, classification of AA based on nutritional necessity 

is the most prevalent in non-ruminant animal nutrition. Indispensable AA need to be provided by 

diets due to the insufficient or lack of de novo synthesis of carbon skeletons and α-keto acids, 

whereas dispensable AA can be sufficiently synthesized by metabolism of animals (D’Mello, 

2003). Some AA including Arg, Cys, Pro, and Tyr have been considered as conditionally 

indispensable AA due to its insufficient synthesis during early age or conversion of Met and Phe 

to Cys and Tyr, respectively (Lewis, 2001). 

1.2.2 Digestion of Proteins and Amino Acids 

Ingested dietary proteins and AA enter the foregut where the first enzymatic digestion of 

dietary proteins occurs. One of the distinct differences in the GIT between broiler chickens and 

pigs is the digestive organs in the foregut. In broiler chickens, the digestive organs in the foregut 

consist of the esophagus, crop, proventriculus, and gizzard, whereas in pigs, those in the foregut 

consist of the esophagus and stomach. 

 The major function of the crop in broiler chickens is for temporary storage and lubrication 

of ingested diets. Depending on the presence of digesta in the gizzard, ingested diets are stored in 

the crop or bypass the crop and directly enter the proventriculus (Rodrigues and Choct, 2018). In 

the proventriculus, pepsinogen and HCl are secreted from oxynticopeptic cells, and the first 

enzymatic digestion of dietary proteins occurs (Denbow, 2000). The gizzard is structured with a 

dense muscular layer which enhances mechanical digestion to reduce the particle size of digesta 

(Rodrigues and Choct, 2018). Koilin, which is glycoprotein produced by mucosal glands, covers 

the interior surface of the gizzard to protect the membrane surface against HCl, proteolytic 

enzymes, and damage from mechanical digestion processes (Denbow, 2000).  

In pigs, ingested diets directly flow into the stomach by peristaltic movement of the 

esophagus. The stomach of pigs can be divided into 4 regions: esophageal, cardiac gland, fundic 

gland, and pyloric regions (Yen, 2001). The esophageal region is considered as an extension of the 
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esophagus and does not have a mucous layer on the surface due to the lack of glandular cells. On 

the other hand, mucous-secreting cells are located in the cardiac region which protects against the 

acidic condition of digesta and proteolytic enzymes. In the membrane surface of the fundic gland 

region, parietal cells and chief cells produce HCl and pepsinogen, respectively, which hydrolyze 

the dietary proteins in digesta. The pyloric region also contains chief cells, but not parietal cells, 

and the majority of glandular cells in the pyloric region is mucous-secreting cells.  

Low pH in the foregut induced by the secretion of HCl causes conformational changes in 

the complex structure of proteins, which enhances the enzymatic digestion. In both broiler 

chickens and pigs, pepsin is secreted as a zymogen, pepsinogen, which can be activated by low 

pH in the gut or autocatalytic reaction (Tang, 2013). Pepsin carries a broad substrate specificity 

and is classified as an endopeptidase which hydrolyzes the middle of the polypeptide chain (Tang, 

2013). Crévieu-Gabriel et al. (1999) compared the activity of pepsin between broiler chickens and 

pigs using an in vitro protein solubility and reported that the pH sensitivity of pepsin derived from 

broiler chickens was greater than that of pepsin derived from pigs when hemoglobin, pea 

concentrate, and wheat gluten were used as substrates. However, the optimal pH of pepsin from 

broiler chickens was comparable with that from pigs (Crévieu-Gabriel et al., 1999). 

The structure and function of the small intestine is similar between broiler chickens and 

pigs. Digesta from the stomach enters the duodenum and is mixed with pancreatic juice which 

contains a variety of zymogens of proteolytic enzymes including trypsinogen, chymotrypsinogen, 

proelastase, procarboxypeptidase A, and procarboxypeptidase B (Pond et al., 2005). Trypsinogen 

is activated to trypsin by enterokinase secreted from the brush border membrane of the duodenum 

(Denbow, 2000; Yen, 2001). All zymogens in the pancreatic juice are activated by trypsin 

including trypsinogen which can be activated by autocatalytic reaction. Among proteolytic 

enzymes in the pancreatic juice, trypsin, chymotrypsin, and elastase are categorized as 

endopeptidases, whereas carboxypeptidases A and B are categorized as exopeptidases which 

hydrolyze the carboxyl terminal of polypeptides. Trypsin has a strong affinity to peptide bonds 

consisting of basic AA (i.e., Arg and Lys) as carboxyl group (Baird and Craik, 2013). 

Chymotrypsin specifically hydrolyzes the peptide bond consisting of Leu, Phe, Trp, and Tyr as 

carboxyl group (Gráf et al., 2013). Elastase mainly cleaves the peptide bond consisting of Val, Ala, 

Gly, Ser, and Tyr as carboxyl group (de Oliveira and Salgado, 2013). On the other hand, 

carboxypeptidase A acts on the carboxyl terminal end of polypeptide chains containing aromatic 
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and branched-chain AA residues (Auld, 2013), whereas carboxypeptidase B specifically 

hydrolyzes the carboxyl terminal of Arg and Lys of polypeptide chain (Avilés and Vendrell, 2013). 

Polypeptides in digesta from the stomach are digested to shorter polypeptide chains or free AA 

which flow into the jejunum and further digested and absorbed into the brush border membrane.  

Various proteolytic enzymes such as aminopeptidases and dipeptidases are produced by 

enterocytes in the brush border membrane, all of which are responsible for the final digestion of 

short-chain polypeptides (Pond et al., 2005). Most aminopeptidases from enterocytes belong to 

exopeptidase including aminopeptidase A, aminopeptidase N, and dipeptidyl-peptidase IV. 

Aminopeptidase A, generally referred to as glutamyl aminopeptidase, hydrolyzes Asp residues at 

the amino terminal end of peptide chains (Wang et al., 2013). Aminopeptidase N specifically 

cleaves the amino terminal end of peptide chains containing neutral AA residues (Turner, 2013). 

While both aminopeptidases A and N liberate free AA from peptide chains, dipeptidyl-peptidase 

IV catalyzes the hydrolysis of the carboxyl side of Pro at the second to last amino terminal end 

and liberates the dipeptide with Pro located at the carboxyl end (Misumi and Ikehara, 2013). 

Dipeptidyl-peptidase IV also acts on the carboxyl side of Ala and hydroxyproline, but the activity 

is lower than the residues with Pro (Misumi and Ikehara, 2013). Membrane dipeptidases produced 

by enterocytes specifically hydrolyze dipeptides to free AA regardless of the component of AA in 

dipeptides (Hooper, 2013). 

1.2.3 Absorption of Amino Acids in the Gastrointestinal Tract 

After several steps of protein digestion in the GIT, the final products of protein digestion, 

di- and tripeptides and free AA, in the lumen can be absorbed by either transcellular or paracellular 

transport (Trottier and Manjarín, 2012). The majority of AA absorption is through transcellular 

transport which includes simple diffusion, facilitated diffusion by transporter proteins, and active 

transport using energy-dependent transporter proteins (Trottier and Manjarín, 2012). Simple 

diffusion of free AA depends on the solubility of AA through the phospholipid bilayer membrane 

of enterocytes and concentration gradient of AA in enterocytes, whereas transporter-mediated 

absorption of free AA depends on the substrate specificity of transporter proteins which is usually 

driven by polarity of AA (Bröer, 2008; Trottier and Manjarín, 2012).  

Most of energy-dependent transporter proteins involve an electrochemical gradient of Na+ 

(Bröer, 2008). Electrochemical gradient of Na+ toward cytosol is created by the Na+-K+ pump 
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which extrudes 3 Na+ ions to the luminal area with the uptake of 2 K+ ions using 1 molecule of 

adenosine triphosphate (Voet et al., 2008). The extrusion of Na+ ions creates the local 

electrochemical gradient and provides Na+ to Na+-dependent transport systems which transport 1 

molecule of free AA together with 1 molecule of Na+ ion (Bröer, 2008). Major Na+-dependent 

transport systems found in the brush border membrane of enterocytes and their substrates are as 

follows: system A, Gly, Pro, Ala, Ser, Cys, Gln, Asn, His, and Met; system ASC, Ala, Ser, Cys, 

Thr, and Gln; system B0, neutral AA; system B0,+, neutral and basic AA; system IMINO, Pro; 

system X–
AG, acidic AA (Bröer, 2008). System B0,+ and IMINO require electrochemical gradient 

of Cl–, which is absorbed together with Na+ and free AA (Bröer, 2008). On the other hand, system 

X–
AG extrudes one molecule of K+ ion when absorbing Na+ and free AA (Bröer, 2008).  

Similar to simple diffusion, facilitated diffusion depends on the concentration gradient of 

AA in enterocytes; however, it involves the transporter proteins which are driven by substrate 

specificity. System b0,+, which is the major transport system for basic AA, is an antiporter which 

exchanges neutral AA in the cytosol for basic AA in the lumen (Bröer, 2008). System x–
c also 

transports Glu by the extrusion of cystine to the lumen (Bröer, 2008). On the other hand, system 

PAT transports Pro, Gly, and Ala together with H+ by negatively charged membrane potential 

(Bröer, 2008). System y+ is an uniport that transports Arg, Lys, and His (Bröer, 2008). 

Amino acids absorbed through the brush border membrane can be directly used by 

enterocytes or transported to the extracellular matrix through the basolateral membrane. Similar to 

the transport systems in the brush border membrane, free AA in the cytosol can be transported to 

the extracellular matrix via simple diffusion and transporter proteins. System T is found in the 

basolateral membrane which is a uniport for Phe, Tyr, and Trp by the concentration gradient (Bröer, 

2008). System X–
AG and y+ are also found in the basolateral membrane which perform the same 

transport as their counterparts in the brush border membrane (Bröer, 2008). In addition, system 

y+
L is responsible for the extrusion of basic AA by the uptake of neutral AA in the extracellular 

matrix (Bröer, 2008). On the other hand, unlike other transporter proteins located in the basolateral 

membrane, system L transports neutral AA except Pro from the circulation by the extrusion of Cys 

from the cytosol (Bröer, 2008). 

Di- or tripeptides in the lumen are subject to digestion by membrane peptidases. However, 

depending on the composition of AA in peptides, several di- or tripeptides carry low affinity to 

membrane peptidase which can be directly absorbed by peptide transport system, PepT1 (Trottier 
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and Manjarín, 2012). System PepT1 is exclusively located in the brush border membrane and 

transports peptides by the gradient of H+ (Trottier and Manjarín, 2012). Absorbed peptides can be 

digested to free AA in the cytosol or transported to the extracellular matrix, although the transport 

mechanism of peptides through the basolateral membrane has not been clearly elucidated (Trottier 

and Manjarín, 2012). 

1.2.4 Metabolism of Amino Acids 

Most AA absorbed after the digestion of dietary proteins are used for the synthesis of 

proteins required for various biological functions and growth of monogastric animals. However, 

before AA are transported to the organs, AA can be immediately metabolized in tissues of the GIT. 

Absorbed Glu and Gln are mostly metabolized and used as energy sources in enterocytes (Burrin 

and Stoll, 2009). When monogastric animals are under nutritionally challenging environments, 

additional supplementation of Glu or Gln may improve gut health and mitigate the impairment of 

growth performance (Bortoluzzi et al., 2018; Hou and Wu, 2018).  

Majority of AA are used for the synthesis of skeletal muscle protein for growth of 

monogastric animals. Muscle protein synthesis is mediated by the insulin signaling pathway 

toward the mechanistic target of rapamycin C1 (mTORC1; Suryawan et al., 2011). Insulin 

secreted by increased glucose concentration in the circulation activates protein kinase B, which 

stimulates mTORC1 and consequently initiates the protein synthesis in the ribosome (Suryawan 

et al., 2011). In addition, previous studies reported that Leu may activate mTOR and stimulate 

protein synthesis in the skeletal muscle in pigs (Suryawan et al., 2011) and broiler chickens 

(Ospina-Rojas et al., 2019). Activated mTORC1 stimulates the ribosome to synthesize proteins; 

however, protein synthesis does not occur if all required AA are not present. That is, even if one 

AA is limited but the other AA are sufficient in the pool, ribosomes cannot synthesize complete 

protein. The AA which limits the overall protein synthesis is named as limiting AA (NRC, 2012). 

Therefore, if a diet contains sufficient AA except for one AA, which is below the requirement, 

remaining AA are deaminated and wasted.  

Several AA are used for the synthesis of specific compounds required for maintenance of 

monogastric animals. Arginine is involved in the synthesis of urea which is the compound for 

excessive N excretion in pigs (Voet et al., 2008). Tryptophan is used for the synthesis of serotonin 

in the brain which regulates the appetite (Le Floc’h and Seve, 2007). In addition, Met produces S-
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adenosylmethionine as the metabolic intermediate which acts as a major S donor, and Cys is used 

for the synthesis of glutathione which is an antioxidant in the body (Brosnan and Brosnan, 2006). 

1.2.5 Requirements for Amino Acids 

In order to maximize the productivity of monogastric animals, it is necessary to accurately 

estimate the amount of dietary AA required to maintain health and optimal growth. In both broiler 

chickens and pigs, the requirements for AA has been generally determined by feeding 

experimental diets containing graded concentrations of AA and measuring the growth performance. 

Experimental diets should contain at least 4 levels of AA from deficient to excessive 

concentrations for the broken-line or quadratic regression analysis, and the average daily gain, 

gain-to-feed ratio, and concentration of blood urea N can be used as responses (Baker, 1986).  

Although direct measurement of AA requirements gives accurate concentration of dietary 

AA for animals used in experiments, there is a limitation in terms of implication of determined 

AA requirements in commercial farms due to the variations in genetic potential and housing 

environment. Therefore, modeling approach has been used to estimate the AA requirements of 

monogastric animals. In modeling approach for pigs, the requirements for AA is estimated by two 

major functions: maintenance and body protein deposition (van Milgen et al., 2008; NRC, 2012). 

The amount of AA required for maintenance is estimated based on the basal endogenous losses in 

the GIT and integument losses from skin and hair. On the other hand, the amount of AA required 

for body protein deposition is estimated by the stochastic models for body protein deposition 

including various factors such as physiological states, gender, genetic potential, or dietary 

characteristics.  

In broiler chickens, however, extensive review to generate the prediction models for AA 

requirements is limited, although several commercial models have been developed for general 

production (Oviedo-Rondón, 2015). Sakomura et al. (2015) reported the factorial models to 

estimate the requirements for Lys, Met + Cys, Thr, and Val in male broiler chickens. In the models 

suggested in Sakomura et al. (2015), the AA requirements are estimated by two components 

similar to the models for pigs (i.e., maintenance and body protein deposition). However, the AA 

requirements for maintenance are estimated by the fixed coefficient relative to metabolic BW 

which were determined by the extrapolation of linear regression models conducted with N balance 
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study. In addition, the AA requirements for body protein deposition are estimated by the linear 

regression models between the deposition of AA and BW gain.  

Protein quality of feed ingredients and diets have been generally evaluated by the ideal AA 

patterns, which is the ratio of the requirements for indispensable AA relative to that of Lys (Baker, 

2003; NRC, 2012). Lysine has been used as a standard AA for ideal AA patterns because it is 

generally a first-limiting AA in commercial corn-SBM-based diets for pigs, although Met is often 

considered as a first-limiting AA in commercial diets for broiler chickens. In addition, together 

with Thr, de novo synthesis of Lys does not occur in monogastric animals, and therefore, Lys is 

completely indispensable AA (NRC, 2012). Moreover, Lys is almost exclusively used for body 

protein deposition (Möhn et al., 2000). Ideal AA patterns for broiler chickens and growing-

finishing pigs suggested in previous studies are provided in Table 1.2. As AA requirements 

changes with BW of pigs, the ratio of indispensable AA to Lys also slightly changes. Therefore, 

target BW of animals needs to be considered when evaluating protein quality in feed ingredients 

using ideal AA patterns. 

1.3 Determination of Amino Acid Availability 

Availability of AA varies among feed ingredients, and it may be also affected by species 

of monogastric animals. Therefore, an accurate determination of AA availability with reliable 

methods is necessary for the optimal supply of AA to monogastric animals required for their 

maintenance and growth. In addition, various factors affecting digestibility of AA need to be 

assessed for an accurate evaluation of protein quality in feed ingredients. Basic concepts to 

describe the availability of AA are similar between broiler chickens and pigs, but there are several 

differences in terms of methodology. 

1.3.1 Relative bioavailability of Amino Acids 

Utilization of dietary AA by monogastric animals is often determined by the bioavailability 

of AA in test ingredients relative to standard ingredients. Relative bioavailability of AA is 

generally determined by the slope-ratio assay, which enables estimate of the proportion of the 

slope generated by responses from AA in test ingredients to the slope generated by responses from 

AA in standard ingredients (Batterham, 1992). Experimental diets should be prepared to be 
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deficient in AA of interest but not in other AA, and the concentration of AA of interest needs to 

gradually increase by either test ingredients or standard ingredients. The concentration of nutrients, 

other than AA of interest, and energy should be consistent in all experimental diets to ensure that 

responses such as growth performance or N retention is resulted from AA of interest. Moreover, 

results of experiments need to satisfy the 3 assumptions of slope-ratio assay: 1) linearity of 

responses; 2) common intercept for linear models from test ingredient and standard ingredient; 3) 

responses at 0 (i.e., blanks) for common intercepts (Littell et al., 1997). However, responses can 

be adjusted by appropriate statistical models if they do not fit into those assumptions.  

Relative bioavailability of AA includes the overall results of a certain AA beyond digestion 

and absorption (Stein et al., 2007). However, because relative bioavailability of AA indicates the 

relative value to standard ingredients, there is a limitation in implication of this value in diet 

formulation. In addition, nutrient composition in experimental diets other than AA of interest may 

affect the responses, leading to a large variation among results (NRC, 2012). Studies have been 

conducted to determine the relative bioavailability of AA to compare the 2 different sources of 

crystalline AA in both broiler chickens and pigs (Shen et al., 2014; Kong et al., 2016; Wang et al., 

2019). 

1.3.2 Digestibility of Amino Acids 

In both broiler chickens and pigs, nutritional values in feed ingredients and diets have been 

generally determined by digestibility of nutrients. Digestibility of nutrients represents the 

proportion of nutrients in feed ingredients or diets which can be digested and absorbed by 

monogastric animals. Indeed, digestibility values are determined by ‘indigestibility’ of nutrients 

which is calculated by the difference between the intake and excretion of nutrients (Adeola, 2001).  

1.3.2.1 Methods to Determine Digestibility of Nutrients 

Digestibility of nutrients can be directly measured if quantitative collection of feces or 

excreta is possible, which is referred to as the total collection method (Kong and Adeola, 2014). 

In the total collection method, it is necessary to accurately record the weight of feed intake and 

excretion of experimental animals (Adeola, 2001). Therefore, animals are generally housed 
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individually to measure the individual feed intake and separate the excretion of feces, urine, or 

excreta from those excreted by other animals.  

In the total collection method with pigs, feed intake is often restricted by offering a 

calculated daily feed allowance to avoid the waste of feed and feed refusal which hinder the 

accurate measurement of feed intake. Daily feed allowance can be prepared with 2.5 to 3.5 times 

the estimated metabolizable energy requirement (e.g., 197 kcal/kg BW0.60; NRC, 2012) or with 2.7 

to 4% of BW (Adeola, 2001). Daily feed allowance may be adjusted during the adaptation period 

to ensure that diets are completely consumed when offered to pigs during the collection period. 

After 3 to 7 d of adaptation period, feces originating from a given diet is quantitatively collected 

for 4 to 6 d of collection period (Adeola, 2001). For the quantitative collection of feces, the markers, 

indigestible compounds that change the color of feces, should be included in the first meal of the 

collection period and the first meal immediately after the collection period which enables the 

collection of feces originating from experimental diets offered during the collection period. Basic 

assumption of using the marker is that it moves along with the digesta in the GIT without being 

diffused to digesta originating from meals which do not contain the marker (Adeola, 2001). 

Compounds that have been used as markers include chromic oxide, ferric oxide, and indigo 

carmine (Adeola, 2001).  

In the total collection method with broiler chickens, precision-fed roosters or cockerels are 

generally used to determine the digestibility of nutrients in feed ingredients (Kong and Adeola, 

2014). Before feeding test ingredients or experimental diets, birds are fasted for 24 to 48 hr to 

empty the GIT. Then birds are fed test ingredients by inserting a feeding tube via the beak to the 

crop, and the quantitative collection of excreta is conducted for 48 hr. The assumption for the 

precision-fed assay is that collected excreta originates from force-fed test ingredients or 

experimental diets.  

Using the weight of feed intake, feces or excreta, and the analyzed concentration of the 

nutrient of interest in diets and feces or excreta, digestibility of a nutrient is calculated by the 

following equation (Kong and Adeola, 2014): 

Digestibility of nutrient (%) = [
(FI×NI) - (FO×NO)

FI×NI
] ×100 [1], 

where FI and FO are the weight of feed intake and feces or excreta output [kg dry matter (DM)], 

and NI and NO are the concentration of nutrient in feed and feces or excreta (g/kg DM).  
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Because the quantitative collection of feces or excreta is available by individually housing 

animals in specialized crates or pens, it has been generally used to determine the total tract 

digestibility of nutrients which represents the digestible and absorbable nutrients throughout the 

overall GIT. In broiler chickens, excreta contains both feces and urine. Therefore, the value 

determined by the total collection method is considered as total tract metabolizability or retention 

of nutrients.  

The total collection method is available only when the quantitative collection of feces or 

excreta from animals is available. However, digestibility of nutrients can be measured even if the 

quantitative collection of nutrients is not available. The index method enables calculation of the 

digestibility of nutrients using the indigestible index compound added in experimental diets. 

Unlike the marker used for the total collection method, indigestible index compounds do not 

indicate the initiation or termination of collection by changing color of feces or excreta but 

indicates the ratio between feed intake and excretion of feces or excreta. Indigestible index 

materials which have been generally used in digestibility trials include chromic oxide, titanium 

dioxide, and acid insoluble ash (Wang et al., 2017). Basic assumptions for the index method is as 

follows: 1) the indigestible index compound is completely indigestible and not absorbed or 

retained in the GIT; 2) the indigestible index compound is regularly excreted by feces or excreta 

together with undigested nutrients; 3) the indigestible index compound is uniformly distributed in 

diets and feces or excreta (Kong and Adeola, 2014). Therefore, it is assumed that the indigestible 

index material intake equals the amount of indigestible index materials excreted, which can be 

described as the following equations: 

FI × XI = FO × XO [2]; 

FO

FI
 = 

XI

XO
 [3], 

where XI and XO are the concentration of indigestible index (g/kg DM). On the other hand, 

Equation 1 for the total collection method can be rearranged as follows: 

Digestibility of nutrient (%) = [1 - 
FO×NO

FI×NI
] ×100 = [1 - (

FO

FI
×

NO

NI
)] ×100 [4]. 

Incorporating Equation 3 into Equation 4 derives the formula to calculate the digestibility of 

nutrients using the index method (Kong and Adeola, 2014): 

Digestibility of nutrient (%) = [1 - (
XI

XO
×

NO

NI
)] ×100 [5]. 
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The index method has been generally used to determine the ileal digestibility of nutrients 

because quantitative collection of ileal digesta is practically difficult, although several techniques 

enable the total collection of ileal digesta. In addition, the index method has been used to determine 

the total tract digestibility of nutrients when monogastric animals are housed in groups, thus, 

separate collection of feces or excreta from individual animals is limited. While an accurate record 

of feed intake and weight of feces or excreta is fundamental in the total collection method, 

chemical analysis of indigestible index material is critical in the index method, which are 

susceptible to variation due to the low concentration of indigestible index material in experimental 

diets and feces or excreta (Adeola, 2001). 

1.3.2.2 Total Tract and Ileal Digestibility of Amino Acids 

Among essential nutrients required for broiler chickens and pigs, digestibility of AA has 

been determined by ileal digestibility rather than total tract digestibility due to the following 

reasons. First, most of undigested AA are subject to microbial fermentation in the hindgut of 

monogastric animals. Various bacteria reside in the ceca of broiler chickens and large intestine of 

pigs, and proteins and AA are required to sustain the proliferation of microbiome. After proteins 

and AA in digesta are used by bacteria, ammonia and amines are excreted as metabolic end 

products of microbial fermentation (Just et al., 1981). Second, the analyzed concentration of AA 

in feces or excreta includes AA originating from gut microbes excreted together with undigested 

AA. Microbial population in the hindgut continuously changes depending on availability of 

nutrients and environment of the lumen. Therefore, a decrease in microbial population results in 

death of microbial cells which can be either utilized by other gut microbes or excreted via feces or 

excreta. Nitrogen content originating from gut microbes account for 62 to 76% of total N content 

in feces of pigs (NRC, 2012). Third, the majority of AA absorption occurs in the small intestine 

of both broiler chickens and pigs. As discussed earlier, enzymatic digestion of proteins mainly 

occurs in the foregut and small intestine. In addition, free AA and peptides liberated by proteolytic 

digestion are absorbed by enterocytes in the small intestine via diffusion or transporter proteins. 

Sauer et al. (1980) reported that the mean difference between apparent ileal and total tract 

digestibility of CP and AA was 7.6% units. Overall, ileal digestibility of AA is preferred to express 

the availability of AA compared to total tract digestibility of AA where availability of AA may be 
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biased by microbial fermentation of the hindgut with negligible absorption of AA (Sauer and 

Ozimek, 1986). 

1.3.2.3 Experimental Diets for Digestibility of Amino Acids 

Determination of AA digestibility in feed ingredients depends on the preparation of 

experimental diets. Digestibility of AA in test ingredients can be directly measured by preparing 

experimental diets containing test ingredients as the sole source of N, which is referred to as the 

direct method (Kong and Adeola, 2014). In the direct method, nutrients other than AA are supplied 

by purified ingredients such as cornstarch, dextrose, sucrose, limestone, or mono- or dicalcium 

phosphate. The direct method has been generally used in studies for determination of digestibility 

of AA in feed ingredients due to the ease of experimental diet preparation and calculation. 

However, it is hardly possible to provide the AA requirements of monogastric animals using a 

single test ingredient. In addition, most feed ingredients contain imbalanced AA contents required 

for monogastric animals which may hinder the digestibility of AA. Therefore, insufficient and 

imbalanced AA concentrations in experimental diets may negatively affect and underestimate the 

digestibility of AA compared to the actual potential of monogastric animals to digest and absorb 

AA in test ingredients.  

The difference method has often been used when test ingredients cannot provide sufficient 

nutrients of interest or high concentration of test ingredients in experimental diets causes adverse 

effects on animals such as reduced palatability or toxicity by antinutritional factors (Kong and 

Adeola, 2014). In the difference method, a reference diet is prepared with typical feed ingredients 

such as corn or SBM and contains adequate concentrations of nutrients. Test ingredients are added 

into the reference diet, and digestibility of nutrients of interest is calculated by the difference 

between digestibility values for experimental diets and the reference diet (Kong and Adeola, 2014). 

In studies for digestibility of AA, although using the difference method can prevent the potential 

negative effects of insufficient and imbalanced AA concentrations in diets, the difference method 

is rarely used except for specific feed ingredients due to the complex methodology and calculations 

as well as high susceptibility to variation among observations. 
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1.3.3 Methods to Determine Ileal Digestibility of Amino Acids 

Unlike the collection of feces or excreta, the collection of ileal digesta often involves 

invasive techniques which may interrupt the normal physiological condition of monogastric 

animals. Therefore, sophisticated surgical techniques have been developed to minimize the 

negative effects caused by the collection of ileal digesta samples. In addition, numerous studies 

have been conducted to evaluate the accurate ileal digestibility of AA by correcting AA which do 

not originate from experimental diets (i.e., endogenous losses), leading to a development of 

terminologies to describe the ileal digestibility of AA. 

1.3.3.1 Techniques to Determine Ileal Digestibility in Pigs 

In studies to determine ileal digestibility of AA in pigs, surgical insertion of T-cannula has 

been widely used which enables the collection of ileal digesta for a certain period of time (Sauer 

and Ozimek, 1986; Stein et al., 1998; Dilger et al., 2004). Before the surgery, pigs are fasted 

overnight to empty the small intestine and prevent infection by remaining digesta during the 

surgery. Pigs are anesthetized by injection of appropriate doses based on BW, and gas anesthesia 

is applied during the surgery. Then, the right posterior abdomen is incised through the peritoneum, 

and the distal ileum is longitudinally incised at 5 to 10 cm proximal to the ileocecal junction to 

insert the T-cannula. After insertion, the incision at the distal ileum is tightly sutured, and a 

puncture is made to exteriorize the barrel of the T-cannula. At last, the incisions on the peritoneum 

and abdomen are sutured and disinfected by antibiotic ointment. Before pigs are introduced to 

experiment, pigs are monitored and treated for 7 to 14 d as recovery period. During the recovery 

period, daily feed allowance is gradually increased to prevent the rupture of the incision area, and 

defecation is monitored which indicates the continuous flow of digesta in the GIT. The collection 

of ileal digesta during the experimental period is conducted by placing the plastic sample bags on 

the barrel of T-cannula. However, because ileal digesta can also flow into the cecum, total 

collection of ileal digesta is not possible using the T-cannula. Therefore, representativeness of 

collected ileal digesta samples is critical which may be controlled by frequency and duration of 

sample collection (Sauer and Ozimek, 1986).  

While the quantitative collection of ileal digesta is not available in the technique using T-

cannula, it is available in other techniques which also involve the surgical insertion of cannulas. 
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The technique using re-entrant cannula involves surgical insertion of proximal and distal cannulas 

at the distal ileum (Żebrowska and Buraczewski, 1998). Ileal digesta can be quantitatively 

collected via the proximal cannula, whereas ileal digesta flows through the distal cannula when 

ileal digesta samples are not collected. Because the re-entrant cannula technique requires 

transection of the distal ileum, the enteric nervous system is disrupted which controls the motility 

of digesta in the GIT (Sauer and Ozimek, 1986). Therefore, the collection of ileal digesta is often 

hindered by blockage of the cannula (Żebrowska and Buraczewski, 1998).  

Ileo-rectal anastomosis is the technique in which the quantitative collection of ileal digesta 

is also available. In this technique, the distal ileum is surgically connected to the distal colon to 

bypass and isolate the large intestine (Green et al., 1987). One of the major defects in ileo-rectal 

anastomosis is that digestive physiology in the GIT changes after the surgery. For example, diets 

need to contain greater concentrations of minerals due to the absence of mineral absorption in the 

large intestine (Żebrowska and Buraczewski, 1998). In addition, the intake of water increases 

because the absorption of water in the GIT is limited without the large intestine (Żebrowska and 

Buraczewski, 1998).  

Both re-entrant cannula technique and ileo-rectal anastomosis enable the quantitative 

collection of ileal digesta but require the transection of the intestine. However, the quantitative 

collection of ileal digesta without transection of the intestine can be achieved by surgical insertion 

of the post valve T-cecum cannula (PVTC). The cannula surgically fitted at the cecum extrudes 

ileocecal junction into the barrel of cannula when the cannula is open, which prevents the flow of 

ileal digesta to the cecum and allows quantitative collection of ileal digesta (van Leeuwen et al., 

1991). On the other hand, when the cannula is closed, ileal digesta flows into the cecum and do 

not disturb the overall flow of digesta in the GIT (van Leeuwen et al., 1991).  

One of the major advantages of the T-cannula technique is that the surgical procedure is 

relatively simple compared to the other techniques (Nyachoti et al., 1997). In addition, the T-

cannula technique does not involve the transection of the intestine which disrupts the motility of 

digesta in the GIT. Although the collection of representative ileal digesta samples and reliability 

on chemical analysis of indigestible index markers are major issues in T-cannula technique, pigs 

can maintain the normal physiological condition after the surgery which is required for an accurate 

determination of digestibility of AA. 
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1.3.3.2 Techniques to Determine Ileal Digestibility in Broiler Chickens 

Similar to the T-cannula technique in pigs, the technique which involves the surgical 

insertion of cannulas is also available in broiler chickens (Gurnsey et al., 1985); however, use of 

this technique is limited due to the complex surgical procedures and blockage of the cannula 

(Parsons, 2002). On the other hand, cecectomy has been performed to determine the ileal 

digestibility of AA which is relatively simpler than the surgical procedures for cannulation 

(Parsons, 2002). In this technique, the ceca of adult roosters or cockerels are surgically removed 

which allows ileal digesta to bypass the ceca and directly flow into the cloaca. Previous studies 

have been used cecectomized roosters or cockerels with precision-fed assay in which the 

quantitative collection of ileal digesta is possible (Parsons, 1985; Adedokun et al., 2009). However, 

one of the limitations of using precision-fed cecectomized roosters or cockerels is the potential 

effects of force-feeding which is different from normal feed intake of broiler chickens (Parsons, 

2002). In addition, removed ceca may interrupt the normal physiological condition of birds which 

may negatively affect the digestibility of AA.  

Instead of the invasive techniques, ileal digesta can be collected after euthanizing broiler 

chickens (Kong and Adeola, 2014). A group of broiler chickens are fed experimental diets for 4 to 

5 d, and then birds are euthanized and dissected for the collection of ileal digesta, which is 

generally collected from distal portion of the ileum (i.e., from Meckel’s diverticulum to ileocecal 

junction). Approximately distal two-thirds of the ileum is subject to the ileal digesta collection by 

flushing distilled water because most of AA absorption is completed before the ileum and 

sufficient sample is required for the chemical analysis (Kadim and Moughan, 1997). In general, 

the index method is used together with the euthanizing technique due to the limitation of 

quantitative ileal digesta collection.  

1.3.3.3 Endogenous Losses of Amino Acids 

In both broiler chickens and pigs, ileal digesta not only contains undigested dietary proteins 

and AA but also contains proteins and AA originating from the GIT and microbiome, which is 

considered as ileal endogenous losses (Stein et al., 2007; Adeola et al., 2016). Nyachoti et al. (1997) 

reported that ileal endogenous losses of AA originate from endogenous secretion from the 

digestive organs which are not reabsorbed, mucus, sloughed epithelial cells, and bacteria in the 
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small intestine. Ileal endogenous losses of AA can be divided into basal and specific ileal 

endogenous losses depending on the consideration of diet-specific factors (Adeola et al., 2016). 

Basal ileal endogenous losses (BEL) of AA are considered as the minimum losses of AA from the 

physical flow of digesta but not by diet-specific factors (Stein et al., 2007; Adeola et al., 2016). 

On the other hand, specific ileal endogenous losses of AA are considered as the losses of AA due 

to diet-specific factors such as ingredient and nutrient composition of diets or antinutritional 

factors (Stein et al., 2007; Adeola et al., 2016). Therefore, if the concentration of test ingredient in 

experimental diets increases, the BEL of AA are not affected, whereas the specific ileal 

endogenous losses of AA gradually increases (Stein et al., 2007). 

Various methods have been used to determine the BEL of AA in both broiler chickens and 

pigs. Feeding a N-free diet (NFD) has been commonly used to determine the BEL of AA due to 

its simplicity (Kong and Adeola, 2014). The NFD is prepared based on purified carbohydrate 

sources such as cornstarch or dextrose without any ingredient which contains proteins or AA. 

However, feeding NFD has been criticized due to the deficiency of AA in animals which affects 

the physiological condition of animals (Adeola et al., 2016). In addition, the overall BEL of AA 

may be underestimated due to the absence of dietary proteins which potentially stimulate the 

endogenous enzyme secretions (Stein et al., 2007). To overcome the potential negative effects 

caused by feeding NFD, feeding a diet containing low concentration of casein has been proposed 

based on the assumption that added casein is completely digested and absorbed (Nyachoti et al., 

1997). However, this assumption remains unclear, and consequently the BEL of AA may be 

overestimated due to the undigested proteins and AA from casein (Nyachoti et al., 1997). 

Adedokun et al. (2007) reported that the BEL of AA in broiler chickens linearly increased with 

increasing concentration of casein from 0 to 150 g/kg. In addition, Zhang et al. (2002) reported 

that the BEL of most AA in pigs fed NFD were less than those in pigs fed the diet containing 50 

g/kg casein. On the other hand, undigested proteins can be separated from the BEL of AA in the 

method using enzymatically-hydrolyzed casein (Darragh et al., 1990). In this method, animals are 

fed a diet containing enzymatically-hydrolyzed casein which consists of low-molecular weight 

peptides, and proteins in ileal digesta are separated by size to differentiate the BEL of AA and 

remaining undigested peptides. However, the BEL of AA may be overestimated because low-

molecular weight peptides may stimulate the endogenous proteolytic enzymes in the GIT (Golian 
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et al., 2008). When the index method is used together with the aforementioned methods, the BEL 

of AA is calculated by the following equations (Kong and Adeola, 2014): 

BEL of AA (g/kg DM intake) = [
FO×NO

FI
] = [NO×

FO

FI
] = [NO×

XI

XO
] [6]. 

In the technique using precision-fed cecectomized roosters or cockerels, the BEL of AA is 

estimated by collecting excreta from fasted birds (Parsons, 1985). However, this method may 

underestimate the BEL of AA because of the absence of feed intake (Adeola et al., 2016). 

Moreover, Adedokun et al. (2007) reported that the BEL of AA in broiler chickens were affected 

by the age of broiler chickens, which may imply that the BEL of AA in adult roosters and cockerels 

are not applicable for young broiler chickens.  

Several methods have been studied to estimate the total ileal endogenous losses (TEL) of 

AA, which is the sum of BEL and specific ileal endogenous losses of AA. The isotope dilution 

method involves animals continuously infused by 15N-AA, which labels the N pool of animals and 

enables the separation of TEL of N from undigested N in ileal digesta (de Lange et al., 1989). In 

addition, in the homoarginine method, animals are fed experimental diets processed by 

guanidination of Lys to homoarginine which allows the determination of the TEL of Lys (Nyachoti 

et al., 1997). Although the measurement of TEL of AA contributes to determination of absolute 

digestibility of AA in feed ingredients and diets, both isotope dilution and homoarginine methods 

require specialized analytical tools and laborious procedures (Stein et al., 2007).  

Each method to determine either BEL or TEL of AA carries limitations or specific 

assumptions which have not been completely verified. As a result, despite concerns regarding the 

deficiency of AA in animals, feeding NFD has been generally used to estimate the BEL of AA and 

subsequently calculate the SID of AA (Stein et al., 2007; Kong and Adeola, 2014). The mean BEL 

of AA in broiler chickens and pigs suggested in previous studies which summarized the values 

reported in published articles are presented in Table 1.3.  

1.3.3.4 Terminologies for Ileal Digestibility of Amino Acids 

Ileal digestibility of AA without the correction of ileal endogenous losses of AA is defined 

as the apparent ileal digestibility (AID; Stein et al., 2007). Because collected ileal digesta samples 

contain AA originating from both undigested proteins and ileal endogenous losses, digestibility 

values are affected by the concentration of CP in experimental diets (Fan et al., 1994). In collected 
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ileal digesta samples, the proportion of AA originating from ileal endogenous losses decreases 

with increasing proportion of AA originating from dietary undigested proteins and AA. Therefore, 

if the concentration of CP in experimental diets gradually increases, the AID of AA quadratically 

increases and reaches plateau (Fan et al., 1994). However, it should be noted that the maximum 

AID of AA (i.e., values at the plateau) which is not affected by dietary CP concentration still 

underestimates the digestibility of AA due to the remaining endogenous losses of AA in ileal 

digesta.  

Definitions of ileal digestibility of AA with the correction of ileal endogenous losses 

depend on the component of ileal endogenous losses used in calculations. The SID of AA 

represents the ileal digestibility corrected for the BEL of AA, whereas the true ileal digestibility 

of AA represents the ileal digestibility corrected for the TEL of AA (Stein et al., 2007). In the 

calculation of SID of AA, the BEL of AA is deducted from the total AA in ileal digesta based on 

the following equation: 

SID of AA (%) = [
(FI×NI) - {(FO×NO)−(FI×BEL)}

FI×NI
] ×100 [7]. 

This equation can be simplified by rearrangement and applying AID values as follows (Kong and 

Adeola, 2014): 

SID of AA (%) = [
(FI×NI) - (FO×NO)

FI×NI
+

BEL

NI
] ×100 = AID + [

BEL

NI
×100] [8]. 

Equations for the SID of AA can be also applied to calculate the true ileal digestibility of AA by 

replacing the BEL with TEL of AA.  

Due to the practical limitations in the determination of TEL of AA, the SID of AA has been 

widely used to evaluate the availability of AA in feed ingredients and diets (Kong and Adeola, 

2014). Moreover, previous studies have verified that the SID of most AA in test ingredients are 

additive in mixed diets for both broiler chickens and pigs (Wang et al., 2018; Osho et al., 2019). 

While the AID of AA in feed ingredients are not additive in mixed diets due to the influence of 

dietary CP concentrations, the SID of AA in feed ingredients are additive because the BEL of AA 

in ileal digesta is adjusted relative to DM intake of animals. Due to its additivity and consistency 

among experiments, the SID of AA is also used to describe the AA requirements of pigs (NRC, 

2012). In broiler chickens, however, few studies have been conducted to estimate the requirements 

for standardized ileal digestible AA (Zaboli et al., 2011; Lee et al., 2018). Extensive review to 
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summarize the AA requirements as well as terminologies for digestibility of AA for broiler 

chickens are required. 

1.3.4 Factors Affecting Digestibility of Amino Acids 

Various techniques have been used to collect ileal digesta samples from monogastric 

animals, and each technique carries specific assumptions which generally influence the variation 

among results. Consequently, the digestibility of AA in test ingredients may be affected by the 

techniques used to determine. In pigs, Köhler et al. (1990) reported that the AID of N in the corn-

wheat-SBM-based diet and pectin-rich diet were not different among the PVTC, T-cannula, and 

re-entrant cannula techniques; however, the AID of N in the fiber-rich diet and cornstarch-

wheatstarch-based diet determined by the PVTC technique was greater than the values determined 

by the re-entrant cannula technique. In broiler chickens, Adedokun et al. (2009) reported that the 

SID of most AA in distillers’ dried grains with solubles and corn were not affected by the 

techniques to determine digestibility of AA; however, broiler chickens fed diets containing canola 

meal, SBM, and meat and bone meal and euthanized for ileal digesta collection had greater SID of 

AA compared to precision-fed cecectomized roosters. Therefore, to mitigate the variation in results 

among studies, it is necessary to use consistent techniques to determine the digestibility of AA for 

appropriate interpretation of results.  

Digestibility of AA determined by the index method relies on the indigestible index 

compound used in experimental diets. Therefore, the type of indigestible index material may affect 

the digestibility of AA. Previous study conducted by Wang and Adeola (2018) revealed that in 

pigs fed corn-SBM-based diets, the AID of N determined by titanium dioxide as the indigestible 

index material was greater than the value determined by chromic oxide. However, Wang et al. 

(2018) reported that the AID or SID of AA in experimental diets mainly based on cornstarch was 

not affected by the type of indigestible index compound when titanium dioxide and chromic oxide 

were used. Therefore, it may be concluded that the type of indigestible index compound affects 

the digestibility of AA in corn-SBM-based diets, but not in semi-purified experimental diets 

(Wang and Adeola, 2018).  

Digestibility of AA can be affected by various diet-specific factors such as the 

concentration of dietary fiber, antinutritional factors, or processing of diets. Dietary fiber 

influences physiological functions of the GIT such as motility, pancreatic enzyme secretions, or 
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synthesis and secretion of mucus (Montagne et al., 2003), all of which are directly related to the 

digestion and absorption of AA. In addition, enzymatic digestion of dietary proteins and AA may 

be hindered by dietary fiber because it is the major component of the plant cell wall which 

encapsulates nutrients in plant cells (Adeola and Cowieson, 2011). Dilger et al. (2004) found that 

the SID of several AA in SBM linearly decreased with increasing concentration of soyhulls in 

experimental diets fed to pigs. Spindler et al. (2016) also reported the negative relationship 

between the SID of AA in pigs and the concentration of neutral detergent fiber in barley.  

Several feed ingredients contain antinutritional factors such as trypsin inhibitors in SBM 

or glucosinolates in rapeseed meal (Chiba, 2001). Trypsin inhibitors in soybean and SBM can bind 

to endogenous trypsin secreted by pancreas and interfere with the digestion of dietary proteins. 

Palliyeguru et al. (2011) reported that increasing trypsin inhibitor activity in corn-SBM-based diets 

linearly decreased the AID of CP in broiler chickens. To reduce the activity of trypsin inhibitors, 

heat treatment has been applied in the production of full-fat soybean and SBM for monogastric 

animals (Chiba, 2001). In rapeseed meal, glucosinolates does not carry antinutritional effects; 

however, the hydrolysis of glucosinolates by myrosinase produces toxic compounds which mainly 

cause goiter or thyroid dysfunction (Tripathi and Mishra, 2007). Glucosinolates and myrosinase 

are separately stored in rapeseeds, but physical processing or mastication of animals ruptures the 

storage structures and causes the reaction between glucosinolates and myrosinase (Tripathi and 

Mishra, 2007). To mitigate the negative effects of glucosinolates, rapeseeds containing less than 

30 µmol/g glucosinolates in the meal after oil extraction have been selected, which is referred to 

as canola seeds (Canola Council of Canada, 2015). In addition, heat treatment during the 

production of canola meal further reduces the negative effects of glucosinolates by inactivating 

myrosinase (Chiba, 2001). Therefore, heat treatment is necessary for processing of SBM and 

canola meal in order to reduce the negative effects of antinutritional factors. However, excessive 

heat treatment may denature the structure of proteins and eventually reduce the digestibility of AA, 

especially for Lys which binds to reducing sugars and form unreactive Lys in high temperatures 

(i.e., Maillard reaction; Kim et al., 2012). Previous studies have reported reduced SID of AA in 

pigs by excessive heat treatment for SBM (González-Vega et al., 2011) and canola meal (Almeida 

et al., 2014).  

Even though digestibility of AA in plant feed ingredients are affected by various factors, it 

is relatively consistent among sources compared to feed ingredients originating from animals. 
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Digestibility of AA in feed ingredients originating from animals varies among sources due to the 

large variation in processing conditions among rendering plants (Hicks and Verbeek, 2016). 

Differences in processing conditions such as byproduct components in final products, pressure, 

temperature, or time of heat treatment potentially affect the digestibility of AA. Ravindran et al. 

(2002) reported that the CV of AA concentrations in 19 sources of meat and bone meal ranged 

from 9.1% for Pro to 33.5% for Cys and that the AID of most AA were negatively correlated with 

the concentration of ash in broiler chickens. In addition, Shirley and Parsons (2000) found that the 

SID of AA in meat and bone meal was reduced when pressure during processing increased.  

1.4 Summary 

Amino acids are required for maintenance of normal physiological functions and growth 

of monogastric animals. Each AA carries its own specific characteristics, and classification of AA 

by nutritional necessity has been generally applied in monogastric nutrition. Indispensable AA 

include the AA which need to be provided by dietary proteins, whereas dispensable AA include 

the AA which can be sufficiently synthesized in the body of monogastric animals. Dietary proteins 

are mainly digested in the foregut and small intestine. However, there are distinct differences in 

the foregut between broiler chickens and pigs. The foregut of broiler chickens consists of the crop, 

proventriculus, and gizzard, whereas the stomach is the sole digestive organ in the foregut of pigs 

which is responsible for proteolytic digestion. After proteolytic digestion in the foregut, partially 

digested proteins and polypeptides are further digested in the small intestine by pancreatic enzymes 

and mucosal enzymes. Finally, free AA and di- and tripeptides, which are end products of 

proteolytic digestion, are absorbed into enterocytes. Absorbed AA can be either metabolized in 

enterocytes or transported to various organs and used for protein synthesis.  

To maximize the growth performance of animals, diets need to be prepared to meet the 

requirements for AA. In both broiler chickens and pigs, the AA requirements can be estimated by 

the factorial models using the requirements for maintenance and body protein deposition as 

components. Based on the estimated AA requirements, ideal AA patterns can be calculated and 

used to evaluate the protein quality of feed ingredients and diets. 

Availability of AA in feed ingredients and diets has been generally evaluated by the 

digestibility of AA. In addition, due to microbiome in the hindgut, ileal digestibility rather than 

total tract digestibility has been used to evaluate the digestibility of AA. As a result, various 
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techniques involving surgical procedures have been developed. In pigs, the T-cannula technique 

has been widely used due to its simplicity, although the collection of representative ileal digesta is 

controversial. In broiler chickens, euthanizing birds to collect ileal digesta samples may be 

preferred over using precision-fed cecectomized roosters or cockerels which involves peculiar and 

invasive feeding techniques.  

Amino acids in collected ileal digesta consist of AA originating from undigested dietary 

proteins and AA originating from endogenous losses. Ileal endogenous losses of AA can be 

divided into the BEL and specific ileal endogenous losses. The BEL of AA represents the 

inevitable and minimal losses of AA from animals, whereas specific ileal endogenous losses of 

AA represents the ileal endogenous losses induced by diet-specific factors. The BEL of AA has 

been generally determined by feeding NFD due to its simplicity. On the other hand, determination 

of the TEL of AA requires specific analytical tools and laborious procedures. 

Ileal digestibility of AA can be divided into apparent, standardized, and true ileal 

digestibility depending on the correction of ileal endogenous losses of AA. The AID of AA is 

calculated without the correction of the ileal endogenous losses of AA, whereas the SID and TID 

of AA are calculated by the correction of BEL and TEL of AA, respectively. Due to the limitations 

in determination of the TEL of AA and additivity of SID values in mixed diets, the SID of AA has 

been widely used to evaluate the availability of AA in feed ingredients and diets as well as to 

describe the AA requirements of animals. Digestibility of AA can be affected by various factors 

including techniques to collect ileal digesta, the type of indigestible index, and diet-specific factors 

such as the concentration of dietary fiber, antinutritional factors, or processing of feed ingredients.  

Experimental diets to determine the ileal digestibility of AA in feed ingredients have been 

prepared mainly based on purified carbohydrates such as cornstarch or dextrose; however, semi-

purified experimental diets may affect the ileal digestibility of AA due to deficient and imbalanced 

AA concentrations in experimental diets. In addition, previous studies have determined the effects 

of factors affecting digestibility of AA within broiler chickens or pigs. However, the effects of 

factors affecting digestibility of AA may be different between broiler chickens and pigs.  

1.5 Objective 

The objective of the studies conducted for this dissertation was to determine the effects of 

casein in experimental diets on SID of AA in corn distillers’ dried grains with solubles and to 
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compare the SID of AA in feed ingredients, which include full-fat soybean, two SBM, peanut flour, 

full-fat canola seeds, canola meal, canola expellers, hydrolyzed feather meal, flash-dried poultry 

protein, poultry meal, and meat and bone meal, in broiler chickens and pigs.  
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Table 1.1 Classification of amino acids 

Item Amino acid 

Chemical structure  

Aliphatic Gly, Ala, Ser, Thr, Asp, Asn, Glu, Gln, Arg, Lys 

Branched-chain Val, Leu, Ile 

Sulfur-containing Cys, Met 

Aromatic Phe, Tyr 

Heterocyclic Trp, Pro, His 

Polarity  

Nonpolar  Gly, Ala, Val, Leu, Ile, Met, Pro, Phe, Trp 

Uncharged polar Ser, Thr, Asn, Gln, Tyr, Cys 

Charged polar Lys, Arg, His, Asp, Glu 

Metabolism  

Glucogenic Thr, Arg, Met, Val, His, Cys, Glu, Gln, Asp, Asn, Gly, Ser, 

Pro, Ala 

Ketogenic Leu, Lys 

Glucogenic and ketogenic Ile, Phe, Tyr, Trp 

Nutritional necessity  

Indispensable His, Ile, Leu, Lys, Met, Phe, Thr, Trp, Val 

Conditionally indispensable Arg, Cys, Gln, Pro, Tyr 

Dispensable Ala, Asn, Asp, Glu, Gly, Ser 
Note: adapted from D’Mello (2003), Pond et al. (2005), Voet et al. (2008), and National Research Council (2012). 
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Table 1.2 Ideal amino acid (AA) patterns for broiler chickens and growing-finishing pigs 

 Broiler chickens  Pigs 

 Baker (2003)  van Milgen et al. (2008)1  National Research Council (2012)3 

 Age, wk  Body weight, kg  Body weight, kg 

Item 0-3  30-50 50-75 75-100 100-135  25-50 50-75 75-100 100-135 

Arg 105  42.2 42.1 42.1 41.7  45.9 45.8 45.9 46.2 

His 35  31.8 31.9 32.2 32.4  34.5 34.6 34.4 34.3 

Ile 67  60.2 60.3 60.4 60.5  52.0 52.5 53.0 53.8 

Leu 109  99.6 100.1 100.7 101.3  100.7 101.1 101.1 101.8 

Lys 100  100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0 

Met 36  30.2 30.2 30.1 30.1  29.1 29.1 29.0 29.0 

Phe 1053  49.5 49.9 50.6 51.1  59.5 60.3 60.1 60.9 

Thr 67  64.2 64.5 65.0 65.2  60.1 62.0 63.4 65.7 

Trp 16  17.9 18.0 18.3 18.4  16.9 17.3 17.5 17.8 

Val 77  69.8 70.2 70.8 71.2  64.9 65.4 66.1 67.5 
1Calculated by the requirements for standardized ileal digestible AA estimated by parameters suggested as default.  
2Calculated by the suggested estimations for standardized ileal digestible AA requirements of mixed gender. 
3Ratio of Phe + Tyr with Lys 
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Table 1.3 Mean values for the basal ileal endogenous losses of crude protein (CP) and amino acids 

(AA; g/kg dry matter intake) in broiler chickens and pigs fed nitrogen-free diets 

 Broiler chickens  Pigs 

Item Adeola et al. (2016)  Park et al. (2013) Adeola et al. (2016) 

CP 11.29  17.2 17.28 

Indispensable AA    

Arg 0.39  0.55 0.59 

His 0.18  0.18 0.17 

Ile 0.37  0.34 0.30 

Leu 0.56  0.57 0.50 

Lys 0.39  0.42 0.40 

Met 0.11  0.14 0.11 

Phe 0.37  0.36 0.32 

Thr 0.60  0.55 0.52 

Trp 0.09  0.14 0.13 

Val 0.51  0.48 0.46 

Dispensable AA    

Ala 0.39  - 0.57 

Asp 0.73  - 0.75 

Cys 0.41  - 0.17 

Glu 0.98  - 0.94 

Gly 0.47  - 1.46 

Pro 0.50  - 4.95 

Ser 0.56  - 0.65 

Tyr 0.30  - 0.35 
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 AMINO ACID DIGESTIBILITY OF CORN DISTILLERS’ 

DRIED GRAINS WITH SOLUBLES WITH THE ADDITION OF 

CASEIN IN PIGS 

A version of this chapter has been published in Journal of Animal Science. 

 

Park, C. S., D. Ragland, and O. Adeola. 2018. Amino acid digestibility of corn distillers’ dried 

grains with solubles with the addition of casein in pigs. J. Anim. Sci. 96:4674-4684. 

doi:10.1093/jas/sky309 

2.1 Abstract 

This experiment was conducted to determine the ileal digestibility of crude protein (CP) 

and amino acids (AA) in casein by regression analysis and to investigate the effects of casein in 

experimental diets on the apparent ileal digestibility (AID) and standardized ileal digestibility (SID) 

of CP and AA in corn distillers’ dried grains with solubles (DDGS) fed to pigs. Twenty barrows 

(initial body weight = 50.5 ± 4.46 kg) surgically fitted with T-cannulas at the distal ileum were 

used. Eighteen pigs were assigned to a triplicate 6 × 3 incomplete Latin Square design with 6 diets 

and 3 periods. Two pigs were used as replacements. Three diets were prepared to contain 60, 100, 

or 140 g/kg casein to determine the ileal digestibility of CP and AA in casein by regression analysis, 

and 2 diets were prepared to contain either 480 g/kg DDGS or 308 g/kg DDGS and 60 g/kg casein. 

Casein and DDGS were the sources of nitrogen in experimental diets. A nitrogen-free diet was 

prepared based on cornstarch and dextrose. Experimental periods consisted of 5 d of adaptation 

and 2 d of ileal digesta collection periods. The AID of CP and AA in casein linearly increased (P 

< 0.01) with increasing concentration of casein in the diets. The SID of indispensable AA in casein 

ranged from 94.7% (SEM = 1.16) for Ile in pigs fed the diet containing 60 g/kg casein to 103.3% 

(SEM = 2.21) for Arg in pigs fed the diet containing 100 g/kg casein. Except for Arg, pigs fed the 

diet containing DDGS and casein had greater (P < 0.001) SID of CP and indispensable AA than 

those fed the diet containing DDGS without casein. The ileal digestibility of indispensable AA in 

casein determined by regression analysis ranged from 96.8% (SE = 3.14) for Thr to 103.1% (SE = 

4.40) for Arg. The AID and SID of CP and AA for DDGS in the diet containing casein were 

calculated by difference method using the ileal digestibility of CP and AA in casein determined 

by regression analysis. The AID of Lys for DDGS in the diet containing casein were greater (P = 
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0.035) than those without casein; however, the AID of CP and the other indispensable AA, except 

for Arg, Phe, and Trp, for DDGS in the diet containing casein were less (P < 0.05) than those 

without casein. The SID of Lys and Phe for DDGS in the diet containing casein were greater (P < 

0.05) than those without casein. In conclusion, improved AA composition in semi-purified 

experimental diets may affect the SID of AA in low quality protein ingredients. 

Key words: amino acid, casein, digestibility, distillers’ dried grains with solubles, protein, swine 

2.2 Introduction 

Most of previous studies to determine the digestibility of crude protein (CP) and amino 

acids (AA) in feed ingredients have been conducted using pigs fed semi-purified diets containing 

feed ingredients of interest as the sole source of nitrogen (N). However, there may be AA 

deficiency in semi-purified diets because the concentration of AA in most of feed ingredients, 

especially for cereal grains and their byproducts, is not sufficient or balanced to maintain the 

normal physiological condition of pigs. Although this methodology is straightforward, impaired 

condition of pigs caused by feeding diets containing poor quality of AA composition may cause 

variation in the determined digestibility of CP and AA. 

Corn distillers’ dried grains with solubles (DDGS) has been widely used in swine diets, 

and many studies have been conducted to determine the standardized ileal digestibility (SID) of 

CP and AA in DDGS (Urriola et al., 2009; Kim et al., 2012; Adeola and Ragland, 2016). However, 

most of previous studies used semi-purified diets containing DDGS as the sole source of N, which 

could not provide adequate amount of AA for normal physiological function. 

Casein extracted from bovine milk has been considered as a high-quality protein because 

of its greater concentration of digestible CP and AA (Eklund et al., 2008; Cervantes-Pahm and 

Stein, 2010). Therefore, the addition of casein into experimental diets containing poor quality 

protein can increase the quality of CP and AA in diets and reduce malnutrition of pigs. However, 

to the best of our knowledge, the effects of the addition of casein into semi-purified experimental 

diets on digestibility of CP and AA in feed ingredient have not been addressed. Therefore, the 

objective of this experiment was to determine the ileal digestibility of CP and AA in casein by 

regression analysis and to investigate the effects of addition of casein in experimental diets on the 

apparent ileal digestibility (AID) and SID of CP and AA in DDGS fed to growing pigs. 
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2.3 Materials and Methods 

Experimental protocols with animals were reviewed and approved by the Purdue 

University Animal Care and Use Committee. 

2.3.1 Animals, Housing, and Experimental Design 

Twenty crossbred barrows with an initial body weight (BW) of 50.5 ± 4.46 kg were used. 

Pigs were surgically fitted with T-cannulas at the distal ileum described by Dilger et al. (2004) 

when the mean BW of pigs was approximate 20 kg and used for two digestibility trials before the 

current experiment. Following 2 digestion studies, pigs were fed a normal corn-soybean meal 

(SBM)-based diet for 13 d before the initiation of the current experiment. Pigs were individually 

housed in metabolism crates located in an environmentally controlled room. At the beginning of 

the experiment, 18 pigs were divided into 3 blocks based on BW and assigned to a triplicate 6 × 3 

incomplete Latin Square design with 6 dietary treatments and 3 periods using a spreadsheet 

program (Kim and Kim, 2010). Two pigs, the heaviest and lightest among 20 pigs, were used as 

replacements and fed randomly assigned dietary treatments to achieve 10 observations per dietary 

treatment. 

2.3.2 Experimental Diets, Feeding, and Sample Collection 

Casein, obtained from a local supplier, and DDGS, purchased from a local ethanol plant 

(Iroquois Bio-energy Company, Rensselaer, IN; Table 2.1), were used as the sources of N in 

experimental diets. Three cornstarch-dextrose-based purified diets were formulated to contain 60, 

100, or 140 g/kg casein (Table 2.2). To determine the effects of casein on the AID and SID of CP 

and AA in DDGS, two isonitrogenous semi-purified diets were prepared to contain either 480 g/kg 

DDGS or 308 g/kg DDGS and 60 g/kg casein. A N-free diet was prepared based on cornstarch and 

dextrose to determine the basal ileal endogenous losses of CP and AA in pigs. Diets were 

formulated to meet or exceed the vitamin and mineral requirement estimates of pigs with the BW 

ranged from 50 to 75 kg [National Research Council (NRC), 2012]. A 5 g/kg chromic oxide was 

added in all the diets as an indigestible marker. 

Feeding, collection of ileal digesta, and sample processing were as previously described in 

Park et al. (2017). 
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2.3.3 Chemical Analysis 

Casein, DDGS, experimental diets, and lyophilized ileal digesta samples were finely 

ground using a coffee grinder. Ground ingredients, diets, and ileal digesta samples were dried at 

105°C for 24 h in a forced-air drying oven (Precision Scientific Co., Chicago, IL) to measure the 

dry matter (DM) concentration [method 934.01; Association of Official Analytical Chemists 

(AOAC), 2006]. Ingredients, diets, and ileal digesta samples were analyzed for N by the 

combustion method (TruMac® N, LECO Corp., St. Joseph, MI; method 990.03; AOAC, 2000), 

and the CP concentration were calculated by multiplying 6.25 by the concentration of N. The 

analysis of AA was conducted by the University of Missouri Agricultural Experiment Station 

Chemical Laboratories (Columbia, MO). Before the analysis for AA concentration, ingredients, 

diets, and ileal digesta samples were hydrolyzed in 6 M HCl (or BaOH for the analysis of Trp) at 

110°C for 24 h under N atmosphere. For the analysis of Met and Cys, performic acid oxidation 

was conducted before acid hydrolysis. The concentration of AA in hydrolyzed samples were 

measured by high-performance liquid chromatography after post-column derivatization [AOAC, 

2006; method 982.30 E (a, b, c)]. The concentration of gross energy in casein and DDGS were 

analyzed by an isoperibol bomb calorimeter (Model 6200, Parr Instrument Co., Moline, IL). 

Casein and DDGS were analyzed for ether extract [method 920.39 (A); AOAC, 2006] and ash 

(method 942.05; AOAC, 2006). The concentration of crude fiber (method 978.10; AOAC, 2006), 

neutral detergent fiber (Van Soest et al., 1991), and acid detergent fiber [method 973.18 (AD); 

AOAC, 2006] were analyzed by a fiber analyzer (Ankom 200 Fiber Analyzer, Ankom Technology, 

Macedon, NY). The concentration of Cr in experimental diets and ileal digesta samples were 

measured by a spectrophotometer at 450 nm (Spectronic 21D; Milton Roy Co., Rochester, NY) 

after the wet digestion in nitric acid and 70% perchloric acid (Fenton and Fenton, 1979). 

2.3.4 Calculations 

The AID and SID (%) of CP and AA in casein, DDGS, and diet containing DDGS and 

casein were calculated by the concentration of Cr and CP or AA in experimental diets and ileal 

digesta samples as described by Park et al. (2017). The concentration of apparent ileal digestible 

CP and AA [g/kg DM intake (DMI)] were regressed against the concentration of CP and AA (g/kg 
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DMI) in diets to determine the ileal digestibility (%) of CP and AA in casein using the model 

suggested in Akinmusire and Adeola (2009): 

AAD = (ID × AAI) – EL, 

where AAD represents the concentration of apparent ileal digestible CP or AA, which were 

calculated by multiplying AID values and the concentration of CP or AA in diets; ID represents 

the coefficient of ileal digestibility, which is the slope of the regression model; AAI represents the 

concentration of CP or AA in diets; EL represents the endogenous losses of CP or AA as the y-

intercept of the regression model.  

The AID and SID of CP and AA for DDGS in the diet containing casein were calculated 

using the difference method described by Kong and Adeola (2014) using the following equation: 

AIDDG = IDCAS + [(AIDDiet – IDCAS)/PDG], 

where AIDDG and AIDDiet represent the AID of CP or AA (%) in DDGS and the diet containing 

DDGS and casein, respectively; IDCAS represents the ileal digestibility (%) of CP or AA in casein 

determined by regression analysis; PDG represents the proportion of CP or AA in diet contributed 

from DDGS, which was calculated as the concentration of CP or AA contributed from DDGS 

divided by the concentration of CP or AA in the diet containing DDGS and casein. The SID of CP 

and AA for DDGS in the diet containing casein were calculated using the same equation by 

replacing AID with SID. 

2.3.5 Statistical Analysis 

Data for the AID and SID of CP and AA in experimental diets were analyzed by MIXED 

procedure of SAS (SAS Inst. Inc., Cary, NC). The model included dietary treatment as a fixed 

variable and block, period, and animal within block as random variables. Two pigs for replacement 

was considered as another block and included in data analysis. Orthogonal polynomial contrasts 

were conducted to test the linear and quadratic effects of casein and to compare the AID and SID 

values for DDGS and diet containing DDGS and casein. The REG procedure of SAS was used for 

the regression analysis to estimate the ileal digestibility of CP and AA in casein. In the model, the 

concentration of CP or AA in the diets (g/kg DMI) was used as the independent variable, and the 

concentration of apparent ileal digestible CP or AA (g/kg DMI) was used as the dependent variable. 

The ileal digestibility (%) of CP and AA were calculated from the estimated parameters for the 

slopes multiplied by 100. Data for the AID and SID of CP and AA in DDGS from pigs fed diet 
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containing DDGS with or without the addition of casein were analyzed by two-sample, two-tailed 

t test by TTEST procedure of SAS. In all statistical analyses, experimental unit was the pig, and 

the significance was declared at an α level of 0.05. 

2.4 Results 

All pigs were in good condition during the experimental periods. Due to the limited amount 

of the diet containing 100 g/kg casein, one pig was excluded from the last experimental period. 

Therefore, there were 9 observations for the diet containing 100 g/kg of casein.  

2.4.1 Chemical Analysis 

The analyzed CP concentration was 880 g/kg for casein and 311 g/kg for DDGS on an as-

fed basis (Table 2.1). The analyzed concentration of ether extract in DDGS was 25.2 g/kg as-fed 

basis. The analyzed CP and AA concentration in experimental diets were comparable with the 

values calculated from the concentration of CP and AA in casein and DDGS (Table 2.3).  

2.4.2 Digestibility of Crude Protein and Amino Acids in Experimental Diets 

The AID of CP and AA in casein linearly increased (P < 0.01) with increasing 

concentration of casein in experimental diets (Table 2.4). However, there was no quadratic effect 

of graded concentration of casein on the AID of CP and AA. Pigs fed the diet containing DDGS 

and casein had greater (P < 0.001) AID of CP and indispensable AA, except for Arg, compared 

with those fed the diet containing DDGS without casein. 

The SID of CP and AA in casein were not affected by the concentration of casein in 

experimental diets (Table 2.5). The SID of indispensable AA in casein ranged from 94.7% for Ile 

in pigs fed the diet containing 60 g/kg casein to 103.3% for Arg in pigs fed the diet containing 100 

g/kg casein. Similar to the AID, the SID of CP and indispensable AA, except for Arg, in the diet 

containing DDGS and casein were greater (P < 0.001) than those in the diet containing DDGS 

without casein. 
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2.4.3 Ileal Digestibility of Crude Protein and Amino Acids in Casein Determined by 

Regression Analysis 

In the regression analyses for CP and indispensable AA, the r2 values ranged from 0.951 

for Arg to 0.996 for Met (Table 2.6). In the model for CP, the ileal digestibility was 100.8%, and 

the endogenous loss was 15.5 g/kg DMI with an r2 value of 0.975. The ileal digestibility of 

indispensable AA ranged from 96.8% for Thr to 103.1% for Arg. The endogenous losses of 

indispensable AA ranged from 0.088 g/kg DMI for Met to 0.718 g/kg DMI for Lys. The ileal 

digestibility of dispensable AA ranged from 95.5% for Cys to 117.4% for Gly. 

2.4.4 Effects of Casein on Digestibility of Crude Protein and Amino Acids in Corn 

Distillers’ Dried Grains with Solubles 

Pigs fed the DDGS diet containing casein had greater (P = 0.035) AID of Lys than those 

without casein (Table 2.7). However, the AID of CP, His, Ile, Leu, Met, Thr, and Val in DDGS 

without casein were greater (P < 0.05) than in DDGS diet containing casein. The AID of Ala, Glu, 

and Ser for DDGS diet containing casein were less (P < 0.05) than those without casein. The SID 

of Lys and Phe for DDGS diet containing casein were greater (P < 0.05) than those without casein. 

The SID of Asp, Gly, and Pro for DDGS diet containing casein were greater (P < 0.05) than those 

without casein. 

2.5 Discussion 

The analyzed concentration of CP and AA in casein agreed with the values in previous 

reports (Cervantes-Pahm and Stein, 2010; NRC, 2012; Brestenský et al., 2017). The analyzed 

concentration of CP and AA in DDGS were also within the range of values suggested in previous 

studies (Urriola et al., 2009; Kim et al., 2012; Kiarie et al., 2013; Xue et al., 2014), except for Arg 

and Lys, which were greater than previously reported values. In addition, the concentrations of GE 

and ether extract in DDGS were less than previously reported values. This difference may be due 

to the differences in the sources of corn used to produce DDGS, the ratio between distillers’ dried 

grains to added solubles, or the time for the fermentation of starch (Spiehs et al., 2002). 

The AID of CP and AA in casein linearly, but not quadratically, increased with increasing 

concentration of casein in experimental diets. Mariscal-Landín and Reis de Souza (2006) reported 

that the AID of Arg, His, Phe, Thr, Cys, and Pro linearly increased, but the AID of remaining AA, 
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except for Gly, quadratically increased with increasing concentration of casein in 4 experimental 

diets from 55.3 to 221.3 g/kg. Fan et al. (1994) reported that the AID of CP and AA in SBM 

quadratically increased and reached at the plateau as the concentration of CP in 6 experimental 

diets increases from 40 to 240 g/kg. Therefore, it may be concluded that the range of CP and AA 

in experimental diets used in the current experiment was not enough to observe the quadratic 

effects on the AID of CP and AA; however, it was appropriate to conduct the regression analysis 

between dietary and digestible CP and AA concentrations (Eklund et al., 2008). The SID of CP 

and AA in casein were similar with the values reported in Chung and Baker (1992) and Cervantes-

Pahm and Stein (2010). 

Regression analysis has been used to evaluate the ileal digestibility of CP and AA 

(Mariscal-Landín and Reis de Souza, 2006; Eklund et al., 2008; Reis de Souza et al., 2013) as well 

as to evaluate the digestibility of other nutrients (Johnston et al., 2013; Kim et al., 2013; Zhai and 

Adeola, 2013). However, the descriptive term for the digestibility (i.e., standardized or true) was 

not consistent although digestibility of nutrients was determined by the same regression analysis. 

It has been reported that the basal ileal endogenous losses of CP and AA in pigs can be estimated 

by regression analysis and that true ileal digestibility can be determined by correcting the total ileal 

endogenous losses of CP and AA, which can be determined by homoarginine method or isotope 

tracer dilution method, from the AID of CP and AA (Stein et al., 2007; Adeola et al., 2016). 

Therefore, the digestibility determined by regression analysis seems to be considered as the 

standardized digestibility; however, it may also be considered as the true ileal digestibility because 

the endogenous losses determined by regression analysis depend on feed ingredients as well as the 

concentration of a feed ingredient in experimental diets, which may be considered as the feed 

ingredient-specific endogenous losses. Therefore, to prevent the confusion with previous studies 

and with the various results in the current experiment, neither ‘standardized’ nor ‘true’ was used 

to describe the digestibility values determined by regression analysis in the current experiment. 

Likewise, neither ‘basal’ nor ‘total’ was used to describe the endogenous losses determined by the 

extrapolation to y-intercept. 

Eklund et al. (2008) reported that if the range of CP and AA in experimental diets is above 

the plateau responses of AID values, the ileal digestibility determined by regression analysis 

represents the AID, and therefore, the range of CP and AA needs to be close to the origin of the 

coordinate. In the current experiment, although it was not clear whether the range of CP and AA 
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was close enough to the origin of the coordinate, the range of CP and AA was below the plateau 

responses of AID values. The ileal digestibility of CP and AA in casein determined by regression 

analysis were comparable with the values reported in previous studies using growing pigs 

(Jørgensen and Gabert, 2001; Mariscal-Landín and Reis de Souza, 2006). The endogenous losses 

of CP and AA determined by y-intercept were also comparable with the previous reports 

(Jørgensen and Gabert, 2001; Mariscal-Landín and Reis de Souza, 2006) except for Lys, which 

was greater in the current experiment. The reason for this discrepancy remains unclear; however, 

it may be due to the differences in the ingredient composition of experimental diets or in the 

sources of casein used.  

Deficiency or imbalance of CP and AA in semi-purified diets has been concerned in 

previous studies. Liu and Adeola (2016), however, reported that the total tract digestibility of P in 

SBM determined by regression analysis was not affected by the addition of casein into semi-

purified diets containing SBM as the sole source of P. Pedersen et al. (2007) also reported that the 

digestible and metabolizable energy contents in 2 sources of corn were not affected by the addition 

of crystalline AA into diets containing corn as the sole source of energy. In the study to determine 

the ileal digestibility of CP and AA, a mixture of crystalline AA was provided to pigs during the 

adaptation period before collecting ileal digesta samples (Pedersen et al., 2007; Strang et al., 2017). 

Similar approach has been used in determination of basal ileal endogenous losses of CP and AA 

in pigs by adding low concentration of casein into N-free diet to prevent the abnormal 

physiological condition caused by AA deficiency (Adeola et al., 2016).  

The AID and SID of CP and AA in DDGS from pigs fed the diet containing DDGS without 

casein agreed with the previously reported values (Urriola et al., 2009; Kim et al., 2012; Kiarie et 

al., 2013; Xue et al., 2014) except for Lys, which was lower in the current experiment. It has been 

reported that the variation in the digestibility of Lys among sources of DDGS is greater than the 

other AA due to the Maillard reaction caused by heat damage (Stein and Shurson, 2009; Kim et 

al., 2012; Almeida et al., 2013). Therefore, it may be concluded that DDGS used in the current 

experiment may be treated in a high temperature during the process, and thus bioavailability of 

Lys decreased.  

Digestibility of CP and AA in pigs may increase from an upsurge in digestive enzyme 

secretion or increased expression of peptide or AA transporters in the small intestine or both. 

Morales et al. (2017) reported that the activity of trypsin and chymotrypsin increased in the 
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duodenum and jejunum of pigs fed the diet containing 281 g/kg CP compared with pigs fed the 

diet containing 192 g/kg CP with the supplementation of crystalline AA. However, in the current 

experiment, two diets containing DDGS with or without casein were formulated to contain the 

same concentration of CP. Moreover, Valette et al. (1992) reported that the activity of 

chymotrypsin in pigs fed the diet containing casein was less than that in pigs fed the diet containing 

rapeseed-concentrate protein, although the diets were prepared to contain the same concentration 

of CP as 120 g/kg from casein or rapeseed-concentrate protein as the sole source of N. Therefore, 

it may be concluded that the pancreatic enzyme activity in pigs used in the current experiment was 

not affected by the diets. Nevertheless, the SID of Lys and Phe increased when casein was added 

in the experimental diet. Therefore, it may be speculated that the expression or activity of 

transporters of peptide or AA in the small intestine increased due to the increased protein quality 

of the diet containing DDGS and casein. However, the evidence to explain the increased 

expression or activity of peptide or AA transporters is limited. Gilbert et al. (2008) reported that 

the mRNA expression of transporters in broiler chickens were affected by the quality of protein 

sources in diets with the results showing that the mRNA expression of intestinal peptide transporter 

1 (PepT1) and Na+-independent cationic and zwitterionic amino acid transporter (b0,+AT) in the 

small intestine of broiler chickens fed the diet containing 467 g/kg SBM were greater than those 

fed the diet containing 342 g/kg corn gluten meal. Because Lys is one of the main substrates for 

b0,+AT (Bröer, 2008), it may partially explain the increased digestibility of Lys in the current 

experiment. However, because the substrates for PepT1 are di- and tripeptide (Herrera-Ruiz and 

Knipp, 2003), it remains unclear why the digestibility of Phe, but not all AA, increased. Further 

research is needed to verify the relationship between dietary protein quality and the expression or 

activity of peptide or AA transporters.  

The standardized ileal digestible AA concentration in all experimental diets in the current 

study except for the diet containing 140 g/kg casein were less than suggested standardized ileal 

digestible AA requirement in NRC (2012). However, the SID of AA in diets containing 60 or 100 

g/kg casein were not underestimated based on the results that there were no linear or quadratic 

effects of graded concentration of casein on the SID of AA in casein. Thus, the digestibility of AA 

from readily digestible protein was not affected by deficiency of AA.  

In the current experiment, two diets containing DDGS with or without casein were 

formulated to contain the same concentration of CP to prevent the potential effect of dietary CP 
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concentration on digestibility of CP and AA. However, when the digestibility of CP and AA in 

DDGS were calculated from pigs fed the diet containing DDGS and casein, the CP and AA 

contributed from casein were deducted by their digestibility values, which eventually decreased 

the concentration of CP and AA contributed from DDGS in the diet. Due to the decreased CP 

contributed from DDGS, the AID of CP and several AA for DDGS in the diet containing casein 

decreased compared with those without casein. This result was consistent with previous reports 

which suggested that the AID of CP and AA increased with increasing concentration of dietary 

CP concentration (Fan et al., 1994) due to the decreased proportional contribution of endogenous 

losses of CP and AA in ileal digesta (Kong and Adeola, 2014). However, it remains unclear 

whether increased SID of Lys and Phe for DDGS in the diet containing casein was due to the 

addition of casein or decreased contribution of CP from DDGS. Although Adebiyi et al. (2015) 

reported that the dietary concentration of CP as 150 or 190 g/kg did not affect the AID and SID of 

CP and AA in pigs fed the diets containing corn and DDGS, further research is needed to clarify 

whether the supplementation of casein increases the digestibility of AA in DDGS regardless of 

dietary CP concentration. 

In conclusion, the ileal digestibility of CP and AA determined by regression analysis were 

close to 100%, which indicated that the CP and AA in casein were highly digestible in the small 

intestine of pigs. The addition of casein in DDGS diet increased the SID of Lys and Phe compared 

with values for DDGS diet without casein. Therefore, improved AA composition in the semi-

purified experimental diet may increase the SID of several AA in test ingredients with low quality 

of AA composition.  
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Table 2.1 Analyzed chemical composition of casein and corn distillers’ dried grains with solubles 

(DDGS), g/kg as-fed basis 

 Ingredient 

Item Casein DDGS 

Dry matter 923 874 

Gross energy, kcal/kg 5,419 4,089 

Crude protein (nitrogen × 6.25) 880 311 

Ether extract 3.6 25.2 

Crude fiber - 35.6 

Ash 12.6 39.6 

Neutral detergent fiber - 122 

Acid detergent fiber - 74.5 

Indispensable amino acid   

Arg 26.9 19.7 

His 25.3 8.1 

Ile 50.2 14.3 

Leu 87.4 28.2 

Lys 69.2 16.2 

Met 27.7 5.0 

Phe 46.1 16.0 

Thr 39.2 11.8 

Trp 14.0 3.7 

Val 60.4 15.4 

Dispensable amino acid   

Ala 26.1 16.0 

Asp 60.3 30.4 

Cys 3.3 5.0 

Glu 180.9 52.3 

Gly 15.9 13.3 

Pro 107.0 18.4 

Ser 40.0 13.1 

Tyr 50.1 11.2 
Note: approximately 1-kg subsamples were collected for analyses. 

Note: mean values of duplicate analyses except for ether extract (n = 6) in DDGS and amino acids (n 

= 1) in casein. 
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Table 2.2 Ingredient composition of experimental diets, g/kg as-fed basis 

  Diet1 

 Casein, g/kg: 60 100 140 - 60   

Item DDGS, g/kg: - - - 480 308  NFD 

Cornstarch 710.1 670.1 630.1 340.6 452.6  768.6 

Casein 60.0 100.0 140.0 0.0 60.0  0.0 

DDGS 0.0 0.0 0.0 480.0 308.0  0.0 

Dextrose 100.0 100.0 100.0 100.0 100.0  100.0 

Soybean oil 30.0 30.0 30.0 30.0 30.0  30.0 

Cellulose2 40.0 40.0 40.0 0.0 0.0  40.0 

Limestone 10.5 10.5 10.5 13.5 13.5  9.5 

Monocalcium phosphate 12.5 12.5 12.5 4.0 4.0  15.0 

Salt 4.0 4.0 4.0 4.0 4.0  4.0 

Potassium carbonate 4.0 4.0 4.0 0.0 0.0  4.0 

Magnesium oxide 1.0 1.0 1.0 0.0 0.0  1.0 

Vitamin premix3 1.5 1.5 1.5 1.5 1.5  1.5 

Mineral premix4 0.9 0.9 0.9 0.9 0.9  0.9 

Selenium premix5 0.5 0.5 0.5 0.5 0.5  0.5 

Chromic oxide premix6 25.0 25.0 25.0 25.0 25.0  25.0 

Total 1,000 1,000 1,000 1,000 1,000  1,000 
1DDGS = corn distillers’ dried grains with solubles; NFD = nitrogen-free diet. 
2Solka-Floc® 40 FCC, International Fiber Corporation, Urbana, OH. 
3Provided the following quantities per kilogram of complete diet: vitamin A, 3,960 IU; vitamin D3, 396 IU; 

vitamin E, 26.4 IU; menadione, 1.30 mg; riboflavin, 5.30 mg; D-pantothenic acid, 13.2 mg; niacin, 19.8 mg; 

vitamin B12, 0.02 mg. 
4Provided the following quantities per kilogram of complete diet: I, 0.33 mg; Mn, 15.4 mg; Cu, 8.13 mg; Fe, 175 

mg; Zn, 134 mg. 
5Provided 0.3 mg Se/kg of complete diet. 
6Provided 5 g chromic oxide/kg of complete diet. 
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Table 2.3 Analyzed concentration of crude protein (CP) and amino acids (AA) in experimental 

diets, g/kg as-fed basis 

  Diet1 

 Casein, g/kg: 60 100 140 - 60   

Item DDGS, g/kg: - - - 480 308  NFD 

CP (nitrogen × 6.25) 55.9 86.8 123.5 133.0 136.5  7.52 

Indispensable AA        

Arg 1.60 2.30 3.30 5.40 5.00  0.10 

His 1.60 2.40 3.50 3.40 3.60  0.00 

Ile 3.40 5.10 7.60 5.35 6.65  0.10 

Leu 5.80 8.70 12.40 14.80 14.85  0.20 

Lys 4.60 6.80 9.80 3.95 6.65  0.10 

Met 1.70 2.50 3.60 2.35 3.15  0.10 

Phe 3.10 4.50 6.40 6.25 6.85  0.10 

Thr 2.60 3.90 5.50 4.90 5.55  0.10 

Trp 0.80 1.20 1.60 1.00 1.25  0.00 

Val 4.00 5.90 8.50 6.55 7.80  0.20 

Dispensable AA        

Ala 1.80 2.70 3.80 9.10 7.55  0.20 

Asp 4.00 6.00 8.50 8.70 9.30  0.20 

Cys 0.20 0.30 0.50 2.50 1.90  0.10 

Glu 12.70 19.10 26.90 19.80 24.10  0.70 

Gly 1.10 1.60 2.30 5.55 4.60  0.10 

Pro 6.70 10.30 14.80 9.85 12.50  0.10 

Ser 2.90 4.30 6.00 5.35 5.95  0.10 

Tyr 1.70 2.40 3.30 3.85 4.80  0.10 
1DDGS = corn distillers’ dried grains with solubles; NFD = nitrogen-free diet. 
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Table 2.4 Apparent ileal digestibility (%) of crude protein (CP) and amino acids (AA) in experimental diets fed to pigs 

 Diet1      

 Casein, g/kg: 60 100 140 - 60   P-value2 

Item DDGS, g/kg: - - - 480 308 SEM 
 

Linear Quadratic D vs. D + C 

CP 75.2 85.5 89.1 64.3 74.9 1.83 
 

< 0.001 0.155 < 0.001 

Indispensable AA 
          

Arg 71.5 82.5 87.9 75.9 80.0 2.21 
 

< 0.001 0.314 0.179 

His 88.4 93.3 94.5 72.7 80.5 1.08 
 

< 0.001 0.179 < 0.001 

Ile 86.6 92.3 93.7 71.9 81.3 1.16 
 

< 0.001 0.099 < 0.001 

Leu 90.6 93.8 95.1 82.1 87.0 0.92 
 

< 0.001 0.364 < 0.001 

Lys 85.4 90.6 92.6 33.6 68.4 1.75 
 

0.002 0.439 < 0.001 

Met 94.3 96.6 96.8 76.3 86.9 0.70 
 

0.002 0.137 < 0.001 

Phe 89.9 93.1 94.5 75.0 83.6 1.08 
 

0.002 0.452 < 0.001 

Thr 77.9 84.4 87.7 56.6 69.7 1.74 
 

< 0.001 0.472 < 0.001 

Trp 84.9 90.5 91.5 68.3 80.5 1.68 
 

0.006 0.282 < 0.001 

Val 85.2 90.5 92.2 66.7 77.4 1.16 
 

< 0.001 0.197 < 0.001 

Dispensable AA 
          

Ala 69.6 81.0 85.6 75.3 78.1 2.45 
 

< 0.001 0.256 0.399 

Asp 81.3 88.7 90.3 59.3 71.5 1.82 
 

< 0.001 0.193 < 0.001 

Cys 24.7 47.8 67.0 63.7 65.9 6.44 
 

< 0.001 0.803 0.802 

Glu 89.6 93.9 94.9 77.7 85.3 0.89 
 

< 0.001 0.141 < 0.001 

Gly 6.0 52.0 65.0 55.1 60.5 8.57 
 

< 0.001 0.106 0.627 

Pro 53.9 77.4 84.1 63.3 79.9 4.94 
 

< 0.001 0.135 0.009 

Ser 78.6 85.7 89.1 65.9 73.6 1.33 
 

< 0.001 0.286 < 0.001 

Tyr 86.8 90.9 92.4 70.7 83.3 1.42 
 

0.003 0.436 < 0.001 
Note: each least squares mean represents 10 observations except for the diet containing 100 g/kg casein (9 observations). 
1DDGS = corn distillers’ dried grains with solubles. 
2Linear = linear effect of casein; Quadratic = quadratic effect of casein; D vs. D + C = contrast between diet containing DDGS and that containing DDGS plus 

casein. 
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Table 2.5 Standardized ileal digestibility (%) of crude protein (CP) and amino acids (AA) in experimental diets fed to pigs 

 Diet1      

 Casein, g/kg: 60 100 140 - 60   P-value2 

Item DDGS, g/kg: - - - 480 308 SEM 
 

Linear Quadratic D vs. D + C 

CP 98.0 100.2 99.4 73.8 84.2 1.83  0.591 0.518 < 0.001 

Indispensable AA           

Arg 101.3 103.3 102.3 84.6 89.9 2.21  0.737 0.598 0.085 

His 97.7 99.5 98.7 76.8 84.7 1.08  0.479 0.345 < 0.001 

Ile 94.7 97.8 97.3 76.7 85.4 1.16  0.072 0.184 < 0.001 

Leu 98.1 98.8 98.6 84.9 89.9 0.92  0.667 0.637 < 0.001 

Lys 96.6 98.1 97.8 46.2 76.3 1.75  0.574 0.639 < 0.001 

Met 98.6 99.6 98.9 79.4 89.2 0.70  0.711 0.239 < 0.001 

Phe 98.8 99.3 98.8 79.3 87.7 1.08  0.973 0.691 < 0.001 

Thr 96.4 96.7 96.4 66.3 78.5 1.74  0.989 0.879 < 0.001 

Trp 95.8 97.8 96.9 76.9 87.2 1.68  0.616 0.505 < 0.001 

Val 96.8 98.4 97.6 73.5 83.4 1.16  0.562 0.397 < 0.001 

Dispensable AA           

Ala 97.3 99.5 98.7 80.6 84.7 2.45  0.678 0.611 0.213 

Asp 97.2 99.3 97.7 66.5 78.5 1.82  0.815 0.400 < 0.001 

Cys 92.0 92.8 93.8 69.3 73.4 6.44  0.832 0.990 0.638 

Glu 95.6 97.9 97.7 81.5 88.6 0.89  0.076 0.269 < 0.001 

Gly 104.5 120.0 112.1 73.8 84.1 8.57  0.503 0.249 0.365 

Pro 107.4 112.3 108.3 97.7 108.3 4.94  0.890 0.421 0.086 

Ser 92.9 95.3 96.0 73.4 80.7 1.33  0.091 0.601 < 0.001 

Tyr 98.3 99.1 98.3 76.2 87.8 1.42  0.996 0.647 < 0.001 
Note: each least squares mean represents 10 observations except for the diet containing 100 g/kg casein (9 observations). 

Note: values for the standardized ileal digestibility was calculated by correcting basal ileal endogenous losses of CP and AA (g/kg dry matter intake) in pigs fed 

nitrogen-free diet from values for the apparent ileal digestibility: CP, 14.1; Arg, 0.529; His, 0.165; Ile, 0.306; Leu, 0.481; Lys, 0.568; Met, 0.082; Phe, 0.308; 

Thr, 0.533; Trp, 0.096; Val, 0.514; Ala, 0.553; Asp, 0.704; Cys, 0.150; Glu, 0.846; Gly, 1.204; Pro, 3.984; Ser, 0.460; Tyr, 0.218. 
1DDGS = corn distillers’ dried grains with solubles. 
2Linear = linear effect of casein; Quadratic = quadratic effect of casein; D vs. D + C = contrast between diet containing DDGS and that containing DDGS plus 

casein. 
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Table 2.6 Ileal digestibility (%) and endogenous losses [g/kg dry matter intake (DMI)] of crude 

protein (CP) and amino acids (AA) in pigs fed diets containing graded concentration of casein 

determined by regression analysis 

 Regression analysis parameters1     

 Slope  Intercept  Statistical parameters 

Item Digestibility SE  Endogenous loss SE  RMSE r2 P-value 

CP 100.8 3.07  15.5 3.18  5.197 0.975 < 0.001 

Indispensable AA         

Arg 103.1 4.40  0.548 0.1226  0.188 0.951 < 0.001 

His 99.9 1.77  0.196 0.0516  0.084 0.991 < 0.001 

Ile 99.5 1.79  0.464 0.1125  0.189 0.991 < 0.001 

Leu 99.1 1.61  0.539 0.1682  0.266 0.993 < 0.001 

Lys 99.7 2.06  0.718 0.1693  0.268 0.988 < 0.001 

Met 99.2 1.13  0.088 0.0343  0.054 0.996 < 0.001 

Phe 98.9 1.89  0.304 0.1021  0.156 0.990 < 0.001 

Thr 96.8 3.14  0.546 0.1460  0.228 0.971 < 0.001 

Trp 98.6 3.17  0.117 0.0439  0.063 0.972 < 0.001 

Val 98.9 2.08  0.589 0.1482  0.234 0.988 < 0.001 

Dispensable AA         

Ala 99.7 4.82  0.590 0.1550  0.241 0.938 < 0.001 

Asp 98.6 3.17  0.737 0.2272  0.357 0.972 < 0.001 

Cys 95.5 9.10  0.158 0.0362  0.069 0.796 < 0.001 

Glu 99.7 1.51  1.369 0.3435  0.536 0.994 < 0.001 

Gly 117.4 15.04  1.293 0.2912  0.453 0.681 < 0.001 

Pro 112.4 7.70  4.265 0.9526  1.559 0.884 < 0.001 

Ser 99.3 2.59  0.661 0.1320  0.201 0.981 < 0.001 

Tyr 98.5 2.76  0.218 0.0784  0.111 0.979 < 0.001 
Note: regression analysis was conducted with the concentration of CP or AA (g/kg DMI) and the concentration of 

apparent ileal digestible CP or AA (g/kg DMI) in diets containing 60, 100, and 140 g/kg casein (29 observations). 
1Ileal digestibility was estimated by multiplying the slope by 100, and the endogenous loss was estimated by the 

absolute value of y-intercept.  
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Table 2.7 Apparent and standardized ileal digestibility (%) of crude protein (CP) and amino acids 

(AA) in corn distillers’ dried grains with solubles (DDGS) with or without the addition of casein 

fed to pigs 

 Apparent ileal digestibility  Standardized ileal digestibility 

 DDGS    DDGS   

Item – Casein + Casein SE P-value  – Casein + Casein SE P-value 

CP 64.3 61.2 1.28 0.024  73.8 75.6 1.28 0.171 

Indispensable AA        

Arg 75.9 74.5 1.21 0.278  84.6 87.1 1.21 0.050 

His 72.8 68.9 1.18 0.004  76.9 75.5 1.18 0.267 

Ile 71.9 69.0 1.21 0.026  76.8 76.0 1.21 0.516 

Leu 82.1 79.7 0.76 0.005  84.9 84.4 0.76 0.520 

Lys 33.6 41.6 3.53 0.035  46.2 56.5 3.53 0.009 

Met 76.4 73.6 0.78 0.002  79.4 78.4 0.78 0.222 

Phe 75.0 75.2 1.03 0.853  79.3 81.6 1.03 0.044 

Thr 56.6 51.7 1.88 0.019  66.3 66.5 1.88 0.884 

Trp 68.4 67.6 2.06 0.722  76.9 79.2 2.06 0.287 

Val 66.7 61.4 1.45 0.002  73.4 72.0 1.45 0.332 

Dispensable AA        

Ala 75.3 71.0 0.92 < 0.001  80.6 79.8 0.92 0.403 

Asp 59.4 61.3 1.84 0.328  66.6 70.9 1.84 0.030 

Cys 63.8 61.9 1.64 0.259  69.3 70.4 1.64 0.524 

Glu 77.8 75.5 0.89 0.022  81.5 81.0 0.89 0.583 

Gly 55.1 51.3 2.53 0.157  73.8 80.3 2.53 0.019 

Pro 62.9 56.8 4.68 0.212  97.3 117.1 4.68 < 0.001 

Ser 65.8 58.0 1.83 < 0.001  73.3 69.5 1.83 0.050 

Tyr 70.8 69.9 1.40 0.547  76.3 78.5 1.40 0.127 

Note: each mean represents 10 observations. 

Note: digestibility of CP and AA in the diet containing DDGS with the addition of casein 

at 60 g/kg were calculated using the difference method with the ileal digestibility of CP and AA 

in casein determined by regression analysis. 
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 AMINO ACID DIGESTIBILITY IN CORN DISTILLERS’ 

DRIED GRAINS WITH SOLUBLES FOR GROWING PIGS WITH 

GRADED CONCENTRATION OF CASEIN AT TWO DIETARY 

CRUDE PROTEIN CONCENTRATIONS 

3.1 Abstract 

Determination of amino acid (AA) digestibility in corn distillers’ dried grains with solubles 

(DDGS) may be affected by characteristics of experimental diets such as protein quality of diets 

or the concentration of crude protein (CP) contributed from DDGS. Studies were conducted to 

determine the effects of graded concentration of casein in experimental diets on standardized ileal 

digestibility (SID) of AA in DDGS (Exp. 1) and the SID of AA in DDGS responses to DDGS 

concentration in and casein addition to experimental diets (Exp. 2). In Exp. 1, 20 pigs (initial body 

weight = 45.3 ± 1.80 kg), surgically fitted with T-cannulas at the distal ileum were allocated to a 

quadruplicate 5 × 2 incomplete Latin square design with 5 diets and 2 periods. Experimental diets 

consisted of 4 isonitrogenous diets containing graded concentration of casein with decreasing 

concentration of DDGS and a nitrogen-free diet. Each experimental period was composed of 5-d 

adaptation and 2-d ileal digesta collection periods. The SID of AA in experimental diets linearly 

increased (P < 0.001) as dietary casein concentrations increase. However, the SID of indispensable 

AA, except for Arg and Lys, in DDGS linearly decreased (P < 0.05) with increasing concentration 

of casein in experimental diets. In Exp. 2, the same 20 pigs (initial body weight = 52.8 ± 2.99 kg) 

and experimental design as Exp. 1 were used with different dietary treatments. Experimental diets 

were prepared as a 2 × 2 factorial arrangement with the concentration of DDGS at 466.8 or 155.6 

g/kg and the addition of casein at 0 or 110 g/kg in experimental diets, plus and a nitrogen-free diet. 

Experimental procedures were the same as Exp. 1. Pigs fed the diet containing 466.8 g/kg DDGS 

without casein had greater (P < 0.05) SID of Arg, Ile, Lys, Met, Thr, and Val in diets than those 

fed the diet containing 155.6 g/kg DDGS without casein but had less (P < 0.05) SID values than 

those fed the diets containing DDGS and casein. Pigs fed experimental diets containing 466.8 g/kg 

DDGS had greater (P < 0.01) SID of indispensable AA, except for Trp, in DDGS than those fed 

diets containing 155.6 g/kg DDGS regardless of the addition of casein. The addition of casein in 

experimental diets did not affect the SID of CP and indispensable AA, except for Arg, in DDGS. 

In conclusion, the addition of casein did not affect the SID of most AA in DDGS, but the low 
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concentration of CP contributed from DDGS in experimental diets reduced the SID of most AA in 

DDGS. 

Key words: amino acid, casein, corn distillers’ dried grains with solubles, digestibility, protein, 

swine 

3.2 Introduction 

The standardized ileal digestibility (SID) of amino acids (AA) in feed ingredients has been 

generally determined by the direct method in which feed ingredients of interest are the sole source 

of nitrogen (N) in experimental diets (Kong and Adeola, 2014). However, if feed ingredients of 

interest contain limited or imbalanced concentration of AA to support the normal physiological 

condition of pigs, feeding experimental diets may cause a deficiency of AA which can negatively 

affect the ability of pigs to digest and absorb AA. Therefore, determination of the SID of AA in 

feed ingredients may be affected by protein quality of experimental diets.  

Deficiency of AA in pigs has been discussed in the estimation of the basal ileal endogenous 

losses (BEL) of AA in pigs by feeding a N-free diet (NFD; Adeola et al., 2016). One of the 

methods to mitigate the AA deficiency is feeding a diet containing low concentration of casein, 

which contains high concentration of digestible AA (Adeola et al., 2016). Therefore, the addition 

of casein in experimental diets for AA digestibility may also minimize the potential negative 

effects of AA deficiency on determination of the SID of AA. 

Park et al. (2018) reported that the addition of 60 g/kg casein in semi-purified experimental 

diets prepared to determine the SID of AA in corn distillers’ dried grains with solubles (DDGS) 

increased the SID of Lys and Phe in DDGS. These findings indicated that the improved AA 

composition in experimental diets by the addition of casein may increase the SID of AA in DDGS, 

which contains insufficient and imbalanced AA to support the normal physiological function of 

pigs. Therefore, it was further hypothesized in the current study that the increasing concentration 

of casein in experimental diets will not affect the SID of AA in DDGS. In addition, in the previous 

study of Park et al. (2018), the concentration of DDGS in the experimental diet was reduced when 

casein was added to provide the same concentration of crude protein (CP) as the diet containing 

DDGS without casein. Consequently, it was unclear whether improvements in the SID of Lys and 

Phe in DDGS were due to the addition of casein or due to the decreased concentration of CP in the 

experimental diet contributed from DDGS. Therefore, the second hypothesis of the current study 
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was that the concentration of CP in diets contributed from DDGS and the addition of casein in 

diets will not affect the SID of AA in DDGS. To address the aforementioned hypotheses, 2 

experiments were conducted to determine the effects of graded concentration of casein in 

experimental diets on SID of AA in DDGS (Exp. 1) and to determine the effects of DDGS 

concentration and casein addition in experimental diets on SID of AA in DDGS (Exp. 2). 

3.3 Materials and Methods 

Protocols for animal experiments were reviewed and approved by the Purdue University 

Animal Care and Use Committee. 

3.3.1 Experiment 1: Amino Acid Digestibility Responses to Graded Concentration of 

Casein in Experimental Diets 

Twenty barrows with an initial body weight (BW) of 45.3 ± 1.80 kg were surgically fitted 

with T-cannulas at the distal ileum as described by Dilger et al. (2004). Pigs were divided into 4 

blocks based on BW, and then allocated to a quadruplicate 5 × 2 incomplete Latin Square design 

with 5 dietary treatments and 2 periods. Pigs were individually housed in metabolism crates 

equipped with a feeder and a nipple drinker during the experimental periods.  

Two isonitrogenous diets were prepared to contain 466.8 g/kg DDGS or 165 g/kg casein 

as the sole source of N based on cornstarch and dextrose (Table 3.1). Purified cellulose was added 

into the diet containing casein at 40 g/kg to provide dietary fiber. Both diets were prepared to meet 

or exceed the vitamin and mineral requirements for pigs [National Research Council (NRC), 2012]. 

Thereafter, those two diets were blended to prepare 2 additional isonitrogenous diets containing 

55 or 110 g/kg casein with decreasing concentration of DDGS at 311.2 or 155.6 g/kg. The NFD 

was also prepared to estimate the BEL of CP and AA in pigs. Chromic oxide was added in all diets 

at 5 g/kg as an indigestible marker. 

Feeding, collection of ileal digesta, and processing of collected ileal digesta samples were 

conducted as described in Park et al. (2017). 
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3.3.2 Experiment 2: Amino Acid Digestibility Responses to Dietary Concentration of Corn 

Distillers’ Dried Grains with Solubles with or without Casein 

Twenty barrows used in Exp. 1 were also used in this experiment. After the termination of 

Exp. 1, pigs were fed a normal corn-soybean meal-based standard grower diet (194 g CP/kg) for 

7 d before the initiation of Exp. 2. Pigs (initial BW = 52.8 ± 2.99 kg) were allocated to a 

quadruplicate 5 × 2 incomplete Latin square design with 5 dietary treatments and 2 periods. The 

procedure for allotment of pigs and housing environment were the same as in Exp. 1. 

Three of the experimental diets used in Exp. 1 were also used in this experiment, which 

includes the diet containing 466.8 g/kg DDGS without casein, the diet containing 155.6 g/kg 

DDGS and 110 g/kg casein, and the NFD. Two additional diets were prepared to contain 466.8 

g/kg DDGS and 110 g/kg casein or 155.6 g/kg DDGS without casein (Table 3.1). Therefore, 

dietary treatments were prepared as a 2 × 2 factorial arrangement with the concentration of DDGS 

at 466.8 or 155.6 g/kg, which contributed the concentration of CP at 130 or 44 g/kg, respectively, 

and the addition of casein at 0 or 110 g/kg in experimental diets.  

Feeding, collection of ileal digesta, and processing of collected ileal digesta samples were 

conducted as described in Park et al. (2017). 

3.3.3 Chemical Analysis 

Representative samples of DDGS, casein, experimental diets, and lyophilized ileal digesta 

were finely ground (< 0.75 mm) by a centrifugal grinder (ZM 200; Retsch GmbH, Haan, Germany) 

before chemical analysis. Ground samples were analyzed for dry matter by drying at 105°C for 24 

h in a forced-air drying oven [Precision Scientific Co., Chicago, IL; method 934.01; Association 

of Official Analytical Chemists (AOAC), 2006] and for N by combustion method (TruMac N; 

LECO Corp., St. Joseph, MI; method 990.03; AOAC, 2000). The concentration of CP was 

calculated by multiplying the concentration of N by 6.25. The concentration of AA in samples 

were analyzed by high-performance liquid chromatography after post-column derivatization 

[method 982.30 E (a, b, c); AOAC, 2006] after the hydrolysis of samples in 6 M HCl (or BaOH 

for the analysis of Trp) at 110°C for 24 h under N atmosphere. Samples were oxidized by performic 

acid before the acid hydrolysis for the analysis of Met and Cys. The analysis of AA was conducted 

at University of Missouri Agricultural Experiment Station Chemical Laboratories (Columbia, MO). 

Samples of DDGS and casein were analyzed for gross energy using an isoperibol bomb calorimeter 
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(model 6200; Parr Instrument Co., Moline, IL), ether extract [method 920.39 (A); AOAC, 2006], 

and ash (method 942.05; AOAC, 2006). Neutral detergent fiber (NDF) and acid detergent fiber 

(ADF) concentrations in DDGS were analyzed using a fiber analyzer (Ankom 2000 Fiber Analyzer; 

Ankom Technology, Macedon, NY) according to Van Soest et al. (1991) for NDF and AOAC 

[method 973.18 (AD); 2006] for ADF. The concentration of Cr in samples of experimental diets 

and ileal digesta was analyzed by spectrophotometry (Spark 10M; Tecan Group Ltd., Männedorf, 

Switzerland) at 450 nm of absorption after the wet digestion in nitric acid and 70% perchloric acid 

(Fenton and Fenton, 1979).  

3.3.4 Calculations and Statistical Analysis 

The apparent ileal digestibility (AID) and SID of CP and AA in experimental diets were 

calculated by the index method using the concentration of Cr, CP, and AA in experimental diets 

and ileal digesta samples (Park et al., 2017). The BEL of CP and AA in pigs were estimated from 

pigs fed NFD as described in Park et al. (2017). The SID of CP and AA in DDGS from pigs fed 

diets containing both DDGS and casein were calculated by the difference method described in 

Park et al. (2018) with the SID of CP and AA in casein determined by pigs fed the diet containing 

casein without DDGS in Exp. 1.  

Data for the SID of CP and AA in experimental diets and DDGS were analyzed using the 

mixed linear model procedure of SAS (SAS Inst. Inc., Cary, NC). The model included 

experimental diet as a fixed variable and block, period, and pig within block as random variables. 

Orthogonal polynomial contrast was performed to determine linear and quadratic effects of graded 

concentration of casein in Exp. 1 and to determine the effects of the DDGS concentration and 

casein addition and their interaction in Exp. 2. Least squares means were separated by pairwise 

comparison with the Tukey’s adjustment if interactions were observed in Exp. 2. In all statistical 

analyses, pig was considered as an experimental unit, and significance was declared at P < 0.05. 

3.4 Results 

All pigs were in good condition during Exp. 1 and 2 except one pig assigned to the diet 

containing 155.6 g/kg DDGS without casein that was removed for feed refusal during the last 

period of Exp. 2.  
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3.4.1 Chemical Analysis 

The analyzed concentration of CP in DDGS and casein were 280 and 871 g/kg on as-fed 

basis, respectively (Table 3.2). The analyzed concentration of CP and AA in experimental diets 

for both Exp. 1 and 2 were similar with values calculated using the analyzed concentration of CP 

and AA in DDGS and casein (Table 3.3).  

3.4.2 Basal Ileal Endogenous Losses of Crude Protein and Amino Acids 

The BEL of CP in pigs fed the NFD was 12.9 g/kg dry matter intake (DMI) in Exp. 1 and 

10.9 g/kg DMI in Exp. 2 (Table 3.4). In Exp. 1, the BEL of indispensable AA ranged from 86 

mg/kg DMI for Met to 478 mg/kg DMI for Leu, whereas in Exp. 2, those ranged from 69 mg/kg 

DMI for Met to 513 mg/kg DMI for Lys. The AID of CP and AA in Exp. 1 and 2 were corrected 

for those BEL of CP and AA in Exp. 1 and 2.  

3.4.3 Experiment 1: Amino Acid Digestibility Responses to Graded Concentration of 

Casein in Experimental Diets 

Correction of the AID of CP and AA for BEL did not affect the observed trend in AA 

responses to graded concentration of casein in experimental diets, thus the AID data are not 

presented. The AID of CP and AA in experimental diets linearly increased (P < 0.001) as the 

concentration of casein in experimental diets increased (data not shown). Pigs fed diets containing 

graded concentration of casein had linear increases (P < 0.001) in SID of CP and AA (Table 3.5). 

Increasing concentration of casein in experimental diets resulted in quadratic responses (P < 0.05) 

in the AID of Lys, Ala, Cys, and Gly (data not shown). There were quadratic responses (P < 0.05) 

in the SID of Lys, Ala, Cys, and Gly in experimental diets when the concentration of casein 

increased. There were linear decreases (P < 0.05) in the SID of AA, except for Arg, Lys, Ala, Cys, 

and Gly, in DDGS with increasing concentration of dietary casein (Table 3.6). There was a 

quadratic response (P < 0.05) in the SID of His in DDGS as the concentration of casein in 

experimental diets increases. There was no effect of graded concentration of casein on SID of CP 

or Lys in DDGS.  
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3.4.4 Experiment 2: Amino Acid Digestibility Responses to Dietary Concentration of Corn 

Distillers’ Dried Grains with Solubles with or without Casein 

As in Exp. 1, correction of the AID of CP and AA for BEL did not affect the observed 

trend in AA responses to graded concentration of casein in experimental diets, thus the AID data 

are not presented. Interactions (P < 0.01) between the effects of DDGS concentration and casein 

addition were observed in the AID of CP and AA in experimental diets (data not shown). The AID 

of CP and most AA in the diet containing 466.8 g/kg DDGS without casein were greater (P < 0.05) 

than in the diet containing 155.6 g/kg DDGS without casein but less (P < 0.05) than in the diets 

containing DDGS and casein (data not shown). There were interactions (P < 0.05) between the 

effects of DDGS concentration and casein addition in the SID of CP and AA, except for Leu and 

Cys, in experimental diets (Table 3.7). Pigs fed the diet containing 466.8 g/kg DDGS without 

casein had greater (P < 0.05) SID of Arg, Ile, Lys, Met, Thr, and Val in diets than those fed the 

diet containing 155.6 g/kg DDGS without casein but had less (P < 0.05) SID values than those fed 

the diets containing DDGS and casein. The SID of CP in the diet containing 466.8 g/kg DDGS 

and 110 g/kg casein was greater (P < 0.05) than in the diets containing DDGS without casein but 

less (P < 0.05) than in the diet containing 155.6 g/kg DDGS and 110 g/kg casein. Pigs fed the diets 

containing casein had greater (P < 0.01) SID of CP and AA than those fed the diets without casein. 

The SID of AA, except for Arg and Tyr, in experimental diets was not affected by the concentration 

of DDGS in diets. 

Interactions (P < 0.01) between the effects of DDGS concentration and casein addition 

were observed in the AID of Arg, Cys, Gly, Pro, and Tyr in DDGS (data not shown). The AID of 

Arg in DDGS in the diets containing 466.8 g/kg DDGS or 155.6 g/kg DDGS and 110 g/kg casein 

was greater (P < 0.05) than the value in the diet containing 155.6 g/kg DDGS without casein but 

less (P < 0.05) than the value in the diet containing 466.8 g/kg DDGS and 110 g/kg casein. The 

addition of casein to experimental diets increased (P < 0.05) the AID of CP and AA, except for 

Glu, in DDGS. On the other hand, pigs fed the diets containing 466.8 g/kg DDGS had greater (P 

< 0.001) AID of CP and AA than those fed the diets containing 155.6 g/kg DDGS (data not shown). 

There were interactions (P < 0.05) between the effects of DDGS concentration and casein addition 

in the SID of Arg, Glu, Gly, Pro, and Tyr in DDGS (Table 3.8). The SID of Arg in DDGS in the 

diet containing 155.6 g/kg DDGS without casein was less (P < 0.05) than the values in the other 

diets. The addition of casein in experimental diets did not affect the SID of CP and indispensable 
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AA, except for Arg, in DDGS. The SID of AA, except for Trp, Cys, Pro, and Ser, in DDGS in the 

diets containing 466.8 g/kg DDGS were less (P < 0.05) than the values in the diets containing 

155.6 g/kg DDGS. The SID of CP and Trp in DDGS were not affected by either the concentration 

of DDGS or the addition of casein in experimental diets.  

3.5 Discussion 

The CP and indispensable AA concentrations in DDGS used in the current study are within 

the range of values reported in previous studies (Kim et al., 2012; NRC, 2012; Zeng et al., 2017), 

and those in casein are also close to the previously reported values (NRC, 2012; Brestenský et al., 

2017; Park et al., 2018). The concentration of gross energy, ether extract, NDF, and ADF in DDGS 

are close to the values reported in previous studies (Pedersen et al., 2007; Kim et al., 2012; NRC, 

2012; Zeng et al., 2017). In addition, the BEL of CP and indispensable AA in pigs estimated in 

Exp. 1 and 2 agree with the values in previous studies (NRC, 2012; Park et al., 2013; Adeola et 

al., 2016; Park et al., 2017, 2018).  

The increased SID of CP and AA in diets with increasing concentration of casein are 

consistent with the results observed in Park et al. (2018). These observations were expected due to 

the greater SID of CP and AA in casein compared to DDGS. When the concentration of casein in 

experimental diets increased, the concentration of DDGS in diets was reduced to maintain the CP 

concentrations in all diets at 150 g/kg. Therefore, the concentration of digestible CP and AA in 

diets were increased with increasing concentration of casein in diets. The SID of CP and AA in 

casein are consistent with the previously reported values (Cervantes-Pahm and Stein, 2010; NRC, 

2012; Park et al., 2018). 

The SID of CP and AA in DDGS determined by the diet containing 466.8 g/kg DDGS 

without casein are within the range of the values in previous studies (Kim et al., 2012; NRC, 2012; 

Zeng et al., 2017). However, linearly decreasing SID of most AA in DDGS with graded 

concentration of casein in experimental diets were unexpected, and the reason remains unclear. 

The calculations for the SID of AA in DDGS from the diet containing 155.6 g/kg DDGS and 110 

g/kg casein are susceptible to the errors from the low concentration of AA contributed from DDGS. 

Calculated indispensable AA concentrations contributed from DDGS in the diet containing 155.6 

g/kg DDGS and 110 g/kg casein ranged from 0.3 g/kg for Trp to 4.8 g/kg for Leu with the mean 
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value of 1.8 g/kg. This reduced denominators of the equations for SID values led to the increased 

variations among final products of calculations.  

Decreasing SID of AA in DDGS with increasing concentration of casein in experimental 

diets are inconsistent with the results reported in Park et al. (2018), which may be due to the 

differences in the treatment structure. In the experiment of Park et al. (2018), 2 isonitrogenous 

diets were prepared with or without the addition of 60 g/kg casein and used to compare the SID of 

AA in DDGS by two-sample, two-tailed t-test. In the current study, 3 isonitrogenous diets were 

prepared with graded concentration of casein, and orthogonal polynomial contrast was used to 

determine the effects of casein on SID of AA in DDGS. Therefore, that the positive effects of 

casein on SID of AA in DDGS were not detected in the current study could be due to the negative 

effects of dietary DDGS-associated low concentration of CP and AA.  

Pigs fed the diet containing 155.6 g/kg DDGS without casein had lower SID of several 

indispensable AA in diets than those fed the diet containing 466.8 g/kg DDGS without casein. Liu 

et al. (2018) observed a linear decrease in the SID of Arg and a quadratic response in the SID of 

Ile with decreasing concentration of CP contributed from DDGS in experimental diets, but the SID 

of CP and the other AA were not affected by dietary concentration of CP. Perhaps these are due to 

the different lowest concentration of CP in experimental diets. Analyzed CP concentrations in diets 

containing the lowest concentration of DDGS were 59 and 84.7 g/kg in the current study and Liu 

et al. (2018), respectively. Therefore, the concentration of CP at 84.7 g/kg contributed from DDGS 

in experimental diets is inadequate to offset any issues with the small denominator used in 

calculations for the SID of AA in DDGS.  

Greater SID of AA in the diet containing 155.6 g/kg DDGS and 110 g/kg casein compared 

with the diet containing 466.8 g/kg DDGS without casein is consistent with the results of Exp. 1. 

The proportion of AA contributed from casein was greater in the diet containing 155.6 g/kg DDGS 

than in the diet containing 466.8 g/kg DDGS. Thus, the SID of AA in the diet containing 155.6 

g/kg DDGS and 110 g/kg casein were expected to be greater than the values in the diet containing 

466.8 g/kg DDGS and 110 g/kg casein. Although there were no differences in the SID of most AA 

between the diet containing 466.8 g/kg DDGS plus 110 g/kg casein and the diet containing 155.6 

g/kg DDGS plus 110 g/kg casein, the SID of AA in these 2 diets were close to the values estimated 

by the SID of AA in DDGS determined by the diet containing 466.8 g/kg DDGS without casein 

and those in casein determined in Exp. 1. 
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The SID of most AA in DDGS in the diets containing 155.6 g/kg DDGS were less than 

those in DDGS in diets containing 466.8 g/kg DDGS regardless of the addition of casein. These 

findings support the linear reductions in the SID of most AA in DDGS with decreasing 

concentration of DDGS in diets in Exp. 1. Xue et al. (2017) made observations similar to the 

current study that the SID of CP and AA, except for Pro, in diets containing 69 g/kg CP were less 

than those in diets containing 134 g/kg CP and discussed that deficiency of pigs fed diets 

containing low CP concentration might affect the SID of CP and AA. Therefore, it may be 

concluded that the low concentration of AA in experimental diets contributed from DDGS results 

in reduced SID of most AA in DDGS regardless of the addition of casein in diets. The addition of 

casein did not improve the SID of CP and most AA in DDGS, which is consistent with the results 

of Exp. 1. These observations may imply that the addition of casein to DDGS with low protein 

quality did not affect the SID of AA in DDGS. However, it is possible that the effects of casein on 

SID of AA in DDGS were not observed due to the reduced SID values and increased SEM in diets 

with low concentration of DDGS. 

In conclusion, decreasing concentration of DDGS with increasing concentration of casein 

in experimental diets linearly decreased the SID of most AA in DDGS. In addition, low dietary 

concentration of CP from DDGS had reduced SID of most AA regardless of the addition of casein. 

Therefore, the SID of AA in DDGS may be reduced if experimental diets contain the CP 

concentration less than 59 g/kg. Further research is needed to verify the effects of graded 

concentration of casein in experimental diets on SID of CP and AA in isonitrogenous DDGS diets. 
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Table 3.1 Ingredient composition of experimental diets containing corn distillers’ dried grains with solubles (DDGS) and casein, g/kg 

as-fed basis 

 Exp. 11  Exp. 2   

 DDGS, g/kg: 466.8 311.2 155.6 0  466.8 466.8 155.6 155.6   

Item Casein, g/kg: 0 55.0 110.0 165.0  0 110.0 0 110.0  NFD2 

Cornstarch 354.7 439.1 523.5 607.9  354.7 247.0 630.7 523.5  768.8 

DDGS 466.8 311.2 155.6 0.0  466.8 466.8 155.6 155.6  0.0 

Casein 0.0 55.0 110.0 165.0  0.0 110.0 0.0 110.0  0.0 

Dextrose 100.0 100.0 100.0 100.0  100.0 100.0 100.0 100.0  100.0 

Soybean oil 30.0 30.0 30.0 30.0  30.0 30.0 30.0 30.0  30.0 

Cellulose3 0.0 13.3 26.7 40.0  0.0 0.0 26.7 26.7  40.0 

Ground limestone 13.5 12.8 12.1 11.4  13.5 14.5 11.0 12.1  10.0 

Monocalcium phosphate 3.3 5.2 7.1 9.0  3.3 0.0 11.0 7.1  14.5 

Salt 4.0 4.0 4.0 4.0  4.0 4.0 4.0 4.0  4.0 

Potassium carbonate 0.0 1.3 2.7 4.0  0.0 0.0 2.7 2.7  4.0 

Magnesium oxide 0.0 0.3 0.7 1.0  0.0 0.0 0.7 0.7  1.0 

Vitamin premix4 1.5 1.5 1.5 1.5  1.5 1.5 1.5 1.5  1.5 

Mineral premix5 0.7 0.7 0.7 0.7  0.7 0.7 0.7 0.7  0.7 

Selenium premix6 0.5 0.5 0.5 0.5  0.5 0.5 0.5 0.5  0.5 

Chromic oxide premix7 25.0 25.0 25.0 25.0  25.0 25.0 25.0 25.0  25.0 

Total 1,000 1,000 1,000 1,000  1,000 1,000 1,000 1,000  1,000 
1Two diets in Exp. 1 (the diet containing 466.8 g/kg DDGS without casein and the diet containing 155.6 g/kg DDGS and 110.0 g/kg casein) were also used in 

Exp. 2. 
2NFD = nitrogen-free diet. Used for both Exp. 1 and 2. 
3Solka-Floc 40 FCC, International Fiber Corporation, Urbana, OH. 
4Provided the following quantities per kilogram of complete diet: vitamin A, 3,960 IU; vitamin D3, 396 IU; vitamin E, 26.4 IU; menadione, 1.30 mg; riboflavin, 

5.30 mg; D-pantothenic acid, 13.2 mg; niacin, 19.8 mg; and vitamin B12, 0.02 mg. 
5Provided the following quantities per kilogram of complete diet: I, 0.258 mg; Mn, 12.0 mg; Cu, 6.33 mg; Fe, 136 mg; and Zn, 104 mg. 
6Provided 0.3 mg Se/kg of complete diet. 
7Provided 5 g chromic oxide/kg of complete diet. 
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Table 3.2 Analyzed nutrient composition of corn distillers’ dried grains with solubles (DDGS) 

and casein, g/kg as-fed basis 

 Ingredient 

Item DDGS Casein 

Dry matter 860 904 

Gross energy, kcal/kg 4,602 5,469 

Crude protein (nitrogen × 6.25) 280 871 

Ether extract 106 16.3 

Ash 46.9 11.9 

Neutral detergent fiber 311 - 

Acid detergent fiber 88.4 - 

Indispensable amino acid   

Arg 12.8 27.2 

His 7.4 25.0 

Ile 11.5 51.3 

Leu 30.9 86.1 

Lys 8.8 70.6 

Met 5.2 27.1 

Phe 13.6 44.8 

Thr 10.7 39.9 

Trp 2.2 12.5 

Val 14.2 61.0 

Dispensable amino acid   

Ala 18.7 26.5 

Asp 17.3 60.6 

Cys 5.6 3.7 

Glu 35.3 196.4 

Gly 11.0 16.4 

Pro 20.8 103.8 

Ser 12.2 42.1 

Tyr 10.1 45.7 
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Table 3.3 Analyzed concentration of dry matter, crude protein (CP), and amino acids (AA) in experimental diets containing corn 

distillers’ dried grains with solubles (DDGS) and casein, g/kg as-fed basis 

 Exp. 11  Exp. 2   

 DDGS, g/kg: 466.8 311.2 155.6 0  466.8 466.8 155.6 155.6   

Item Casein, g/kg: 0 55.0 110.0 165.0  0 110.0 0 110.0  NFD2 

Dry matter 896 904 901 907  896 890 902 901  903 

CP (nitrogen × 6.25) 148 148 152 156  148 242 59 152  20 

Indispensable AA            

Arg 5.7 5.1 4.4 4.1  5.7 8.9 1.6 4.4  0.1 

His 3.5 3.6 3.5 3.9  3.5 6.2 1.0 3.5  0.0 

Ile 5.1 6.1 6.7 8.1  5.1 10.9 1.5 6.7  0.1 

Leu 14.3 14.0 13.1 13.9  14.3 24.3 4.5 13.1  0.3 

Lys 4.3 6.7 8.3 11.2  4.3 12.1 1.3 8.3  0.1 

Met 2.5 3.0 3.4 3.6  2.5 5.4 0.7 3.4  0.1 

Phe 6.2 6.5 6.4 7.2  6.2 11.4 1.9 6.4  0.1 

Thr 4.9 5.4 5.5 6.4  4.9 9.5 1.5 5.5  0.1 

Trp 1.3 1.7 1.8 2.2  1.3 2.8 0.4 1.8  0.2 

Val 6.6 7.5 7.9 9.5  6.6 13.3 2.0 7.9  0.1 

Dispensable AA            

Ala 9.1 7.4 5.6 4.4  9.1 12.2 2.9 5.6  0.2 

Asp 8.7 9.0 8.9 9.9  8.7 15.4 2.7 8.9  0.2 

Cys 2.6 2.0 1.3 0.5  2.6 3.0 0.8 1.3  0.0 

Glu 19.7 23.7 25.9 31.6  19.7 40.8 6.8 25.9  0.3 

Gly 5.6 4.4 3.4 2.7  5.6 7.3 1.7 3.4  0.1 

Pro 10.2 12.2 13.0 16.2  10.2 21.5 3.2 13.0  0.1 

Ser 5.4 5.9 6.1 7.0  5.4 10.6 1.8 6.1  0.1 

Tyr 4.8 5.5 5.8 6.7  4.8 9.7 1.0 5.8  0.1 
1Two diets in Exp. 1 (the diet containing 466.8 g/kg DDGS without casein and the diet containing 155.6 g/kg DDGS and 110.0 g/kg casein) were also used in Exp. 

2. 
2NFD = nitrogen-free diet. Used for both Exp. 1 and 2. 
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Table 3.4 Basal ileal endogenous losses (BEL) of crude protein (CP) and amino acids (AA) in 

pigs, mg/kg dry matter intake (DMI) 

 Exp. 1  Exp. 2 

Item BEL SD  BEL SD 

CP, g/kg DMI 12.9 2.91  10.9 2.94 

Indispensable AA      

Arg 432 137.3  440 166.8 

His 160 25.9  143 26.6 

Ile 288 39.1  269 38.7 

Leu 478 67.8  414 65.5 

Lys 426 72.7  513 159.3 

Met 86 11.7  69 14.7 

Phe 297 39.4  262 37.2 

Thr 431 59.2  410 53.6 

Trp 123 21.5  99 21.4 

Val 439 53.0  346 49.6 

Dispensable AA      

Ala 454 77.7  427 93.8 

Asp 688 85.9  637 100.6 

Cys 141 28.0  128 19.8 

Glu 817 117.4  739 126.5 

Gly 890 234.2  852 301.8 

Pro 2,450 1,843.7  2,942 2,062.0 

Ser 371 46.9  363 57.5 

Tyr 221 26.1  204 29.8 
Note: each mean represents 8 observations. 
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Table 3.5 Standardized ileal digestibility (%) of crude protein (CP) and amino acids (AA) in diets 

containing corn distillers’ dried grains with solubles (DDGS) with graded concentration of casein 

fed to pigs, Exp. 1 

  Diet    

 DDGS, g/kg: 466.8 311.2 155.6 0   P-value 

Item Casein, g/kg: 0 55.0 110.0 165.0 SEM  Linear Quadratic 

CP 77.8 85.2 91.3 98.9 1.25  < 0.001 0.948 

Indispensable AA         

Arg 84.0 88.6 92.0 99.5 1.12  < 0.001 0.085 

His 77.6 85.3 90.4 97.6 1.13  < 0.001 0.813 

Ile 78.0 86.0 91.0 97.7 1.05  < 0.001 0.467 

Leu 86.7 90.5 93.3 98.3 0.77  < 0.001 0.289 

Lys 54.1 80.7 89.0 97.6 1.86  < 0.001 < 0.001 

Met 85.9 91.6 95.0 99.1 0.63  < 0.001 0.167 

Phe 83.3 88.9 92.4 98.1 0.87  < 0.001 0.937 

Thr 71.1 80.4 86.5 95.0 1.28  < 0.001 0.722 

Trp 81.7 88.7 92.3 97.5 1.39  < 0.001 0.335 

Val 77.3 85.2 90.4 97.3 1.09  < 0.001 0.619 

Dispensable AA         

Ala 82.5 85.8 87.8 96.9 1.21  < 0.001 0.004 

Asp 70.1 80.0 86.8 96.9 1.32  < 0.001 0.945 

Cys 72.3 75.1 76.3 85.1 1.74  < 0.001 0.026 

Glu 84.7 90.4 93.7 98.1 0.78  < 0.001 0.356 

Gly 71.7 79.1 86.0 105.3 2.56  < 0.001 0.003 

Pro 95.4 102.3 106.6 106.7 2.60  < 0.001 0.099 

Ser 77.8 83.6 89.1 96.8 0.99  < 0.001 0.282 

Tyr 86.2 91.5 95.1 98.9 0.61  < 0.001 0.171 

Note: each least squares mean represents 8 observations. 
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Table 3.6 Standardized ileal digestibility (%) of crude protein (CP) and amino acids (AA) in corn 

distillers’ dried grains  with solubles  (DDGS)  with graded concentration of casein fed to pigs, 

Exp. 1 

  Diet1   

 DDGS, g/kg: 466.8 311.2 155.6   P-value 

Item Casein, g/kg: 0 55.0 110.0 SEM  Linear Quadratic 

CP 77.6 77.8 74.4 2.57  0.188 0.374 

Indispensable AA        

Arg 83.8 84.8 80.7 2.09  0.112 0.133 

His 77.1 77.9 71.3 2.34  0.014 0.048 

Ile 77.6 76.7 68.3 2.72  0.004 0.119 

Leu 86.4 86.7 82.6 1.70  0.022 0.102 

Lys 52.5 57.1 38.9 5.46  0.056 0.061 

Met 85.6 84.7 78.8 1.84  0.003 0.150 

Phe 82.9 83.6 77.8 1.99  0.014 0.056 

Thr 70.6 70.9 62.2 3.44  0.033 0.168 

Trp 81.6 79.6 66.0 4.14  0.002 0.140 

Val 76.9 76.0 67.4 2.90  0.005 0.145 

Dispensable AA        

Ala 82.3 83.1 78.2 2.14  0.062 0.120 

Asp 69.7 69.7 60.4 3.32  0.018 0.137 

Cys 72.2 74.0 71.5 2.39  0.732 0.219 

Glu 84.6 82.9 76.0 1.97  < 0.001 0.143 

Gly 71.6 72.2 65.7 3.98  0.226 0.393 

Pro 96.1 97.8 104.8 3.37  0.022 0.371 

Ser 77.8 75.6 69.8 2.44  0.012 0.475 

Tyr 85.8 85.6 81.9 1.27  0.010 0.118 
Note: each least squares mean represents 8 observations. 
1Standardized ileal digestibility of CP and AA in DDGS determined by the diets containing casein were calculated by 

the difference method with the standardized ileal digestibility of CP and AA in casein.  
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Table 3.7 Standardized ileal digestibility (%) of crude protein (CP) and amino acids (AA) in diets 

containing corn distillers’ dried grains with solubles (DDGS) with or without the addition of casein 

fed to pigs, Exp. 2 

  Diet    

 DDGS, g/kg: 466.8 466.8 155.6 155.6   P-value1 

Item Casein, g/kg: 0 110.0 0 110.0 SEM  DDGS Casein D × C 

CP 73.6c 84.7b 73.7c 90.5a 1.43  0.011 < 0.001 0.015 

Indispensable AA          

Arg 79.7b 88.9a 69.0c 91.6a 2.15  0.011 < 0.001 < 0.001 

His 71.7b 85.3a 66.9b 89.1a 1.64  0.721 < 0.001 0.002 

Ile 71.3b 85.6a 63.8c 89.4a 1.57  0.188 < 0.001 < 0.001 

Leu 82.9 90.7 80.6 92.3 1.05  0.714 < 0.001 0.050 

Lys 41.4b 80.0a 24.7c 87.8a 2.99  0.106 < 0.001 < 0.001 

Met 79.0b 90.6a 72.4c 93.7a 1.23  0.154 < 0.001 < 0.001 

Phe 78.3b 89.3a 74.5b 91.3a 1.22  0.456 < 0.001 0.015 

Thr 64.0b 81.2a 57.5c 85.6a 1.73  0.504 < 0.001 0.001 

Trp 77.9b 88.4a 74.7b 92.9a 1.74  0.713 < 0.001 0.038 

Val 72.8b 86.3a 66.9c 89.7a 1.46  0.329 < 0.001 0.001 

Dispensable AA          

Ala 77.7b 85.2a 74.3b 86.3a 1.38  0.302 < 0.001 0.042 

Asp 62.6b 80.3a 58.5b 85.5a 1.84  0.726 < 0.001 0.004 

Cys 67.8 72.0 65.7 74.5 1.53  0.896 < 0.001 0.099 

Glu 80.4b 89.6a 79.7b 92.8a 0.99  0.173 < 0.001 0.042 

Gly 65.5b 77.7a 48.7c 85.4a 3.92  0.151 < 0.001 < 0.001 

Pro 90.6ab 100.8a 52.7b 108.0a 12.82  0.148 0.004 0.039 

Ser 72.2b 83.5a 70.1b 87.7a 1.53  0.437 < 0.001 0.023 

Tyr 81.9b 92.0a 69.3c 94.1a 1.08  < 0.001 < 0.001 < 0.001 
Note: each least squares mean represents 8 observations except for the diet containing 155.6 g/kg DDGS without 

casein (7 observations). 

a-cMeans within a row with different superscripts differ (P < 0.05). 
1D × C = interaction between the effects of dietary DDGS concentration and casein addition. 
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Table 3.8 Standardized ileal digestibility (%) of crude protein (CP) and amino acids (AA) in corn 

distillers’ dried grains with solubles (DDGS) with or without the addition of casein fed to pigs, 

Exp. 2 

  Diet1    

 DDGS, g/kg: 466.8 466.8 155.6 155.6   P-value2 

Item Casein, g/kg: 0 110.0 0 110.0 SEM  DDGS Casein D × C 

CP 73.6 74.1 73.5 71.8 2.23  0.421 0.690 0.441 

Indispensable AA          

Arg 79.7a 83.6a 68.7b 79.6a 2.90  < 0.001 < 0.001 0.044 

His 71.7 75.1 66.7 67.5 2.70  0.002 0.247 0.495 

Ile 71.3 72.5 63.5 61.8 2.71  < 0.001 0.899 0.505 

Leu 82.9 85.5 80.5 79.7 1.43  0.001 0.441 0.134 

Lys 41.4 48.0 24.3 29.7 4.29  < 0.001 0.115 0.869 

Met 79.0 80.2 72.2 72.6 1.63  < 0.001 0.586 0.807 

Phe 78.3 82.1 74.4 74.5 1.71  < 0.001 0.159 0.189 

Thr 64.0 68.5 57.2 59.3 3.07  0.002 0.167 0.596 

Trp 77.8 76.6 73.8 71.7 3.44  0.123 0.568 0.879 

Val 72.8 74.6 66.6 65.1 2.24  < 0.001 0.933 0.329 

Dispensable AA          

Ala 77.7 81.1 74.2 75.3 1.82  0.002 0.105 0.411 

Asp 62.6 66.2 58.1 56.0 3.17  0.003 0.737 0.210 

Cys 67.8 69.9 65.6 69.3 1.72  0.357 0.057 0.595 

Glu 80.4a 78.3a 79.5a 71.3b 1.89  0.013 0.002 0.049 

Gly 65.5a 68.0a 48.5b 64.4a 4.27  0.004 0.010 0.049 

Pro 91.3ab 93.3ab 52.4b 109.3a 13.03  0.278 0.011 0.016 

Ser 72.2 72.5 69.8 65.3 3.08  0.072 0.427 0.370 

Tyr 81.9ab 84.3a 69.2c 77.9b 1.63  < 0.001 < 0.001 0.025 
Note: each least squares mean represents 8 observations except for the diet containing 155.6 g/kg DDGS without 

casein (7 observations). 
a-cMeans within a row with different superscripts differ (P < 0.05). 
1Standardized ileal digestibility of CP and AA in DDGS determined by the diets containing casein were calculated by 

the difference method with the standardized ileal digestibility of CP and AA in casein. 
2D × C = interaction between the effects of dietary DDGS concentration and casein addition. 
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 COMPARISON OF AMINO ACID DIGESTIBILITY IN 

FULL-FAT SOYBEAN, TWO SOYBEAN MEALS, AND PEANUT 

FLOUR BETWEEN BROILER CHICKENS AND GROWING PIGS 

A version of this chapter has been published in Journal of Animal Science. 

 

Park, C. S., A. Helmbrecht, J. K. Htoo, and O. Adeola. 2017. Comparison of amino acid 

digestibility in full-fat soybean, two soybean meals, and peanut flour between broiler 

chickens and growing pigs. J. Anim. Sci. 95:3110–3119. doi:10.2527/jas.2017.1404 

4.1 Abstract 

The aim of this study was to determine the apparent ileal digestibility (AID) and the 

standardized ileal digestibility (SID) of crude protein (CP) and amino acids (AA) in full-fat 

soybean (FFSB), solvent-extracted soybean meal containing 430 g/kg CP (SBM-43), solvent-

extracted soybean meal containing 470 g/kg CP (SBM-47), and peanut flour (PNF) fed to broiler 

chickens and pigs, and to compare the digestibility of CP and AA between broiler chickens and 

pigs. Four diets were prepared to contain FFSB, SBM-43, SBM-47, and PNF, respectively, as the 

sole source of nitrogen. A nitrogen-free diet was formulated to estimate the basal ileal endogenous 

losses of CP and AA for broiler chickens and pigs. In Exp. 1, a total of 416 twenty-one-d-old male 

broiler chickens [initial body weight (BW) = 922.1 ± 79.9 g] were assigned to 5 experimental diets 

in a randomized complete block design with BW as a blocking factor. After 5 d of adaptation, ileal 

digesta samples were collected after birds were euthanized by CO2 asphyxiation. In Exp. 2, twenty 

barrows (initial BW = 62.0 ± 6.9 kg) surgically fitted with T-cannulas at the distal ileum were 

allotted to 5 experimental diets with 2 consecutive 7-d experimental periods. After 5 d of 

adaptation, ileal digesta samples were collected at d 6 and 7. For statistical analysis, treatments 

were considered a 2 × 4 factorial arrangement with effects of species and experimental diets (Exp. 

1 vs. 2). There were no interactions between species and diets for the digestibility of CP and AA 

except for Cys (P < 0.01). The AID of CP and indispensable AA in pigs were greater (P < 0.01) 

than in broiler chickens. In both broiler chickens and pigs, the AID of CP and indispensable AA 

in SBM-47 were greater (P < 0.05) than in FFSB, and the AID of Lys in PNF was the least (P < 

0.05) among ingredients. The SID of CP and indispensable AA in pigs were greater (P < 0.05) 

than in broiler chickens except for Trp. In both broiler chickens and pigs, the SID of Lys in PNF 
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was the least (P < 0.05) among ingredients. In broiler chickens, the SID of CP, Ile, Leu, Thr, Trp, 

and Val in FFSB were less (P < 0.05) than those in SBM-43, SBM-47, and PNF. In pigs, the SID 

of Arg, Ile, Leu, Met, Phe, and Val in FFSB were less (P < 0.05) than in SBM-43, SBM-47, and 

PNF. In conclusion, the digestibility of CP and most AA were less in broiler chickens than in pigs, 

but the pattern of differences in the AA digestibility among ingredients was similar between broiler 

chickens and pigs. 

Key words: amino acid digestibility, broiler chickens, full-fat soybean, peanut flour, pigs, soybean 

meal 

4.2 Introduction 

Chickens and pigs are the dominant nonruminant animals in the livestock industry. Due to 

the similarity of their digestive systems, most of the terminologies and experimental procedures to 

determine the nutrient availability are similar between chickens and pigs. Standardized ileal 

digestibility (SID) has been widely used for both chickens and pigs to evaluate the amino acid 

(AA) availability of feedstuffs (Kong and Adeola, 2014). However, although their digestive 

systems are similar, the SID of AA in chickens and pigs fed the same feedstuffs may be different 

from each other due to the differences in digestive organs such as difference between gizzard of 

chickens and stomach of pigs (Pond et al., 2005).  

Full-fat soybean (FFSB) is a valuable feed ingredient in both poultry and swine diets due 

to the high concentration of crude protein (CP) and energy (Ravindran et al., 2014a; Woyengo et 

al., 2014); however, because raw FFSB contains considerable concentration of trypsin inhibitors, 

FFSB is typically used in animal diets after heat processing (Waldroup, 1982). During the 

production of soybean meal (SBM) after oil extraction from FFSB, heat is also applied to reduce 

trypsin inhibitors. However, the effects of heat processing on AA digestibility in SBM may be 

different from FFSB, and AA digestibility of SBM may also be affected by the inclusion rate of 

soybean hulls in SBM. Peanut flour (PNF) is produced by dehulling and grinding of peanuts. 

Because PNF is high in CP (Iyayi and Adeola, 2014), it may be a valuable protein source for both 

chickens and pigs; however, information for AA digestibility is scarce. Therefore, the objectives 

of this experiment were to determine the apparent ileal digestibility (AID) and SID of CP and AA 

in FFSB, hulled SBM containing 430 g/kg CP (SBM-43), dehulled SBM containing 470 g/kg CP 



 

 

96 

(SBM-47), and PNF fed to broiler chickens and pigs and to compare the digestibility of CP and 

AA between broiler chickens and pigs.  

4.3 Materials and Methods 

Protocols of animal experiments were reviewed and approved by the Purdue University 

Animal Care and Use Committee. 

4.3.1 Ingredients and Experimental Diets 

The FFSB originated from soybeans that were dehulled and extruded (Table 4.1). The 

SBM-43 and SBM-47 originated from solvent extraction processes of soybeans with and without 

hulls, respectively. Different soybeans were used for FFSB, SBM-43, and SBM-47. The PNF was 

obtained by dehulling and grinding of peanuts. Four diets were formulated to contain FFSB, SBM-

43, SBM-47, and PNF as the sole source of nitrogen (N), all of which were prepared to contain the 

identical concentration of CP at 150 g/kg as-fed basis (Table 4.2). A N-free diet (NFD) was also 

formulated to estimate the basal ileal endogenous losses (BEL) of CP and AA for broiler chickens 

and pigs. All diets were formulated to meet or exceed the vitamin and mineral requirement 

estimates for both broiler chickens [National Research Council (NRC), 1994] and pigs (NRC, 

2012). Chromic oxide was added at 5 g/kg of diet as an indigestible index. 

4.3.2 Experiment 1: Digestibility of Amino Acids for Broiler Chickens 

A total of 416 male broiler chicks (Ross 708, Aviagen, Huntsville, AL) were obtained from 

a commercial hatchery. The mean body weight (BW) at d 0 after hatching was 40.6 g. Birds were 

weighed and tagged at d 0, and raised in an electrically heated battery brooder (model SB 4 T, 

Alternative Design Manufacturing & Supply, Siloam Springs, AR) which maintained the 

temperature at 35, 31, and 27°C from d 0 to 7, d 7 to 14, and d 14 to 25, respectively. Birds were 

fed a corn-SBM-based starter diet containing 210 g/kg CP from d 0 to 20. On d 21, broiler chickens 

were individually weighed and assigned to 5 experimental diets in a randomized complete block 

design with BW as a blocking factor using a spreadsheet program (Kim and Lindemann, 2007). 

The mean initial BW was 922.1 g (SD = 79.9). Each treatment contained 8 replicate cages and 

each cage contained 10 birds except for the NFD treatment which contained 12 birds per cage. 
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Birds were fed the assigned experimental diets from d 21 to 25. Birds had free access to feed and 

water during the overall experimental period. On d 26, birds were euthanized by CO2 asphyxiation, 

weighed individually, and dissected for ileal digesta collection. Ileal digesta in the distal ileum, 

from Meckel’s diverticulum to approximately 20 mm proximal to the ileocecal junction, was 

flushed from the intestine by distilled water and pooled within cages as previously described (Kong 

and Adeola, 2013a). Collected ileal digesta samples were stored at –20°C before further analyses. 

4.3.3 Experiment 2: Digestibility of Amino Acids for Pigs 

Twenty barrows (initial BW 62.0 ± 6.9 kg) surgically fitted with T-cannulas at the distal 

ileum as described by Dilger et al. (2004) were used. Pigs were allotted to 4 blocks based on BW 

and assigned to a quadruplicate 5 × 2 incomplete Latin Square design with 5 dietary treatments 

and 2 periods using a spreadsheet program (Kim and Kim, 2010). Pigs were housed in metabolism 

crates equipped with a feeder and a nipple drinker. Water was available at all times. 

During the experimental periods, pigs received their assigned daily feed allowance, which 

was calculated as 4% of BW of the lightest pig in each block, divided into 2 equal meals, and fed 

at 0700 and 1700 h. There were 5 d of adaptation and 2 d of ileal digesta collection in each 

experimental period. On d 6 and 7 of the experimental period, plastic sample bags (Whirl-Pak bag, 

NASCO, Fort Atkinson, WI) containing 10 mL of 10% formic acid were attached to T-cannulas 

from 0730 to 1700 h. Attached bags were inspected every 30 min and changed whenever they were 

filled. Collected ileal digesta samples were immediately stored at –20°C. After each experimental 

period, ileal digesta samples were slightly thawed and pooled within pigs and diets. 

4.3.4 Chemical Analysis 

Ileal digesta samples from birds and pigs were lyophilized before the chemical analyses. 

Ingredients, experimental diets, and ileal digesta samples were finely ground using a coffee grinder. 

The concentration of dry matter (DM) in ingredients, diets, and ileal digesta samples were 

measured by drying at 105°C for 24 h in a forced-air oven [Precision Scientific Co., Chicago, IL; 

method 934.01; Association of Official Analytical Chemists (AOAC), 2006]. Ingredients were 

analyzed for gross energy (GE) by an isoperibol bomb calorimeter (Model 6200, Parr Instrument 

Co., Moline, IL), acid hydrolyzed ether extract (AEE; method 954.02; AOAC, 2000), and ash 
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(method 942.05; AOAC, 2006). Crude fiber (method 978.10; AOAC, 2006), neutral detergent 

fiber (Van Soest et al., 1991), and acid detergent fiber [method 973.18 (AD); AOAC, 2006] were 

analyzed by a fiber analyzer (ANKOM 200 Fiber Analyzer, ANKOM Technology, Macedon, NY). 

Trypsin inhibitor activity (TIA) in feed ingredients was analyzed [method Ba 12-75; American 

Oil Chemists’ Society (AOCS), 2011] as trypsin inhibitor units (TIU) per mg of sample. Urease 

activity (method Ba 9-58; AOCS, 2011) and protein solubility (Araba and Dale, 1990) for 

ingredients were also analyzed. The concentration of N in ingredients, diets, and ileal digesta 

samples were analyzed by the combustion method (TruMac N; LECO Corp., St. Joseph, MI; 

method 990.03; AOAC, 2000), and the concentration of CP was calculated by multiplying 6.25 by 

the concentration of N. For analysis of AA concentrations in ingredients, diets, and ileal digesta 

samples, samples were hydrolyzed in 6 M HCl (or BaOH for the analysis of Trp) at 110°C for 24 

h under N atmosphere. Performic acid oxidation was conducted before acid hydrolysis to analyze 

the concentration of Met and Cys. High-performance liquid chromatography after post-column 

derivatization was used to determine the AA concentration in hydrolyzed samples [method 982.30 

E (a, b, c); AOAC, 2006], which was conducted by the University of Missouri Agricultural 

Experiment Station Chemical Laboratories (Columbia, MO). Chromium concentration in diets and 

ileal digesta samples were measured by a spectrophotometer at 450 nm of absorption (Spectronic 

21D; Milton Roy Co., Rochester, NY) after wet digestion in nitric acid and 70% perchloric acid 

(Fenton and Fenton, 1979).  

4.3.5 Calculations and Statistical Analysis 

The AID (%), BEL (g/kg DM intake), and SID (%) of CP and AA were calculated based 

on the equations suggested in Kong and Adeola (2014): 

AID (%) = [1 – (Cri/Cro) × (AAo/AAi)] × 100, 

BEL (g/kg DM intake) = AAo × (Cri/Cro), 

SID (%) = AID + (BEL/AAi) × 100, 

in which Cri and Cro represent the concentration of Cr (g/kg DM) in diets and ileal digesta, 

respectively; AAi and AAo represent the concentration of CP or AA (g/kg DM) in diets and ileal 

digesta, respectively.  

Data were analyzed by ANOVA using the GLM procedure of SAS (SAS Inst. Inc., Cary, 

NC). The model included the species, experimental diets, diets × species interactions, and block 
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within species as independent variables. To coordinate the effect of block in the model, the effect 

of period in Exp. 2 was separated into blocks. Therefore, the same block in the different period 

was regarded as a different block (i.e., total 8 blocks), and the effect of animal in Exp. 2 was 

excluded. The PDIFF option with the Tukey’s adjustment was used within species to separate the 

least squares means for dietary treatments. Simple t tests were conducted by TTEST procedure of 

SAS to compare the BEL of CP and AA between broiler chickens and pigs. The experimental unit 

was the cage for Exp. 1 and the pig for Exp. 2, and statistical significance was declared at P < 0.05. 

4.4 Results 

During the experimental periods, all animals were in a good condition except for 2 pigs in 

Exp. 2, which lost their T-cannulas during the second period. Those pigs were assigned to be fed 

the NFD and the diet containing PNF, respectively. Therefore, there were 7 observations for the 

BEL of CP and AA and the digestibility of CP and AA in PNF. 

4.4.1 Chemical Analysis 

The concentration of CP in FFSB, SBM-43, SBM-47, and PNF were 358, 433, 467, and 

466 g/kg as-fed basis, respectively (Table 4.1). The concentration of AEE ranged from 29.3 g/kg 

in SBM-47 to 259.4 g/kg in PNF. The analyzed TIA were 5.40, 2.40, 3.40, and 1.35 TIU/mg in 

FFSB, SBM-43, SBM-47, and PNF, respectively. Values for the urease activity in FFSB, SBM-

47, and PNF were 0.02 or less than 0.02, which was the value for the limit of quantification. The 

concentration of Lys in test ingredients ranged from 11.7 g/kg for PNF to 30.7 g/kg for SBM-47. 

The concentrations of CP in experimental diets were close to the targeted value of 150 g/kg as-fed 

basis (Table 4.3). The analyzed AA concentrations in the experimental diets were comparable with 

the calculated values based on the concentrations of AA in the test ingredients.  

4.4.2 Apparent Ileal Digestibility of Crude Protein and Amino Acids 

There were no interactions for AID of CP and AA between species and experimental diets 

except for Cys (P = 0.002; Table 4.4). In broiler chickens, the AID of Cys in PNF was greater (P 

< 0.05) than that in FFSB and SBM-47, and was not different from SBM-43; however, in pigs, the 

AID of Cys in PNF was not different from the other ingredients, and the AID of Cys in SBM-43 



 

 

100 

and SBM-47 were greater (P < 0.05) than in FFSB. Except for Ala, Gly, and Pro, the AID of CP 

and AA in pigs were greater (P < 0.05) than in broiler chickens. In broiler chickens, the AID of 

CP, Ile, Leu, and Val in FFSB were less (P < 0.05) than in SBM-43, SBM-47, and PNF. In broiler 

chickens, the AID of Lys in PNF was less (P < 0.05) than in the other ingredients, and the SID of 

Lys in SBM-47 was greater (P < 0.05) than in FFSB but was not different from SBM-43. The AID 

of His, Met, Thr, and Trp in birds fed FFSB were less (P < 0.05) than in those fed SBM-43 and 

SBM-47 but were not different from birds fed PNF. In pigs, the AID of Arg, Ile, Leu, Met, Phe, 

and Val in FFSB were less (P < 0.05) than in SBM-43, SBM-47, and PNF. The AID of CP and 

Thr in pigs fed FFSB was less (P < 0.05) than pigs fed SBM-43 and SBM-47 but were not different 

from values determined in pigs fed PNF. Similar with the AID of Lys in broiler chickens, the AID 

of Lys in pigs fed PNF was less (P < 0.05) than in pigs fed the other ingredients, and the SID of 

Lys in SBM-47 was greater (P < 0.05) than in FFSB but was not different from SBM-43. 

4.4.3 Standardized Ileal Digestibility of Crude Protein and Amino Acids 

The BEL of CP and AA for broiler chickens were not different from those for pigs except 

for Cys, Gly, and Pro (Table 4.5). The BEL of Cys for broiler chickens was greater (P = 0.003) 

than for pigs, but the BEL of Gly and Pro for broiler chickens were less (P < 0.01) than pigs. 

Similar to the AID values, an interaction (P = 0.001) between species and diets was 

observed for the SID of Cys; however, interactions were not observed among the SID of CP and 

the other AA (Table 4.6). In broiler chickens, the SID of Cys in PNF was greater (P < 0.05) than 

that in FFSB and SBM-47 but was not different from that in SBM-43. Pigs fed FFSB had reduced 

(P < 0.05) SID of Cys compared with pigs fed SBM-43, SBM-47, or PNF. The SID of CP and AA, 

except for Trp, Ala, and Glu, in pigs were greater (P < 0.05) than those in broiler chickens. In 

broiler chickens, the SID of CP, Ile, Leu, Thr, Trp, and Val in FFSB were less (P < 0.05) than in 

the other ingredients. Broiler chickens fed PNF had reduced (P < 0.05) SID of Lys compared with 

those fed the other ingredients, and the SID of Lys in broiler chickens fed SBM-47 was greater (P 

< 0.05) than in FFSB, but not different from SBM-43. The SID of His and Met in birds fed FFSB 

was less (P < 0.05) than SBM-43 and SBM-47 but was not different from PNF. The SID of Phe in 

PNF was greater (P < 0.05) than that in FFSB and SBM-43 but was not different from that in 

SBM-47. The SID of Arg in birds fed FFSB was less (P < 0.05) than in those fed SBM-47 or PNF 

but was not different from birds fed SBM-43. In pigs, the SID of Arg, Ile, Leu, Met, Phe, and Val 
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in FFSB was less (P < 0.05) than in SBM-43, SBM-47, and PNF. The SID of CP and Thr in pigs 

fed FFSB was less (P < 0.05) than pigs fed SBM-43 and SBM-47 but was not different from PNF. 

Pigs fed SBM-47 had greater (P < 0.05) SID of His and Lys compared with pigs fed FFSB and 

PNF, but those values were not different from pigs fed SBM-43. The SID of Trp in pigs fed SBM-

43 and SBM-47 was greater (P < 0.05) than in pigs fed FFSB or PNF. In pigs, the SID of Phe in 

SBM-43 and SBM-47 was greater (P < 0.05) than in FFSB, but less (P < 0.05) than in PNF. 

4.5 Discussion 

The concentration of CP and AA in FFSB were within the range of previously reported 

values (NRC, 2012; Iyayi and Adeola, 2014; Ravindran et al., 2014a). As expected, the 

concentration of CP and AA in SBM-43 were slightly less than those in SBM-47 because the CP 

and AA contents in SBM were diluted by the inclusion of soybean hulls. Analyzed concentration 

of CP and AA were close to previously reported values for SBM-43 (Sauvant et al., 2004; NRC, 

2012; Kong and Adeola, 2013a) and for SBM-47 (NRC, 2012; Ravindran et al., 2014b; Liu et al., 

2016). Information for PNF was scarce but the analyzed CP and AA concentration agreed with a 

previous study (Iyayi and Adeola, 2014). The concentration of CP in PNF was comparable with 

SBM-47. However, PNF had greater concentrations of GE and AEE compared with SBM-47 due 

to the greater oil content in peanuts (Sheppard and Rudolf, 1991). The TIA in FFSB was within 

the range of values suggested in previous studies which ranged from 2.74 to 5.70 TIU/mg (Baker 

et al., 2010; Goebel and Stein, 2011; Ravindran et al., 2014a; Woyengo et al., 2014). Values for 

the TIA and protein solubility in SBM-43 and SBM-47 were less than for FFSB. The TIA in SBM-

47 was above the range in 16 samples of SBM that originated from the United States (2.02 to 2.96 

TIU/mg; Ravindran et al., 2014b). The reason for these results may be due to the differences in 

temperature during heat production. Heger et al. (2016) reported that increased temperature and 

time during conditioning or expanding of FFSB decreased the TIA, urease activity, and protein 

solubility. Urease activity and protein solubility have been used to evaluate the adequacy of 

processing (Araba and Dale, 1990). However, protein solubility of FFSB used in the current 

experiment was comparable with that of uncooked FFSB used in Herkelman et al. (1991) and was 

greater than in FFSB used in Valencia et al. (2009) and Ravindran et al. (2014a). Therefore, this 

observation may indicate that the heat processing for FFSB may not be enough to maximize its 

AA availability.  
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Except for Cys, there were no interactions on the AID and SID of CP and AA between 

species and ingredients; however, the AID and SID of CP and most AA in pigs were greater than 

in broiler chickens. This observation may indicate that the pattern of differences in AA digestibility 

among ingredients was similar between broiler chickens and pigs, although the digestive capacity 

of pigs is greater than in broiler chickens. A similar observation was reported by Skrede et al. 

(1998) that the AID of AA in bacterial protein meal for pigs was correlated with the apparent total 

tract digestibility of AA in that for Leghorn roosters. The reason for greater AA digestibility for 

pigs compared with broiler chickens may be related on the passage rate of digesta. Kim et al. (2007) 

reported that the passage rate of digesta ranged from 12 to 80 h in growing pigs, and the 

digestibility of DM was correlated with the passage rate of digesta in pigs. However, Rochell et al. 

(2012) reported that mean retention time of digesta in broiler chickens was 5.62 h when fed corn-

SBM-based diet containing 50 g/kg meat and bone meal. Although there is a large variation in 

passage rate of digesta within animals in both pigs (Kim et al., 2007) and broiler chickens (Rochell 

et al., 2012), it is evident that pigs have slower passage rate than broiler chickens due to the 

anatomical differences in the gastrointestinal tract. In addition to the passage rate, the length of the 

small intestine may also affect the digestibility of AA. Due to the longer small intestine of pigs 

compared with broiler chickens, pigs may have a greater capacity to digest and absorb AA because 

AA digestion and absorption mostly occur in the small intestine. However, in terms of the relative 

length to the BW, pigs have a shorter small intestine compared with broiler chickens. Adeola and 

King (2006) reported that the relative length of the small intestine of pigs with the BW of 23.32 

kg was 58.23 cm/kg BW. However, according to Tahmasebi and Toghyani (2016), the relative 

length of the small intestine of 11 d old broiler chickens with the BW of 212.8 g was 454.9 cm/kg 

BW. Therefore, in consideration of other factors affecting the digestive capacity such as viscosity 

or digestive enzyme activity, it may be concluded that pigs had the greater digestibility of AA in 

test ingredients used in this experiment compared with broiler chickens. Further research is needed 

to determine the factors affecting the digestibility of AA for pigs and broiler chickens, and to 

clarify whether pigs have greater digestibility of AA in most of feed ingredients than broiler 

chickens. 

There were no differences in the BEL of CP and indispensable AA between broiler 

chickens and pigs, although pigs showed the greater AID and SID of CP and most AA compared 

with broiler chickens. The BEL of CP and indispensable AA for broiler chickens observed in this 
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experiment were within the range of previous reports (Kong and Adeola, 2013a; Adedokun et al., 

2014; Ravindran et al., 2014a). However, the BEL of CP and indispensable AA for pigs were 

relatively less than previous reports (NRC, 2012; Park et al., 2013; Xue et al., 2014; Liu et al., 

2016) especially for Trp, which was less than the minimum value from the summary of 30 results 

reported by Park et al. (2013). The reason for this observation remains unclear; however, it may 

be speculated that the BEL of CP and AA observed in this experiment were affected by the 

ingredient composition of NFD, which was different from previous studies. In the experiment of 

Xue et al. (2014) and Liu et al. (2016), NFD was formulated based on cornstarch and 100 g 

dextrose/kg and 200 g sucrose/kg, respectively. However, in this experiment, NFD was prepared 

mainly based on dextrose. Due to this potential effect, previous reviews suggested the standard 

formulation for NFD (Stein et al., 2007; Kong and Adeola, 2014). However, Kong et al. (2014) 

reported that there were no differences in the BEL of CP and most AA for pigs fed 5 NFD with 

different ratios of cornstarch to dextrose.  

Values for the SID of CP and AA in FFSB concurred with the values in previous studies 

for broiler chickens (Iyayi and Adeola, 2014; Ravindran et al., 2014a) and pigs (NRC, 2012). In 

both broiler chickens and pigs, the SID of CP and most AA in FFSB was less than those in SBM-

43, SBM-47, and PNF. This may be due to the greater value of the TIA in FFSB compared with 

the other ingredients. Palliyeguru et al. (2011) reported that the AID of CP in broiler chickens fed 

corn-SBM-based diets containing 300 g/kg FFSB decreased linearly as increasing value of TIA in 

diets from 3.61 to 16.1 TIU/mg. Valencia et al. (2009) also reported that the SID of CP, Leu, Met, 

Val, and Ala in broiler chickens fed FFSB were less than broiler chickens fed SBM (452 g/kg CP); 

however, there were no differences in the SID of the remaining AA between FFSB and SBM, and 

the SID of CP and most AA in FFSB were greater than those in FFSB determined in this 

experiment. In previous research with pigs, Goebel and Stein (2011) reported that there were no 

differences in the SID of CP and AA among pigs fed either heat-treated FFSB or SBM containing 

474.7 g/kg CP despite of the greater value for TIA in FFSB. The SID of CP and most AA in heat-

treated FFSB reported in Goebel and Stein (2011) were greater than the results of this experiment. 

Moreover, Baker et al. (2010) reported that pigs fed a conventional variety of FFSB showed greater 

SID of CP, Leu, Lys, Met, and Phe compared with pigs fed SBM (487 g/kg CP), but the TIA in 

the conventional variety of FFSB was greater than in SBM. Woyengo et al. (2014) reported that 

the SID of the indispensable AA except for Trp in pigs fed micronized FFSB were less than those 
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in pigs fed SBM (471 g/kg CP) but the TIA value in FFSB was less than in SBM. These 

discrepancies among studies may be due to differences in processing or variety of FFSB or both. 

One of the most important factors in processing FFSB is heating time during steaming or extruding. 

Herkelman et al. (1991) reported that weight gain and feed efficiency of broiler chickens fed diets 

containing 371.8 g/kg FFSB quadratically increased as increasing time of autoclaving FFSB from 

0 to 90 min at 105°C but birds fed the FFSB that had been autoclaved for more than 40 min had 

reduced weight gain and feed efficiency. In addition to heating time, variety may be responsible 

for the differences in results among studies. Qin et al. (1998) observed that FFSB that originated 

from China had greater TIA and residual TIA after heating at various temperatures and times 

compared with FFSB that originated from Argentina, which may lead to differences in AA 

digestibility.  

It is well known that increased concentration of fiber in diets has negative effects on 

digestibility of nutrients and growth performance of both broiler chickens and pigs. Walugembe 

et al. (2014) reported that broiler chickens fed corn-SBM-based diets containing 60 to 80 g/kg 

distillers dried grains with solubles and 60 to 80 g/kg wheat bran showed decreased average daily 

gain (ADG) compared with broiler chickens fed corn-SBM-based diets without distillers dried 

grains with solubles or wheat bran in a 21-d growth performance trial, but there was no difference 

in N-corrected apparent metabolizable energy among dietary treatments. Dilger et al. (2004) 

reported that the SID of Arg, His, Lys, and Phe in pigs fed semi-purified diets containing SBM 

and soy hulls linearly decreased as increasing concentration of soy hulls from 0 to 90 g/kg. 

However, in this experiment, the SID of CP and AA in SBM-43 were not different from those in 

SBM-47 when fed to broiler chickens and pigs. Differences in results from Dilger et al. (2004) 

may be due to the differences in treatment structure and consequent statistical analysis. When 

comparing values between the 2 studies, the SID of CP and AA in SBM-43 and SBM-47 observed 

in this experiment agreed with the SID values of dehulled SBM with 60 g/kg soy hulls and dehulled 

SBM without soy hulls, respectively (Dilger et al., 2004). Therefore, it is concluded that inclusion 

of soy hulls to SBM up to the level to decrease the CP concentration as 430 g/kg did not affect the 

SID of CP and AA in dehulled SBM. Park et al. (2014) also reported that the SID of indispensable 

AA in dehulled SBM that originated from Korea were not different from those in hulled SBM that 

originated from Korea and India. In both SBM-43 and SBM-47, the SID of Cys for broiler chickens 

was less than the values reported in previous studies (Adedokun et al., 2009; Kong and Adeola, 
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2013a, b; Ravindran et al., 2014b). The reason for this observation remains unclear. There might 

be an unidentified analytical error when analyzing Cys in ileal digesta samples for broiler chickens. 

However, except for Cys, the SID of CP and remaining AA for broiler chickens agreed with 

previously reported values for SBM-43 (Kong and Adeola, 2013a) and for SBM-47 (Adedokun et 

al., 2009; Kong and Adeola, 2013b; Ravindran et al., 2014b). The SID of CP and AA for pigs also 

agreed with previously reported values for SBM-43 (Sauvant et al., 2004; NRC, 2012) and for 

SBM-47 (NRC, 2012; Xue et al., 2014; Liu et al., 2016). 

Peanuts have been mostly used in poultry and swine diet as peanut meal (Batal et al., 2005; 

Li et al., 2014), which is the byproduct of peanuts after oil extraction. However, due to the high 

concentration of oil and CP in peanuts (Sheppard and Rudolf, 1991), whole peanuts can also be 

used as feed ingredient as both energy and AA sources. In this experiment, whole peanuts were 

dehulled and ground to be used as a feed ingredient. In both broiler chickens and pigs, the SID of 

CP and most AA in PNF were not different from those in SBM-43 and SBM-47 but the SID of 

Lys in PNF was less than in the other ingredients. The reason for the lower SID of Lys in PNF 

compared with the other ingredients remains unclear; however, it may be speculated that there was 

an antagonistic effect of Arg on digestibility of Lys. Pond et al. (2005) reported that Arg and Lys 

have the same transport system in the small intestine, and Arg inhibits the transport of Lys. 

However, D’Mello and Lewis (1970) reported that the excessive intake of Lys decreased ADG 

and gain-to-feed ratio of broiler chickens fed diets containing adequate amount of Arg, which was 

opposite to the current experiment because the concentration of Arg in PNF was approximately 5 

times greater than that of Lys. In pigs, the excessive intake of Arg decreased the ADG, average 

daily feed intake, and plasma AA concentrations but did not affect gain-to-feed ratio of pigs fed 

adequate amount of Lys, which led to the conclusion that the reduced growth performance was 

due to the imbalance of AA rather than the antagonism (Southern and Baker, 1982). However, the 

Arg:Lys ratio in PNF was greater than that in diets used by Southern and Baker (1982). Further 

research is needed to evaluate the adequate ratio between Arg and Lys on digestibility of Lys. 

Values for the SID of CP and AA in broiler chickens fed PNF were comparable with the values 

reported by Iyayi and Adeola (2014). Zhang and Adeola (2016) reported that the N-corrected 

metabolizable energy in PNF determined by regression analysis was 4,112 kcal/kg DM. Based on 

the results of this experiment and previous studies, it was concluded that PNF can be a valuable 
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feed ingredient. However, further research is needed to determine the energy values for pigs as 

well as the effects of inclusion of PNF on growth performance of both broiler chickens and pigs. 

In conclusion, there were no interactions for AA digestibility between species and 

ingredients, and the pattern of differences in AA digestibility among ingredients was similar 

between broiler chickens and pigs. Therefore, the relative quality of the AA among feed 

ingredients may be estimated by the information from other species. Further research is needed to 

compare AA digestibility between broiler chickens and pigs in using other feed ingredients. 
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Table 4.1 Analyzed chemical composition of full-fat soybean (FFSB), soybean meal containing 

430 g/kg crude protein (SBM-43), soybean meal containing 470 g/kg crude protein (SBM-47), and 

peanut flour (PNF), g/kg as-fed basis 
 

Ingredient 

Item FFSB SBM-43 SBM-47 PNF 

Dry matter 916 897 880 942 

Gross energy, kcal/kg 5,239 4,247 4,223 5,708 

Crude protein 358 433 467 466 

AEE1 182.9 34.9 29.3 259.4 

Crude fiber 53.0 58.4 35.6 26.4 

Ash 46.8 55.7 54.3 33.0 

Neutral detergent fiber 103.9 109.0 71.6 92.4 

Acid detergent fiber 64.5 72.9 43.2 35.7 

TIA, TIU/mg2 5.40 2.40 3.40 1.35 

Urease activity, pH rise 0.02 0.06 0.02 < 0.02 

Protein solubility, %3 89.90 82.08 78.65 78.42 

Indispensable amino acid 
    

Arg 26.5 31.3 35.5 50.4 

His 9.9 11.4 12.8 10.8 

Ile 18.0 20.8 23.6 16.8 

Leu 28.9 34.0 37.8 30.6 

Lys 24.0 28.1 30.7 11.7 

Met 5.1 6.0 6.6 5.0 

Phe 19.0 22.5 24.9 24.1 

Thr 14.4 17.0 18.1 11.7 

Trp 4.4 5.9 6.5 4.7 

Val 18.6 21.4 24.4 20.0 

Dispensable amino acid 
    

Ala 16.0 19.0 20.8 17.9 

Asp 41.6 48.9 54.4 52.2 

Cys 5.2 5.8 6.6 5.1 

Glu 62.8 77.1 86.6 85.5 

Gly 17.0 19.2 20.7 27.1 

Pro 17.7 21.0 23.1 18.2 

Ser 16.3 19.1 20.1 18.2 

Tyr 13.4 16.1 17.2 17.9 
1Acid hydrolyzed ether extract. 
2TIA = trypsin inhibitor activity; TIU = trypsin inhibitor unit. 
3Measured by dissolving samples into 0.2% potassium hydroxide solution. 
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Table 4.2 Ingredient composition of experimental diets, g/kg as-fed basis 
 

Diet2 

Item1 FFSB SBM-43 SBM-47 PNF NFD 

Dextrose 510.5 535.5 567.5 598.0 640.0 

Full-fat soybean 410.0 0.0 0.0 0.0 0.0 

Soybean meal, 430 g/kg CP 0.0 350.0 0.0 0.0 0.0 

Soybean meal, 470 g/kg CP 0.0 0.0 318.0 0.0 0.0 

Peanut flour 0.0 0.0 0.0 314.0 0.0 

Cornstarch 0.0 0.0 0.0 0.0 173.5 

Solka-floc3 0.0 0.0 0.0 0.0 50.0 

Soybean oil 15.0 50.0 50.0 15.0 50.0 

Ground limestone 19.5 20.5 20.0 18.0 18.0 

Monocalcium phosphate 11.0 10.0 10.5 21.0 21.0 

Salt 4.0 4.0 4.0 4.0 0.0 

Potassium carbonate 0.0 0.0 0.0 0.0 2.6 

Magnesium oxide 0.0 0.0 0.0 0.0 2.0 

Sodium bicarbonate 0.0 0.0 0.0 0.0 7.5 

Choline chloride 0.0 0.0 0.0 0.0 2.5 

Potassium chloride 0.0 0.0 0.0 0.0 2.9 

Vitamin-mineral premix4 5.0 5.0 5.0 5.0 5.0 

Chromic oxide premix5 25.0 25.0 25.0 25.0 25.0 

Total 1,000 1,000 1,000 1,000 1,000 
1CP = crude protein 
2FFSB = full-fat soybean; SBM-43 = soybean meal containing 430 g/kg CP; SBM-47 = soybean meal containing 

470 g/kg CP; PNF = peanut flour; NFD = N-free diet. 
3International Fiber Corporation, North Tonawanda, NY. 
4Provided the following quantities per kilogram of complete diet: vitamin A, 8,575 IU; vitamin D3, 4,300 IU; 

vitamin E, 28.6 IU; menadione, 7.30 mg; riboflavin, 9.15 mg; D-pantothenic acid, 18.3 mg; niacin, 73.5 mg; 

choline chloride, 1,285 mg; vitamin B12, 0.02 mg; biotin, 0.09 mg; thiamine mononitrate, 3.67 mg; folic acid, 1.65 

mg; pyridoxine hydrochloride, 5.50 mg; I, 1.85 mg; Mn, 180 mg; Cu, 7.40 mg; Fe, 73.5 mg; Zn, 180 mg; Se, 0.43 

mg. 
5Provided 5 g chromic oxide per kilogram of complete diet. 
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Table 4.3 Analyzed concentration of dry matter, crude protein (CP), and amino acids (AA) in 

experimental diets, g/kg as-fed basis 
 

Diet1 

Item FFSB SBM-43 SBM-47 PNF NFD 

Dry matter 896 893 895 898 846 

CP 149 155 146 152 8 

Indispensable AA 
     

Arg 9.9 10.2 10.0 15.4 0.0 

His 3.6 3.7 3.6 3.4 0.0 

Ile 6.9 7.2 7.0 5.2 0.1 

Leu 11.2 11.6 11.4 9.7 0.1 

Lys 8.7 8.9 8.3 3.6 0.1 

Met 1.9 1.9 1.8 1.4 0.0 

Phe 7.3 7.6 7.5 7.3 0.0 

Thr 5.5 5.7 5.5 3.7 0.0 

Trp 1.6 2.0 1.7 1.0 0.0 

Val 7.1 7.4 7.2 6.2 0.0 

Dispensable AA 
     

Ala 6.2 6.5 6.3 5.7 0.0 

Asp 16.3 16.9 16.4 16.8 0.1 

Cys 1.9 1.9 1.8 1.5 0.0 

Glu 25.4 26.8 26.1 28.1 0.2 

Gly 6.3 6.5 6.2 8.5 0.0 

Pro 6.9 7.2 7.1 5.8 0.0 

Ser 6.1 6.5 6.3 5.9 0.0 

Tyr 4.6 4.8 4.6 4.3 0.0 
1FFSB = full-fat soybean; SBM-43 = soybean meal containing 430 g/kg CP; SBM-47 = soybean meal 

containing 470 g/kg CP; PNF = peanut flour; NFD = N-free diet. 
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Table 4.4 Apparent ileal digestibility (%) of crude protein (CP) and amino acids (AA) in full-fat soybean, soybean meals, and peanut 

flour for broiler chickens and pigs 

 Broiler chickens  Pigs    P-value 

Item FFSB SBM-43 SBM-47 PNF  FFSB SBM-43 SBM-47 PNF  RMSE  Diet Species Diet × species 

CP 68.4b 76.5a 77.4a 77.0a 
 

73.3y 80.9x 82.6x 78.9xy  4.76 
 

< 0.001 0.002 0.781 

Indispensable AA              

Arg 81.5b 85.8ab 87.5a 90.1a 
 

86.2y 91.2x 92.0x 93.2x  2.87 
 

< 0.001 < 0.001 0.731 

His 74.1b 80.6a 82.2a 79.9ab 
 

79.4z 85.3xy 87.5x 82.7yz  3.85 
 

< 0.001 < 0.001 0.776 

Ile 71.8b 79.8a 81.0a 80.9a 
 

77.6y 84.9x 86.3x 85.8x  3.84 
 

< 0.001 < 0.001 0.986 

Leu 72.3b 79.7a 80.7a 84.2a 
 

77.5z 84.3y 86.1xy 89.3x  3.76 
 

< 0.001 < 0.001 0.993 

Lys 73.4b 79.1ab 80.1a 54.4c 
 

79.5y 84.6xy 86.3x 60.5z  3.97 
 

< 0.001 < 0.001 0.993 

Met 72.8b 81.0a 79.7a 77.6ab 
 

79.6y 87.3x 88.3x 87.3x  3.97 
 

< 0.001 < 0.001 0.600 

Phe 76.2c 81.7bc 83.3ab 87.9a 
 

79.4z 85.3y 86.9y 91.5x  3.47 
 

< 0.001 < 0.001 0.998 

Thr 62.8b 71.5a 72.4a 67.9ab 
 

69.7y 77.3x 78.9x 72.4xy  5.17 
 

< 0.001 < 0.001 0.925 

Trp 74.6b 85.1a 84.2a 79.3ab 
 

77.9y 89.4x 89.1x 79.6y  4.00 
 

< 0.001 0.003 0.430 

Val 68.5b 77.5a 78.6a 81.3a 
 

73.6y 81.9x 83.9x 85.5x  4.39 
 

< 0.001 < 0.001 0.987 

Dispensable AA              

Ala 69.4b 78.1a 78.8a 81.2a 
 

71.2y 79.6x 81.3x 83.1x  4.89 
 

< 0.001 0.129 0.994 

Asp 74.5b 78.6ab 80.8a 79.0ab 
 

77.5z 82.8xy 84.8x 78.8yz  3.89 
 

< 0.001 0.007 0.396 

Cys 45.6b 57.0ab 47.1b 66.5a 
 

63.9y 75.6x 77.3x 71.3xy  8.34 
 

< 0.001 < 0.001 0.002 

Glu 80.9b 84.8ab 86.8a 86.3a 
 

82.3y 87.8x 88.9x 87.5x  3.48 
 

< 0.001 0.035 0.886 

Gly 64.1b 73.1ab 75.9a 64.1b 
 

65.9yz 74.8xy 79.2x 60.4z  6.89 
 

< 0.001 0.659 0.529 

Pro 71.5b 78.0ab 80.0a 81.8a 
 

75.0y 81.1xy 84.4x 80.7xy  4.82 
 

< 0.001 0.051 0.422 

Ser 69.7b 78.3a 79.0a 76.1a 
 

74.1y 82.1x 84.1x 76.5y  3.94 
 

< 0.001 0.002 0.385 

Tyr 72.9b 80.2a 82.2a 84.0a 
 

77.3y 84.0x 86.4x 87.2x  3.88 
 

< 0.001 < 0.001 0.975 

Note: FFSB = full-fat soybean; SBM-43 = soybean meal containing 430 g/kg CP; SBM-47 = soybean meal containing 470 g/kg CP; PNF = peanut flour. 

Note: each least squares mean represents 8 observations except for PNF in pigs (7 observations). 
a-c;x-zMeans within a row without a common superscript letter within species differ (P < 0.05). 
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Table 4.5 Basal ileal endogenous losses of crude protein (CP) and amino acids (AA) for broiler 

chickens and pigs, g/kg dry matter intake 

Item Broiler chickens Pigs 
 

SED 
 

P-value 

CP 10.6 11.0 
 

2.03 
 

0.847 

Indispensable AA 
      

Arg 0.387 0.260 
 

0.1075 
 

0.245 

His 0.176 0.121 
 

0.0423 
 

0.202 

Ile 0.376 0.245 
 

0.0884 
 

0.153 

Leu 0.595 0.392 
 

0.1463 
 

0.178 

Lys 0.499 0.254 
 

0.1498 
 

0.121 

Met 0.126 0.048 
 

0.0396 
 

0.072 

Phe 0.349 0.232 
 

0.0831 
 

0.172 

Thr 0.537 0.437 
 

0.0973 
 

0.309 

Trp 0.064 0.040 
 

0.0225 
 

0.304 

Val 0.472 0.330 
 

0.1029 
 

0.177 

Dispensable AA 
      

Ala 0.395 0.354 
 

0.0964 
 

0.662 

Asp 0.735 0.618 
 

0.1662 
 

0.475 

Cys 0.223 0.122 
 

0.0276 
 

0.003 

Glu 0.975 0.717 
 

0.2323 
 

0.271 

Gly 0.421 0.746 
 

0.1078 
 

0.010 

Pro 0.433 1.651 
 

0.2939 
 

0.007 

Ser 0.452 0.356 
 

0.0905 
 

0.311 

Tyr 0.256 0.196 
 

0.0583 
 

0.304 

Note: each mean represents 8 observations for broiler chickens and 7 observations for pigs. 



 

 

 

1
1
6
 

 

Table 4.6 Standardized ileal digestibility (%) of CP and AA in full-fat soybean, soybean meals, and peanut flour for broiler chickens 

and pigs 
 

Broiler chickens 
 

Pigs  
  

P-value 

Item FFSB SBM-43 SBM-47 PNF 
 

FFSB SBM-43 SBM-47 PNF  RMSE 
 

Diet Species Diet × species 

CP 74.4b 82.3a 83.5a 82.8a  79.5y 86.9x 89.0x 85.0xy  4.76  < 0.001 < 0.001 0.779 

Indispensable AA              

Arg 84.8b 89.0ab 90.7a 92.2a  88.4y 93.3x 94.2x 94.6x  2.87  < 0.001 < 0.001 0.826 

His 78.2b 84.6a 86.4a 84.3ab  82.2z 88.1xy 90.3x 85.7yz  3.85  < 0.001 0.002 0.758 

Ile 76.4b 84.2a 85.5a 87.0a  80.6y 87.7x 89.3x 89.7x  3.84  < 0.001 < 0.001 0.958 

Leu 76.8b 84.1a 85.2a 89.4a  80.5z 87.2y 89.0xy 92.7x  3.76  < 0.001 < 0.001 0.993 

Lys 78.2b 83.9ab 85.2a 66.1c  81.9y 87.0xy 88.8x 66.5z  3.97  < 0.001 0.010 0.631 

Met 78.4b 86.6a 85.6a 85.2ab  81.7y 89.4x 90.5x 90.2x  3.97  < 0.001 < 0.001 0.814 

Phe 80.2c 85.6bc 87.2ab 91.9a  82.1z 87.9y 89.5y 94.1x  3.47  < 0.001 0.017 0.998 

Thr 71.1b 79.5a 80.6a 80.2a  76.5y 83.8x 85.7x 82.4xy  5.17  < 0.001 0.002 0.844 

Trp 78.0b 87.8a 87.4a 84.8a  80.0y 91.1x 91.1x 83.0y  4.00  < 0.001 0.081 0.265 

Val 74.2b 82.9a 84.2a 87.7a  77.6y 85.7x 87.7x 90.0x  4.39  < 0.001 0.010 0.979 

Dispensable AA              

Ala 74.7b 83.2a 84.1a 87.1a  76.0y 84.2x 86.1x 88.3x  4.89  < 0.001 0.281 0.994 

Asp 78.3b 82.3ab 84.6a 82.7ab  80.7z 85.9xy 88.0x 81.9yz  3.89  < 0.001 0.032 0.397 

Cys 55.5b 67.0ab 57.6b 79.1a  69.3y 81.1x 83.0x 78.2x  8.34  < 0.001 < 0.001 0.001 

Glu 84.2b 87.9ab 89.9a 89.2a  84.7y 90.1x 91.2x 89.7xy  3.48  < 0.001 0.220 0.886 

Gly 69.8bc 78.6ab 81.6a 68.3c  75.9yz 84.5xy 89.4x 67.9z  6.89  < 0.001 0.008 0.383 

Pro 76.8b 83.1ab 85.2a 88.2a  95.2y 100.5xy 104.1x 104.8x  4.82  < 0.001 < 0.001 0.923 

Ser 76.0b 84.2a 85.1a 82.6a  79.0y 86.7x 88.9x 81.6y  3.94  < 0.001 0.042 0.369 

Tyr 77.6b 84.7a 86.9a 89.0a  80.9y 87.4x 90.0x 91.1x  3.88  < 0.001 0.007 0.971 

Note: FFSB = full-fat soybean; SBM-43 = soybean meal containing 430 g/kg CP; SBM-47 = soybean meal containing 470 g/kg CP; PNF = peanut flour. 

Note: each least squares mean represents 8 observations except for PNF in pigs (7 observations). 
a-c;x-zMeans within a row without a common superscript letter within species differ (P < 0.05).
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 DIGESTIBILITY OF AMINO ACID IN FULL-FAT 

CANOLA SEEDS, CANOLA MEAL, AND CANOLA EXPELLERS FED 

TO BROILER CHICKENS AND PIGS 

A version of this chapter has been published in Journal of Animal Science. 

 

Park, C. S., D. Ragland, A. Helmbrecht, J. K. Htoo, and O. Adeola. 2019. Digestibility of amino 

acid in full-fat canola seeds, canola meal, and canola expellers fed to broiler chickens and 

pigs. J. Anim. Sci. 97:803-812. doi:10.1093/jas/sky470 

5.1 Abstract 

Canola products including full-fat canola seeds (FFCS), canola meal (CM), and canola 

expellers (CE) have been used in diets for both broiler chickens and pigs. However, their ability 

to utilize the amino acids (AA) in canola products might be different from each other. Therefore, 

this study was conducted to compare the apparent ileal digestibility (AID) and standardized ileal 

digestibility (SID) of crude protein (CP) and AA in broiler chickens and growing pigs fed FFCS, 

CM, and CE. Three diets were prepared to contain FFCS, CM, or CE as a sole source of nitrogen. 

A nitrogen-free diet was prepared. In Exp. 1, a total of 272 twenty-one-day-old male broiler 

chickens with an initial body weight (BW) of 932 ± 80.6 g were assigned to diets in a randomized 

complete block design with BW as a blocking factor. After 5 d of feeding, birds were euthanized 

by sodium pentobarbital, and ileal digesta samples were collected from distal two-third of the 

ileum. In Exp. 2, sixteen barrows were surgically fitted with T-cannulas at the distal ileum. After 

8-d recovery period, pigs (initial BW = 18.9 ± 1.17 kg) were divided into 4 blocks based on BW 

and assigned to a quadruplicate 4 × 2 incomplete Latin Square design with 4 diets and 2 periods. 

Each period consisted of 5-d adaptation and 2-d ileal digesta collection periods. Data were 

analyzed as a 2 × 3 factorial treatment arrangement with effects of species (broiler chickens or 

pigs) and diets (FFCS, CM, or CE). There were interactions (P < 0.05) between species and 

experimental diets in the AID of all indispensable AA except for Lys. The AID of indispensable 

AA in FFCS for broiler chickens was greater (P < 0.05) than in pigs. Broiler chickens also had 

greater (P < 0.05) AID of Arg, His, Leu, Phe, and Val in CM compared with pigs; however, there 

were no differences in the AID of indispensable AA in CE between broiler chickens and pigs. The 

basal ileal endogenous losses of CP and AA, except Trp, in pigs were greater (P < 0.05) than in 
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broiler chickens. There were also interactions (P < 0.05) between species and experimental diets 

in the SID of all indispensable AA except for Lys. Broiler chickens fed the diet containing FFCS 

had greater (P < 0.05) SID of indispensable AA compared with pigs fed the same diet; however, 

the SID of indispensable AA in CM or CE were not different between broiler chickens and pigs. 

In conclusion, differences in digestibility of AA in canola products were affected by nonruminant 

animal species. 

Key words: amino acid, canola meal, digestibility, full-fat canola seeds, poultry, swine 

5.2 Introduction 

Commercial diets for both broiler chickens and pigs have been formulated with similar 

feed ingredients due to ingredient commonality and similarity of gastrointestinal tract and 

digestive physiology. Moreover, experimental procedures to evaluate the digestibility of amino 

acids (AA) in feed ingredients are similar (Kong and Adeola, 2014). Differences in the digestion 

process, especially in the foregut, may affect the utilization of AA even though both broiler 

chickens and pigs have similar digestive physiology. In addition, physiochemical properties of 

feed ingredients may differently act on the utilization of AA in broiler chickens and pigs. Park et 

al. (2017) reported that the standardized ileal digestibility (SID) of most AA in full-fat soybean, 

hulled soybean meal (SBM), dehulled SBM, and peanut flour for pigs were greater than in broiler 

chickens but both species had differences in the SID of AA among test ingredients that were 

consistent between the species. However, it is unclear if the SID of AA for pigs is greater than that 

for broiler chickens in other feed ingredients and if the SID of AA in other feed ingredients shows 

similar pattern of differences within species. 

Canola meal (CM), which is the co-product of solvent extraction of oil from full-fat canola 

seeds (FFCS), has been widely used in diets for both broiler chickens and pigs as a protein 

supplement, whereas, canola expellers (CE) is a co-product from double pressing using expeller 

for oil extraction from FFCS (Canola Council of Canada, 2015). In addition, FFCS has been also 

considered as an alternative feed ingredient for both broiler chickens and pigs due to its high energy 

and crude protein (CP) contents (Woyengo et al., 2014; Barekatain et al., 2015). However, 

digestibility of CP and AA in canola products may be influenced by processing procedure. Studies 

have been conducted to compare the digestibility of AA in canola products for broiler chickens 

(Woyengo et al., 2010; Adewole et al., 2017b) and for pigs (Maison and Stein, 2014; Adewole et 
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al., 2017a). However, most of previous studies have been used canola products originating from 

different crushing plants with a variety of canola seeds from different locations, but not from 

solvent- or expeller-extracted of the same canola seeds. Furthermore, the magnitude of influences 

from processing of canola products on digestibility of AA may be different between broiler 

chickens and pigs. Therefore, this study was conducted to test the hypothesis that the apparent ileal 

digestibility (AID) and SID of CP and AA in FFCS, CM, and CE, derived from solvent- or 

expeller-extracted of the same canola seeds, are not affected by canola seed processing in broiler 

chickens and pigs. 

5.3 Materials and Methods 

Experimental procedures using broiler chickens and pigs were reviewed and approved by 

the Purdue University Animal Care and Use Committee. 

5.3.1 Ingredients and Experimental Diets 

Full-fat canola seeds, CM, and CE originated from the same batch of canola seeds from 

University of Alberta (Edmonton, Alberta, Canada; Table 5.1). One batch of canola seeds was 

divided into 3 sub-batches. One sub-batch was used without oil removal as FFCS, one sub-batch 

had oil removed via expelling followed by solvent extraction to produce CM, and the last sub-

batch had oil removed via expelling to produce CE. The FFCS was finely ground (< 0.75 mm) 

with dry ice using a centrifugal grinder (ZM 200; Retsch GmbH, Haan, Germany) before making 

the experimental diets. Three experimental diets containing FFCS, CM, or CE as a sole source of 

nitrogen (N) were prepared for both broiler chickens and pigs (Table 5.2). These diets were 

formulated to contain the same concentration of CP (N × 6.25) at 160 g/kg. Sucrose and cornstarch 

were added as energy sources. Soybean oil was added in the diet containing CM but not in the 

other diets due to the high concentration of acid hydrolyzed ether extract (AEE) in FFCS and CE. 

A N-free diet (NFD) was also prepared to determine the basal ileal endogenous losses (BEL) of 

CP and AA for broiler chickens and pigs. All diets were prepared to meet or exceed the estimated 

vitamin and mineral requirements for both broiler chickens and pigs in National Research Council 

(NRC; 1994, 2012). Chromic oxide at 5 g/kg was added in all diets as an indigestible marker. 
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5.3.2 Experiment 1: Digestibility of Crude Protein and Amino Acids for Broiler Chickens 

Two-hundred-and-seventy-two male broiler chickens (Cobb 500; Cobb-Vantress Inc., 

Siloam Springs, AR) with a mean body weight (BW) of 42.5 g at d 0 post-hatching were obtained 

from a commercial hatchery. Birds were tagged and housed in electrically heated battery brooders 

(model SB 4 T; Alternative Design Manufacturing, Siloam Springs, AR) with temperature at 35°C 

from d 0 to 7, at 31°C from d 7 to 14, and at 27°C from d 14 to 25. Before the experimental period, 

birds were fed a corn-SBM-based standard starter diet (210 g CP/kg) for 20 d. On d 21, individual 

BW of birds were obtained (mean initial BW = 932 ± 80.6 g), and then birds were allotted to 4 

dietary treatments in a randomized complete block design with BW as a blocking factor using a 

spreadsheet program (Kim and Lindemann, 2007). Eight replicate cages were assigned to each diet 

with 8 birds per cage except for the NFD treatment, which had 10 birds per cage. Birds had ad 

libitum access to feed and water during the experimental period. After feeding experimental diets 

for 5 d, birds were euthanized by the injection of sodium pentobarbital (156 mg/kg BW; Fatal-

Plus; Vortech Pharmaceuticals, Ltd., Dearborn, MI). Collection of ileal digesta and sample 

processing were as previously described by Park et al. (2017). 

5.3.3 Experiment 2: Digestibility of Crude Protein and Amino Acids for Pigs 

Sixteen barrows were surgically fitted with T-cannulas at the distal ileum by following the 

procedure by Dilger et al. (2004). Pigs were moved into individual metabolism crates (1.22 × 1.22 

m) equipped with a feeder and a nipple drinker and received a corn-SBM-based standard grower 

diet (194 g CP/kg) for 8 d of recovery period. After the recovery period, pigs with an initial BW 

of 18.9 ± 1.17 kg were divided into 4 blocks based on BW and allotted to a quadruplicate 4 × 2 

incomplete Latin Square design with 4 experimental diets and 2 periods using a spreadsheet 

program (Kim and Kim, 2010).  

Feeding, collection of ileal digesta, and sample processing were conducted by following 

the procedures described by Park et al. (2017). 

5.3.4 Chemical Analysis 

Ileal digesta samples from broiler chickens and pigs were freeze-dried before further 

analyses. Test ingredients, experimental diets, and ileal digesta samples were finely ground (< 0.75 
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mm) using a centrifugal grinder and analyzed for dry matter (DM) by drying at 105°C for 24 h in 

a forced-air drying oven [Precision Scientific Co., Chicago, IL; method 934.01; Association of 

Official Analytical Chemists (AOAC), 2006]. Nitrogen concentration in test ingredients, 

experimental diets, and ileal digesta samples were analyzed by combustion method (TruMac N; 

LECO Corp., St. Joseph, MI; method 990.03; AOAC, 2000), and the CP concentration was 

obtained by multiplying the N concentration by 6.25. The concentration of AA in test ingredients, 

experimental diets, and ileal digesta samples were analyzed at the University of Missouri 

Agricultural Experiment Station Chemical Laboratories (Columbia, MO). Briefly, test ingredients, 

diets, and ileal digesta samples were hydrolyzed in 6 M HCl (or BaOH for the analysis of Trp) at 

110°C for 24 h under N atmosphere. For Met and Cys analysis, samples were oxidized by 

performic acid before acid hydrolysis. Hydrolyzed samples were analyzed for AA concentration 

by high-performance liquid chromatography after post-column derivatization [method 982.30 E 

(a, b, c); AOAC, 2006]. Test ingredients were analyzed for gross energy using an isoperibol bomb 

calorimeter (model 6200; Parr Instrument Co., Moline, IL) and ash (method 942.05; AOAC, 2006). 

The concentration of AEE (method 954.02; AOAC, 2006) were analyzed at the University of 

Missouri Agricultural Experiment Station Chemical Laboratories. Test ingredients were also 

analyzed for crude fiber (method 978.10; AOAC, 2006), neutral detergent fiber (NDF; Van Soest 

et al., 1991), and acid detergent fiber [ADF; method 973.18 (AD); AOAC, 2006] using a fiber 

analyzer (Ankom 2000 Fiber Analyzer, Ankom Technology, Macedon, NY) after extraction of fat 

for 12 h in the analyses of NDF and ADF and for 24 h in the analysis of crude fiber. Experimental 

diets and ileal digesta samples were analyzed for the concentrations of Cr using a 

spectrophotometer (Spark 10M; Tecan Group Ltd., Männedorf, Switzerland) at 450 nm of 

absorption after wet digestion in nitric acid and 70% perchloric acid (Fenton and Fenton, 1979).  

5.3.5 Calculations and Statistical Analysis 

Calculations for the AID and SID of CP and AA as well as the BEL of CP and AA for 

broiler chickens and pigs were as previously described by Park et al. (2017). 

Data from Exp. 1 and 2 were pooled and considered a 2 × 3 factorial arrangement with 

effects of species (broiler chickens or pigs) and experimental diets (FFCS, CM, or CE). Before 

statistical analysis, outlier was tested using 2.5 times interquartile range, and one pig fed NFD in 

period 1 of Exp. 2 was removed as outlier. Data were analyzed by ANOVA using general linear 
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model procedure of SAS (SAS Inst. Inc., Cary, NC). Independent variables in the model were 

species, experimental diets, interaction between species and experimental diets, and block within 

species. In order to match the blocking factors of Exp. 2 with Exp. 1, the components of Latin 

square design were rearranged. The experimental design of Exp. 2 was a quadruplicate 4 × 2 

incomplete Latin Square design with 4 blocks of BW (i.e., 4 pigs per block), 4 columns of 4 pigs 

on 4 diets in each of 4 blocks, and 2 periods in each of 4 blocks. The 4 columns of 4 pigs on 4 diets 

were merged into diets to remove column effects from the statistical model, and 2 periods were 

multiplied with 4 blocks to generate 8 blocks. With this, the effects of the 4 blocks in each of the 

2 periods are unrelated. Block effects in Exp. 2 were consistent with those in Exp. 1, but were 

considered separately in the model (i.e., block nested within species as independent variable). 

Least squares means were separated by pairwise comparison with the Tukey’s adjustment if there 

was an interaction. Data for the BEL of CP and AA were analyzed by two-sample, two-tailed t 

tests to compare values between broiler chickens and pigs. In all statistical analyses, the 

experimental unit was cage for Exp. 1 and pig for Exp. 2, and the significance was determined at 

P < 0.05. 

5.4 Results 

In Exp. 1, one bird receiving the diet containing FFCS was removed from the experiment 

because of abnormal health condition. All other birds were in good condition during the 

experimental period. In Exp. 2, all pigs were in good condition during the experimental period. 

5.4.1 Chemical Analysis 

The analyzed concentration of CP in test ingredients ranged from 248 g/kg in FFCS to 436 

g/kg in CM on an as-fed basis (Table 5.1). The AEE concentration in FFCS was 339 g/kg as-fed 

basis, but it was 24 g/kg as-fed basis in CM. The analyzed concentration of CP and AA in 

experimental diets were close to the values calculated by the analyzed concentration of CP and 

AA in test ingredients (Table 5.3).  
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5.4.2 Apparent Ileal Digestibility of Crude Protein and Amino Acids 

There were interactions (P < 0.05) between experimental diets and species in the AID of 

AA except Lys, Gly, Pro, and Ser (Table 5.4). The AID of indispensable AA in FFCS for broiler 

chickens were greater (P < 0.05) than for pigs. Broiler chickens also had greater (P < 0.05) AID 

of Arg, His, Leu, Phe, and Val in CM compared with pigs; however, there were no differences in 

AID of indispensable AA in CE between broiler chickens and pigs. The AID of CP and Lys for 

broiler chickens was greater (P < 0.001) than for pigs regardless of the experimental diets. Broiler 

chickens fed FFCS or CM had greater (P < 0.05) AID of Ala, Asp, Glu, and Tyr compared with 

pigs. The AID of Ala in CE for broiler chickens was greater (P < 0.05) than for pigs. The AID of 

Gly, Pro, and Ser for broiler chickens were greater (P < 0.001) than for pigs regardless of the 

experimental diets.  

5.4.3 Standardized Ileal Digestibility of Crude Protein and Amino Acids 

The BEL of CP and AA, except Trp, in pigs were greater (P < 0.05) than in broiler chickens 

(Table 5.5). The BEL of indispensable AA ranged from 44 mg/kg DM intake (DMI) for Trp to 

446 mg/kg DMI for Thr in broiler chickens and from 58 mg/kg DMI for Trp to 703 mg/kg DMI 

for Leu in pigs.  

Similar to the results for AID values, interactions (P < 0.05) between experimental diets 

and species were observed for the SID of AA except Lys, Gly, Pro, and Ser (Table 5.6). Broiler 

chickens fed the diet containing FFCS had greater (P < 0.05) SID of indispensable AA compared 

with pigs fed the same diet; however, the SID of indispensable AA in CM or CE were not different 

between broiler chickens and pigs. Within broiler chickens, the SID of all indispensable AA, 

except Trp, was not different from values calculated for CM and CE. However, within pigs, the 

SID of all indispensable AA, except Trp, in FFCS was less (P < 0.05) than in CE, but the SID of 

all indispensable AA, except Met, in FFCS was not different from values obtained for CM. The 

SID of CP and Lys for broiler chickens was greater (P < 0.001) than for pigs regardless of 

experimental diet. The SID of Ala, Asp, Cys, Glu, and Tyr in FFCS fed to broiler chickens was 

greater (P < 0.05) than for pigs; however, values in CM or CE for broiler chickens were not 

different from pigs.  
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5.5 Discussion 

The analyzed concentration of CP in FFCS was similar to values reported by González-

Vega and Stein (2012) and NRC (2012) but was greater than values in other reports (Sauvant et 

al., 2004; Seneviratne et al., 2011; Barekatain et al., 2015; Eklund et al., 2015). In addition, the 

analyzed concentration of CP in CM was also greater than values by Sauvant et al. (2004), NRC 

(2012), Maison and Stein (2014), and Adewole et al. (2016, 2017a). These differences may be due 

to the low concentration of AEE in the FFCS used in this experiment. The analyzed AEE 

concentration in FFCS was less than previously reported values (González-Vega and Stein, 2012; 

NRC, 2012; Barekatain et al., 2015). Barthet and Daun (2011) reported that the general oil content 

in canola seeds is usually greater than 440 g/kg and there is a negative correlation between protein 

and oil contents in canola seeds, which agreed with the high CP and low AEE concentrations in 

FFCS used in this study. Therefore, the CP in FFCS might be concentrated when producing CM 

which led to increased CP concentration in CM used in this study. This is also in accordance with 

the low concentration of AEE in CM compared with values reported by Maison and Stein (2014). 

However, the concentration of CP in CE was within the range of values in previous studies (NRC, 

2012; Maison and Stein, 2014; Woyengo et al., 2016). This may be due to the greater concentration 

of AEE in CE that remains after oil extraction. The analyzed concentration of AEE in CE was 

greater than the range of values reported by Maison and Stein (2014).  

Although the low concentration of AEE in FFCS used in this experiment is partly explained 

by the greater concentration of CP in both FFCS and CM, it was considerably less than the standard 

value at minimum 440 g/kg suggested in Barthet and Daun (2011). This may be due to the loss of 

oil during grinding. The concentration of NDF and ADF in FFCS were in agreement with values 

in previous studies (Sauvant et al., 2004; González-Vega and Stein, 2012; NRC, 2012; Barekatain 

et al., 2015). However, the concentration of NDF and ADF in CM were less than previously 

reported values (Sauvant et al., 2004; NRC, 2012; Li et al., 2015; Adewole et al., 2017a), and the 

concentration of NDF and ADF in CE were also less than values reported by NRC (2012) and 

Woyengo et al. (2016). This may be due to the differences in oil extraction process among studies. 

It may be speculated that there was a loss of cell wall components during the oil extraction process 

for CM and CE used in the current study, which may also explain the fact that the concentration 

of NDF and ADF in FFCS was similar to values in CE.  
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The BEL of CP and AA, except Trp, in pigs were greater than in broiler chickens, which 

is not consistent with the results reported in Park et al. (2017). However, the BEL of CP and AA 

agreed with the values reported in previous studies for broiler chickens (Kong and Adeola, 2013; 

Toghyani et al., 2015; Park et al., 2017) and for pigs (Park et al., 2013; Maison and Stein, 2014; 

Wang et al., 2018). The reason for the greater BEL of CP and AA in pigs compared with broiler 

chickens may be due to the shorter absolute length of small intestine in broiler chickens compared 

with pigs. Although the length of small intestine relative to BW in broiler chickens is longer than 

in pigs (Park et al., 2017), pigs have greater physical area to lose the intestinal cells compared with 

broiler chickens. Nyachoti et al. (1997) reported that majority of the BEL of N in pigs is 

contributed from tissues of the small intestine. Therefore, the BEL of CP and AA in broiler 

chickens may contain less sloughed cells or mucin proteins compared with pigs.  

Interactions between experimental diets and species were observed in both AID and SID 

of AA except Lys, Gly, Pro, and Ser. These observations were mainly due to the greater 

digestibility of AA in FFCS for broiler chickens compared with pigs. However, Park et al. (2017) 

reported that there were no interactions for digestibility of CP and most AA between broiler 

chickens and pigs fed semi-purified diets containing full-fat soybean, SBM, and peanut flour and 

that the digestibility of CP and AA for pigs was greater than for broiler chickens. The reason for 

this discrepancy remains unclear; however, it may be due to the altered digestive functions in 

foregut of broiler chickens from increased intake of dietary fiber from FFCS. Birds fed diets 

containing 30 g/kg sugar beet pulp or oat hulls as a source of soluble or insoluble fiber, respectively, 

had increased weight of gizzard relative to BW and decreased pH of the digesta in proventriculus 

and gizzard compared with birds fed the control diet and the diet containing 30 g/kg cellulose 

(Jiménez-Moreno et al., 2009). Also, Jiménez-Moreno et al. (2010) found similar observations 

using finely ground (< 0.2 mm) sugar beet pulp or oat hulls at 30 g/kg of the diet. It is unclear 

whether fiber components and structure in FFCS has a beneficial effect on gizzard similar to sugar 

beet pulp or oat hulls and whether this beneficial effect appears after short-term feeding (i.e., 5 d) 

of the diet containing FFCS. However, it may be speculated that the digestive function of gizzard 

improved the digestibility of AA in FFCS, which is not applicable for pigs due to the absence of 

gizzard. On the other hand, increased intake of fiber in pigs fed the diet containing FFSC might 

reduce digestibility of AA. Fan et al. (1996) reported negative correlations between the 

concentration of NDF and the AID of CP and AA, except Arg, in pigs fed diets containing 6 CM 
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originating from different processing plants. Compared with the results reported in Park et al. 

(2017) where all the experimental diets were prepared as semi-purified diets based on dextrose, 

the diet containing FFCS used in the current experiment was prepared to contain 720 g/kg FFCS, 

which resulted in increased consumption of fiber to animals compared with other diets in the 

current experiment as well as the diets used by Park et al. (2017). Therefore, the effect of the 

concentration of fiber in the diet containing FFCS may have resulted in the interactions between 

species (broiler chickens or pigs) and diets (FFCS, CM, or CE). Further research is needed to verify 

the effects of fiber contents in canola products on traits of digestive organs in broiler chickens. 

There were no differences in the AID and SID of CP and most AA among FFCS, CM, and 

CE fed to broiler chickens. The observation is in agreement with observations by Lee et al. (1995) 

who reported that the true digestibility of most AA in FFCS was not different from values for CM 

if measured using the force-fed rooster assay. Woyengo et al. (2010) also reported that the SID of 

CP and indispensable AA, except Thr, in CM were not different from those in CE. The SID of AA 

in full-fat rapeseed reported by Szczurek (2010) were less than the SID of AA in FFCS observed 

in the current study, which may be due to differences in variety of seeds. The SID of CP and 

indispensable AA in CM for broiler chickens obtained in this experiment was in agreement with 

reported values (Woyengo et al., 2010; Adewole et al., 2017b; Rad-Spice et al., 2018). The SID of 

CP and indispensable AA in CE obtained in this experiment was also comparable to values 

reported in previous studies (Woyengo et al., 2010; Bryan et al., 2017).  

In pigs, however, the SID of most AA in FFCS were less than in CE, which were not 

different from CM. Similar with the possible reason for the interactions, it may be speculated that 

increased intake of fiber in pigs fed the diet containing FFCS negatively affected the digestibility 

of AA in FFCS. However, it remains unclear why the SID of CP and most AA in FFCS were not 

different from those in CM. González-Vega and Stein (2012) reported that the SID of CP, Arg, 

His, Lys, and Trp in FFCS were not different from those in CM, but the SID of the remaining 

indispensable AA in FFCS were less than in CM. This discrepancy may be due to the differences 

in sources of FFCS used in the studies. In addition, the differences for FFCS among studies may 

also be due to differences in grinding procedures. In the current experiment, the same batch of 

FFCS was used to produce CM; however, in González-Vega and Stein (2012), FFCS and CM were 

obtained from different plants. Moreover, the SID of CP and AA in FFCS observed in the current 

study were also greater than values reported in González-Vega and Stein (2012), which may be 
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also due to the differences in sources of FFCS used in studies. The SID of AA, except Trp, in 

FFCS were in agreement with values reported by NRC (2012).  

In the current experiment for pigs, the SID of CP and AA in CM were not different from 

those in CE. However, Maison and Stein (2014) reported that the mean values for the SID of CP 

and most AA in 10 samples of 00-rapeseed meal were less than mean value for 5 samples of 00-

rapeseed expellers. Woyengo et al. (2016) also reported that the SID of CP and most AA in CM 

were less than in CE in which both CM and CE originated from the same genus but different plants. 

Maison and Stein (2014) and Woyengo et al. (2016) suggested that lower SID of AA in CM than 

CE might be due to the heat damage of CM during desolventizing process. Therefore, it may be 

speculated that CM used in the current experiment were not damaged by heat during oil extraction 

process. Thus, the oil extraction process did not affect the SID of CP and AA in canola co-products 

that originated from the same batch of FFCS used in the current study. In addition, soybean oil 

was added to the diet containing CM but not in the diet containing FFCS and CE to prevent the 

potential effect of the dietary concentration of oil on digestibility of CP and AA in the current 

experiment. The SID of indispensable AA in CM observed in the current experiment were within 

the range of the previously reported values (NRC, 2012; Maison and Stein, 2014; Li et al., 2015; 

Woyengo et al., 2016; Adewole et al., 2017a). The SID of indispensable AA in CE were also 

comparable with the values reported in the previous studies (NRC, 2012; Woyengo et al., 2016) 

and the values reported by Maison and Stein (2014) despite of greater concentration of AEE. Kil 

and Stein (2011) reported that pigs fed diets containing 50 g/kg soybean oil or choice white grease 

had greater AID of Arg, Leu, and Val than pigs fed control diet possibly due to the increased 

retention time of digesta in gastrointestinal tract due to fat addition. However, the concentration of 

AEE in CE used in the current study was 44% greater than mean value (115.2 g/kg) of 5 CE used 

by Maison and Stein (2014). Therefore, it may be concluded that the greater concentration of AEE 

in CE used in the current study was not enough to increase the digestibility of AA in CE. 

In conclusion, there were interactions between canola products and species. The SID of 

AA, except Lys, Gly, Pro, and Ser, in FFCS for broiler chickens was greater than for pigs. In 

broiler chickens, there were no differences in the SID of CP and indispensable AA, except Trp, 

among FFCS, CM, and CE. However, in pigs, the SID of all indispensable AA, except Lys and 

Trp, in FFCS was less than CE, but not different from those in CM.  
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Table 5.1 Analyzed nutrient composition of full-fat canola seeds (FFCS), canola meal (CM), and 

canola expellers (CE), g/kg as-fed basis 
 

Ingredient 

Item FFCS CM CE 

Dry matter 949 905 926 

Gross energy, kcal/kg 6,378 4,415 5,141 

Crude protein (nitrogen × 6.25) 248 436 365 

Acid hydrolyzed ether extract 339 24 166 

Crude fiber 73.3 104.0 88.1 

Ash 39.4 63.5 53.1 

Neutral detergent fiber 194 213 179 

Acid detergent fiber 155 180 150 

Indispensable amino acids    

Arg 14.6 25.0 21.0 

His 6.4 11.0 9.2 

Ile 10.0 16.7 14.1 

Leu 17.0 28.9 24.3 

Lys 14.0 24.3 20.6 

Met 4.8 7.9 6.7 

Phe 10.0 16.8 14.2 

Thr 9.9 16.9 14.3 

Trp 2.7 4.9 4.0 

Val 12.3 21.3 18.3 

Dispensable amino acids 
   

Ala 10.4 18.4 15.3 

Asp 17.1 28.2 23.9 

Cys 5.8 10.2 8.6 

Glu 40.3 72.0 59.5 

Gly 12.0 20.3 17.0 

Pro 9.2 15.8 13.5 

Ser 12.9 23.4 18.6 

Tyr 6.7 10.9 9.5 
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Table 5.2 Ingredient composition of experimental diets, g/kg as-fed basis 
 

Diet1 

Item FFCS CM CE NFD 

Sucrose 121.0 390.5 350.0 500.0 

Cornstarch 100.0 100.0 100.0 316.0 

Full-fat canola seeds 720.0 0.0 0.0 0.0 

Canola meal 0.0 421.0 0.0 0.0 

Canola expellers 0.0 0.0 494.0 0.0 

Soybean oil 0.0 30.0 0.0 50.0 

Cellulose2 0.0 0.0 0.0 50.0 

Ground limestone 10.0 8.5 8.0 13.0 

Monocalcium phosphate 15.0 16.0 14.0 23.5 

Salt 4.0 4.0 4.0 0.0 

Potassium carbonate 0.0 0.0 0.0 2.6 

Magnesium oxide 0.0 0.0 0.0 2.0 

Sodium bicarbonate 0.0 0.0 0.0 7.5 

Choline chloride 0.0 0.0 0.0 2.5 

Potassium chloride 0.0 0.0 0.0 2.9 

Vitamin-mineral premix3 5.0 5.0 5.0 5.0 

Chromic oxide premix4 25.0 25.0 25.0 25.0 

Total 1,000 1,000 1,000 1,000 
1FFCS = full-fat canola seeds; CM = canola meal; CE = canola expellers; NFD = nitrogen-free diet. 
2Solka-Floc 40 FCC, International Fiber Corporation, North Tonawanda, NY. 
3Provided the following quantities per kilogram of complete diet: vitamin A, 8,575 IU; vitamin D3, 4,300 IU; vitamin 

E, 28.6 IU; menadione, 7.30 mg; riboflavin, 9.15 mg; D-pantothenic acid, 18.3 mg; niacin, 73.5 mg; choline chloride, 

1,285 mg; vitamin B12, 0.02 mg; biotin, 0.09 mg; thiamine mononitrate, 3.67 mg; folic acid, 1.65 mg; pyridoxine 

hydrochloride, 5.50 mg; I, 1.85 mg; Mn, 180 mg; Cu, 7.40 mg; Fe, 73.5 mg; Zn, 180 mg; Se, 0.43 mg. 
4Provided 5 g chromic oxide per kilogram of complete diet. 
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Table 5.3 Analyzed concentration of dry matter, crude protein (CP), and amino acids (AA) in 

experimental diets, g/kg as-fed basis 
 

Diet1 

Item FFCS CM CE NFD 

Dry matter 949 951 953 960 

CP (nitrogen × 6.25) 178 171 179 6.43 

Indispensable AA 
    

Arg 10.4 10.1 10.2 0.0 

His 4.6 4.5 4.6 0.0 

Ile 7.1 7.0 7.1 0.1 

Leu 12.2 12.0 12.2 0.2 

Lys 10.1 10.1 10.3 0.1 

Met 3.2 3.1 3.2 0.0 

Phe 7.0 7.0 7.1 0.1 

Thr 7.0 7.0 7.0 0.0 

Trp 2.8 2.2 2.1 0.0 

Val 8.9 8.8 8.8 0.1 

Dispensable AA 
    

Ala 7.6 7.6 7.7 0.1 

Asp 12.3 11.7 11.9 0.2 

Cys 4.1 4.2 4.2 0.0 

Glu 31.2 30.1 30.1 0.2 

Gly 8.6 8.4 8.5 0.1 

Pro 6.7 6.6 6.5 0.1 

Ser 9.0 9.4 9.8 0.0 

Tyr 4.5 4.2 4.4 0.1 
1FFCS = full-fat canola seeds; CM = canola meal; CE = canola expellers; NFD = nitrogen-free 

diet. 
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Table 5.4 Apparent ileal digestibility (%) of crude protein (CP) and amino acids (AA) in full-fat canola seeds (FFCS), canola meal 

(CM), and canola expellers (CE) for broiler chickens and pigs 
 

Broiler chickens  Pigs 
 

P-value 

Item FFCS CM CE  FFCS CM CE SD Diet Species Diet × species 

CP 75.9 73.3 75.1  65.7 66.4 71.0 3.46 0.037 < 0.001 0.055 

Indispensable AA           

Arg 87.3a 85.5a 86.5a  78.7c 80.0bc 83.4ab 2.85 0.077 < 0.001 0.035 

His 85.5a 82.9a 84.3a  76.8c 78.8bc 82.0ab 2.66 0.043 < 0.001 0.006 

Ile 78.3a 75.8ab 76.6a  68.5c 70.8bc 75.2ab 3.40 0.062 < 0.001 0.006 

Leu 81.9a 79.4a 80.3a  71.0c 72.8bc 77.6ab 3.37 0.051 < 0.001 0.007 

Lys 82.0 79.6 80.8  70.5 72.2 74.6 3.24 0.278 < 0.001 0.064 

Met 86.2a 85.0ab 85.9a  78.1c 81.9b 84.6ab 2.32 0.003 < 0.001 < 0.001 

Phe 81.0a 79.7a 80.4a  69.9c 73.1bc 77.4ab 3.38 0.021 < 0.001 0.008 

Thr 72.4a 69.3ab 70.7ab  62.8c 64.5bc 69.5ab 4.14 0.095 < 0.001 0.026 

Trp 94.9a 85.5b 87.9b  88.0b 83.9b 86.7b 2.94 < 0.001 < 0.001 0.018 

Val 75.1a 72.6a 73.1a  64.4c 66.2bc 71.3ab 3.93 0.105 < 0.001 0.013 

Dispensable AA           

Ala 81.4a 79.2ab 79.9a  69.4d 71.9cd 75.2bc 2.91 0.083 < 0.001 0.004 

Asp 79.0a 76.1ab 77.5ab  67.2c 68.1c 72.5bc 3.74 0.098 < 0.001 0.048 

Cys 80.0a 74.8bc 76.2ab  70.9c 70.9c 74.3bc 3.38 0.071 < 0.001 0.016 

Glu 88.4a 86.9ab 87.7ab  81.6d 82.6cd 84.9bc 2.09 0.093 < 0.001 0.035 

Gly 80.1 75.9 77.5  64.7 63.9 66.8 4.07 0.175 < 0.001 0.251 

Pro 77.4 75.0 75.6  67.3 67.5 71.5 3.49 0.215 < 0.001 0.069 

Ser 77.5 74.0 77.1  64.1 65.5 68.4 5.15 0.268 < 0.001 0.329 

Tyr 79.1a 75.5a 77.0a  68.3c 70.0bc 75.0ab 3.30 0.029 < 0.001 0.003 

Note: each least squares mean represents 8 observations. 

a-dMeans within a row with different superscripts differ (P < 0.05). 

 



 

 

136 

 

 

 

 

Table 5.5 Basal ileal endogenous losses of crude protein (CP) and amino acids (AA) for broiler 

chickens and pigs, mg/kg dry matter intake (DMI) 

Item Broiler chickens Pigs SED P-value 

CP, g/kg DMI 8.00 17.32 0.957 < 0.001 

Indispensable AA 
    

Arg 206 497 35.7 < 0.001 

His 105 238 16.2 < 0.001 

Ile 239 378 24.5 < 0.001 

Leu 374 703 46.3 < 0.001 

Lys 275 483 35.2 < 0.001 

Met 62 86 7.9 0.010 

Phe 237 427 26.6 < 0.001 

Thr 446 686 45.6 < 0.001 

Trp 44 58 17.2 0.427 

Val 394 621 48.3 < 0.001 

Dispensable AA 
    

Ala 255 551 36.7 < 0.001 

Asp 487 958 69.0 < 0.001 

Cys 155 293 22.5 < 0.001 

Glu 580 1,164 85.3 < 0.001 

Gly 289 1,240 74.1 < 0.001 

Pro 318 609 60.0 0.003 

Ser 302 1,934 306.8 0.003 

Tyr 180 280 17.1 < 0.001 

Note: each mean represents 8 observations for broiler chickens and 7 observations for pigs. 
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Table 5.6 Standardized ileal digestibility (%) of crude protein (CP) and amino acids (AA) in full-fat canola seeds (FFCS), canola meal 

(CM), and canola expellers (CE) for broiler chickens and pigs 

 Broiler chickens  Pigs  P-value 

Item FFCS CM CE  FFCS CM CE SD Diet Species Diet × species 

CP 80.2 77.7 79.4  74.9 76.0 80.3 3.46 0.055 0.050 0.054 

Indispensable AA           

Arg 89.2a 87.5abc 88.4ab  83.2c 84.7bc 88.0ab 2.85 0.074 < 0.001 0.032 

His 87.7a 85.2ab 86.5a  81.7b 83.8ab 86.9a 2.66 0.048 0.006 0.006 

Ile 81.5a 79.0ab 79.8ab  73.5c 75.9bc 80.3ab 3.40 0.065 0.001 0.006 

Leu 84.8a 82.4ab 83.2ab  76.5c 78.4bc 83.1ab 3.37 0.055 < 0.001 0.007 

Lys 84.6 82.2 83.3  75.0 76.8 79.1 3.24 0.304 < 0.001 0.065 

Met 88.0a 86.9a 87.8a  80.7b 84.5a 87.2a 2.32 0.003 < 0.001 < 0.001 

Phe 84.2a 82.9ab 83.6ab  75.7c 78.9bc 83.1ab 3.38 0.023 < 0.001 0.008 

Thr 78.5a 75.3ab 76.7ab  72.1b 73.9ab 78.8a 4.14 0.093 0.119 0.026 

Trp 96.4a 87.4b 89.9b  89.9b 86.4b 89.3b 2.94 < 0.001 0.004 0.015 

Val 79.3a 76.8abc 77.4ab  71.1c 72.9bc 78.0ab 3.93 0.099 0.002 0.013 

Dispensable AA           

Ala 84.6a 82.4ab 83.0ab  76.2c 78.8bc 82.1ab 2.91 0.093 < 0.001 0.005 

Asp 82.8a 80.1abc 81.4ab  74.5c 75.8bc 80.2abc 3.74 0.100 < 0.001 0.043 

Cys 83.6a 78.3b 79.8ab  77.7b 77.6b 80.9ab 3.38 0.062 0.067 0.017 

Glu 90.2a 88.7ab 89.5a  85.1c 86.3bc 88.6ab 2.09 0.081 < 0.001 0.031 

Gly 83.3 79.1 80.7  78.4 78.0 80.7 4.07 0.218 0.095 0.222 

Pro 81.9 79.6 80.2  75.9 76.3 80.4 3.49 0.182 0.005 0.062 

Ser 80.7 77.1 80.1  84.5 85.1 87.2 5.15 0.392 < 0.001 0.483 

Tyr 82.9a 79.6ab 80.9ab  74.2c 76.4bc 81.0ab 3.30 0.038 < 0.001 0.003 

Note: each least squares mean represents 8 observations. 

a-cMeans within a row with different superscripts differ (P < 0.05). 
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 COMPARATIVE AMINO ACID DIGESTIBILITY 

BETWEEN BROILER CHICKENS AND PIGS FED POULTRY 

BYPRODUCTS AND MEAT AND BONE MEAL 

6.1 Abstract 

The objective of this study was to compare the standardized ileal digestibility (SID) of 

amino acids (AA) in three poultry byproducts including hydrolyzed feather meal (HFM), flash 

dried poultry protein (FDPP), and poultry meal (PM) and meat and bone meal (MBM) between 

broiler chickens and pigs. Four experimental diets for both broiler chickens and pigs were prepared 

to contain each test ingredient as a sole source of nitrogen. A nitrogen-free diet was also prepared 

to determine the basal ileal endogenous losses (BEL) of AA. In Exp. 1, 416 male broiler chickens 

with mean initial body weight (BW) of 705 ± 100 g were allotted to 5 dietary treatments in a 

randomized complete block design with BW as a blocking factor at d 18 post hatching. After 5 d 

of feeding experimental diets, birds were euthanized by CO2 asphyxiation, and ileal digesta 

samples were collected from distal two-thirds of the ileum. In Exp. 2, 10 barrows with a mean 

initial BW of 22.1 ± 1.59 kg were surgically fitted with T-cannulas at the distal ileum and allotted 

to a duplicate 5 × 4 incomplete Latin Square design with 5 dietary treatments and 4 periods. Each 

period lasted for 7 d including 5 d of adaptation and 2 d of ileal digesta collection. Data from Exp. 

1 and 2 were pooled together and analyzed as a 2 × 4 factorial arrangement with the effects of 

species (i.e., broiler chickens or pigs) and four experimental diets (i.e., HFM, FDPP, PM, or MBM). 

There were interactions (P < 0.05) between experimental diets and species in the SID of His, Thr, 

Trp, Val, and dispensable AA, except for Tyr. In broiler chickens, the SID of His, Thr, and Trp in 

FDPP and PM were greater (P < 0.05) than in HFM but were less (P < 0.05) than MBM. In pigs 

however, there was no difference in SID of His, Thr, and Trp among FDPP, PM, and MBM, all of 

which were greater (P < 0.05) than the values in HFM. Broiler chickens fed the diet containing 

MBM had greater (P < 0.05) SID of Val than those fed the diets containing the other test 

ingredients, but there was no difference in the SID of Val among test ingredients in pigs. Pigs had 

greater (P < 0.05) SID of Arg, Ile, Leu, Met, and Phe than broiler chickens. The SID of Arg and 

Lys in FDPP and PM were greater (P < 0.05) than in HFM but were less (P < 0.05) than in MBM 

in both broiler chickens and pigs. In conclusion, the pattern of differences in the SID of AA among 

poultry byproducts and MBM were different between broiler chickens and pigs. 



 

 

139 

Key words: amino acid, digestibility, meat and bone meal, poultry, poultry byproducts, swine 

6.2 Introduction 

Broiler chickens and pigs are the primary non-ruminant animals raised for human 

consumption, and their diets typically contain common feed ingredients such as corn or soybean 

meal. In non-ruminant animals, most of digestion and absorption of protein and amino acids (AA) 

occur before digesta flows into the hindgut (Pond et al., 2005). Therefore, the standardized ileal 

digestibility (SID) of AA has been used to evaluate the digestibility of AA in feed ingredients for 

both broiler chickens and pigs (Kong and Adeola, 2014). However, differences in physical 

structure and capacity of digestive organs between broiler chickens and pigs may affect the SID 

of AA in the same feed ingredients. Park et al. (2017) reported that pigs had greater SID of AA in 

full-fat soybean, soybean meal, and peanut flour than broiler chickens, and the SID of most AA in 

soybean meal and peanut flour were greater than in full-fat soybean in both broiler chickens and 

pigs. On the other hand, another study conducted to compare the SID of AA between broiler 

chickens and pigs revealed that broiler chickens had greater SID of AA in full-fat canola seeds 

than pigs, which might be due to the beneficial effects of dietary fiber in full-fat canola seeds on 

the gizzard of broiler chickens (Park et al., 2019). Therefore, feed ingredient-specific factors may 

differently affect the SID of AA in broiler chickens and pigs.  

Byproducts of meat production have been used to produce protein-rich feed ingredients for 

both broiler chickens and pigs. From poultry meat production, feathers separated from carcasses 

are generally autoclaved to hydrolyze keratin, which is insoluble and indigestible protein for non-

ruminant animals, followed by processing to hydrolyzed feather meal (HFM; Papadopoulos, 1985). 

Inedible byproducts from poultry meat processing such as skin, bone, or trimmings are used to 

produce either flash dried poultry protein (FDPP) or poultry meal (PM), depending on the method 

of heat processing and proportion of bone. Meat and bone meal (MBM) is produced by mixture 

of byproducts from beef, pork, and poultry processing (Hicks and Verbeek, 2016). Nutrient 

composition as well as their digestibility in meat byproducts are affected by various composition, 

quality of raw materials, and processing conditions such as pressure and temperature (Hicks and 

Verbeek, 2016). However, it is unclear that the processing effects of meat byproducts on SID of 

AA are different between broiler chickens and pigs. Therefore, the objective of this study was to 

compare the SID of AA in HFM, FDPP, PM, and MBM between broiler chickens and pigs.  
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6.3 Materials and Methods 

Experimental procedures involving animals were reviewed and approved by the Purdue 

University Animal Care and Use Committee. 

6.3.1 Ingredients and Experimental Diets 

Three poultry byproducts including HFM, FDPP, and PM and MBM (Darling Ingredient 

Inc., Cold Spring, KY) were obtained and used as test ingredients in the current study (Table 6.1). 

Five experimental diets were prepared based on cornstarch and sucrose (Table 6.2). Four 

experimental diets were formulated to contain each test ingredient as a sole source of nitrogen, 

providing 160 g/kg crude protein (CP) in each diet. A nitrogen-free diet (NFD) was prepared to 

estimate the basal ileal endogenous losses (BEL) of CP and AA in both broiler chickens and pigs. 

Soybean oil and purified cellulose were added into diets as energy and fiber sources, respectively. 

All diets were prepared to meet or exceed the vitamin and mineral requirement estimates for both 

broiler chickens and pigs suggested in National Research Council (NRC; 1994, 2012). Chromic 

oxide was added at 5 g/kg in experimental diets as an indigestible marker. 

6.3.2 Experiment 1: Digestibility of Crude Protein and Amino Acids for Broiler Chickens 

Male broiler chickens (Cobb 500; Cobb-Vantress Inc., Siloam Springs, AR) with mean 

body weight (BW) of 43.4 g were obtained from a commercial hatchery at d 0 post hatching. Birds 

were individually tagged with identification numbers and housed in electrically heated battery 

brooders (model SB 4 T; Alternative Design Manufacturing, Siloam Springs, AR). The 

temperature of battery brooders was set at 35°C on d 0 post hatching and gradually decreased to 

27°C during 22 d of housing. Birds were fed a corn-soybean meal-based standard starter diet 

containing 210 g CP/kg for 18 d. On d 18 post hatching, birds were individually weighed (mean 

initial BW = 705 ± 100 g), and 416 birds were assigned in a randomized complete block design 

with BW as a blocking factor to 5 dietary treatments. Each dietary treatment consisted of 8 

replicates with 10 birds per cage for the diets containing test ingredients and with 12 birds per cage 

for NFD. Birds had free access to feed and water for 5 d. On d 23 post hatching, birds were 

euthanized by CO2 asphyxiation, and ileum was excised for the collection of ileal digesta from 

distal two-thirds of the ileum (i.e., a portion of the small intestine from the Meckel’s diverticulum 
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to ileocecal junction). Ileal digesta samples were pooled within cages and immediately stored at –

20°C. 

6.3.3 Experiment 2: Digestibility of Crude Protein and Amino Acids for Pigs 

Ten barrows were surgically fitted with T-cannulas at the distal ileum as described by 

Dilger et al. (2004). After 7 d of recovery period, pigs (mean initial BW = 22.1 ± 1.59 kg) were 

divided into 2 blocks based on BW and assigned to a duplicate 5 × 4 incomplete Latin Square 

design with 5 dietary treatments and 4 periods. Pigs were individually housed in metabolism crates 

(1.22 × 1.22 m) equipped with a feeder and a nipple drinker during the experimental periods.  

Individual BW of pigs was measured at the beginning of each period to calculate the daily 

feed allowance at 4% of mean BW within blocks, which was divided into 2 equal meals and 

provided to pigs at 0800 and 1700 h. Each experimental period consisted of 5 d of adaptation and 

2 d of ileal digesta collection. During collection, ileal digesta samples were collected with plastic 

sample bags (Whirl-Pak bag; NASCO, Fort Atkinson, WI) attached to T-cannulas from 0830 to 

1700 h. Plastic samples bags were prepared to contain 10 mL of 10% formic acid and changed 

every 30 min. Collected ileal digesta samples were immediately stored at –20°C. At the end of 

experiment, frozen ileal digesta samples were slightly thawed and pooled within pigs and diets. 

Approximately 300 mL was subsampled from pooled and homogenized ileal digesta samples and 

stored at –20°C. 

6.3.4 Chemical Analysis 

Ileal digesta samples collected from broiler chickens and pigs were freeze-dried before 

chemical analyses. Test ingredients, experimental diets, and ileal digesta samples were finely 

ground through 0.75 mm screen using a centrifugal grinder (ZM 200; Retsch GmbH, Haan, 

Germany). Ground samples were analyzed for dry matter by drying at 105°C for 24 h in a forced-

air drying oven [Precision Scientific Co., Chicago, IL; method 934.01; Association of Official 

Analytical Chemists (AOAC), 2006]. The concentration of nitrogen in ground samples was 

analyzed by a combustion method (TruMac N; LECO Corp., St. Joseph, MI; method 990.03; 

AOAC, 2000), and the concentration CP was calculated as the product of nitrogen concentration 

and 6.25. Ground samples were analyzed for AA at University of Missouri Agricultural 
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Experiment Station Chemical Laboratories (Columbia, MO). For the preparation of AA analysis, 

ground samples were hydrolyzed by 6 M HCl (or BaOH for Trp analysis) at 110°C for 24 h under 

nitrogen atmosphere. For the analysis of Met and Cys, samples were oxidized by performic acid 

before acid hydrolysis. The concentration of AA in samples were analyzed by a high-performance 

liquid chromatography after post-column derivatization [method 982.30 E (a, b, c); AOAC, 2006]. 

Ground samples of test ingredients were analyzed for acid hydrolyzed ether extract (method 

954.02; AOAC, 2000) and ash (method 942.05; AOAC, 2006). The concentration of Cr in ground 

experimental diets and ileal digesta samples were measured by a spectrophotometry (Spark 10M; 

Tecan Group Ltd., Männedorf, Switzerland) at 450 nm of absorption after the wet digestion in 

nitric acid and 70% perchloric acid (Fenton and Fenton, 1979).  

6.3.5 Calculations and Statistical Analysis 

The apparent ileal digestibility (AID) and SID (%) of CP and AA in test ingredients and 

BEL of CP and AA [mg/kg dry matter intake (DMI)] in broiler chickens and pigs were calculated 

as described in Park et al. (2017). 

Data outside of 2.5 times interquartile range were considered outliers before statistical 

analysis. Data from Exp. 1 and 2 were pooled and considered a 2 × 4 factorial arrangement with 

the effects of species (broiler chickens or pigs) and four experimental diets (HFM, FDPP, PM, or 

MBM). Data were analyzed by ANOVA using general linear models (SAS Inst. Inc., Cary, NC). 

The model included species, experimental diet, interaction between species and experimental diet, 

and block within species as independent variables. The components of Latin Square design in Exp. 

2 were rearranged as described in Park et al. (2019) to match the blocking factors in the model. If 

interactions were observed, least squares means of experimental diets and species were separated 

by the pairwise comparison with the Tukey’s adjustment. In the absence of interaction, least 

squares means of significant main effects of experimental diets were separated by the pairwise 

comparison with the Tukey’s adjustment. Experimental unit was cage for Exp. 1 and pig for Exp. 

2. Significance of the model and differences among means were set at P < 0.05. 
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6.4 Results 

Animals used in all experiments were in good condition. Data from two pigs in Exp. 2 (one 

assigned to the diet containing HFM and the other one assigned to FDPP) were outliers as they 

were outside 2.5 times interquartile range and thus excluded from dataset in statistical analysis. 

6.4.1 Chemical Analysis 

On an as-fed basis, the concentration of CP in test ingredients ranged from 500 g/kg for 

PM to 890 g/kg for HFM (Table 6.1). The concentration of ash in PM was 290 g/kg on an as-fed 

basis, whereas that in FDPP was 125 g/kg on an as-fed basis. Hydrolyzed feather meal contained 

the least concentration of ash at 36.3 g/kg on an as-fed basis. The concentration of CP and AA in 

experimental diets were close to the values calculated using analyzed concentration of CP and AA 

in test ingredients (Table 6.3).  

6.4.2 Apparent Ileal Digestibility of Crude Protein and Amino Acids 

Interactions (P < 0.05) between experimental diets and species were observed in the AID 

of CP and AA, except for Arg, Ile, Met, Pro, and Tyr (Table 6.4). In broiler chickens, the AID of 

CP, Leu, Lys, and Phe in MBM were greater (P < 0.05) than in HFM and FDPP but were not 

different from the values in PM. The AID of His, Thr, Trp, and Val in MBM were greater (P < 

0.05) than in the other feed ingredients within broiler chickens. In pigs however, the AID of CP, 

Lys, and Thr in FDPP were greater (P < 0.05) than HFM but were not different from the values in 

PM and MBM. Pigs fed the diet containing HFM had less (P < 0.05) AID of His and Trp than 

those fed the diets containing FDPP, PM, or MBM. The AID of Leu in MBM was greater (P < 

0.05) than in HFM for pigs. No difference in AID of Phe and Val was observed among test 

ingredients within pigs.  

6.4.3 Standardized Ileal Digestibility of Crude Protein and Amino Acids 

The BEL of CP and AA in pigs were greater (P < 0.05) than in broiler chickens (Table 6.5). 

The BEL of indispensable AA ranged from 44 mg/kg DMI for Trp to 432 mg/kg DMI for Val in 

broiler chickens and from 105 mg/kg DMI for Met and 916 mg/kg DMI for Arg in pigs.  
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There were interactions (P < 0.05) between experimental diets and species in the SID of 

CP, His, Thr, Trp, Val, and dispensable AA, except for Tyr (Table 6.6). Broiler chickens fed the 

diets containing HFM and FDPP had less (P < 0.05) SID of CP than those fed the diets containing 

MBM, which was not different from the value in PM, whereas pigs fed the diets containing HFM 

had less (P < 0.05) SID of CP than those fed the diets containing the other test ingredients. In 

broiler chickens, the SID of His, Thr, and Trp in FDPP and PM were greater (P < 0.05) than in 

HFM but were less (P < 0.05) than MBM. In pigs however, there was no difference in SID of His, 

Thr, and Trp among FDPP, PM, and MBM, all of which were greater (P < 0.05) than the values 

in HFM. Broiler chickens fed the diet containing MBM had greater (P < 0.05) SID of Val than 

those fed the diets containing the other test ingredients, but there was no difference in the SID of 

Val among test ingredients in pigs. Pigs had greater (P < 0.05) SID of Arg, Ile, Leu, Met, and Phe 

than broiler chickens, but the SID of Lys for pigs was less (P < 0.001) than the value for broiler 

chickens. In both broiler chickens and pigs, the SID of Arg and Lys in FDPP and PM were greater 

(P < 0.05) than in HFM but were less (P < 0.05) than in MBM. The SID of Ile, Leu, Met, and Phe 

in HFM and FDPP were less (P < 0.05) than the values in MBM for both broiler chickens and pigs.  

6.5 Discussion 

Hydrolyzed feather meal mostly consists of feathers from poultry processing, whereas 

FDPP, PM, and MBM are produced from various byproducts including bone (Hicks and Verbeek, 

2016). Therefore, HFM contained greater CP but less ash concentration compared with the other 

test ingredients. In addition, because keratin is rich in Cys which mainly forms disulfide bonds 

(Papadopoulos, 1985), the concentration of Cys in HFM was greater than the other test ingredients. 

The concentration of CP and AA in HFM were within the range of previously reported values 

(Bandegan et al., 2010; NRC, 2012; Sulabo et al., 2013). The concentration of CP and most AA in 

FDPP were greater but the concentration of ash in FDPP was less than in PM, probably due to 

reduced bone contents in FDPP. Published information on the nutrient composition as well as 

digestibility of nutrients in FDPP is limited, but the concentrations of CP and AA in FDPP are 

comparable with the values in poultry protein meal (Davies et al., 2019). However, the 

concentrations of CP and AA in PM are less than the values reported in previous studies (NRC, 

2012; Rojas and Stein, 2013; Yoo et al., 2019). The greater concentration of ash in PM used in the 

current study compared with previous reports (NRC, 2012; Rojas and Stein, 2013; Yoo et al., 2019) 
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is perhaps due to bone contents and may account for the differences. The concentrations of CP and 

AA in MBM are within the range of previously reported values (NRC, 2012; Adeola et al., 2018; 

Navarro et al., 2018).  

Park et al. (2019) reported greater BEL of CP and AA, except for Trp, in pigs than broiler 

chickens and discussed that it may be due to the differences in the length of small intestine between 

broiler chickens and pigs. The results of the current study are consistent with the findings of Park 

et al. (2019) that pigs had greater BEL of CP and AA compared with broiler chickens. The BEL 

of CP and AA in pigs agree with the values reported in previous studies (Navarro et al., 2018; 

Wang et al., 2018; Park et al., 2019). The BEL of CP and AA in broiler chickens are close to the 

values reported by Park et al. (2019) but less than the values reported in other studies (Kong and 

Adeola, 2013a,b; Park et al., 2017; Osho et al., 2019), especially for the BEL of Arg, Leu, Lys, 

and Phe. Differences in ingredient composition of NFD or in strain of broiler chickens among 

studies may be responsible. Nitrogen-free diet used in the current study and Park et al. (2019) were 

prepared based on sucrose and cornstarch, whereas NFD in the other studies were prepared based 

on dextrose and cornstarch (Kong and Adeola, 2013a,b; Park et al., 2017; Osho et al., 2019). Kong 

and Adeola (2013c) reported that broiler chickens fed NFD containing dextrose without cornstarch 

had greater BEL of CP and most AA than those fed NFD containing dextrose and cornstarch or 

cornstarch without dextrose. The source of carbohydrates in NFD may affect the BEL of CP and 

AA in broiler chickens. In addition, Cobb 500 broiler chickens were used in both Park et al. (2019) 

and the current study; however, Ross 708 (Kong and Adeola, 2013a,b; Park et al., 2017) or Ross 

308 (Osho et al., 2019) broiler chickens were used in other studies. Kim and Corzo (2012) reported 

that the AID of most AA in animal byproduct blend were different between two strains of broiler 

chickens. Because the AID of AA was not corrected for the BEL of AA, it may be speculated that 

the BEL of AA is affected by strains of broiler chickens, leading to a different AID of AA in the 

same feed ingredient. Further research is needed to verify the differences in BEL of AA as well as 

digestibility of AA among strains of broiler chickens.  

The SID of Arg, Ile, Leu, Met, and Phe in test ingredients for pigs were greater than broiler 

chickens, which is consistent with Park et al. (2017) which reported that the SID of most AA in 

full-fat soybean, soybean meal, and peanut flour for pigs were greater than the values for broiler 

chickens. On the other hand, interactions between experimental diets and species were observed 

in the SID of CP, His, Thr, Trp, Val, and dispensable AA, except for Tyr. This finding was similar 
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with the results observed by Park et al. (2019) in which there were interactions in the SID of most 

AA between experimental diets containing canola products and species of non-ruminant animals. 

In the current study, interactions were mainly observed because the SID of several AA in FDPP 

and PM were less than in MBM for broiler chickens, but not for pigs. The reason for this difference 

remains unclear. Perhaps heat damage during processing of FDPP and PM reduced the SID of 

several AA for broiler chickens, whereas in pigs, the extent of heat damage was inadequate to 

reduce the SID of several AA in FDPP and PM relative to MBM. Shirley and Parsons (2000) 

reported that the true ileal digestibility of AA in MBM determined by precision-fed cecectomized 

roosters decreased with increasing pressure and temperature during processing of MBM. 

Bellagamba et al. (2015) also reported that the in vitro protein digestibility of processed poultry 

protein was reduced by heat processing compared with freeze-drying. However, information for 

the comparison of critical temperature of meat byproduct processing between broiler chickens and 

pigs is limited. Batterham and Darnell (1986) reported that the availability of Lys in MBM 

determined by the slope-ratio assay with feed efficiency as responses decreased as the cooking 

temperature increased in both broiler chickens and pigs, but the extent of the reduction in the 

availability of Lys was similar between broiler chickens and pigs. Park et al. (2017) discussed that 

pigs may have greater digestibility of AA than broiler chickens due to the slower passage rate of 

digesta and longer small intestine in pigs compared with broiler chickens. Therefore, the ability of 

pigs to digest and utilize AA in heat-damaged proteins may be greater than that of broiler chickens. 

Further research is needed to verify the critical temperature during the processing for digestibility 

of AA in FDPP and PM fed to broiler chickens and pigs. 

In both broiler chickens and pigs, the SID of most AA in HFM were less than in the other 

test ingredients. Papadopoulos (1985) discussed that prolonged autoclaving to hydrolyze keratins 

may denature proteins resistant to endogenous proteolytic enzymes. On the other hand, incomplete 

hydrolysis of keratin from inadequate heat processing may also reduce the digestibility of AA in 

HFM. Therefore, reduced SID of most AA in HFM compared with the other test ingredients could 

be due to the heat damage during hydrolysis or incomplete hydrolysis of keratin in HFM. Due to 

the difficulties in optimizing the temperature and processing time of HFM to maximize the 

hydrolysis with minimal heat damage, the digestibility of AA in HFM may vary among sources 

with different processing conditions (Wang and Parsons, 1997). Nevertheless, the SID of AA in 
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HFM determined in the current study agree with the previously reported values for broiler chickens 

(Bandegan et al., 2010) and for pigs (Sulabo et al., 2013).  

No difference was observed in the SID of CP and most AA between FDPP and PM for 

both broiler chickens and pigs, even though PM contained greater concentration of ash than FDPP. 

Johnson et al. (1998) reported that the concentration of ash in poultry byproduct meal did not affect 

the true ileal digestibility of AA determined by precision-fed cecectomized rooster assay. 

Therefore, it may be concluded that protein and AA contents derived from poultry meal byproducts 

have similar digestibility values regardless of the inclusion rate of bone contents. Similar with the 

results of the current study, Rojas and Stein (2013) found that the SID of CP and most AA in 

chicken meal was not different from the values in poultry byproduct meal (PBM) when fed to pigs. 

However, it should be noted that the standardized ileal digestible AA contents in PM are less than 

the values in FDPP due to the dilution of proteins by increased bone contents. 

Hicks and Verbeek (2016) reported that the difference between PM and PBM is the necks, 

feet, undeveloped eggs, and viscera, which are included in PBM, but not in PM. However, due to 

the large variation in byproduct composition and processing among sources of PM or PBM, 

difference in nutrient composition between PM and PBM is not apparent (Hicks and Verbeek, 

2016). The SID of AA in PM for broiler chickens determined in the current study are within the 

range of SID of AA in 5 different sources of PBM (Bandegan et al., 2010). However, the SID of 

most AA in PM for broiler chickens are greater than the values in PBM reported in Kim et al. 

(2011). Moreover, the SID of most AA in PM for pigs determined in the current study were greater 

than the values in chicken meal and PBM reported in Rojas and Stein (2013) but were less the 

values in poultry byproduct suggested in NRC (2012). This discrepancy may be due to the 

differences in temperature and pressure during processing of products or in composition of 

byproducts. Hicks and Verbeek (2016) suggested that the quality of meat byproducts is dependent 

on various factors including the proportion, types, and characteristics of starting raw material and 

processing conditions including pressure of steam, temperature during agitation and drying.  

Unlike the other test ingredients which exclusively contain byproducts from poultry meat 

production, MBM is produced by rendering of byproducts originating from general meat 

production including beef, pork, and poultry (Hick and Verbeek, 2016). Therefore, MBM may be 

more susceptible to variation in digestibility of nutrients. Nevertheless, the SID of most AA in 

MBM are within the range of previously reported values for broiler chickens (Adedokun et al., 
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2007; Rochell et al., 2013; Adedokun et al., 2014) and for pigs (NRC, 2012; Navarro et al., 2018; 

Wang et al., 2018). However, it should be noted that previous studies in broiler chickens or pigs 

investigating the nutritional quality of MBM outnumber the other test ingredients used in the 

current study that provide a wide range of SID values.  

In conclusion, there were interactions in the SID of CP, His, Thr, Trp, Val, and dispensable 

AA, except for Tyr between meals from rendering and species, most of which were due to the 

lower SID values in flash dried poultry protein and poultry meal than meat and bone meal for 

broiler chickens. Pigs had greater SID of Arg, Ile, Leu, Met, and Phe in hydrolyzed feather meal, 

flash dried poultry protein, poultry meal, and meat and bone meal than broiler chickens. In both 

broiler chickens and pigs, the SID of most AA in hydrolyzed feather meal were less than in the 

other test ingredients, and those in flash dried poultry protein were not different from the values in 

poultry meal. 
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Table 6.1 Analyzed nutrient composition of hydrolyzed feather meal (HFM), flash dried poultry 

protein (FDPP), poultry meal (PM), and meat and bone meal (MBM), g/kg as-fed basis 

 Ingredient 

Item HFM FDPP PM MBM 

Dry matter 958 954 933 965 

Gross energy, kcal/kg 5,436 5,105 4,080 4,029 

Crude protein1 890 695 500 548 

AEE2 90.8 146.1 158.8 105.3 

Ash 36.3 125 290 280 

Indispensable amino acid     

Arg 62.9 44.4 33.6 34.9 

His 7.2 13.7 7.5 11.0 

Ile 41.8 25.9 14.5 14.8 

Leu 71.2 45.7 26.2 32.8 

Lys 20.1 40.9 24.6 29.0 

Met 7.0 13.0 7.9 6.8 

Phe 42.8 26.7 16.8 18.9 

Thr 41.1 25.5 15.3 16.7 

Trp 5.2 6.4 3.0 4.3 

Val 69.5 32.3 18.6 23.8 

Dispensable amino acid     

Ala 41.7 42.3 35.7 38.7 

Asp 59.1 52.9 34.8 39.6 

Cys 48.1 8.2 3.4 4.9 

Glu 92.1 80.8 56.6 61.6 

Gly 70.1 60.3 64.8 67.7 

Pro 88.0 40.7 38.4 41.1 

Ser 86.3 24.5 14.8 19.0 

Tyr 23.6 20.9 10.8 11.4 
1Analyzed nitrogen concentration multiplied by 6.25. 
2AEE = acid hydrolyzed ether extract. 
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Table 6.2 Ingredient composition of experimental diets, g/kg as-fed basis 

 Diet1 

Item HFM FDPP PM MBM NFD 

Cornstarch 351.2 332.2 243.0 286.0 316.0 

Sucrose 300.0 300.0 300.0 300.0 500.0 

Hydrolyzed feather meal 181.0 0.0 0.0 0.0 0.0 

Flash dried poultry protein 0.0 226.0 0.0 0.0 0.0 

Poultry meal 0.0 0.0 323.0 0.0 0.0 

Meat and bone meal 0.0 0.0 0.0 280.0 0.0 

Soybean oil 50.0 50.0 50.0 50.0 50.0 

Cellulose2 50.0 50.0 50.0 50.0 50.0 

Ground limestone 12.3 0.8 0.0 0.0 13.0 

Monocalcium phosphate 21.5 7.0 0.0 0.0 23.5 

Salt 4.0 4.0 4.0 4.0 0.0 

Potassium carbonate 0.0 0.0 0.0 0.0 2.6 

Magnesium oxide 0.0 0.0 0.0 0.0 2.0 

Sodium bicarbonate 0.0 0.0 0.0 0.0 7.5 

Choline chloride 0.0 0.0 0.0 0.0 2.5 

Potassium chloride 0.0 0.0 0.0 0.0 2.9 

Vitamin-mineral premix3 5.0 5.0 5.0 5.0 5.0 

Chromic oxide premix4 25.0 25.0 25.0 25.0 25.0 

Total 1,000 1,000 1,000 1,000 1,000 
1HFM = hydrolyzed feather meal; FDPP = flash dried poultry protein; PM = poultry meal; MBM = meat and 

bone meal; NFD = nitrogen-free diet. 
2Solka-Floc 40 FCC, International Fiber Corporation, Urbana, OH. 
3Provided the following quantities per kilogram of complete diet: vitamin A, 8,575 IU; vitamin D3, 4,300 IU; 

vitamin E, 28.6 IU; menadione, 7.30 mg; riboflavin, 9.15 mg; D-pantothenic acid, 18.3 mg; niacin, 73.5 mg; 

choline chloride, 1,285 mg; vitamin B12, 0.02 mg; biotin, 0.09 mg; thiamine mononitrate, 3.67 mg; folic acid, 

1.65 mg; pyridoxine hydrochloride, 5.50 mg; I, 1.85 mg; Mn, 180 mg; Cu, 7.40 mg; Fe, 73.5 mg; Zn, 180 mg; 

and Se, 0.43 mg. 
4Provided 5 g chromic oxide/kg of complete diet. 
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Table 6.3 Analyzed concentration of dry matter, crude protein (CP), and amino acids (AA) in 

experimental diets, g/kg as-fed basis 

 Diet1 

Item HFM FDPP PM MBM NFD 

Dry matter 947 950 954 954 963 

CP2 168 157 159 149 10.9 

Indispensable AA      

Arg 10.4 9.4 10.2 9.6 0.0 

His 1.2 2.9 2.3 3.0 0.0 

Ile 7.8 5.8 4.5 4.1 0.0 

Leu 12.7 10.2 8.3 9.3 0.1 

Lys 3.7 8.9 7.6 8.0 0.1 

Met 1.2 2.8 2.4 1.9 0.1 

Phe 7.6 5.8 5.2 5.4 0.1 

Thr 7.1 5.6 4.8 4.7 0.0 

Trp 0.9 1.4 1.0 1.2 0.0 

Val 12.3 7.3 5.9 6.8 0.1 

Disposable AA      

Ala 7.4 9.7 11.4 11.2 0.1 

Asp 10.4 11.8 11.0 11.2 0.1 

Cys 8.2 1.9 1.1 1.3 0.0 

Glu 16.9 18.7 18.1 17.6 0.1 

Gly 12.5 13.7 20.6 19.5 0.1 

Pro 15.6 9.0 12.3 12.0 0.2 

Ser 14.7 5.5 4.6 5.1 0.1 

Tyr 3.6 3.8 3.0 2.9 0.0 
1HFM = hydrolyzed feather meal; FDPP = flash dried poultry protein; PM = poultry meal; MBM = meat and bone 

meal; NFD = nitrogen-free diet. 
2Analyzed nitrogen multiplied by 6.25. 
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Table 6.4 Apparent ileal digestibility (%) of crude protein (CP) and amino acids (AA) in hydrolyzed feather meal (HFM), flash dried 

poultry protein (FDPP), poultry meal (PM), and meat and bone meal (MBM) fed to broiler chickens and pigs 

 Broiler chickens  Pigs  P-value 

Item HFM FDPP PM MBM  HFM FDPP PM MBM SD Diet Species Diet × species 

CP 60.8cd 67.4bc 71.8ab 77.3a  49.7e 59.4cd 57.1de 55.9de 4.95 < 0.001 < 0.001 0.004 

Indispensable AA            

Arg 67.2z 75.3y 82.0x 86.7x  62.6z 73.8y 75.4x 77.8x 3.95 < 0.001 < 0.001 0.089 

His 49.3d 66.7c 72.2bc 81.6a  44.9d 67.3bc 68.0bc 73.4b 4.05 < 0.001 < 0.001 0.044 

Ile 71.1x 65.6y 70.8xy 74.5x  73.5x 68.6y 69.9xy 71.1x 3.93 0.001 0.790 0.112 

Leu 65.9c 68.2c 74.4ab 80.0a  67.5c 69.6bc 70.6bc 74.5ab 3.82 < 0.001 0.129 0.027 

Lys 50.7e 71.2bcd 76.2ab 84.2a  25.6f 64.5cd 63.6d 73.0bc 5.35 < 0.001 < 0.001 < 0.001 

Met 56.5z 72.9y 77.4xy 78.2x  58.7z 75.7y 76.4xy 78.1x 3.63 < 0.001 0.298 0.410 

Phe 67.3c 67.9c 75.1ab 79.4a  69.1bc 69.2bc 71.7bc 74.7ab 3.71 < 0.001 0.209 0.046 

Thr 52.8d 61.4bc 65.8b 72.4a  52.7d 60.3bc 58.1cd 59.0cd 4.00 < 0.001 < 0.001 < 0.001 

Trp 64.9c 79.8b 80.1b 89.7a  50.5d 76.9b 75.9b 77.2b 5.05 < 0.001 < 0.001 0.005 

Val 65.8b 62.6b 66.7b 76.5a  67.2b 64.2b 63.0b 67.6b 4.20 < 0.001 0.031 0.004 

Dispensable AA            

Ala 64.3de 72.8c 80.4ab 87.1a  57.5e 70.0cd 71.4c 75.6bc 4.22 < 0.001 < 0.001 0.048 

Asp 35.5e 52.7bc 58.5b 74.5a  30.4e 49.3cd 44.2d 56.8bc 4.70 < 0.001 < 0.001 < 0.001 

Cys 44.0a 43.4a 33.0bc 26.5cd  41.1ab 46.8a 38.8ab 21.1d 5.91 < 0.001 0.868 0.039 

Glu 57.1d 69.8bc 75.6b 82.1a  55.0d 69.3bc 68.2c 71.1bc 4.04 < 0.001 < 0.001 0.003 

Gly 63.3b 70.5b 79.6a 88.4a  48.9c 61.5b 64.6b 66.0b 5.66 < 0.001 < 0.001 0.022 

Pro 57.6z 65.0yz 75.9x 84.9xy  -14.6z 2.8yz 32.9x 21.0xy 19.69 < 0.001 < 0.001 0.224 

Ser 62.3bc 61.0bcd 63.6b 73.4a  61.5bcd 59.5bcd 55.0d 57.0cd 4.04 0.001 < 0.001 < 0.001 

Tyr 60.8y 69.1x 69.5x 74.2x  59.0y 68.8x 67.4x 67.1x 4.42 < 0.001 0.018 0.187 

Note: each least squares mean represents 8 observations except for pigs fed HFM and FDPP (7 observations). 

a-fMeans within a row with different superscripts differ (P < 0.05). 
x-zMeans within a row with different superscripts within species differ (P < 0.05). 
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Table 6.5 Basal ileal endogenous losses of crude protein (CP) and amino acids (AA) for broiler 

chickens and pigs 

Item Broiler chickens Pigs SED P-value 

CP, g/kg DMI1 8.52 27.88 2.29 < 0.001 

Indispensable AA, mg/kg DMI    

Arg 172 916 95.3 < 0.001 

His 80 234 24.0 < 0.001 

Ile 204 394 49.5 0.004 

Leu 273 704 82.5 < 0.001 

Lys 189 629 81.2 < 0.001 

Met 60 105 14.4 0.011 

Phe 181 420 50.8 0.001 

Thr 396 766 85.5 0.003 

Trp 44 132 14.1 < 0.001 

Val 432 751 73.4 < 0.001 

Dispensable AA, mg/kg DMI    

Ala 211 768 67.9 < 0.001 

Asp 416 1081 124.2 < 0.001 

Cys 158 250 31.8 0.020 

Glu 487 1,356 177.3 0.001 

Gly 251 2,008 200.2 < 0.001 

Pro 295 8,118 994.8 < 0.001 

Ser 303 715 61.3 < 0.001 

Tyr 133 300 38.2 0.002 

Note: each mean represents 8 observations. 
1DMI = dry matter intake. 
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Table 6.6 Standardized ileal digestibility (%) of crude protein (CP) and amino acids (AA) in hydrolyzed feather meal (HFM), flash 

dried poultry protein (FDPP), poultry meal (PM), and meat and bone meal (MBM) fed to broiler chickens and pigs 

 Broiler chickens  Pigs  P-value 

Item HFM FDPP PM MBM  HFM FDPP PM MBM SD Diet Species Diet × species 

CP 66.1c 73.0bc 77.4ab 83.2a  66.9c 77.9ab 75.3ab 75.3b 4.95 < 0.001 0.412 0.008 

Indispensable AA            

Arg 68.9z 77.2y 83.7y 88.5x  71.7z 83.9y 84.7y 87.7x 3.95 < 0.001 0.024 0.075 

His 56.2e 69.6cd 75.8bc 84.4a  65.1d 75.7bc 78.5ab 81.5ab 4.05 < 0.001 0.001 0.002 

Ile 73.8yz 69.3z 75.5xy 79.7x  78.7yz 75.6z 79.0xy 81.1x 3.93 < 0.001 < 0.001 0.374 

Leu 68.1z 70.9z 77.8y 83.0x  73.3z 76.8z 79.4y 82.4x 3.82 < 0.001 0.004 0.080 

Lys 56.0z 73.4y 78.8y 86.7x  43.3z 71.8y 72.2y 81.1x 5.35 < 0.001 < 0.001 0.053 

Met 61.7z 75.1y 80.0xy 81.5x  67.8z 79.6y 80.9xy 83.8x 3.63 < 0.001 < 0.001 0.223 

Phe 69.7y 71.1y 78.7x 82.9x  74.9y 76.7y 80.1x 82.8x 3.71 < 0.001 0.003 0.118 

Thr 58.6e 68.7cd 74.4bc 81.1a  64.0de 74.5abc 74.7bc 75.9ab 4.00 < 0.001 0.139 0.001 

Trp 69.8c 83.0b 84.6b 93.5a  65.3c 86.5ab 89.8ab 88.7ab 5.05 < 0.001 0.900 0.012 

Val 69.5cd 68.8d 74.3bcd 83.1a  73.5bcd 74.8bcd 76.2bc 79.1ab 4.20 < 0.001 0.074 0.012 

Dispensable AA            

Ala 67.3e 75.1cd 82.3b 89.1a  68.3de 78.2bc 78.4bc 82.7ab 4.22 < 0.001 0.159 0.014 

Asp 39.7e 56.4cd 62.4bc 78.4a  41.1e 58.8cd 54.4d 66.9b 4.70 < 0.001 0.003 < 0.001 

Cys 46.0cd 52.0bc 48.0cd 39.1d  44.3cd 60.5ab 62.4a 41.1d 5.91 < 0.001 < 0.001 0.003 

Glu 60.1d 72.5c 78.4bc 85.0a  63.3d 76.8bc 76.0bc 79.1ab 4.04 < 0.001 0.863 0.004 

Gly 65.4d 72.4bcd 80.9ab 89.8a  65.6cd 76.7b 74.7bc 76.7b 5.66 < 0.001 0.017 < 0.001 

Pro 59.6cd 68.4bcd 78.4abc 87.5abc  39.5d 96.4ab 101.5a 91.2ab 19.69 < 0.001 0.095 0.007 

Ser 64.5c 66.7bc 70.4bc 79.5a  66.5bc 73.0ab 71.1b 71.5b 4.04 < 0.001 0.796 < 0.001 

Tyr 64.7y 72.8x 74.2x 79.0x  67.6y 77.0x 77.8x 77.9x 4.42 < 0.001 0.039 0.340 

Note: each least squares mean represents 8 observations except for pigs fed HFM and FDPP (7 observations). 
a-eMeans within a row with different superscripts differ (P < 0.05). 
x-zMeans within a row with different superscripts within species differ (P < 0.05). 
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 SUMMARY 

7.1 Summary 

An accurate determination of amino acid (AA) availability in feed ingredients and diets is 

fundamental to supply adequate quantities of AA to monogastric animals and reduce the excretion 

of excessive nitrogen (N). In both broiler chickens and pigs, availability of AA in feed ingredients 

has been generally evaluated as the standardized ileal digestibility (SID) of AA by animals fed 

semi-purified diets containing the feed ingredient of interest as the sole source of N (Kong and 

Adeola, 2014). However, imbalance or deficiency of AA in experimental diets may negatively 

affect the digestive physiology of animals, leading to unreliable SID values. 

Similar methodology to determine the SID of AA in feed ingredients and diets has been 

applied to both broiler chickens and pigs (Kong and Adeola, 2014). However, broiler chickens and 

pigs may have different SID of AA in the same feed ingredients due to the differences in digestive 

organs and their capacity. Moreover, the influence of feed ingredient-specific factors which affect 

the SID of AA may be different between broiler chickens and pigs. 

Background information for AA nutrition in monogastric animals were reviewed in chapter 

1. Amino acids can be divided into indispensable and dispensable AA depending on the nutritional 

necessity (D’Mello, 2003). By proteolytic enzymes secreted in the foregut and small intestine, 

dietary proteins are digested to AA and di- and tripeptides which can be absorbed into enterocytes. 

Digestibility of AA has been generally determined as ileal digestibility mainly due to the microbial 

fermentation in the hindgut (Sauer and Ozimek, 1986). In addition, ileal digestibility of AA can 

be determined as apparent, standardized, or true ileal digestibility depending on the component of 

endogenous losses of AA used in calculations (Stein et al., 2007). Digestibility of AA can be 

affected by various factors including techniques used to collect ileal digesta samples, the type of 

indigestible index marker, the concentration of dietary fiber, antinutritional factors, and processing 

of feed ingredients.  

The experiment in chapter 2 was designed and conducted to determine the ileal digestibility 

of AA in casein by regression analysis and to investigate the effects of casein in experimental diets 

on SID of AA in corn distillers’ dried grains and solubles (DDGS) fed to pigs. Regression analysis 

between dietary and digestible AA concentrations in experimental diets revealed that the ileal 
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digestibility of AA in casein were close to 100%. In addition, the SID of Lys and Phe for DDGS 

diet containing casein were greater than the values for DDGS diet without casein. Therefore, it 

was concluded that the addition of protein supplements containing highly digestible AA such as 

casein may improve the SID of AA in feed ingredients with low quality of AA composition such 

as DDGS. However, it was unclear whether increased SID of Lys and Phe for DDGS diet 

containing casein were due to the addition of casein or due to the decreased concentration of DDGS 

in experimental diets. 

To further investigate the relationship between composition of AA in experimental diets 

and SID of AA in DDGS based on the results and limitations in chapter 2, two experiments were 

designed and conducted in chapter 3 to determine the effects of graded concentration of casein in 

experimental diets on SID of AA in DDGS and to investigate the effects of DDGS concentration 

and casein addition to experimental diets on SID of AA in DDGS fed to pigs. The SID of most 

AA in DDGS linearly decreased with increasing concentration of casein in experimental diets. In 

addition, the SID of most AA in DDGS was reduced when the concentration of DDGS in 

experimental diets decreased regardless of the addition of casein.  

In two experiments conducted in chapter 3, the least concentration of DDGS in 

experimental diets was 155.6 g/kg which provided 43.6 g/kg crude protein. Due to the reduced 

concentration of AA contributed from DDGS, determination of SID of AA in DDGS was 

susceptible to errors especially in calculations by the difference method, which may lead to 

decreased SID of AA in DDGS regardless of the addition of casein. Therefore, the effects of casein 

on SID of Lys and Phe shown in chapter 2 might not be observed in chapter 3 due to the detrimental 

effects of low concentrations of DDGS in experimental diets. Further research is needed to 

investigate the effects of graded concentrations of casein in experimental diets without reducing 

the concentration of DDGS. With the consideration of low concentration and digestibility of Lys 

in DDGS, using crystalline Lys to improve the protein quality in experimental diets may also affect 

the SID of AA in DDGS, which needs to be investigated further. In addition, experiments in 

chapter 2 and 3 used DDGS as the test ingredient with low quality AA composition; however, it 

remains unclear whether the addition of casein in experimental diets would increase the SID of 

AA in other feed ingredients. Therefore, research to verify the effects of casein on SID of AA 

needs to be conducted with other feed ingredients with low quality AA composition. Furthermore, 

potential negative effects of imbalanced or deficient AA in experimental diets can be ameliorated 



 

 

160 

not only by the addition of casein in diets but also by the parenteral provision of free AA (de Lange 

et al., 1989). Infusion of adequate free AA via the jugular vein of pigs during the experimental 

period may provide enough AA to maintain the normal physiological condition of pigs including 

the normal function of digestive systems in the gastrointestinal tract. Further research is required 

to investigate the relationship between the body AA status of pigs and SID of AA in feed 

ingredients when pigs are fed experimental diets containing imbalanced and insufficient AA.  

The 2 experiments in chapter 4 were conducted to compare the SID of AA in full-fat 

soybean, soybean meal containing 430 g/kg CP, soybean meal containing 470 g/kg CP, and peanut 

flour between broiler chickens and pigs. Pigs had greater SID of most AA than broiler chickens, 

and the pattern of differences in AA digestibility among ingredients was similar between broiler 

chickens and pigs. Therefore, among test ingredients used in this chapter, the relative quality of 

AA for one species may be evaluated by those for the other species.  

The objective of 2 experiments in chapter 5 was to compare the SID of AA in full-fat canola 

seeds, canola meal, and canola expellers between broiler chickens and pigs. Interactions were 

observed in SID of most AA between experimental diets and species, mainly due to the greater 

SID of most AA in full-fat canola seeds for broiler chickens than the values for pigs. In broiler 

chickens, the SID of most AA were not different among canola products. In pigs, however, the 

SID of most AA in full-fat canola seeds were less than canola expellers, but not different from 

canola meal. 

Two experiments in chapter 6 compared the SID of AA in hydrolyzed feather meal, flash 

dried poultry protein, poultry meal, and meat and bone meal between broiler chickens and pigs. In 

broiler chickens, the SID of His, Thr, Trp, and Val in flash dried poultry protein and poultry meal 

were less than in meat and bone meal; however, there was no difference in SID of those AA among 

flash dried poultry protein, poultry meal, and meat and bone meal fed to pigs, which resulted in 

interactions between experimental diets and species. On the other hand, the SID of most AA in 

hydrolyzed feather meal were less than in the other test ingredients within broiler chickens and 

pigs.  

Based on the results of the studies in chapters 4, 5, and 6, it was revealed that the effects 

of feed ingredient-specific factors such as fiber contents or processing on the SID of AA were 

different between broiler chickens and pigs. Specifically, dietary fiber in full-fat canola seeds may 

improve the digestive function of the gizzard in broiler chickens, but not in pigs due to the absence 
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of a gizzard. On the other hand, due to the greater length of the gastrointestinal tract and passage 

rate, pigs may have greater ability to digest and absorb AA in feed ingredients than broiler chickens 

which may ameliorate the negative effects of heat treatment for animal protein sources. In addition, 

in consideration of the results in chapter 2, the reason for the less SID of AA in full-fat canola 

seeds for pigs compared with broiler chickens may be related to the ratio of indispensable AA with 

Lys in full-fat canola seeds. Calculated ratios of indispensable AA with Lys (both total and 

standardized ileal digestible AA basis) in full-fat canola seeds were closer to the ideal AA patterns 

of broiler chickens (Baker, 2003) than those of pigs (National Research Council, 2012).  

One of the limitations in the current studies was that the direct comparison of digestive 

capacity in the foregut or small intestine between broiler chickens and pigs was not possible. 

Therefore, it was unclear whether interactions between species and feed ingredients were observed 

due to the differences in the foregut or small intestine or other biochemical differences such as 

substrate specificity of proteolytic enzymes and transporters. Further research is needed to 

elucidate the differences between broiler chickens and pigs regarding impact of feed ingredient-

specific factors on digestion and absorption of AA in the foregut and small intestine. In addition, 

the SID of AA may be affected by age or body weight (BW) of animals. Previous studies have 

been reported that the digestibility of nutrients and gross energy were affected by age of broiler 

chickens (Adeola et al., 2018) and BW of pigs (Xie et al., 2019). Moreover, basal ileal endogenous 

losses of AA, which is necessary for the determination of SID values, may be affected by age of 

broiler chickens (Adedokun et al., 2007) and BW of pigs (Park et al. 2013). Therefore, if different 

age or BW of animals are used to compare the SID of AA in test ingredients, results including 

interactions and trends may be different from the current studies. Nevertheless, results shown in 

the current studies may be representative because the age and BW used in the current studies were 

within the range which have been practically used for digestibility studies. Research to compare 

the SID of AA between broiler chickens and pigs needs to be conducted further with other feed 

ingredients which can provide the data to generate the prediction equation to estimate the SID of 

AA for one species using the information of the other species. 
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