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ABSTRACT 

 Because feed constitutes approximately 70% of the cost of broiler live production, 

developing diets that meet the needs of maintenance, growth, and production while minimizing 

nutrient excess, is one way to maximize profit and animal health. Protein, as a supply of 

digestible, essential amino acids, supports the rapid muscle growth of broilers and the prolific 

egg production of laying hens. Determining the digestible amino acid content of feedstuffs 

requires an animal bioassay and laboratory analyses, which are time consuming and expensive. 

In commercial poultry production, the results from these analyses are not available before the 

tested ingredient is fed. Near infrared reflectance spectroscopy is a rapid analysis technique 

involving calibration of a multi-purpose analyzer to detect the reflectance of near infrared light 

from a feed ingredient to predict the nutrient content of a sample. The current research strives to 

create a calibration curve for the prediction of digestible amino acid content for each of the 10 

essential amino acids for poultry in feed ingredients used in poultry diets. Initially, a calibration 

curve for detection of each of the 10 essential amino acids was created and validated for use in 

any conventional or alternative feed ingredient. While the R2 values of the validation curves for 



  
 

the 10 calibrations ranged from 0.86-0.96, 23-53% of samples in these validations had predicted 

values that deviated 10% or more from their bioassay determined values. Subsequently, utilizing 

near infrared reflectance spectroscopy to create calibrations that were ingredient specific 

improved prediction accuracy for the 10 essential amino acids. For example, ingredient specific 

calibration curves for dried distillers’ grains improved R2 values to above 0.93 for all 10 essential 

amino acid validation curves and resulted in 16% or less of samples having predicted values 

deviating plus or minus 10% or greater from their bioassay determined values for all essential 

amino acids except lysine and tryptophan. These results indicate that near infrared reflectance 

spectroscopy has the potential to accurately predict the digestible amino acid content of feed 

ingredients, especially if ingredient specific calibration models are created for each amino acid.                    
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CHAPTER 1 

INTRODUCTION 

Poultry diet ingredients 

Poultry products are some of the most affordable protein sources in the United States and 

have become a preferred source of protein for many citizens. As the human population in the 

U.S. increases, demand for affordable protein increases as well. Zuidhof et al. (2014) stated: 

“Between 1960 and 2004, the US consumer price index for poultry products increased at 

half the rate of all other products (USDA, Economic Research Service, 2004), due to 

improvements in growth and efficiency. This has likely been a major factor contributing 

to higher per capita consumption of chicken meat between 1950 (9.4 kg) and 2005 (39.2 

kg; USDA, Economic Research Service, 2014).”(p.2970) 

The United States has also increased exportation of poultry products. From 1994 to 2013, the 

U.S. increased poultry exports from 1.5 million metric tons to 4.1 million metric tons, or at an 

increase of 5.4% annually (Zhuang and Moore, 2015). The domestic increase in demand coupled 

with increased demand internationally for poultry products led to an annual production of 17.0 

million metric tons of poultry products in the U.S. in 2013, a growth of 2.4% annually since 

1994 (Zhuang and Moore, 2015). The U.S. must continue to increase the efficiency of poultry 

production to minimize the costs and resource utilization while meeting the increase in poultry 

product demand.   

Broilers can gain approximately one pound of meat per one and a half pounds of feed 

consumed (Cobb-Vantress, 2018; Aviagen, 2022). Laying hens can produce approximately one 

https://www.sciencedirect.com/science/article/pii/S0032579119385505#bib35
https://www.sciencedirect.com/science/article/pii/S0032579119385505#bib36
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egg per day during egg production (Lohmann, 2020). These high yields are attributed to 

improved genetics and quality nutrition (Havenstein et al., 2003). The feed for a broiler operation 

is the largest expense for broiler producers with a variety of factors such as commodity price 

fluctuations, governmental regulations, and use of commodities for alternative fuel production 

influencing that value (Kocak et al., 2022). Minimizing the cost of feed may be accomplished by 

minimizing nutrient excesses in the feed by efficiently using feed ingredients to match the 

nutritional requirements for growth, maintenance, and production of the bird. 

 In general, poultry diets are composed of a cereal grain to provide energy, a concentrated 

source of protein such as soybean meal (SBM) or animal byproduct meal, and a fat/oil to provide 

additional energy, increase palatability, and reduce the dustiness of the feed. These main 

ingredients are supplemented with synthetic amino acids and vitamin and mineral premixes to 

make a diet that meets the birds’ nutrient requirements. Traditionally, diets for U.S. poultry 

production are based on corn and SBM. In other parts of the world, cereal grains such as wheat, 

barley, and sorghum may be used rather than corn when they are more available (Leeson and 

Summers, 2019). Additionally, SBM can be partially replaced with other concentrated protein 

sources including sunflower meal, canola meal, dried distillers’ grains with solubles, and/ or 

animal by- product meals such as meat and bone meal, fish meal, and feather meal (Caires et al., 

2010).   

Alternative ingredients. While SBM is the most common protein source used in animal 

feeds worldwide, the availability of amino acids can be negatively impacted by the processing of 

SBM, which may include insufficient heating or excessive heating in an attempt to destroy 

naturally occurring trypsin inhibitor (Evans and McGinnis, 1946; Clandinin et al., 1947; 

McGinnis and Evans, 1947). The use of alternative ingredients as replacements for SBM in 
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animal feed has grown, driven by attempts to lower feed costs. Animal byproduct meals can be 

used as a protein source to partially replace SBM in commercial diets. Animal byproducts are 

processed feed ingredients derived from animal protein sources or byproducts of animal meat 

processing (Leeson and Summers, 2019). These rendered animal protein products may include 

meat meal, meat meal tankage, meat and bone meal, poultry meal, animal by-product meal, dried 

animal blood, blood meal, feather meal, and egg-shell meal (Sapkota et al., 2007). Meat and 

bone meals are the most common dietary ingredient for poultry made from animal byproducts 

(Leeson and Summers, 2019). Meat and bone meals can have a variable nutrient profile related 

to the species of animal used, the ratio of soft tissue to bone, and the amount of fat in the meal, 

and this variability is a concern for nutritionists (Parsons et al., 1997; Mahmoudnia et al., 2011).  

 Another alternative feed ingredient has resulted from ethanol fuel production. In the U.S., 

over 14 billion gallons of ethanol fuel is produced annually using corn as the main source for 

fermentation (Hoekman and Broch, 2018). The use of corn for alternative fuel production directs 

much of the U.S. corn to fuel production, thereby lowering the supply of corn for animal feed 

markets (Kocak et al., 2022). Ethanol production does provide feed grade byproducts known as 

dried distillers’ grains and dried distillers’ grains with solubles (DDG and DDGS). The nutrients 

that remain after fermentation and extraction of the corn alcohol are more concentrated than in 

the original starch, making DDGS an improved source of protein at 25-30% crude protein and 

increasing the concentration of fat to 9-13% (Pahm et al., 2009). Recently, higher crude protein 

DDGS products have become available, and when coupled with improved oil extraction 

processes, these ingredients can offer greater than 35% crude protein and less than 4% fat (Fries-

Craft and Bobeck, 2019). However, the nutrient profile and availability of nutrients in DDGS can 
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be affected by the processing techniques, especially the drying procedure, used after the alcohol 

has been extracted from the DDGS solid fraction (Parsons et al., 2006).  

 There are by-products of the baking industry that have been successfully utilized as 

alternative ingredients in poultry diets (Damron et al., 1965). Bakery products include breads, 

cookies, crackers, cakes, doughs, and other baked snack foods discarded as waste from baked 

food companies (Damron et al., 1965; Day and Dilworth, 1968). Companies collect this by-

product, filter out trash and extra material, dry, and blend the bakery products to create a by-

product meal that is suitable for animal feed (Day and Dilworth, 1968). The resulting product has 

a crude protein level and amino acid composition similar to or greater than corn, with a higher fat 

content and corresponding higher energy content than that of corn (Miller et al., 1987). Bakery 

products can have higher levels of salt (Miller et al., 1987). More recent studies have shown 

variability in the nutrient composition of bakery meal products, including crude protein ranges of 

9.3-15.3% (Waldroup et al., 1982), well above the 6-8% for corn. Nutrient variability of the 

blended bakery products has been a concern for commercial implementation as the supply of 

bakery by-products has increased (Waldroup et al., 1982; Dale, 1986; Dale and Fuller, 1987). 

Price, supply availability, and nutrient consistency are all factors to consider when incorporating 

these bakery products into least cost formulation (Saleh et al., 1996).  Analysis of these baked 

products would help nutritionists identify these differences and incorporate the products more 

accurately in formulation.       

Regionally available products may also be available and utilized in poultry diets. Peanut 

meal, cottonseed meal, and sunflower meal are examples of protein sources in poultry diets that 

can be utilized when available and priced favorably. Peanut meal is the solid fraction of crushed 

peanuts formed as a by-product during the oil extraction process of peanuts. Similar to soybean 



5 
 

meal, peanut meal can be a product of the expelling and/or of the solvent extraction process of 

oil, as raw peanuts are approximately 35-40% oil (Batal et al., 2005). The resulting peanut meal 

contains 40-50% protein. Grau (1946) reported peanut meal to be low in the amino acids 

methionine and lysine, which are the two most widely used synthetic amino acids today, 

allowing peanut meal to be better utilized in broiler diets when supplemented with synthetic 

amino acids. The presence of aflatoxin, a product of fungi, in peanut meal is a concern for animal 

nutrition, and the United States Department of Agriculture sets the maximum aflatoxin limit at 

20 parts per billion (ppb) for feed ingredients. Heat processing during the extraction process 

manages aflatoxin contamination (Mann et al., 1967). Previous methods included treatment with 

aqueous ammonia, hydrogen peroxide, sodium hydroxide, acetone, and ozonation (Dollear et al., 

1968; Dwarakanath et al., 1968; Price et al., 1982). The heat treatment process can have an 

impact on the availability of amino acids in the peanut meal, specifically lysine (Zhang and 

Parsons, 1996).  

Cottonseed meal is the byproduct of oil extraction of cottonseed. Cottonseed meal 

contains 30-50% crude protein, approximately 25% crude fiber, and is low in the amino acids 

lysine and methionine (Phelps, 1966). Lysine is generally low due to effects of heat treatment 

and due to the binding of lysine to free gossypol in the meal (Altschul, 1954; Fernandez and 

Parsons, 1996). Gossypol is an antinutritional factor in cottonseed meal, produced by the cotton 

plant. Gossypol binds free lysine and iron, making it inaccessible to the animal (Braham et al., 

1967; Fernandez et al., 1995). Cottonseed meal protein has also been shown to be less digestible 

than corn and SBM in poultry (Fernandez et al., 1995). Sunflower meal is another protein meal 

that is regionally available for poultry diets and is a by-product of the oil extraction process of 

sunflower seeds. The high oil producing sunflower seeds contain 40-50% oil. After extraction, 
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the resulting meal contains 24-44% protein, and has no antinutritional factors that can impair 

animal growth and production, but sunflower meal has a high and variable fiber content of 12-

25% depending on processing procedures (Senkoylu and Dale, 1999). Lysine is the limiting 

amino acid in sunflower meal (McGinnis et al., 1948) and lysine availability is sensitive to the 

heat processing of the meal (Alexander and Hill, 1952).      

Consumer trends. A shift in consumer preferences in recent years, especially in 

developed nations, has also influenced poultry feed ingredient utilization and diet formulation. 

Consumer demand for all natural, organically grown, and antibiotic free animal products has 

risen. In 2009, the organic food category was growing seven times faster than any other food 

category and was increasing its growth by 15% per year (Crandall et al., 2009). The United 

States Department of Agriculture or USDA defines organic food as: 

“Organic food is produced by farmers who emphasize the use of renewable resources and 

the conservation of soil and water to enhance environmental quality for future 

generations. Organic meat, poultry, eggs, and dairy products come from animals that are 

given no antibiotics or growth hormones. Organic food is produced without using most 

conventional pesticides; fertilizers made with synthetic ingredients or sewage sludge; 

bioengineering; or ionizing radiation. Before a product can be labeled ‘organic,’ a 

government-approved certifier inspects the farm where the food is grown to make sure 

the farmer is following all the rules necessary to meet USDA organic standards. 

Companies that handle or process organic food before it gets to your local supermarket or 

restaurant must be certified, too (USDA, 2008).”  
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All-natural food is another product category that has seen similar growth trends as organic food 

and is often lumped into the same category when discussing these markets. The USDA defines 

this product group as: 

“A product labeled "natural" is a product containing no artificial ingredient or added 

color and is only minimally processed. Minimal processing means that the product was 

processed in a manner that does not fundamentally alter the product (USDA, 2008).” 

To produce organic or all natural meat products, the animals must be fed organic or all naturally 

grown feed ingredients. When considering plant based ingredients like corn and SBM, varieties 

that perform best under organic conditions, without pesticides and other crop protections in the 

field, are generally different than the varieties that are grown traditionally using pesticides, 

herbicides, miticides, and selected fertilizers (Buchanan et al., 2007). Organically grown 

feedstuffs have developed innate mechanisms to protect themselves from pests, which may 

include higher concentrations of antinutritional factors such as non-starch polysaccharides 

(Buchanan et al., 2007). These varieties will have lower nutrient digestibility than the 

traditionally grown varieties due to this increase in antinutritional factors (Buchanan et al., 2007; 

Van Krimpen et al., 2016).  

Amino acid definitions 

As analysis for amino acids in feedstuffs became more available, nutritionists began 

focusing on the amino acid levels of diets and meeting the requirements for individual amino 

acids in poultry, rather than adhering to a level of crude protein in formulating diets (Baker and 

Han, 1994). In 1943, it was recognized that approximately 21% crude protein diets produced the 

best growth in chicks, but it was also noticed that the addition of the individual amino acid 
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methionine to diets would improve broiler growth (Bird, 1947). The following was published by 

the USDA, written by Bird (1947): 

“Considerable progress has been made at the California Agricultural Experiment Station 

in expressing the protein requirements of growing in terms of amino acids, which 

constitute proteins. More information on this vital subject and on the distribution of 

amino acids in feeds will help us to predict the feeding value of feedstuffs and feed 

mixtures from the results of chemical analyses. It is too much to expect, however, that the 

value of the usual protein supplements will be predictable entirely on the basis of their 

amino acid content, because they also contain vitamins that poultry need.” 

During this time, nutritionists were working with mostly vegetable based feedstuffs and were not 

using supplementary amino acids or vitamins in animal diets, leading to difficulty isolating the 

effects of vitamin deficiency and amino acid deficiency. Other supplements including milk 

byproducts, cattle manure, and fish meal also showed efficacy to improve growth of poultry on 

vegetable diets. The use of these alternative products was related to the lack of meat byproducts 

due to the war effort of World War II (Hammond and Titus, 1944; Bird, 1947).  

 In the 20 years following World War II, nutrient research for poultry would blossom, 

with research regarding vitamins, minerals, energy, and amino acids, including the interactions 

among many of these elements, increasing significantly (Anderson and Dobson, 1959; Leong et 

al., 1959; Lewis et al., 1962). Amino acids were of particular concern, as the use of exogenous 

amino acids helped determine many of the limiting amino acids in poultry diets, even if these 

exogenous amino acids were not available in sufficient quantities for commercial feed 

production (Rosenberg, 1957). Pesti (2009) demonstrated mathematically that to meet the 

methionine need of a modern broiler without supplementation of exogenous methionine, a diet 
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would need to contain 70.86% soybean meal and have a crude protein level of 35.60%, but 

excessively high levels of protein can limit bird performance (Harper, 1956; Harper et al., 1970; 

Smith and Austic, 1978; Harper et al., 1984).  

In the 1960s, researchers began working to balance the amino acids in poultry diets to 

maximize growth and development (Dean and Scott, 1965; Huston and Scott, 1968; Sugahara et 

al., 1969). This early research would lay the foundation of the ideal protein concept, or the idea 

that the balancing of all amino acids to a reference amino acid would allow for standardization of 

diet amino acid content. Lysine was chosen as the reference amino acid because it is generally 

the first or second limiting amino acid in practical poultry diets, it is used primarily in protein 

accretion and maintenance in the bird, laboratory analysis for lysine is rather straight forward 

and accurate, and lysine is one of the most researched amino acids meaning that a variety of 

requirements under different circumstances had been established (Emmert and Baker, 1997). 

Using wet chemistry analysis for amino acids, developing ratios of amino acids in diets relative 

to lysine, and using commercially available, purified amino acids allowed nutritionist to 

formulate poultry diets with more accuracy, using the ideal protein concept, thereby increasing 

poultry growth and performance (Emmert and Baker, 1997; Baker et al., 2002; Corzo et al., 

2002; Dari et al., 2005; Corzo, 2012; Belloir et al., 2017; Chrystal et al., 2020).   

Essential amino acids in chickens 

By 1944, the essentiality of amino acids in poultry diets had been pretty well outlined 

(Block and Bolling, 1944). A dietary essential amino acid is an amino acid that cannot be 

synthesized in the body in sufficient quantities by the bird to meet their requirement. As a result, 

these amino acids must be obtained in the diet. The ten essential amino acids in poultry are 
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methionine, lysine, threonine, valine, arginine, isoleucine, tryptophan, leucine, histidine, and 

phenylalanine.  

Methionine is a sulphur containing amino acid (Osborne, 1902; Mueller, 1923; Rose et 

al., 1936). Supplementation of poultry diets with methionine can increase white meat yield and 

decrease carcass fat (Wallis, 1999). Methionine content of many plant protein sources is limited, 

requiring supplementation with synthetic methionine to meet the requirement for poultry (Rose 

et al., 1936; Rose, 1937). Biochemically, methionine can serve as a methyl group donor by its 

metabolism into the coenzyme S- adenosyl methionine (Cantoni, 1953). Once the methyl group 

has been donated, the resulting product can be converted into homocysteine, which can be 

remethylated back into methionine or transsulfurated into cysteine (Finkelstein, 1990). Due to its 

ability to form disulfide bonds, cysteine supplied through dietary intake and from the metabolism 

of methionine, is important in collagen and keratin synthesis in the production of scales and 

feathers in poultry (Ackerson et al., 1928; Elsworth and Phillips, 1938). Methionine is also 

important in protein synthesis as one of the 20 protein forming amino acids and in muscle 

accretion in poultry (Wallis, 1999; Liu et al., 2007). Egg laying birds require sufficient amounts 

of sulphur amino acids in the diet for the formation of albumin in the egg, which is high in 

methionine (Schutte and van Weerden, 1978). There is evidence that methionine acts as an 

antioxidant inside the cell and can increase antioxidant response to heat stress (Luo and Levine, 

2009; Elnesr et al., 2019). 

Almquist and Mecchi (1942) were the first to study lysine requirements in poultry. When 

evaluating lysine requirements of broilers, lysine seems to be important in the development of 

white meat products, and requirements may vary for growth parameters such as bodyweight 

gain, breast meat yield, and feed conversion ratio (Acar et al., 1991). Since all lysine catabolism 
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takes place in the liver, and few other metabolic pathways exist for lysine to be metabolized into 

another product, most intact lysine is deposited in the muscle, and conserved in the body after 

digestion (Flodin, 1997). If lysine must be catabolized, it will become glutamate and acetyl CoA 

for cellular processes (Grove and Roghair, 1971).  

In the 1940s, threonine was determined to be an essential amino acid for protein 

synthesis, growth, and development in poultry (Almquist and Grau, 1944; Hegsted, 1944; Grau, 

1949). Commercial threonine was introduced in the 1980s and this availability stimulated an 

increase in research in the 1980s and 1990s (Kidd, 2000). Threonine metabolism includes the 

formation of glycine, allowing threonine to be glycine sparing and allowing for marginal glycine 

deficiencies in low crude protein diets (Baker et al., 1972). Threonine has roles in feather 

formation (as feather protein is 20% threonine and serine, and serine is a metabolic end-product 

of threonine catabolism) (Baker et al., 1972; Stilborn et al., 1997), uric acid formation (Krasna et 

al., 1952), and formation of poultry gamma globulins (Tenenhouse and Deutsch, 1966). The 

largest quantity of dietary threonine is used for the growth and maintenance of the 

gastrointestinal tract, as it is estimated that 61% of first pass dietary threonine is used in the 

gastrointestinal tract, according to research done in piglets (Stoll et al., 1998). Mucin is secreted 

by goblet cells and coats the intestinal tract, to provide lubrication and protection of the epithelial 

cells against abrasion, pathogenic bacteria, and antinutritional factors (Horn et al., 2009; 

Duangnumsawang et al., 2021). Mucin protein is 28-40% threonine (Carlstedt et al., 1993) and 

though secreted constantly, this threonine remains unavailable for absorption due to mucin’s 

resistance to digestion (Fuller, 1994). Research has also suggested that threonine may have a role 

in intestinal cell development, modulating villi height and crypt depth in the avian 

gastrointestinal tract (Zhang et al., 2016; Chen et al., 2017). 
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The branched chain amino acids valine, isoleucine, and leucine are all essential amino 

acids in poultry and contribute heavily to muscle accretion, as approximately one-third of muscle 

weight is attributed to the branched chain amino acids (Kim et al., 2022). Leucine is generally 

not limiting in corn and SBM diets (NRC, 1994; Waldroup et al., 2002), but the dietary balance 

of all three branched chain amino acids and the interactions that occur from their imbalances is 

of importance (Harper et al., 1954; Harper, 1956; Harper et al., 1970). For example, the 

relatively high concentration of leucine in corn and SBM diets can initiate enzymatic degradation 

of the excess leucine, but because all branched chain amino acids are catabolized by the same 

metabolic pathway, this increase in activity can lead to the unintentional degradation of valine 

and isoleucine, affecting the availability of those amino acids to the bird (Allen and Baker, 

1972). With feed-grade commercial valine being introduced to the market in 2008, followed 

subsequently by isoleucine (Kidd et al., 2013), research on branched chain amino acid 

antagonisms and the mitigation of these antagonisms has increased (Lee et al., 2020). Beyond 

muscle growth in poultry, branched chain amino acids also have roles in promoting immune 

response through development of the thymus and bursa of Fabricius (Konashi et al., 2000), and 

preventing proteolysis of muscle (Busquets et al., 2000). 

Arginine is a nutritionally essential amino acid in young mammals but not adult 

mammals (Rose, 1937; Borman et al., 1946). However, in avian species, it is essential 

throughout their lifespan because, being uricotelic, birds cannot perform de novo synthesis of 

arginine (Tamir and Ratner, 1963). Arginine is used in the synthesis of proteins, but also as a 

precursor to other metabolically active molecules including ornithine (Nesheim, 1968; Austic 

and Nesheim, 1970), which can subsequently form products including polyamines and the amino 

acid proline (Austic, 1973; Morris Jr., 2007). Arginine supplementation in poultry has been 
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associated with increased lymphoid development, especially the thymus and spleen (Kwak et al., 

1999), and increased heterophil counts (Lee et al., 2002). Dietert et al. (1994) reported that even 

moderate deficiencies in arginine could lead to depressed antibody titers, reduced populations of 

lymphocytes, and increased susceptibility to infection in poultry. Arginine is used for nitric oxide 

(NO) production, and nitric oxide is linked to collagen synthesis, wound healing, tumor 

suppression, hormone release, vasodilation, and immune response, as reviewed by Wu et al. 

(1999). Supplementation of poultry diets with arginine and the production of NO has also been 

linked to attenuation of pulmonary hypertension syndrome in broilers (Wideman et al., 1995). 

Requirements for arginine in poultry were last established in 1994 (NRC, 1994), but subsequent 

research indicates that the published dietary requirement may only be sufficient for maximal 

growth, and that the requirement necessary for optimal immune system development and 

function may be greater than the NRC requirement (Dietert et al., 1994; Wideman et al., 1995; 

Wideman et al., 1996; Ruiz-Feria et al., 2001). 

Tryptophan is a dietary essential amino acid in poultry (Almquist and Mecchi, 1941; 

Grau and Almquist, 1944; Almquist, 1947). Tryptophan is involved with protein synthesis, and 

given that tryptophan is retained in low concentrations in the body and is provided in low 

concentrations from feed sources, can become limiting for protein anabolism (Sainio et al., 

1996). Corticosterone and heat shock protein 70 were both decreased significantly in tryptophan 

supplemented birds (Bello, Idrus, Meng, Awad, et al., 2018), demonstrating a role of tryptophan 

in stress management in poultry. It was reported that tryptophan supplementation in laying hens 

reduced negative behaviors including aggression, feather picking, and cannibalism (Fouad et al., 

2021). Tryptophan supplementation in diets has been shown to attenuate aggressive behaviors of 

both male and female broiler breeders on skip-a-day feeding programs, and was shown to lower 
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corticosterone levels and increase serotonin levels in birds under these feeding conditions (Shea 

et al., 1990; Mench, 1991; Bello, Idrus, Meng, Narayan, et al., 2018). Tryptophan serves as a 

precursor for the hormones serotonin and melatonin that regulate animal circadian rhythm 

(Morin, 1999)and these hormones also modulate blood pressure, body temperature, feed intake, 

and tissue growth and repair (Hamm and Menaker, 1980; Lacy et al., 1986; Corzo et al., 2005). 

Serotonin has been linked to voluntary feed intake in production animals, and supplementation of 

dietary tryptophan was shown to increase feed intake in the pig (Henry et al., 1992; Bello, Idrus, 

Meng, Narayan, et al., 2018). Supplementation with tryptophan has also been shown to increase 

muscle insulin like growth factor 1 (IGF-1), offering a possible explanation to improved growth 

in tryptophan supplemented birds (Pan et al., 2013; Dukes et al., 2015).  

Phenylalanine and histidine are two essential amino acids that have historically received 

little attention in diet formulation, as they were thought to be of little concern in practical poultry 

diet formulation (Kidd et al., 2021). Phenylalanine is tied closely to tyrosine when considering 

poultry diets and may be reported as a tyrosine + phenylalanine requirement, or the total 

aromatic amino acids (Grau, 1947; Armstrong, 1955). Phenylalanine has roles in the synthesis of 

catecholamines, including dopamine, epinephrine, and norepinephrine (Fernstrom and 

Fernstrom, 2007). Studies have also indicated that phenylalanine may help in mitigating the 

negative effects of mycotoxins found in feed ingredients (Gibson et al., 1990). Histidine can 

serve in antioxidant roles through conversion to carnosine, anserine, and urocanic acid (Mehler 

and Tabor, 1953; Taylor et al., 1991). Histidine also has roles in metabolism and conversion to 

histamines for a variety of roles from regulation of inflammation to wound healing (Branco et 

al., 2018; Moro et al., 2020). Histidine depletion in poultry diets has been shown to decrease 

growth and meat yield (Kai et al., 2015).  
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Determining amino acid digestibility 

The total amino acid content of feed ingredients indicates how much of an amino acid is 

present in that feed ingredient, but it does not guarantee that all of it is available for use by the 

bird. Digestible amino acid content describes the percentage of that total amino acid content that 

is absorbed across the entire intestinal mucosa and can be utilized by the bird. Formulating 

broiler diets using the digestible amino acid content of feed ingredients rather than the total 

amino acid content can result in better growth and feed efficiency of broilers, especially in diets 

using feedstuffs with low amino acid digestibility coefficients (Fernandez et al., 1995; Dari et al., 

2005).  

Determination of the digestible amino acid content of feedstuffs is animal specific and 

must be done using animal bioassays. In poultry, the two most common animal bioassays for 

determination of amino acid digestibility are the broiler chick standardized ileal digestibility 

assay (Payne et al., 1968; Ravindran, Hew, et al., 1999) and the precision fed cecectomized 

rooster assay (Parsons, 1985). Both methods evaluate digestible amino acid content of feed 

ingredients by comparing the total amino acid content of the feed to the amino acid content of 

the resulting excreta or digesta, and employ correction factors for endogenous losses (Sibbald, 

1979).  

Broiler chick ileal assay. Broiler chick ileal sampling in poultry was introduced as a 

procedure for digestible nutrient evaluation by Payne et al. (1968), but a variety of modifications 

to the original procedure have been made in the years since, leading to the more widely accepted 

procedure presented by Ravindran, Hew, et al. (1999). The assay does not require surgery to be 

performed on the birds before use for the assay, so it is an accessible assay for groups with the 

facilities to house birds and the resources to perform collection. In brief, for the standardized 
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ileal digestibility assay, four to six chicks per replication, with 3-4 replications per sample are 

typically raised until 14 or 21 days of age, using a starter diet or a standardized basal diet (Soaees 

and Kifer, 1971). Using older birds at 35 days of age, Ravindran, Hew, et al. (1999) used 4 birds 

per replicate to obtain and adequate amount of digesta. The assay begins when the chicks are 

switched from being fed the starter diet to being fed the test diet (ad libitum) for 5-7 days 

(Ravindran, Cabahug, et al., 1999). The test diet is considered nutritionally complete as it 

contains a purified carbohydrate source such as dextrose, an oil as a fat source, added vitamins 

and minerals, and a single protein ingredient as a source of amino acids (Soaees and Kifer, 1971; 

Ravindran, Hew, et al., 1999).  

Another set of birds will also serve as an endogenous control group to determine the 

endogenous loss correction factor that will be applied to yield standardized ileal digestibility 

(SID) from apparent ileal digestibility (AID) (Payne et al., 1968; Soaees and Kifer, 1971; 

Ravindran, Hew, et al., 1999). Two methods are widely used for determination of endogenous 

losses in the chick ileal assay. First, a nitrogen free diet can be fed for the feeding period and 

thus all amino acids present in the ileum will be of endogenous origin (Soaees and Kifer, 1971). 

Second, a diet formulated similarly to the test diet, but with a highly digestible protein source 

such as casein (essentially 100% digestible protein), replacing the test ingredient in this diet, is 

fed. This method assumes that no undigested amino acids from casein will be present in the 

digesta in the ileum and all amino acids present in the ileum will be of endogenous origin 

(Gargallo and Zimmerman, 1981).  

For the broiler chick ileal assay, the test diets contain a known percent of a non-

digestible, inert marker to determine the amount of feed consumed (Soaees and Kifer, 1971). 

After consuming the diet, the bird will digest and absorb the components of the diet that are 
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digestible, leaving behind the non-digestible marker. Since this marker is mixed at a specific 

ratio in the diet, the amount of feed consumed can be mathematically calculated from the amount 

of recovered marker (Summers and Robblee, 1985). Chromic oxide and titanium dioxide are the 

two most common markers used in poultry nutrition (Fenton and Fenton, 1979), but acid 

insoluble ash is also used (McCarthy et al., 1974; Ravindran, Cabahug, et al., 1999). It has been 

demonstrated that the movement of inert markers may not match that of the digesta, leading to 

inaccuracies in determining nutrient digestibility using inert markers (Oberleas et al., 1990). 

At the completion of the 5-7 day feeding period, birds are then euthanized, and the ileum 

is resected from each bird. Specifically, the distal portion of the ileum from Meckel’s 

diverticulum to approximately 4cm before the ileo- cecal junction will be removed and the 

digesta will be rinsed from the intestine using distilled water (Ravindran, Hew, et al., 1999). 

With this method, the digesta is removed before amino acids could be digested by the bacteria 

present in the large intestine (Payne et al., 1968) while also avoiding amino acids of urinary 

origin that are added with the intestinal waste at the cloaca (O’dell et al., 1960). The digesta from 

the endogenous control birds and from birds fed the test diet is dried using freeze drying or oven 

drying before being sent to a laboratory, along with a sample of the test diet, for analysis of non-

digestible marker content and amino acid content. From the laboratory reported values, the 

digestibility of each individual amino acid can be calculated.  

Criticisms of the chick standardized ileal assay include feeding on a free access basis, a 

diet containing the test ingredient as the sole source of amino acids for 5-7 days, because the test 

ingredient will not provide a balanced profile of amino acids and can depress feed intake (Tobin 

and Boorman, 1979). As different broilers are used for each ingredient determination, different 

experimental conditions will exist such as potential intestinal challenges, potential disease 
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challenges, broiler genetics, and environmental management conditions, that have a larger 

impact on young birds, still developing their digestive capabilities and this variability makes 

comparing digestibility results across multiple experiments more variable (Kim and Corzo, 

2012). In addition, from an animal welfare perspective, concerns have been raised about the 

number of chicks that are killed for each feed ingredient digestibility determination (Kim et al., 

2011). To complete 3-4 replications per feed ingredient, 12-24 will be sacrificed for digestible 

amino acid determination. In addition, the use of broiler chicks serving as the model for 

digestibility data applied to layers and broiler breeders has been questioned (Kim and Corzo, 

2012). Finally, the chick ileal digestibility assays are also more time consuming and more 

expensive when compared to the cecectomized rooster assay method that will be discussed next 

(Parsons, 2020).  

Cecectomized rooster assay. In the cecectomized rooster assay, adult white leghorn 

roosters are cecectomized so that the bacteria in the ceca are not able to digest and utilize 

undigested amino acids from the small intestine of the bird, and thus artificially inflate amino 

acid digestibility values (Soaees and Kifer, 1971; Parsons, 1985). It was reported that the 

microbial population in the chicken hindgut has a large impact on amino acid digestibility, and 

up to approximately 25% of the amino acid content of excreta from intact birds comes from 

microbial origin, which suggests that the microbes heavily metabolize amino acids that are not 

absorbed by the bird (Salter and Coates, 1971; Parsons et al., 1982). Once cecectomized, these 

roosters can be fed repeatedly throughout their life. In this bioassay, 10 cecectomized roosters 

per feed ingredient (Parsons, 1985) are fasted for 24 hours before being tube fed 30g of the test 

feed ingredient and subsequently being placed in a cage with a collection tray for 48 hours 

(Sibbald, 1979; Parsons, 1985). Excreta with uric acid is collected and dried via freeze drying or 
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using an oven, before being sent for amino acid analysis (Dale et al., 1985; Parsons, 1985). One 

set of fasted roosters are not fed the test ingredient, but are also placed in the collection cage for 

the 48-hour window (Sibbald, 1979). Since they were not fed, their feces will reflect endogenous 

losses of amino acids from intestinal secretions and sloughed off intestinal cells and will be used 

as correction factor to apparent amino acid values to yield true digestibility values of the feed 

ingredient. Endogenous losses can be determined through the fasted bird procedure or through 

feeding a nitrogen free control diet, however, research indicates that the nitrogen free diet 

method increases endogenous losses of amino acids (Parsons, 2020). It is therefore preferred to 

determine endogenous losses with the fasted bird procedure. 

Criticism of the precision fed cecectomized rooster assay includes animal welfare 

concerns related to the cecectomy surgery of the roosters, the force- feeding procedure, and the 

fasting of the roosters for an extended time (Lemme et al., 2004). Other criticisms include the 

feeding of a single protein ingredient at a time to the birds, which is not a nutritionally complete 

diet, and the use of adult birds in determining nutrient digestibility of ingredients for younger 

birds (Lemme et al., 2004).  Studies including Lei and Lixian (2012) have demonstrated a change 

in enzyme activity after 24 hours of fasting, indicating that fasting can affect the amounts and 

types of enzymes released during digestion. The fasting method associated with endogenous 

control determination receives criticism for ignoring the impact of dry matter intake on basal 

endogenous losses as feed moves through the intestine (Lemme et al., 2004). Butts et al. (1993) 

reported increased endogenous amino acid excretion correlated to increased dry matter intake in 

the pig. However, in comparative studies between the cecectomized rooster assay and the broiler 

ileal bioassay, digestibility calculations were shown to be similar for all samples, with few 

samples differing significantly when tested with both methods (Garcia et al., 2007; Adedokun et 
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al., 2009; Parsons, 2020). Samples that were significantly different tended to be related to age 

differences, specifically when evaluating young chicks less than 14 days of age (Garcia et al., 

2007). Therefore, it was determined that both methods could be considered valid measures for 

the determination of amino acid digestibility in birds over 14 days of age (Garcia et al., 2007). 

Overall, the precision fed cecectomized rooster assay can be preferred over the broiler chick SID 

assay as it is considered to produce results that are comparable to the broiler chick SID assay 

while remaining less expensive and less labor intensive (Garcia et al., 2007). 

Both the broiler chick bioassay and the cecectomized rooster bioassay are expensive and 

time consuming. The cost per ingredient sample for each bioassay will be 800 – 1500 dollars and 

results will not be available for 2 to 4 weeks from the initiation of procedures. Thus, poultry 

nutritionists must depend on previously determined digestible amino acid values for ingredients 

and if those are not available, they use total amino acid content values of the ingredient. Early 

research in poultry nutrition identified the importance of meeting the dietary amino acid 

requirements for optimum growth and reproduction (Almquist, 1952). Because amino acid 

digestibility values vary in a given ingredient based on things such as cultivar genetics (Kluth et 

al., 2005; del Alamo et al., 2008; Perera et al., 2019), growing conditions (Wilcox and Shibles, 

2001; Karr-Lilienthal et al., 2004) and processing procedures (Parsons et al., 1992), when 

formulating diets, poultry nutritionists will use conservative average amino acid digestibility 

values in order to minimize the chance of the diet having an amino acid deficiency. For 

ingredients in which only total amino acid concentrations are known, the nutritionists must make 

an informed guess based on similar ingredients as to how much of the total amino acids are 

digestible, and again, in order to ensure bird performance, the estimates will be conservative and 
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often lower than the actual digestibility values, leading to nutrient excesses in the feed above the 

requirement of the bird (Van Kempen and Simmins, 1997).  

Excess amino acids. Formulating diets with excess protein, and therefore excess amino 

acids, increases the cost of production, as protein (amino acid) sources are among the costliest of 

the dietary ingredients around the world (Kidd et al., 2021; Sumbule et al., 2021; Banday et al., 

2023). Once the amino acid needs for growth, maintenance, and production are met in the bird, 

excess amino acids are catabolized, yielding carbon skeletons that can be utilized in energy 

production (Szepesi et al., 1970) and the nitrogenous waste component, ammonium. The 

ammonium by- product of amino acid catabolism must be excreted, as it is toxic to the bird 

(Visek, 1968). Ammonium is generally transported via glutamine in the bloodstream (Souba, 

1991) to the liver, the major site of uric acid synthesis (Badenoch-jones and Buttery, 1975). In 

poultry, a majority of this ammonium is excreted as uric acid (Davis, 1927; Creek and Vasaitis, 

1961), while smaller fractions of excreted nitrogen come from urea, creatine, and ammonium 

(Davis, 1927). 

Ammonia. Once excreted, the nitrogenous waste products uric acid and urea can both be 

converted to gaseous ammonia (NH3) in the poultry house, and microbial breakdown of uric acid 

in the litter is the main source of NH3 production in the poultry house (Schefferle, 1965). The 

actions of microbial uricase and urease in the presence of uric acid, water, and oxygen convert 

the excreted uric acid from the bird into urea, and subsequently, the urea excreted from the bird 

and the urea formed from uric acid degradation, into carbon dioxide (CO2) and NH3 (Bachrach, 

1957; Schefferle, 1965). The NH3 generated in poultry houses has bird health and performance 

implications, as reviewed by Kristensen and Wathes (2000). Miles et al. (2004) reported a 

decrease in bodyweight of 6% and 9% in broilers exposed to 50ppm and 75ppm ammonia level 
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treatments, respectively, when compared to the control (0ppm ammonia) group, but no 

significant bodyweight difference in 25ppm ammonia level treatment group, which agreed with 

the suggestion by Kristensen and Wathes (2000) that ammonia in poultry production facilities 

should not exceed 25ppm. Increased mortality was seen in birds receiving the 75ppm treatment 

(Miles et al., 2004).  

Near infrared reflectance spectroscopy 

A rapid analysis procedure used on site to accurately analyze feed ingredients for 

digestible amino acid content before using the ingredients in diets would allow nutritionists to 

formulate diets with minimized nutrient excess using the values obtained from each load of 

ingredient they are receiving at the mill. Near infrared reflectance spectroscopy (NIRS) could 

provide this rapid analysis procedure. Near infrared reflectance spectroscopy is a rapid chemical 

analysis technique utilizing electromagnetic radiation in the near infrared spectrum of 730nm to 

2500nm (wave numbers 4000-12500cm-1). This technique has advantages over the previously 

mentioned animal bioassays as it takes very little time to complete, requires only a small amount 

of sample, requires no chemical reagents, and produces no waste. This technique was first 

described by Norris and Hart (1965) as a potential technique for chemical analysis of feedstuffs 

but was not applied to feedstuff and forage quality analysis until 1976 (Norris et al., 1976). In 

NIRS, light in the near infrared spectrum is projected onto functional groups that have vibration 

frequencies within the same range, and the interactions among these groups and the light are 

plotted by measuring the amount of light that is reflected back to the detector (Smith et al., 

2001). Light of similar wavelengths is absorbed by bonds in the functional groups matching the 

vibration frequency of that wavelength. Photosensitive materials such as lead sulfide or silicon 

on the detector converts the reflected light into electrical signals that can be recorded and 
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analyzed by computer software programs (Givens et al., 1997). In the near infrared spectrum 

there are few functional groups that will have exclusive absorbance, so statical analysis is 

applied to identify secondary relationships within the spectral data that align with the determined 

reference values (Foley et al., 1998). Initially, NIRS technology was limited by computer 

processing power as it was quickly realized that reflectance spectroscopy and multiple regression 

techniques were both key to identifying interactions and interference between functional groups 

(Norris, 1992). As computer processing power has improved, the utilization of NIRS has 

increased and its accuracy in prediction has improved, increasing its popularity and creditability 

(Moughan et al., 2000). 

Feedstuffs used in animal nutrition consist primarily of organic matter with chemical 

bonds mainly between carbon, oxygen, nitrogen, sulfur, and phosphorus. Bonds containing these 

atoms will vibrate at specific frequencies depending on bond length, bond strength, and the 

surrounding constituents, causing them to absorb light at specific frequencies in the near infrared 

spectrum (Van Kempen and Bodin, 1998). In NIRS feed analysis, a light source projects the light 

onto a finely ground feed sample and the reflected light is then measured by the detector. As feed 

is opaque, reflectance spectroscopy is the preferred method for analysis rather than transmittance 

(Givens et al., 1997). The reflected light is then compared to the wavelengths and intensity of 

light initially emitted and the difference between the intensity at each wavelength is plotted in an 

absorption spectrum. Chemical bonds within the sample including carbon to hydrogen (C-H), 

nitrogen to hydrogen (N-H), and oxygen to hydrogen (O-H) bonds will absorb light at specific 

wavelengths, returning the unabsorbed light at that wavelength to the detector. As different 

molecules all have unique arrangements of atoms and corresponding chemical bonds, each 

molecule within a sample will have a unique NIRS “fingerprint” that can be identified and 
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subsequently quantified (Givens et al., 1997). The quantification of these bonds and interactions 

among their functional groups, allows for the quantification of larger molecules like sugars, 

proteins, lipids, and other nutritionally relevant molecules (Givens et al., 1997). Many molecules 

in feedstuffs will not be individual and free, but rather will be associated or even chemically 

bond to other molecules present in the heterogenous mixture. Thus, the integrated molecules will 

need to be distinguished by their ‘overtones’ and ‘combination bands’ which are variations in the 

bond lengths of chemical groups causing them to be in a different energy state when excited by 

the NIR light source than the same group would have been in the original molecule (Givens et 

al., 1997). 

Light scattering is another issue associated with NIRS. When the NIR radiation is 

reflected, refracted, or diffracted against random particles or a medium contained within the 

sample, the change in light can change the detection of the light from that molecule. Light 

scattering is most affected by the particle grind size, temperature of the sample, and moisture 

content of the sample (Givens et al., 1997). Understandably, there is no mathematical law 

describing light scattering in a heterogenous mixture of absorbing constituents as seen in feed 

ingredients. Therefore, an NIRS machine must be calibrated with a selection of samples that 

account for the reasonable physical property differentiation that would occur in the population 

one seeks to measure. These samples must be as similar as reasonably possible for the population 

and be processed and analyzed in a uniform manner (Givens et al., 1997).  

The ultimate goal of NIRS analysis is to establish and validate a calibration model that 

correlates data in the spectral scans of a specific group of samples to the known concentrations of 

the nutrient of interest. The known nutrient content of that sample may be determined through 

chemical analysis, biological analysis, or a combination of the two like the cecectomized rooster 
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bioassay to determine the digestible amino acid content of feed ingredients. Once a calibration 

curve using these samples has been established that has a high correlation between the spectral 

data and the wet chemistry data, the calibration curve can be validated and then used to predict 

the nutrient content of interest in other samples not used in the creation of the calibration and 

validation curves.  

In creating NIRS models for nutrient prediction, the spectral analysis may need to be 

transformed mathematically to best standardize the spectral plots for accurate correlation to wet 

chemistry values and accurate determination of the nutrient of interest. Mathematical treatments 

of this plot include taking the log, 1st derivative, 2nd derivative, or utilizing x and y shifts to 

standardize all spectral analyses, however, there is no, one, ideal mathematical transformation 

that works for all molecules within a heterogenous mixture (Rinnan et al., 2009; Huang et al., 

2010). Curve smoothing may also be employed to minimize noise, minimize the effects of light 

scattering, and reduce the effect of overlapping bands (Givens et al., 1997). Additionally, as the 

number of sample scans available to create a calibration model decreases, sample preparation 

uniformity becomes more critical in constructing a useful model (Givens et al., 1997).  

Sample preparation for NIRS 

 Sample preparation is key to uniform spectral data collection and utilization in feed 

ingredient analysis (Starr et al., 1985). Before analysis using the NIRS machine, the instrument 

should be allowed to warm up for a minimum of 15 minutes, as the spectral analysis of samples 

is very sensitive to temperature changes (Westerhaus, 1989a). The warming up of the electronics 

inside the instrument including the lamp and the detector creates a temperature gradient that can 

affect the temperature of the sample compartment, affecting the spectral readings (Workman, 

2008).  
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 Grinding. Variation in sample particle size due to sample grinding will have the largest 

effect on reflection and absorbance as grinding increases the surface area of the product for 

exposure to near infrared (NIR) light. Feed ingredients should be reduced to a particle size that 

ensures that all ingredient nutrients are uniformly exposed to the NIRS light source. It has been 

determined experimentally that the accuracy of an NIRS calibration model is increased by 

uniform grinding (Fontaine et al., 2001). Ideally, NIRS analysis of the ground sample would take 

place immediately after sample preparation, but also after a rest period to dissipate any added 

heat from grinding. After samples are analyzed on the NIR instrument, these ground samples 

should be stored immediately to limit degradation and to be available for future use. It is 

recommended that the samples be stored in a freezer in glass bottles (Valdes and Leeson, 1992), 

polyethylene bottles (Fontaine et al., 2002), or plastic bags (Smith et al., 2001; Tahir et al., 

2012), as to minimize oxidation of the product and other chemical changes caused by improper 

long term storage (Abrams, 1989).  

 There are two general types of laboratory feed grinders: shearing- type and impacting- 

type. Shearing- type mills like the Wiley mill, have knives that first reduce particle size then 

force the sample through a sieve into a collection vessel. Impact grinders force the feed through a 

wall impregnated with silicon carbide before passing through a sieve. Significant differences 

have been reported in sample analysis of whole soybeans ground with a Cyclotec (impact) 

grinder versus a Wiley (shearing) grinder (Bakalli et al., 2000). It was also found that the 

Cyclotec grinder caused a 3% sample moisture loss due to increased air exposure, leading to less 

experimental error when preparing samples using this grinder (Bakalli et al., 2000). Grinding can 

create heat that warms the sample and has an impact on NIRS analysis (Hunt et al., 1978). 
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Different sized sieves or screens have been reported throughout the literature, but 1 mm 

Screens (Valdes, Young, Leeson, et al., 1985; Van Kempen and Bodin, 1998; Bakalli et al., 

2000) and 0.5 mm screens (Bakalli et al., 2000; Smith et al., 2001; Fontaine et al., 2002) are 

roughly, equally represented in current literature. Regardless if a 0.5 mm or 1 mm screen is used, 

it is imperative that the same screen is used for all samples of a calibration model and all samples 

ground for analysis using this calibration, as the near infrared spectrometer is sensitive to the 

sample surface area exposed for analysis, and differences in average particle size has even been 

shown to account for up to 90% of spectral variance among samples (Givens et al., 1997; Foley 

et al., 1998).  

Temperature. A change in sample temperature can also cause bond deformation, leading 

to distortions in the spectral analysis that are not generally confined to a unique region of the 

spectrum (Hansen et al., 2000). Temperature variation among prepared samples should be 

minimized by allowing samples to rest after grinding, dissipating any heat imparted during the 

grinding process. Temperature variation among samples will affect bonding of organic elements 

within the sample, resulting in variation among absorbance bands and overtones detected within 

the sample (Hansen et al., 2000).  

Moisture. Excess water in samples used for NIRS analysis creates issues including O-H 

bond stretch and O-H bond deformation in the 950-1075nm, 1340-1450, and 1810-2000nm 

regions of the NIR spectrum. These deformations can cause detector saturation in these regions, 

distorting the analysis (Baker et al., 1994; Givens et al., 1997). As these regions correspond with 

regions common in feed analysis for protein and C-H bonds, the presence of moisture and the 

associated detector saturation in a spectra can obscure regions of the NIRS spectra needed for the 

prediction of nutrients (Givens et al., 1997).  
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Pre- processing. Pre-processing techniques applied to the raw spectra file can be 

classified as scatter correction methods or spectral derivatives (Conzen, 2014). Standard Normal 

Variate (SNV) is the most common technique applied for scatter correction. Scatter correction 

helps remove undesirable scatter effects in the spectra before the data is modeled (Conzen, 

2014). Correction coefficients are calculated and applied to the multivariate equation to 

minimize noise. The correction coefficient is determined by taking the original spectra value, 

subtracting the overall mean for the spectral image, and dividing that value by the standard 

deviation of spectrum (Rinnan et al., 2009). The noise in the spectral curve can detract from the 

main absorption spectrum and cause variation in the spectral line including peaks of the spectral 

image. 

Multiplicative Scatter Correction (MSC) is another scatter correction technique that is 

common in NIRS analysis (Conzen, 2014). This technique uses a similar calculation to SNV, but 

it compares the spectrum in question to an “ideal” spectrum with no scattering effects, though 

finding a single “ideal” spectrum is rather unreasonable when dealing with feed ingredients. The 

program can mathematically find ideal sections of multiple spectra and use them to “stitch” 

together an ideal spectrum for comparison (Windig et al., 2008). This then modifies the scale and 

creates an offset to apply to all spectra in the model which corrects for noise using baseline shifts 

and changes to peaks in the spectra, unlike SNV which has less impact on spectral peaks 

(Windig et al., 2008). Normalization uses a scaling procedure similar to MSC but instead of 

searching for an “ideal” spectrum, this technique searches for anchoring sections of all spectra 

that are constant among all spectra in the model. These anchoring points are then used to align all 

spectra and a scaling is performed to closely align these points. Like MSC, this includes baseline 

shifts and adjustments to spectral peaks (Rinnan et al., 2009).  
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Spectral derivative pre-processing may also be applied to spectral images. Taking the 

derivative of a spectral image helps standardize spectra by evaluating the derivative of the point 

rather than its original x and y position in the plot. This prevents error caused by baseline shifts 

and peak changes that can occur in scatter correction techniques. This method is now evaluating 

the slopes of points along the line rather than the location of those points. First and second 

derivatives are the most common spectral derivatives applied in NIRS analysis (Huang et al., 

2010). Derivative pre-treatment is used to resolve peak overlaps and baseline shift issues in 

spectra. It is also important to note that both scatter correction and spectral derivative 

preprocessing techniques can be combined for the evaluation of a set of spectra (Conzen, 2014). 

Examples include first derivative plus vector normalization and first derivative plus MSC. 

NIRS calibration curve creation and validation 

After samples have been prepared and scanned using the NIRS instrument, samples can 

then be selected for incorporation into a calibration curve that correlates the spectral image to the 

determined concentration value of the molecule of interest in the sample. The spectral image for 

each sample will be entered into the NIRS program and assigned the known chemical value 

determined through wet lab analysis or biological assay analysis of the sample. The program will 

create a calibration curve that uses specific wavenumbers within the range of 4000-12500 cm-1 to 

best identify peaks or unique spectral characteristics that may correspond with the concentration 

of the chemical being measured. The selection of calibration samples is critical as the spectra of 

the samples used should cover the entire range of expected chemical values for a given product 

and should mirror the expected variability for that product (Fontaine et al., 2002).  

The number of samples used in a calibration curve must also be considered. Windham et 

al. (1989) recommended that a minimum of 50 samples should be present in the calibration 
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curve. Other sources recommend 10-50% of the total population of samples should be in the 

calibration model (Westerhaus, 1989b; Conzen, 2014). The sample spectra selected for the 

calibration curve will undergo pre-processing, allowing for standardization of spectral images 

and selection of NIR spectral regions that best correlate to the known chemical values (Conzen, 

2014). The calibration curve will then be presented to the user as a regression model of true vs 

predicted values. Based on this regression model, the user can begin adding samples, removing 

samples, and evaluating possible outlying samples in the dataset to improve the calibration 

curve. If a possible outlier is identified through the NIRS program, the user should evaluate the 

sample to ensure that it was not a preparation or scanning error. If this is not the issue, the 

outlying sample could be an atypical sample or a sample with poor characteristics such as mold 

contamination or degradation (Van Kempen and Bodin, 1998; Fontaine et al., 2001). The user 

must then determine whether outlier samples should be kept in the calibration curve, used in the 

validation curve, or excluded from the NIRS model completely.    

Once the calibration curve is created, it must be validated with an independent set of 

samples. The chemical concentration of the validation samples and the physical characteristics of 

these samples should be representative of the samples used in the calibration curve (Westerhaus, 

1989b). The validation samples are prepared and scanned in the same manner as the calibration 

samples. The content of the molecule of interest is predicted in the validation samples using the 

calibration curve. The predicted values of the validations samples are then compared to the 

known true bioassay chemical reference values by the software, allowing the predictive abilities 

of the calibration curve to be determined (validated). The validation results can indicate areas of 

weakness in the calibration curve including where samples may need to be added or removed for 

better predictability.  
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Statistical evaluation. There are a variety of statistical methods described for the 

evaluation of the accuracy of calibration and validation curves. The coefficient of determination 

or R2 is the simplest technique used on both the calibration curve and the validation curve. This 

statistic compares the residuals of the NIRS prediction back to the total sum of squares of the 

range of true values for the samples. It indicates how closely the predicted values compare to the 

true values. Similar to R2 is the residual predictive deviation (RPD). The RPD is calculated 

similarly to the R2, but the denominator is the error of prediction of the model, allowing the 

range of values to increase well above 1.0. A ratio greater than 3.0 is considered a significant 

measure of accuracy when using the RPD (Fontaine et al., 2002; Losada et al., 2009). The root 

mean square error of cross validation (RMSECV) and the root mean square error of prediction 

(RMSEP) are the statistical measures of error in the calibration curve and validation curve, 

respectively.  These values should be minimized in the calibration model, and to compare the 

calibration and validation curves, the values should be similar (Valdes and Leeson, 1992; 

Fontaine et al., 2002). Practical considerations when evaluating the statistical accuracy of the 

validation curve would include calculating the percentage deviation of the predicted value from 

the true value for each validation sample. This measure would better identify accuracy of the 

models, specifically at the lowest concentrations, as the calculation references the true value of 

each individual sample rather than an average error or average mean of the group (Cope, 2021).    

NIRS application in animal nutrition 

Unlike wet chemistry analysis techniques and animal bioassays, NIRS requires no special 

reagents and produces no waste, other than the dust created from grinding (Bakalli et al., 2000). 

Regarding efficiency, once individual calibration models have been developed for each nutrient, 
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a single spectral scan can be used to determine the nutrient concentration of multiple nutrients 

simultaneously, using any calibration model available to the user (Fontaine et al., 2001).   

 The NIRS technology has been successfully calibrated to determine dry matter, crude 

protein, fat, total amino acids, and other feed parameters in feed ingredients and diets (Valdes 

and Leeson, 1992, 1994; Garnsworthy et al., 2000; Wu et al., 2002; Kovalenko et al., 2006; Reid, 

2017). In comparing NIRS to nitrogen-based regression analysis for predicting crude protein 

concentrations, NIRS was shown to explain 21-58% more variation in each feedstuff category 

than nitrogen-based regression analysis (Van Kempen and Bodin, 1998). Other research has 

reported correlation coefficients ranging from 0.91-0.99 for calibrations predicting crude protein 

(Valdes, Young, McMillan, et al., 1985; Aureli et al., 2017). While NIRS has been proven 

effective in predicting total nutrient content of multiple nutrients in feed ingredients (Rahman et 

al., 2015), its use in the prediction of digestible nutrient content including digestible amino acid 

content and metabolizable energy content is not well developed, as reviewed by Cope (2021).  

 Though there are many perceived benefits of NIRS for analysis of feed ingredients, there 

are some disadvantages to implementing an NIRS program. The initial cost of an NIRS machine 

with software for feed analysis can be prohibitive, with initial costs exceeding $100,000 (Brown 

et al., 2020). The cost of operation of this instrument is low, in terms of electricity and hourly 

operation costs, but feed production facilities may need to invest in a dedicated employee to 

operate their NIRS analysis program, depending on the frequency of sampling and scanning that 

must be performed. The operator should be familiar with laboratory protocols from prior training 

or with an associate degree in a laboratory field and should be overseen by a nutritionist or 

maintain a close relationship with the technical team at their specific NIRS manufacturer. In the 

long term, the instrument does require maintenance every 3-5 years for the light source and any 
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associated software updates (Bruker Optics, Billerica, MA). The use of the machine is predicated 

upon the availability of the needed calibration models for analysis of the nutrient of interest for 

each ingredient. After the initial cost of the instrument, if an operator has the calibration models 

needed, the cost of each individual sample analysis is low (Bastianelli, 2013). If calibration 

models need to be developed, the nutrient content of ingredients will need to be determined, 

whether through wet lab chemistry analysis or the use of animal bioassays, and the owner must 

absorb the expense of generating the needed samples and values.  

Optic differences, especially between different NIRS machine brands, but even between 

machines of the same brand, as well as differences in sample grinding and laboratory conditions 

all create variation in spectral analyses that can be present in the NIRS calibration, making 

transfer between machines difficult (Givens et al., 1997). As samples are scanned on one 

machine, the characteristics of that machine may contribute to the accuracy of the model. This is 

one reason why scatter correction and spectral derivative treatments, as reviewed earlier, are 

necessary in NIRS analysis, as they help buffer against individual machine biases. To mitigate 

machine biases, calibration samples can be stored and scanned on the new machine. Once 

scanned on the new instrument, the wet chemistry values can be associated with the spectra and 

the calibration model can be recreated using the same samples but using the unique scans created 

by that machine.  

Summary  

 Over time, meeting the amino acid requirements of poultry has evolved from formulating 

diets on a crude protein basis, to a total amino acid basis, and more recently, to a digestible 

amino acid basis. These transitions have allowed diet formulations to better match the amino 

acid requirements of the bird being fed to what is available in the diet, which has improved feed 
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efficiency and decreased production costs. However, formulating on a digestible amino acid 

basis is currently hampered by the lack of accurate digestible amino acid concentrations for 

traditional feed ingredients that have variations due to cultivar genetics, growing conditions, and 

processing procedures. Newer, alternative feed ingredients have simply not had digestible amino 

acid values determined. The lack of digestible amino acid values for feed ingredients is because 

the bioassays used to determine the values are expensive and time consuming. However, NIRS 

technology could solve this problem if digestible amino acid calibration curves could be 

successfully developed and validated.      
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CHAPTER 2 

STATEMENT OF PURPOSE  

Digestible amino acids are an area of increased focus in the poultry industry and are 

important nutrients to consider when formulating poultry diets. In poultry, there are 10 essential 

amino acids that cannot be synthesized by the bird in sufficient quantities for growth, 

maintenance, and production, and therefore must be obtained from the diet. Evaluating protein 

sources used in poultry diets for digestible, essential amino acids is preferred over the crude 

protein method and the total amino acid method as the digestible content of an amino acid source 

represents what is available to the bird for maintenance, growth, and production. To properly 

formulate these rations with high accuracy and efficiency, a nutritionist must know the digestible 

amino acid concentration of feed ingredients. Presently, the best method for determining the 

digestible amino acid content of feed ingredients is through the cecectomized rooster bioassay 

and broiler chick ileal sampling bioassay and accompanying laboratory wet chemistry analyses. 

Though accurate, these processes are time consuming and expensive. In a commercial feed mill 

setting, the animal bioassay with lab analyses cannot be completed before the sampled ingredient 

is milled and fed to the animals, limiting its usefulness in diet formulation.  

Near infrared reflectance spectroscopy is a rapid analysis method that can be used to 

predict nutrient composition of feedstuffs by using a multipurpose analyzer that is calibrated to 

analyze the reflectance of near infrared light from specific feed ingredients. Initially, samples 

must be collected, prepared, and subsequently scanned using the NIRS system, then associated 

within the software with known values determined using the animal bioassay and laboratory 
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analyses. From this data, a calibration curve can be developed that can predict specific nutritional 

components in unknown samples without further wet chemistry analysis. The accuracy of this 

calibration curve is then validated with a separate set of samples in the validation curve, using 

the equation determined by development of the calibration curve. This method of evaluation is 

quick, requires no chemicals, creates no additional waste other than the feed used to scan, and is 

relatively easy to perform. The NIRS analysis method has been used in the feed industry for 

estimation of crude protein, vitamins, minerals, total amino acids, moisture, ash, and gross 

energy in feed ingredients, but there is a lack of published research using NIRS for the direct 

determination of digestible nutrients including digestible amino acids. As the digestible amino 

acids are most useful to nutritionists for accurate feed formulation, the direct, accurate 

determination of digestible amino acids with NIRS would provide the most benefit in 

commercial poultry production. Therefore, the goal of the current research is to create and 

validate NIRS calibrations for the determination of digestible amino acid content for each of the 

10 essential amino acids in feed ingredients used in poultry diets and to have these calibrations 

predict 95% of ingredient samples for each of the 10 essential amino acids in feed ingredients to 

within plus or minus 5% of the actual bioassay determined value.  
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CHAPTER 3 

MATERIALS AND METHODS 

Cecectomized rooster bioassay 

 All animal procedures were approved by the University of Georgia Animal Care and Use 

Committee. The cecectomized rooster bioassay was performed similarly to the method 

established by Parsons (1985). Annually, 400 day of hatch Hy-Line W36 Single Comb White 

Leghorn male chicks were obtained from the Hy-Line North America, LLC. The chicks are 

placed in a room measuring 7.31 by 6.14 meters containing six plastic pan feeders (0.14 meters2 

each) and two water lines each equipped with 20 nipple drinkers. A Chore-Time ChoreTronics 

Model 18 controller (Chore-Time, a division of Chore-Time Brock International, Inc., Milford, 

IN) regulated a single natural gas-fired furnace, one exhaust fan (45.7 centimeter), and one 

ventilation fan (25.4 centimeter) for air exchange. Inlet air was brought in from a common 

hallway equipped with a separate ChoreTronics Model 18 controller regulating two gas fired 

furnaces and an evaporative cooling system. Ambient room temperature was set at 34C on Day 

1 and decreased by 0.28C per day until 24C was reached and maintained through 20 weeks of 

age. The lighting intensity was set at 20 lux from 0-14 days of age then reduced to 2 lux from 

Day 14 to 20 weeks of age. The cockerels received 23.5 hours of light on the day of placement 

and light time was reduced by 30 minutes daily until 10 hours of light per day was reached and 

maintained until 20 weeks of age. The cockerels were provided with feed and water ad libitum 

throughout this period with all diets formulated to meet or exceed guidelines established by the 

NRC (1994).  
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At 20 weeks of age, roosters were relocated to a single room containing six, 64 individual 

cage battery units with cages measuring 35.5 centimeters wide, 45.7 centimeters deep, and 61.0 

centimeters tall. Each cage was equipped with a single nipple drinker and had access to a feed 

trough. The room measured 12.4 meters wide by 14.5 meters long and was ventilated by a 

positive pressure ventilation system. The system provided central heating and cooling via a 

natural gas fired furnace and an integrated evaporative cooling system. The temperature and 

ventilation were controlled by a standalone Invensys brand controller (Invensys Building 

Systems, Loves Park, Illinois, 61111, USA). There were also 3 circulation fans controlled by an 

independent timer, set to circulate air for one minute out of each five-minute cycle. Lighting 

intensity was maintained at 20 lux and light was provided for 16 hours per day.    

 For determination of digestible amino acid content, cecectomized roosters were utilized 

to avoid cecal bacterial digestion and utilization of undigested amino acids by the bird 

confounding the results. Cecectomy surgery occurred after roosters acclimated to their individual 

cages when the roosters were between 21 and 26 weeks of age. After a 21-day recovery period 

from surgery, the roosters were utilized for feeding trials. A total of 160 roosters were 

cecectomized for the amino acid digestibility bioassay. Cecectomized roosters were utilized for 

ingredient feeding trials until they reach 80 weeks of age, at which point they were replaced with 

the next group of 20-week-old roosters.  

When a sample was ready to feed, 8-10 roosters were fed per sample. Roosters were 

removed from feed 24 hours prior to feeding an ingredient sample, to allow the digestive tract to 

empty (Sibbald, 1979). Most commonly, each fasted rooster was fed 35 grams of the feed 

ingredient. However, for ingredient samples that were less dense and bulky like wheat middlings 

and soybean hulls, only 25 grams was fed to reduce the chance of crop impaction. The measured 
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sample was precision fed through direct placement of a tube into the crop. After feeding, each 

rooster was housed in an individual collection cage measuring 30.5 centimeters wide, 45.7 

centimeters deep, and 50.8 centimeters tall, for the next 42 hours with ad libitum access to water. 

A stainless-steel collection pan was placed under the bird’s cage during this time to collect 

excreta. In addition to birds fed the ingredient samples, another group of 10 fasted roosters were 

not fed, but placed in collection cages for the next 42 hours to serve as endogenous control birds. 

After 42 hours, the birds were returned to their original cage and given full access to feed and 

water again. The excreta from each rooster was scraped from the stainless-steel pans and dried at 

60C for 18-30 hours (Dale et al., 1985). After the samples were dry, they were individually 

weighed. Weighed samples were then combined for three to five roosters to create two to three 

replicates of excreta samples for each feed ingredient that was fed. The individual replicate 

samples were ground using a KitchenAid® (KitchenAid®, Benton Harbor, MI) coffee grinder, 

sifted through a 1-millimeter sieve, and placed into labeled sample bags for subsequent total 

amino acid analysis. Also, 100 gram and 50-gram aliquots of each feed ingredient fed was saved 

for subsequent NIRS analysis, and total amino acid determination, respectively. 

Chemical reference methods 

 Nitrogen content of samples was assessed with a LECO combustion analyzer (LECO 

Corporation, St. Joseph, MI) using the combustion technique (AOAC, 2006b). Nitrogen 

correction and conversion to crude protein percentage was done using the 6.25 correction factor. 

Complete amino acid analysis was completed by high performance liquid chromatography using 

the multi-step procedure outlined in AOAC Official Method 982.30 (AOAC, 2006a).  
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Digestible amino acid calculation 

Once amino acid analysis had been performed on the feed and excreta samples, these 

values were utilized to calculate digestible amino acid values for each amino acid for each 

sample using the following equation:  

[[Total amino acid content in grams of the amino acid of interest in the feed ingredient– 

(total amino acid content in grams of the amino acid of interest in the excreta sample 

from cecectomized roosters fed the sample ingredient– total amino acid content in grams 

of the amino acid of interest in the excreta sample from endogenous control cecectomized 

roosters)] divided by the total amino acid content in grams of the amino acid of interest in 

the feed ingredient sample] multiplied by 100 to yield the percent digestibility of that 

amino acid in that feed sample. Digestibility values for the two to three replicate excreta 

samples for each ingredient sample were then averaged. 

NIRS sample preparation  

 Ingredient samples stored at room temperature were ground at 16,000 rotations per 

minute through a 1-millimeter screen with a Retsch type ZM200 centrifugal laboratory grinder 

(Retsch GmbH, Haan, Germany). The sample was then bagged in a labeled sterile, plastic sample 

bag (Thermo Fisher Scientific, Waltham, MA) and allowed to re-acclimate to room temperature 

for 30 minutes to ensure no excess heat was present before scanning. The grinder components 

were thoroughly cleaned between samples using a professional grade wet/ dry vacuum (Rigid, 

model WD 14500, St. Elyria, OH) and absorbent towelettes (Kimwipes, Kimberly-Clark, 

Roswell, GA). Samples that already had a consistent particle size below the 1-millimeter screen 

threshold were not ground. After scanning with the NIRS analyzer, samples were returned to 

their individual labeled sample bag and stored at -20C.     
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Bruker Multipurpose Analyzer (MPA) 

 A Bruker multipurpose analyzer, Fourier transform, near infrared spectrometer (Bruker 

MPA: FT-NIR, Bruker Optics, Billerica, MA) was used for near infrared reflectance analysis of 

feed samples. This machine was outfitted with a sample rotator to ensure uniform exposure of 

the feed sample to the NIR light source. The machine was kept in a climate-controlled laboratory 

at room temperature. The machine was turned on 30 minutes prior to use and had its dried 

desiccant beads replaced at this time. These actions ensured the machine’s electronics and 

infrared lamp had time to warm up and stabilize, and that the sample chamber within the 

machine had excess moisture removed before operation. A background light scan was performed 

before analysis of each sample to ensure calibration of the machine before samples were 

scanned. Samples were placed in a quartz bottomed analysis cup and lightly packed by shaking 

the cup, not by pressing the sample. The cup was then placed on the rotator, a background scan 

was performed, and then the final NIRS scan was performed to generate a spectral image of the 

sample. The MPA system included OPUS® version 8.5 software (Bruker Optics, Billerica, MA) 

for operation of the MPA NIR machine, analysis of the resulting spectral images, and building of 

the calibration models using the spectral images. 

 Samples for the calibration and validation curves were selected from the same pool of 

samples, but the samples used in the calibration curve were independent from the samples used 

in the validation curve. In all, 1,034 samples were used for the digestible amino acid dataset. 

These samples were from 58 unique ingredient categories (Table 3.1). Crude protein content of 

samples ranged from 2.1% up to 95.7% (Table 3.2). Samples were independently assigned to the 

calibration and validation curves with a goal of 20-30% or fewer of samples in the calibration set 

with the remaining samples in the validation curve. To create a calibration curve, 50% of 
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available samples were assigned to the calibration curve using random assignment by percentage 

nutrient content or via principal component analysis (PCA). Samples were then revised by 

removing samples from the calibration curve and placing them in the validation curve until the 

30% or less margin was reached. Samples by ingredient category were proportionately 

represented in the calibration curve and the validation curve. The goal was to develop a 

calibration curve for each essential amino acid using the fewest number of samples while 

maintaining the maximum predictive capacity. Having the fewest number of calibration samples 

facilitates recreating the calibration curves on NIRS machines produced by different 

manufacturers when it is necessary to take physical samples for scanning on a new machine. 

After full spectral analysis for all ingredient samples was completed on the Bruker MPA, 

the OPUS® software package (Billerica, MA) was used to determine the appropriate wavelength 

frequency ranges and spectral pre-processing to apply to each calibration model for optimum 

prediction accuracy. Frequency regions for the best detection of each amino acid were selected 

within the overall range from wave number 9000 to wave number 4200. These wave numbers 

were used in lieu of the standard frequency range values because the wave number system allows 

for more divisions across the frequency range for improved accuracy. The wave numbers ramge 

9000-4200 is equivalent to the frequency range of approximately 1050-2400 nanometers.  
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Table 3.1. Feed ingredient samples used in near infrared reflectance spectroscopy evaluation of 

digestible, essential amino acid content. 

Ingredient type  Sample count  Ingredient type Sample count 

       n         n 

AA manufacture waste1     11 
 

Hominy       3 

Alfalfa meal       1 
 

Isolated DDGS products7       3 

Algae       3 
 

Isolated soy protein     11 

Almond shells       4 
 

Jatropha meal       1 

Unidentified animal meal2     19 
 

Meat and bone meal   355 

Arrow root leaves       1 
 

Millet       2 

Bakery meal     20 
 

Moringa powder       1 

Barley       1 
 

Offal & waste       2 

Blood meal     20 
 

Poultry by-product meal     98 

Brazil nut powder       1 
 

Pea meal       2 

BSFL3       5 
 

Peanut meal     10 

Calliandra leaves       1 
 

Pongamia meal       1 

Canola meal     19 
 

Rice bran       2 

Carinata meal       2 
 

Rice hulls       4 

Cassava leaves       1 
 

Rice protein       4 

Corn     47 
 

Rye       1 

Corn germ meal       5 
 

Soybean meal   130 

Corn gluten feed       2 
 

Sorghum       8 

Cottonseed meal       1 
 

Soybean hulls       1 

DAF skimmings4       2 
 

Sprouted seeds8       5 

DDGS5   108 
 

Sugar beet root powder       1 

Dried porcine mucosa       1 
 

Sunflower meal       3 

Feather meal     29 
 

Supermarket waste       6 

Fermented products6     18 
 

Sweet Potato leaves       1 

Fish meal       6 
 

Poultry tankage     26 

Flaxseed meal       2 
 

Wheat       7 

Hatchery waste       2 
 

Wheat DDGS       1 

Hemp leaves by-product       2 
 

Wheat middlings       7 

Hemp seed       2 
 

Yeast       2 

   Total 1034 
1Amino acid manufacturing by-products.  
2Animal by- product meals whose composition was not defined. 
3Black soldier fly larvae. 
4Dissolved air floatation skimmings. 
5Dried distillers’ grains with solubles. 
6Fermented soybean meals, fermented DDGS and unidentified fermented products. 
7Isolated products from DDGS production. 
8Seed meals of sprouted corn, soybean, barley, and wheat.   
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Table 3.2. Crude protein values for feed ingredient samples used in near infrared reflectance 

spectroscopy evaluation of digestible amino acid content. 

Ingredient type  Sample 

count 

Crude protein values 

  Mean Minimum Maximum 

     n % 

AA man. waste1   11 78 ±   2.8 73 84 

Animal by-products2 530 58 ± 10.2 24 96 

Bakery meal     7 13 ±   2.3 10 16 

Canola   19 36 ±   2.7 28 41 

Corn   43   8 ±   0.8   6 10 

DDGS3   86 34 ±   9.6 22 57 

Fermented products4   18 64 ± 13.4 29 77 

Isolated soy protein   11 59 ±   5.3 53 67 

Other ingredients5   72 27 ± 16.7   2 63 

Peanut meal     8 47 ±   5.1 42 55 

Soybean meal 122 48 ±   5.6 33 69 

Sorghum     8 12 ±   2.9   9 16 

Wheat     6 13 ±   1.4 11 15 

Wheat middlings     5 16 ±   0.8 15 17 

     

Total 9466    
1Amino acid manufacturing by-products.  
2Animal by-products- includes unidentified animal by-product meal, blood meal, dissolved air 

flotation skimmings, dried porcine mucosa, feather meal, fish meal, hatchery waste, meat and 

bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4 Fermented soybean meals, fermented DDGS, and unidentified fermented products 
5Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond 

shells, arrow root leaves, barley, Brazil nut powder, black soldier fly larvae, calliandra leaves, 

carinata meal, cassava leaves, corn germ meal, corn gluten feed, cottonseed meal, flaxseed meal, 

hemp by-products, hemp seed, hominy, isolated DDGS products, jatropha, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted 

seeds, sugar beet root powder, sunflower meal, supermarket waste, sweet potato leaves, wheat 

DDGS, and yeast. 
6Only 946 samples of the total 1034 samples used in NIRS evaluation of digestible amino acid 

content had values for crude protein content. 
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All feed ingredient samples were scanned in their “as is” state. Although drying the 

samples would limit the moisture content of samples and minimize the influence of moisture on 

the spectral image, as reviewed in Chapter 1, the developed NIRS digestible amino acid 

calibrations are intended to be used in commercial feed mill settings where the ingredients are 

used on an “as is” basis and not on a dry matter basis. In addition, poultry diets are formulated 

with ingredients that are subsequently fed to birds on an “as is” basis.  

Experiment 1- Universal feed ingredient model 

All 1,034 ingredient samples (Table 3.1) were used to develop calibration and validation 

curves for predicting the digestible amino acid content of the 10 essential amino acids. Individual 

calibration curves were created for each essential amino acid using approximately 150 samples 

per curve, leaving all the remaining samples to be used in the validation curve. The calibration 

curves for the 10 amino acids arginine, histidine, isoleucine, leucine, lysine, methionine, 

phenylalanine, threonine, tryptophan, and valine were identified as Experiments 1a- 1j, 

respectively.   

Experiment 2- Common animal by- products model 

Experiment two used a subset of samples from experiment 1. The 533 samples used were 

animal by- products that are commonly used in poultry diets, which included feather meals, fish 

meals, meat and bone meals (MBM), poultry by-product meals (PBM), poultry tankage, and 

unidentified animal by-product meal products. Each of the 10 calibration curves for predicting 

the essential digestible amino acid content of common animal by- product meals contained 

approximately 145 samples, leaving the remaining samples for use in the validation curve. The 

calibration and validations curves for the 10 essential amino acids were identified as 

Experiments 2a- 2j.  
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Experiment 3- DDGS products model 

In the final experiment, only the DDGS samples from Experiment 1 were used to create 

and validate calibration curves for digestible, essential amino acid content determination. There 

were 108 DDGS samples, so each specific amino acid calibration curve was created using 

approximately 33 samples, leaving the remaining samples in the validation curve. The calibration 

curves and their validations for the 10 essential amino acids arginine, histidine, isoleucine, 

leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine were identified as 

Experiments 3a- 3j, respectively.   

Statistical Analysis  

 Statistical analysis of the calibration and validation curves was completed using the 

Bruker OPUS® software package, version 8.5. Calibration and validation curves had initial 

robustness evaluated with the coefficient of determination (R2) and the residual predictive 

deviation (RPD). The R2 value represents how closely the data fits the model. It is calculated as 

one minus the quotient of the sum of residuals squared and the total sum of squares. It shows 

how well the model explains the variance of the data set by comparing the true values to the 

predicted values and how well the resulting points align with the regression model, often called 

the goodness of fit. The RPD value is calculated by dividing the standard deviation of the 

observed values by the bias-corrected mean error of prediction. The RPD is more qualitative than 

the R2 as the denominator in the RPD is reflective of the error in the model and as that error is 

lowered, the value lowers which allows the RPD to increase, reflective of the model 

improvement. The resulting value is a representation of the models’ predictive capacity with 

values over 3.0 considered meaningful, and higher values serving as a better indicator of 

predictive accuracy (Conzen, 2014). Values greater than five are considered good for quality 
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control while values greater than eight are considered excellent for analytical tasks (Conzen, 

2014).  

The OPUS® software also calculated the standard error of the estimate (SEE) for 

calibration curves. The SEE represents the average distance the observed values fall from the 

regression line established by the calibration model (Conzen, 2014). In the validation curve, the 

root mean square error of the prediction (RMSEP) and the bias of the resulting regression line 

were two validation specific metrics. The RMSEP is the quantitative measure for the preciseness 

of estimation of the test set samples (Conzen, 2014). Smaller values of RMSEP are preferred as 

they indicate a smaller range of error in the model. This value will be reflective of the range of 

the model so there are no “good” or “bad” values or ranges. The goal is to minimize the RMSEP 

when developing a model. In practice, approximately 75-85% of samples will fall within the 

RMSEP when evaluating the absolute value of their residuals, but this value does not specify 

what ranges the model is most accurate or least accurate in predicting values. The bias of a 

validation model is the deviation of the line established by the model from the ideal line of x=y 

(Conzen, 2014). The model should attempt to minimize bias when establishing a regression line 

of true to predicted values.  

 In addition to OPUS® statistical evaluations, evaluation of calibration curve accuracy 

when broken down by individual ingredient was done using JMP® Pro 26.0 (JMP Statistical 

Discovery, LLC, Cary, NC). Practical evaluation of calibration models was also done by 

calculating the absolute deviation of the predicted value from the true value. Samples in the 

validation curve whose predicted value deviated from their lab determined true values by less 

than or equal to 2.5%, 5%, 10%, 15%, and 20% were quantified as done by Cope (2021).  

 



48 
 

 

 

CHAPTER 4 

RESULTS 

 Calibration curves were created and validated for the prediction of digestible amino acid 

content for the 10 essential amino acids in poultry feed ingredients. Pre-processing techniques 

were determined using the OPUS® software package and applied to ingredient sample spectra. 

Although the pre- processing methods utilized varied across amino acid calibration curves, 

vector normalization was most commonly applied (Table 4.1).  

Experiment 1- Universal feed ingredients calibration 

 Experiment 1a. The universal calibration curve for digestible arginine was calibrated for 

a range of 0.02% to 6.53% digestible arginine content (Table 4.2). While the validation curve 

had an R2 of 0.93 and an RPD of 3.85, only 67% of samples were predicted with an error rate of 

10% or less of their true value (Table 4.3).      

 Experiment 1b. The calibration curve for digestible histidine used 148 ingredient 

samples with a content range of 0.00% to 6.62% (Table 4.4). The R2 and RPD of the histidine 

validation curve were 0.96 and 5.18, respectively. However, only 62% of samples were predicted 

with an error rate of 10% or less of their true value (Table 4.3). 

Experiment 1c. The calibration curve for digestible isoleucine utilized 149 ingredient 

samples that had a digestible isoleucine content range of 0.04% to 3.97% (Table 4.5). While the 

isoleucine validation curve had an R2 of 0.93, only 34% of samples had predicted values that had 

an absolute percent deviation of 5% or less from their actual value (Table 4.3).   
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Table 4.1. Near infrared reflectance spectroscopy pre-processing techniques used in each calibration curve created for the 

determination of digestible amino acid content of the essential amino acids in poultry feed ingredients (Experiments 1-3). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1First derivative + vector normalization 
2First derivative + multiplicative scatter correction 
3First derivative + straight line subtraction 

 

 

 

 

 

 

 

 

 

 

 

 

Amino acid Universal Common animal products DDGS products 

 Pre- processing technique 

Arginine 1st derivative + VN1 Vector normalization Vector normalization 

Histidine Vector normalization Vector normalization 1st derivative + MSC2 

Isoleucine Vector normalization Vector normalization Vector normalization 

Leucine Vector normalization Vector normalization 1st derivative 

Lysine Vector normalization Vector normalization 1st derivative + MSC2 

Methionine Vector normalization 1st derivative + VN1 1st derivative 

Phenylalanine Vector normalization Vector normalization 1st derivative + VN1 

Threonine 1st derivative + VN1 Vector normalization Vector normalization 

Tryptophan Vector normalization 1st derivative + MSC2 1st derivative + VN1 

Valine Vector normalization Vector normalization 1st derivative + SLS3 
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Table 4.2. Digestible arginine content of ingredients used in the near infrared reflectance spectroscopy (NIRS) calibration and 

validation curves (Experiment 1a). 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

AA man.by-product1     2 3.64 ± 0.862 3.03 4.24     9 3.93 ± 0.595 2.69 4.51 

Animal by-product2   58 3.27 ± 0.981 1.04 5.49 502 3.17 ± 0.529 1.84 5.24 

Bakery meal     2 0.43 ± 0.056 0.39 0.47   18 0.55 ± 0.105 0.36 0.74 

Canola     4 1.25 ± 0.742 0.59 1.91   15 1.71 ± 0.420 0.85 2.31 

Corn     5 0.33 ± 0.029 0.30 0.38   42 0.32 ± 0.048 0.25 0.46 

DDGS3   11 1.33 ± 0.570 0.53 2.18   97 1.25 ± 0. 534 0.53 2.38 

Fermented product     8 3.89 ± 0.516 3.13 4.47   10 3.63 ± 1.021 1.08 4.40 

Isolated soy     0 - - -   11 3.99 ± 0.474 3.59 4.74 

Other ingredients4   35 1.25 ± 1.235 0.02 6.53   37 1.62 ± 1.182 0.33 4.17 

Peanut meal     4 4.95 ± 0.321 4.55 5.30     6 5.11 ± 0.206 4.76 5.36 

Soybean meal   14 2.97 ± 0.560 2.00 3.79 116 3.15 ± 0.472 1.55 4.87 

Sorghum     3 0.34 ± 0.016 0.32 0.35     5 0.32 ± 0.007 0.31 0.33 

Wheat     0 - - -     7 0.50 ± 0.056 0.45 0.62 

Wheat middlings     2 0.89 ± 0.117 0.81 0.98     5 0.85 ± 0.122 0.72 1.00 

         

Aggregated 148 2.42 ± 1.486 0.02 6.53 880 2.66 ± 1.131 0.25 5.36 
1Amino acid manufacturing by-product.  
2Animal by-product- includes unidentified animal by-product meal, blood meal, dissolved air flotation skimmings, dried porcine 

mucosa, feather meal, fish meal, hatchery waste, meat and bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond shells, arrow root leaves, barley, 

Brazil nut powder, black soldier fly larvae, calliandra leaves, carinata meal, cassava leaves, corn germ meal, corn gluten feed, 

cottonseed meal, flaxseed meal, hemp leaves by-product, hemp seed, hominy, isolated DDGS products, jatropha meal, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted seeds, sugar beet root powder, sunflower 

meal, supermarket waste, sweet potato leaves, wheat DDGS, and yeast products. 
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Table 4.3. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curves for digestible arginine, 

histidine, and isoleucine when using the corresponding calibration prediction curves for all poultry feed ingredients (Experiment 1a, 

1b, 1c). 

OPUS® validation parameters Arginine Histidine Isoleucine 

Samples in validation 880  879  878  

R- squared     0.93      0.96      0.93  

RMSEP1     0.29      0.10      0.19  

RPD2     3.85      5.18      3.85  

Bias3    -0.014      0.005      0.023  

Ratio of predicted to true4 Count Percentage Count Percentage Count Percentage 

<90.00 135 15 162 18 182 21 

90.00- 92.49   35   4   49   6   62   7 

92.50- 94.99   68   8   85 10   80   9 

95.00- 97.49   90 10   86 10   88 10 

97.50- 99.99   93 11   74   8   62   7 

100.00- 102.49   90 10   58   7   79   9 

102.50- 104.99   94 11   76   9   68   8 

105.00- 107.49   69   8   61   7   60   7 

107.50- 110.00   53   6   55   6   42   5 

>110 153 17 173 20 155 18 

Absolute percentage deviation5 Count Percentage Count Percentage Count Percentage 

  <2.5% 183 21 130 15 142 16 

  <5.0% 367 42 293 33 297 34 

<10.0% 591 67 544 62 541 62 

<15.0% 696 79 691 79 686 78 

<20.0% 749 85 780 89 749 85 
1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 
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Table 4.4. Digestible histidine content of ingredients used in the near infrared reflectance spectroscopy (NIRS) calibration and 

validation curves (Experiment 1b).    

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

AA man.by-product1     2 1.00 ± 0.461 0.68 1.33     9 1.38 ± 0.512 0.95 2.65 

Animal by-product2   75 1.08 ± 0.979 0.45 6.62 485 0.91 ± 0.573 0.39 6.43 

Bakery meal     3 0.23 ± 0.052 0.17 0.27   17 0.22 ± 0.045 0.15 0.32 

Canola     1 0.86 0.86 0.86   18 0.79 ± 0.102 0.63 1.00 

Corn     5 0.21 ± 0.031 0.16 0.24   42 0.19 ± 0.022 0.15 0.25 

DDGS3   10 0.96 ± 0.310 0.45 1.25   98 0.69 ± 0.246 0.32 1.35 

Fermented product     1 1.37 1.37 1.37   17 1.37 ± 0.228 0.72 1.64 

Isolated soy     4 1.54 ± 0.200 1.35 1.72     7 1.37 ± 0.159 1.22 1.71 

Other ingredients4   22 0.47 ± 0.402 0.00 1.55   49 0.55 ± 0.327 0.06 1.13 

Peanut meal     3 0.98 ± 0.029 0.95 1.00     7 0.96 ± 0.040 0.90 1.02 

Soybean meal   14 1.15 ± 0.266 0.65 1.60 116 1.09 ± 0.162 0.54 1.69 

Sorghum     3 0.16 ± 0.008 0.15 0.16     5 0.17 ± 0.027 0.15 0.22 

Wheat     1 0.20 0.20 0.20     6 0.26 ± 0.044 0.19 0.32 

Wheat middlings     4 0.30 ± 0.032 0.26 0.33     3 0.36 ± 0.033 0.33 0.38 

         

Aggregated 148 0.91 ± 0.796 0.00 6.62 879 0.84 ± 0.512 0.06 6.43 
1Amino acid manufacturing by-product.  
2Animal by-product- includes unidentified animal by-product meal, blood meal, dissolved air flotation skimmings, dried porcine 

mucosa, feather meal, fish meal, hatchery waste, meat and bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond shells, arrow root leaves, barley, 

Brazil nut powder, black soldier fly larvae, calliandra leaves, carinata meal, cassava leaves, corn germ meal, corn gluten feed, 

cottonseed meal, flaxseed meal, hemp leaves by-product, hemp seed, hominy, isolated DDGS products, jatropha meal, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted seeds, sugar beet root powder, sunflower 

meal, supermarket waste, sweet potato leaves, wheat DDGS, and yeast products. 
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Table 4.5. Digestible isoleucine content of ingredients used in the near infrared reflectance spectroscopy (NIRS) calibration and 

validation curves (Experiment 1c).  

1Amino acid manufacturing by-product.  
2Animal by-product- includes unidentified animal by-product meal, blood meal, dissolved air flotation skimmings, dried porcine 

mucosa, feather meal, fish meal, hatchery waste, meat and bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond shells, arrow root leaves, barley, 

Brazil nut powder, black soldier fly larvae, calliandra leaves, carinata meal, cassava leaves, corn germ meal, corn gluten feed, 

cottonseed meal, flaxseed meal, hemp leaves by-product, hemp seed, hominy, isolated DDGS products, jatropha meal, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted seeds, sugar beet root powder, sunflower 

meal, supermarket waste, sweet potato leaves, wheat DDGS, and yeast products. 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

AA man.by-product1     1 2.48 2.48 2.48   10 3.22 ± 0.442 2.32 3.60 

Animal by-product2   78 1.89 ± 0.780 0.37 3.97 482 1.59 ± 0.559 0.26 3.89 

Bakery meal     4 0.33 ± 0.049 0.26 0.38   16 0.37 ± 0.059 0.26 0.49 

Canola     2 1.29 ± 0.031 1.26 1.31   17 1.14 ± 0.190 0.77 1.49 

Corn     6 0.24 ± 0.036 0.19 0.30   41 0.23 ± 0.036 0.17 0.33 

DDGS3     9 1.11 ± 0.504 0.62 1.87   99 1.06 ± 0.428 0.57 2.18 

Fermented product     4 2.62 ± 0.480 2.21 3.31   14 2.75 ± 0.684 0.83 3.34 

Isolated soy     1 2.43 2.43 2.43   10 2.65 ± 0.346 2.30 3.16 

Other ingredients4   15 0.75 ± 0.582 0.04 1.75   56 0.94 ± 0.633 0.11 2.39 

Peanut meal     3 1.56 ± 0.119 1.43 1.66     7 1.49 ± 0.092 1.32 1.59 

Soybean meal   20 1.91 ± 0.465 1.16 3.32 110 1.99 ± 0.343 0.87 3.16 

Sorghum     2 0.35 ± 0.014 0.34 0.36     6 0.36 ± 0.055 0.31 0.44 

Wheat     2 0.44 ± 0.041 0.41 0.47     5 0.36 ± 0.050 0.31 0.40 

Wheat middlings     2 0.39 ± 0.041 0.36 0.42     5 0.35 ± 0.041 0.31 0.42 

         

Aggregated 149 1.58 ± 0.871 0.04 3.97 878 1.47 ± 0.720 0.11 3.89 
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Experiment 1d. The NIRS calibration curve for digestible leucine contained 150 

ingredient samples with a digestible leucine content range of 0.03% to 11.79% (Table 4.6). The 

digestible leucine validation curve had an RPD value above 4.0, and 77% of samples had a 

predicted value that deviated 10% or less from its actual value (Table 4.7).                                       

Experiment 1e. The 150 sample NIRS calibration curve for digestible lysine had a 

calibration range from 0.03% to 7.74% (Table 4.8). In its corresponding validation curve 

containing 876 samples, only 60% of the samples had predicted values that deviated from their 

true value by less than 10% (Table 4.7).   

Experiment 1f. The calibration curve for digestible methionine content contained 150 

samples (Table 4.9). The validation curve for digestible methionine only had an R2 and RPD of 

0.86 and 2.69, respectively (Table 4.7). 

Experiment 1g. The calibration curve for digestible phenylalanine used 150 samples and 

had a calibration range of 0.05% to 6.28% (Table 4.10). The validation curve for digestible 

phenylalanine had an R2 of 0.96 and an RPD of 4.88 and 74% of the samples had predicted 

values that deviated less than 10% from their true value (Table 4.11).  

Experiment 1h. The calibration curve for digestible threonine used 150 feed ingredient 

samples (Table 4.12). The threonine calibration curve was validated with 878 samples and 60% 

of those samples had predicted values that deviated 10% or less from their true value (Table 

4.11). 
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Table 4.6. Digestible leucine content of ingredients used in the near infrared reflectance spectroscopy (NIRS) calibration and 

validation curves (Experiment 1d). 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

AA man.by-product1     4 5.57 ± 1.274 3.69   6.48     7 5.70 ± 0.958 4.39   6.84 

Animal by-product2   67 3.80 ± 1.921 1.41 11.79 493 3.19 ± 1.103 1.80 11.77 

Bakery meal     3 0.76 ± 0.088 0.67   0.84   17 0.76 ± 0.133 0.56   1.03 

Canola     4 2.18 ± 0.158 1.99   2.36   15 2.00 ± 0.291 1.54   2.62 

Corn     3 0.49 ± 0.497 0.17   1.07   44 0.80 ± 0.096 0.65   1.12 

DDGS3   13 3.43 ± 1.348 2.05   6.22   95 3.27 ± 1.252 1.95   6.86 

Fermented product     2 5.39 ± 0.067 5.35   5.44   16 4.37 ± 0.825 2.70   5.44 

Isolated soy     3 4.23 ± 0.606 3.88   4.93     8 4.13 ± 0.500 3.73   4.94 

Other ingredients4   30 2.19 ± 1.777 0.03   9.10   43 1.51 ± 1.260 0.07   5.49 

Peanut meal     1 3.10 3.10   3.10     9 2.84 ± 0.210 2.45   3.10 

Soybean meal   16 3.19 ± 0.647 1.72   3.95 114 3.21 ± 0.567 1.37   5.23 

Sorghum     1 1.11 1.11   1.11     7 1.29 ± 0.173 1.08   1.59 

Wheat     1 0.76 0.76   0.76     6 0.73 ± 0.074 0.65   0.85 

Wheat middlings     2 0.74 ± 0.090 0.68   0.81     5 0.72 ± 0.066 0.66   0.83 

         

Aggregated 150 3.20 ± 1.879 0.03 11.79 879 2.93 ± 1.294 0.07 11.77 
1Amino acid manufacturing by-product.  
2Animal by-product- includes unidentified animal by-product meal, blood meal, dissolved air flotation skimmings, dried porcine 

mucosa, feather meal, fish meal, hatchery waste, meat and bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond shells, arrow root leaves, barley, 

Brazil nut powder, black soldier fly larvae, calliandra leaves, carinata meal, cassava leaves, corn germ meal, corn gluten feed, 

cottonseed meal, flaxseed meal, hemp leaves by-product, hemp seed, hominy, isolated DDGS products, jatropha meal, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted seeds, sugar beet root powder, sunflower 

meal, supermarket waste, sweet potato leaves, wheat DDGS, and yeast products. 
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Table 4.7. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curves for digestible leucine, 

lysine, and methionine when using the corresponding calibration prediction curves for all poultry feed ingredients (Experiment 1d, 1e, 

1f). 

OPUS® validation parameters Leucine Lysine Methionine 

Samples in validation 879  876  875  

R- squared     0.95      0.94      0.86  

RMSEP1     0.29      0.28      0.10  

RPD2     4.41      4.01      2.69  

Bias3     0.019     -0.027     -0.014  

Ratio of predicted to true4 Count Percentage Count Percentage Count Percentage 

<90.00   97 11 136 16 178 20 

90.00- 92.49   63   7   32   4   41   5 

92.50- 94.99   88 10   50   6   49   6 

95.00- 97.49   91 10   68   8   43   5 

97.50- 99.99 120 14   88 10   66   8 

100.00- 102.49 107 12   90 10   54   6 

102.50- 104.99   94 11   76   9   62   7 

105.00- 107.49   66   8   60   7   57   7 

107.50- 110.00   41   5   58   7   55   6 

>110 112 13 218 25 270 31 

Absolute percentage deviation5 Count Percentage Count Percentage Count Percentage 

  <2.5% 227 26 177 20 121 14 

  <5.0% 413 47 320 37 225 26 

<10.0% 673 77 522 60 427 49 

<15.0% 758 86 637 73 580 66 

<20.0% 804 91 706 81 678 77 
1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 
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Table 4.8. Digestible lysine content of ingredients used in the near infrared reflectance spectroscopy (NIRS) calibration and validation 

curves (Experiment 1e).   

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

AA man.by-product1     3 5.23 ± 1.454 3.64 6.50     5 5.54 ± 1.075 3.73 6.57 

Animal by-product2   59 2.81 ± 1.522 1.20 7.74 501 2.36 ± 0.861 0.94 7.55 

Bakery meal     6 0.25 ± 0.044 0.20 0.32   14 0.25 ± 0.075 0.13 0.39 

Canola     4 1.24 ± 0.538 0.51 1.81   15 1.31 ± 0.563 0.29 2.07 

Corn   12 0.21 ± 0.019 0.19 0.25   35 0.21 ± 0.035 0.15 0.34 

DDGS3   20 0.69 ± 0.447 0.07 1.73   88 0.78 ± 0.431 0.05 1.74 

Fermented product     1 0.70 0.70 0.70   17 3.60 ± 0.663 2.47 4.40 

Isolated soy     2 2.55 ± 0.075 2.50 2.60     9 3.36 ± 0.607 2.70 4.17 

Other ingredients4   24 0.93 ± 0.740 0.03 2.82   49 0.94 ± 0.730 0.09 2.84 

Peanut meal     0 - - -   10 1.35 ± 0.161 0.97 1.53 

Soybean meal   14 2.84 ± 0.556 1.68 3.97 116 2.62 ± 0.358 1.48 4.13 

Sorghum     3 0.20 ± 0.021 0.18 0.22     5 0.18 ± 0.024 0.16 0.22 

Wheat     2 0.34 ± 0.005 0.34 0.35     5 0.29 ± 0.032 0.26 0.34 

Wheat middlings     0 - - -     7 0.50 ± 0.067 0.41 0.60 

         

Aggregated 150 1.82 ± 1.582 0.03 7.74 876 2.02 ± 1.111 0.05 7.55 
1Amino acid manufacturing by-product.  
2Animal by-product- includes unidentified animal by-product meal, blood meal, dissolved air flotation skimmings, dried porcine 

mucosa, feather meal, fish meal, hatchery waste, meat and bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond shells, arrow root leaves, barley, 

Brazil nut powder, black soldier fly larvae, calliandra leaves, carinata meal, cassava leaves, corn germ meal, corn gluten feed, 

cottonseed meal, flaxseed meal, hemp leaves by-product, hemp seed, hominy, isolated DDGS products, jatropha meal, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted seeds, sugar beet root powder, sunflower 

meal, supermarket waste, sweet potato leaves, wheat DDGS, and yeast products. 
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Table 4.9. Digestible methionine content of ingredients used in the near infrared reflectance spectroscopy (NIRS) calibration and 

validation curves (Experiment 1f). 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

AA man.by-product1     4 1.81 ± 0.220 1.50 2.00     7 1.54 ± 0.380 0.85 1.86 

Animal by-product2   77 0.80 ± 0.324 0.45 1.67 482 0.68 ± 0.203 0.35 1.92 

Bakery meal     5 0.21 ± 0.053 0.15 0.27   15 0.15 ± 0.031 0.07 0.20 

Canola     4 0.56 ± 0.055 0.49 0.61   15 0.62 ± 0.057 0.55 0.75 

Corn     9 0.14 ± 0.015 0.11 0.15   38 0.14 ± 0.024 0.08 0.19 

DDGS3   11 0.71 ± 0.395 0.20 1.25   97 0.56 ± 0.219 0.22 1.12 

Fermented product     6 1.40 ± 0.549 0.66 1.84   12 1.16 ± 0.574 0.43 1.80 

Isolated soy     3 0.73 ± 0.108 0.67 0.86     8 0.72 ± 0.090 0.64 0.87 

Other ingredients4   19 0.56 ± 0.471 0.03 1.58   51 0.40 ± 0.306 0.05 1.39 

Peanut meal     0 - - -   10 0.46 ± 0.038 0.40 0.53 

Soybean meal   10 0.53 ± 0.197 0.27 0.87 120 0.57 ± 0.083 0.30 0.89 

Sorghum     1 0.13 0.13 0.13     7 0.16 ± 0.018 0.13 0.18 

Wheat     0 - - -     7 0.17 ± 0.022 0.14 0.20 

Wheat middlings     1 0.17 0.17 0.17     6 0.17 ± 0.012 0.16 0.19 

         

Aggregated 150 0.72 ± 0.446 0.03 2.00 875 0.60 ± 0.274 0.05 1.92 
1Amino acid manufacturing by-product.  
2Animal by-product- includes unidentified animal by-product meal, blood meal, dissolved air flotation skimmings, dried porcine 

mucosa, feather meal, fish meal, hatchery waste, meat and bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond shells, arrow root leaves, barley, 

Brazil nut powder, black soldier fly larvae, calliandra leaves, carinata meal, cassava leaves, corn germ meal, corn gluten feed, 

cottonseed meal, flaxseed meal, hemp leaves by-product, hemp seed, hominy, isolated DDGS products, jatropha meal, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted seeds, sugar beet root powder, sunflower 

meal, supermarket waste, sweet potato leaves, wheat DDGS, and yeast products. 
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Table 4.10. Digestible phenylalanine content of ingredients used in the near infrared reflectance spectroscopy (NIRS) calibration and 

validation curves (Experiment 1g). 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

AA man.by-product1     2 3.21 ± 0.157 3.10 3.32     9 2.90 ± 0.596 1.99 3.92 

Animal by-product2   67 2.33 ± 1.086 0.86 6.28 493 1.85 ± 0.637 1.06 5.72 

Bakery meal     3 0.49 ± 0.135 0.36 0.63   17 0.54 ± 0.086 0.36 0.69 

Canola     4 1.08 ± 0.125 0.93 1.23   15 1.23 ± 0.145 0.99 1.51 

Corn     4 0.34 ± 0.037 0.31 0.39   43 0.32 ± 0.052 0.25 0.51 

DDGS3     8 1.74 ± 0.799 0.91 2.99 100 1.39 ± 0.508 0.84 2.76 

Fermented product     7 2.83 ± 0.445 2.18 3.25   11 2.77 ± 0.646 0.98 3.31 

Isolated soy     3 3.31 ± 0.025 3.29 3.34     8 2.63 ± 0.087 2.52 2.79 

Other ingredients4   23 1.10 ± 0.844 0.05 3.52   47 1.13 ± 0.752 0.15 2.73 

Peanut meal     5 2.39 ± 0.250 1.99 2.63     5 2.26 ± 0.098 2.17 2.42 

Soybean meal   21 2.09 ± 0.609 1.21 3.61 109 2.23 ± 0.338 0.94 3.49 

Sorghum     2 0.51 ± 0.006 0.51 0.52     6 0.51 ± 0.050 0.46 0.59 

Wheat     0 - - -     7 0.52 ± 0.060 0.45 0.63 

Wheat middlings     1 0.54 0.54 0.54     6 0.47 ± 0.043 0.43 0.55 

         

Aggregated 150 1.97 ± 1.084 0.05 6.28 876 1.70 ± 0.761 0.15 5.72 
1Amino acid manufacturing by-product.  
2Animal by-product- includes unidentified animal by-product meal, blood meal, dissolved air flotation skimmings, dried porcine 

mucosa, feather meal, fish meal, hatchery waste, meat and bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond shells, arrow root leaves, barley, 

Brazil nut powder, black soldier fly larvae, calliandra leaves, carinata meal, cassava leaves, corn germ meal, corn gluten feed, 

cottonseed meal, flaxseed meal, hemp leaves by-product, hemp seed, hominy, isolated DDGS products, jatropha meal, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted seeds, sugar beet root powder, sunflower 

meal, supermarket waste, sweet potato leaves, wheat DDGS, and yeast products. 

 



60 
 

Table 4.11. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curves for digestible 

phenylalanine, threonine, and tryptophan when using the corresponding calibration prediction curves for all poultry feed ingredients 

(Experiment 1g, 1h, 1i). 

OPUS® validation parameters Phenylalanine Threonine Tryptophan 

Samples in validation 876  878  866  

R- squared     0.96      0.91      0.91  

RMSEP1     0.16      0.21      0.07  

RPD2     4.88      3.41      3.33  

Bias3    -0.011     -0.004      0.001  

Ratio of predicted to true4 Count Percentage Count Percentage Count Percentage 

<90.00   71   8 183 21 221 26 

90.00- 92.49   49   6   33   4   48   6 

92.50- 94.99   66   8   55   6   52   6 

95.00- 97.49 113 13   73   8   76   9 

97.50- 99.99 110 13   67   8   59   7 

100.00- 102.49 107 12   79   9   57   7 

102.50- 104.99   85 10   86 10   48   6 

105.00- 107.49   62   7   74   8   38   4 

107.50- 110.00   56   6   57   6   33   4 

>110 157 18 171 19 234 27 

Absolute percentage deviation5 Count Percentage Count Percentage Count Percentage 

  <2.5% 217 25 146 17 117 14 

  <5.0% 414 47 305 35 241 28 

<10.0% 648 74 525 60 411 47 

<15.0% 746 85 645 73 553 64 

<20.0% 805 92 722 82 647 75 
1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 
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Table 4.12. Digestible threonine content of ingredients used in the near infrared reflectance spectroscopy (NIRS) calibration and 

validation curves (Experiment 1h).   

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

AA man.by-product1     4 4.54 ± 0.862 3.25 5.08     7 3.97 ± 1.245 2.21 5.21 

Animal by-product2   67 1.69 ± 0.725 0.73 4.20 493 1.62 ± 0.536 0.84 4.19 

Bakery meal     4 0.36 ± 0.036 0.31 0.40   16 0.29 ± 0.044 0.21 0.36 

Canola     8 1.12 ± 0.195 0.88 1.43   11 1.16 ± 0.146 0.86 1.31 

Corn     1 0.24 0.24 0.24   46 0.23 ± 0.034 0.17 0.34 

DDGS3   17 0.96 ± 0.415 0.50 1.79   91 0.94 ± 0.362 0.50 1.88 

Fermented product     5 2.00 ± 0.983 0.81 3.09   13 2.55 ± 0.577 1.79 3.14 

Isolated soy     3 2.06 ± 0.269 1.89 2.37     8 1.99 ± 0.245 1.81 2.40 

Other ingredients4   22 0.84 ± 0.561 0.05 1.99   50 0.73 ± 0.531 0.05 2.01 

Peanut meal     3 1.25 ± 0.057 1.19 1.31     7 1.08 ± 0.069 0.96 1.15 

Soybean meal   11 1.66 ± 0.303 1.28 2.43 119 1.54 ± 0.265 0.73 2.42 

Sorghum     1 0.28 0.28 0.28     7 0.26 ± 0.017 0.24 0.29 

Wheat     0 - - -     7 0.29 ± 0.034 0.25 0.35 

Wheat middlings     4 0.34 ± 0.034 0.30 0.38     3 0.39 ± 0.062 0.32 0.43 

         

Aggregated 150 1.45 ± 0.906 0.05 5.08 878 1.39 ± 0.698 0.05 5.21 
1Amino acid manufacturing by-product.  
2Animal by-product- includes unidentified animal by-product meal, blood meal, dissolved air flotation skimmings, dried porcine 

mucosa, feather meal, fish meal, hatchery waste, meat and bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond shells, arrow root leaves, barley, 

Brazil nut powder, black soldier fly larvae, calliandra leaves, carinata meal, cassava leaves, corn germ meal, corn gluten feed, 

cottonseed meal, flaxseed meal, hemp leaves by-product, hemp seed, hominy, isolated DDGS products, jatropha meal, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted seeds, sugar beet root powder, sunflower 

meal, supermarket waste, sweet potato leaves, wheat DDGS, and yeast products. 
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Experiment 1i. The digestible tryptophan calibration curve had the smallest range of 

values with a range of 0.02% to 1.61% (Table 4.13). The validation curve had an R2 of 0.91 and 

an RPD of 3.33 (Table 4.11).  

Experiment 1j. The calibration curve for digestible valine had a calibration range of 

0.05% to 7.44% (Table 4.14) and was validated with 878 samples and only 58% of the validation 

samples had predicted values that deviated less than 10% from their true value (Table 4.15). 

Experiment 2- Common animal by-products calibration 

 Experiment 2a- 2c. The calibration curves for digestible arginine (Table 4.16), histidine 

(Table 4.17), and isoleucine (Table 4.18) for commonly used animal by-products consisted of 

150, 150, and 148 samples, respectively. The corresponding validation curves predicted 98%, 

80%, and 79% of the validation samples with a 10% or less deviation from their bioassay 

determined values, respectively (Table 4.19). 

Experiment 2d- 2f. Calibration curves for digestible leucine (Table 4.20), lysine (Table 

4.21), and methionine (Table 4.22) content for commonly used animal by-products had a 

calibration range of 1.80%-6.61%, 0.96%-5.12%, and 0.35%-1.92%, respectively. The common 

animal products validation curves for leucine, lysine, and methionine predicted 95%, 81%, and 

83% of the validation samples respectively, with a 10% or less deviation from their actual 

determined values (Table 4.23).  
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Table 4.13. Digestible tryptophan content of ingredients used in the near infrared reflectance spectroscopy (NIRS) calibration and 

validation curves (Experiment 1i).    

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

AA man.by-product1     2 0.85 ± 0.147 0.75 0.96     9 0.90 ± 0.176 0.55 1.07 

Animal by-product2   66 0.50 ± 0.358 0.20 1.61 494 0.36 ± 0.173 0.02 1.58 

Bakery meal     8 0.10 ± 0.021 0.08 0.14   12 0.11 ± 0.025 0.08 0.15 

Canola     6 0.39 ± 0.071 0.29 0.47   13 0.39 ± 0.086 0.26 0.49 

Corn     5 0.05 ± 0.004 0.05 0.06   42 0.06 ± 0.060 0.04 0.39 

DDGS3   11 0.22 ± 0.107 0.05 0.35   87 0.21 ± 0.084 0.06 0.42 

Fermented product     6 1.19 ± 0.252 0.70 1.35   12 0.85 ± 0.311 0.17 1.20 

Isolated soy     0 - - -   11 0.75 ± 0.080 0.67 0.88 

Other ingredients4   21 0.27 ± 0.231 0.02 0.81   48 0.30 ± 0.216 0.05 0.86 

Peanut meal     2 0.39 ± 0.019 0.38 0.40     8 0.43 ± 0.031 0.37 0.46 

Soybean meal   18 0.56 ± 0.179 0.24 0.94 112 0.60 ± 0.116 0.28 0.95 

Sorghum     3 0.05 ± 0.043 0.02 0.10     5 0.07 ± 0.032 0.02 0.10 

Wheat     1 0.12 0.12 0.12     6 0.14 ± 0.029 0.11 0.19 

Wheat middlings     0 - - -     7 0.16 ± 0.021 0.12 0.18 

         

Aggregated 149 0.43 ± 0.350 0.02 1.61 866 0.37 ± 0.220 0.02 1.58 
1Amino acid manufacturing by-product.  
2Animal by-product- includes unidentified animal by-product meal, blood meal, dissolved air flotation skimmings, dried porcine 

mucosa, feather meal, fish meal, hatchery waste, meat and bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond shells, arrow root leaves, barley, 

Brazil nut powder, black soldier fly larvae, calliandra leaves, carinata meal, cassava leaves, corn germ meal, corn gluten feed, 

cottonseed meal, flaxseed meal, hemp leaves by-product, hemp seed, hominy, isolated DDGS products, jatropha meal, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted seeds, sugar beet root powder, sunflower 

meal, supermarket waste, sweet potato leaves, wheat DDGS, and yeast products. 
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Table 4.14. Digestible valine content of ingredients used in the near infrared reflectance spectroscopy (NIRS) calibration and 

validation curves (Experiment 1j). 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

AA man.by-product1     3 4.06 ± 0.194 3.90 4.27     8 3.94 ± 0.356 3.16 4.26 

Animal by-product2   74 2.98 ± 1.544 1.06 7.44 486 2.17 ± 0.863 1.20 6.73 

Bakery meal     1 0.54 0.54 0.54   19 0.43 ± 0.084 0.29 0.60 

Canola     8 1.49 ± 0.231 1.17 1.89   11 1.26 ± 0.425 0.45 1.75 

Corn     8 0.35 ± 0.054 0.31 0.46   39 0.29 ± 0.041 0.23 0.41 

DDGS3     8 1.60 ± 0.671 0.81 2.36 100 1.30 ± 0.537 0.71 2.67 

Fermented product     6 3.82 ± 0.691 2.45 4.32   12 3.03 ± 1.063 1.11 4.38 

Isolated soy     1 3.23 3.23 3.23   10 2.64 ± 0.331 2.22 3.25 

Other ingredients4   18 1.14 ± 0.903 0.05 2.82   54 1.15 ± 0.852 0.16 2.92 

Peanut meal     2 1.78 ± 0.004 1.78 1.79     8 1.75 ± 0.102 1.57 1.88 

Soybean meal   17 1.64 ± 0.488 0.82 2.39 113 2.02 ± 0.351 1.04 3.31 

Sorghum     2 0.41 ± 0.003 0.41 0.41     6 0.45 ± 0.031 0.42 0.50 

Wheat     1 0.39 0.39 0.39     6 0.47 ± 0.037 0.43 0.53 

Wheat middlings     1 0.60 0.60 0.60     6 0.51 ± 0.065 0.44 0.61 

         

Aggregated 150 2.27 ± 1.520 0.05 7.44 878 1.85 ± 0.953 0.16 6.73 
1Amino acid manufacturing by-product.  
2Animal by-product- includes unidentified animal by-product meal, blood meal, dissolved air flotation skimmings, dried porcine 

mucosa, feather meal, fish meal, hatchery waste, meat and bone meal, offal and waste, poultry by-product meal, and poultry tankage. 
3Dried distillers’ grains with solubles. 
4Other ingredients/ all products with 6 or less total samples- includes alfalfa meal, algae, almond shells, arrow root leaves, barley, 

Brazil nut powder, black soldier fly larvae, calliandra leaves, carinata meal, cassava leaves, corn germ meal, corn gluten feed, 

cottonseed meal, flaxseed meal, hemp leaves by-product, hemp seed, hominy, isolated DDGS products, jatropha meal, millet, moringa 

powder, pea meal, pongamia meal, rice bran, rice hulls, rice protein, rye, soy hulls, sprouted seeds, sugar beet root powder, sunflower 

meal, supermarket waste, sweet potato leaves, wheat DDGS, and yeast products. 
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Table 4.15. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curve for valine when using the 

corresponding calibration prediction curve for all poultry feed ingredients (Experiment 1j). 

OPUS® validation parameters Valine  

Samples in validation 878  

R- squared     0.92  

RMSEP1     0.27  

RPD2     3.54  

Bias3    -0.015  

Ratio of predicted to true4 Count Percentage 

<90.00 175 20 

90.00- 92.49   52   6 

92.50- 94.99   56   6 

95.00- 97.49   75   9 

97.50- 99.99   71   8 

100.00- 102.49   73   8 

102.50- 104.99   83   9 

105.00- 107.49   45   5 

107.50- 110.00   57   6 

>110 191 22 

Absolute percentage deviation5 Count Percentage 

  <2.5% 143 16 

  <5.0% 303 35 

<10.0% 513 58 

<15.0% 646 74 

<20.0% 714 81 
1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 
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Table 4.16. Digestible arginine content of common animal by-product ingredients used in the near infrared reflectance spectroscopy 

(NIRS) calibration and validation curves (Experiment 2a). 

1These unidentified animal by-product meal ingredient samples were not further defined by tissue type or species of origin. 
2Meat and bone meal samples of bovine and porcine origin. 
3Poultry by-product meal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

Unidentified meal1     6 3.14 ± 0.129 2.96 3.34   13 3.04 ± 0.261 2.59 3.48 

Feather meal     6 5.01 ± 0.374 4.51 5.49   23 4.80 ± 0.571 2.88 5.24 

Fish meal     0 - - -     6 3.64 ± 0.262 3.34 3.93 

MBM2   99 3.00 ± 0.413 2.13 4.66 256 3.01 ± 0.340 2.28 4.04 

PBM3   28 3.29 ± 0.595 1.91 4.53   70 3.38 ± 0.464 2.54 4.63 

Poultry tankage   11 2.86 ± 0.125 2.67 3.06   15 2.82 ± 0.212 2.31 3.21 

         

Aggregated 150 3.13 ± 0.588 1.91 5.49 383 3.19 ± 0.577 2.28 5.24 
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Table 4.17. Digestible histidine content of common animal by-product ingredients used in the near infrared reflectance spectroscopy 

(NIRS) calibration and validation curves (Experiment 2b).    

1These unidentified animal by-product meal ingredient samples were not further defined by tissue type or species of origin. 
2Meat and bone meal samples of bovine and porcine origin. 
3Poultry by-product meal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

Unidentified meal1     6 0.72 ± 0.168 0.58 0.99   13 0.67 ± 0.096 0.48 0.83 

Feather meal     5 0.64 ± 0.283 0.39 1.10   24 0.69 ± 0.290 0.42 1.19 

Fish meal     5 1.33 ± 0.335 0.90 1.81     1 1.14 1.14 1.14 

MBM2 105 0.87 ± 0.298 0.44 2.38 250 0.78 ± 0.242 0.47 2.22 

PBM3   27 0.90 ± 0.199 0.52 1.38   71 0.97 ± 0.237 0.52 1.60 

Poultry tankage     2 0.78 ± 0.052 0.74 0.81   24 0.75 ± 0.070 0.59 0.89 

         

Aggregated 150 0.88 ± 0.292 0.39 2.38 383 0.81 ± 0.248 0.42 2.22 



68 
 

Table 4.18. Digestible isoleucine content of common animal by-product ingredients used in the near infrared reflectance spectroscopy 

(NIRS) calibration and validation curves (Experiment 2c).   

1These unidentified animal by-product meal ingredient samples were not further defined by tissue type or species of origin. 
2Meat and bone meal samples of bovine and porcine origin. 
3Poultry by-product meal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

Unidentified meal1     5 1.49 ± 0.029 1.45 1.53   14 1.63 ± 0.180 1.34 1.90 

Feather meal   10 3.60 ± 0.179 3.38 3.97   19 3.34 ± 0.572 1.66 3.89 

Fish meal     3 2.60 ± 0.330 2.25 2.90     3 2.60 ± 0.253 2.32 2.82 

MBM2   93 1.48 ± 0.386 0.77 2.90 262 1.38 ± 0.331 0.80 2.26 

PBM3   20 1.74 ± 0.429 1.01 2.70   78 1.80 ± 0.331 1.13 2.83 

Poultry tankage   17 1.62 ± 0.117 1.34 1.85     9 1.68 ± 0.092 1.51 1.79 

         

Aggregated 148 1.70 ± 0.645 0.77 3.97 385 1.58 ± 0.561 0.80 3.89 
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Table 4.19. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curves for arginine, histidine, 

and isoleucine when using the corresponding calibration prediction curves for common animal by-product feed ingredients 

(Experiment 2a, 2b, 2c). 

OPUS® validation parameters Arginine Histidine Isoleucine 

Samples in validation 383  383  385  

R- squared     0.94      0.94      0.95  

RMSEP1     0.14      0.06      0.13  

RPD2     4.05      3.96      4.54  

Bias3     0.001     -0.007      0.020  

Ratio of predicted to true4 Count Percentage Count Percentage Count Percentage 

<90.00     3   1   25   7   44 11 

90.00- 92.49   12   3   20   5   25   6 

92.50- 94.99   35   9   28   7   40 10 

95.00- 97.49   71 19   42 11   53 14 

97.50- 99.99   65 17   49 13   48 12 

100.00- 102.49   74 19   53 14   57 15 

102.50- 104.99   64 17   56 15   32   8 

105.00- 107.49   41 11   42 11   22   6 

107.50- 110.00   14   4   16   4   25   6 

>110     4   1   52 14   38 10 

Absolute percentage deviation5 Count Percentage Count Percentage Count Percentage 

  <2.5% 139   36 102 27 105 27 

  <5.0% 273   71 201 52 193 50 

<10.0% 376   98 306 80 303 79 

<15.0% 383 100 350 91 358 93 

<20.0% 383 100 370 97 378 98 
1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 
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Table 4.20. Digestible leucine content of common animal by-product ingredients used in the near infrared reflectance spectroscopy 

(NIRS) calibration and validation curves (Experiment 2d). 

1These unidentified animal by-product meal ingredient samples were not further defined by tissue type or species of origin. 
2Meat and bone meal samples of bovine and porcine origin. 
3Poultry by-product meal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

Unidentified meal1     8 2.93 ± 0.239 2.63 3.45   11 2.98 ± 0.307 2.48 3.56 

Feather meal     7 5.90 ± 0.359 5.51 6.61   22 5.61 ± 0.757 3.31 6.45 

Fish meal     1 3.80 3.80 3.80     5 4.40 ± 0.392 3.79 4.77 

MBM2 101 3.02 ± 0.719 1.80 5.29 254 2.77 ± 0.505 1.82 4.71 

PBM3   26 3.33 ± 0.602 1.88 4.58   72 3.22 ± 0.524 2.06 5.26 

Poultry tankage     5 2.96 ± 0.203 2.69 3.22   21 2.98 ± 0.214 2.36 3.30 

         

Aggregated 148 3.21 ± 0.897 1.80 6.61 385 3.06 ± 0.844 1.82 6.45 



71 
 

Table 4.21. Digestible lysine content of common animal by-product ingredients used in the near infrared reflectance spectroscopy 

(NIRS) calibration and validation curves (Experiment 2e). 

1These unidentified animal by-product meal ingredient samples were not further defined by tissue type or species of origin. 
2Meat and bone meal samples of bovine and porcine origin. 
3Poultry by-product meal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

Unidentified meal1     9 2.01 ± 0.366 1.40 2.63   10 1.99 ± 0.165 1.73 2.26 

Feather meal   11 1.44 ± 0.463 0.96 2.49   18 1.77 ± 0.580 0.94 3.06 

Fish meal     2 4.96 ± 0.222 4.80 5.12     4 4.00 ± 1.255 2.20 5.06 

MBM2   87 2.28 ± 0.656 1.43 5.12 268 2.15 ± 0.425 1.38 4.18 

PBM3   35 2.67 ± 0.616 1.22 4.16   63 2.75 ± 0.694 1.84 4.87 

Poultry tankage     4 2.22 ± 0.073 2.12 2.28   22 2.19 ± 0.139 1.89 2.47 

         

Aggregated 148 2.33 ± 0.742 0.96 5.12 385 2.25 ± 0.570 0.94 5.06 
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Table 4.22. Digestible methionine content of common animal by-product ingredients used in the near infrared reflectance 

spectroscopy (NIRS) calibration and validation curves (Experiment 2f). 

1These unidentified animal by-product meal ingredient samples were not further defined by tissue type or species of origin. 
2Meat and bone meal samples of bovine and porcine origin. 
3Poultry by-product meal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

Unidentified meal1     8 0.62 ± 0.132 0.51 0.88   11 0.60 ± 0.079 0.47 0.71 

Feather meal     7 0.50 ± 0.124 0.35 0.66   21 0.49 ± 0.067 0.40 0.64 

Fish meal     3 1.76 ± 0.139 1.65 1.92     3 1.42 ± 0.556 0.81 1.90 

MBM2   89 0.66 ± 0.180 0.42 1.58 266 0.62 ± 0.130 0.42 1.18 

PBM3   30 0.92 ± 0.231 0.61 1.47   68 0.92 ± 0.215 0.46 1.62 

Poultry tankage     7 0.66 ± 0.021 0.63 0.69   19 0.68 ± 0.044 0.59 0.75 

         

Aggregated 144 0.73 ± 0.263 0.35 1.92 388 0.68 ± 0.200 0.40 1.90 
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Table 4.23. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curves for leucine, lysine, and 

methionine when using the corresponding calibration prediction curves for common animal by-product feed ingredients (Experiment 

2d, 2e, 2f). 

1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 

 

OPUS® validation parameters Leucine Lysine Methionine 

Samples in validation 385  385  388  

R- squared     0.97      0.90      0.93  

RMSEP1     0.14      0.18      0.05  

RPD2     5.89      3.19      3.74  

Bias3    -0.011      0.003     -0.001  

Ratio of predicted to true4 Count Percentage Count Percentage Count Percentage 

<90.00     8   2   36   9   32   8 

90.00- 92.49     5   1   26   7   17   4 

92.50- 94.99   31   8   38 10   28   7 

95.00- 97.49   53 14   40 10   48 12 

97.50- 99.99   79 21   49 13   61 16 

100.00- 102.49   82 21   49 13   53 14 

102.50- 104.99   64 17   51 13   45 12 

105.00- 107.49   32   8   30   8   45 12 

107.50- 110.00   20   5   27   7   26   7 

>110   11   3   39 10   33   9 

Absolute percentage deviation5 Count Percentage Count Percentage Count Percentage 

  <2.5% 161 42   98 25 113 29 

  <5.0% 279 72 189 49 206 53 

<10.0% 366 95 310 81 323 83 

<15.0% 383 99 363 94 363 94 

<20.0% 384 100 377 98 376 97 
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Experiment 2g-2j. The calibration curve for digestible phenylalanine (Table 4.24), 

threonine (Table 4.25), tryptophan (Table 4.26), and valine (Table 4.27) for commonly used 

animal by-products consisted of 146, 142, 150, and 148 samples, respectively. For the 

corresponding validation curves, 89%, 90%, 68%, and 87% of the samples, respectively, had 

digestible phenylalanine, threonine, tryptophan, and valine values that deviated less than 10% 

from their determined values (Tables 4.28- 4.29). 

Experiment 3- DDGS products calibration 

 Experiment 3a-3j. The calibration curves for the digestible, essential amino acid content 

in DDGS were calibrated with as few as 32 samples and as many as 39 samples from the total of 

108 DDGS samples (Table 4.30). The individual validation curves for each essential amino acid 

all had R2 values above 0.93 (Tables 4.31-4.34). The percent of validation samples in which 

arginine, histidine, isoleucine, leucine, and lysine content were predicted from their 

corresponding calibration curves with less than 10% deviation from the determined values was 

89%, 90%, 85%, 100%, and 62%, respectively (Tables 4.31- 4.32). Likewise for methionine, 

phenylalanine, threonine, tryptophan, and valine, the percentage of predicted DDGS samples 

with a 10% or less error rate was 84%, 99%, 97%, 63%, and 88%, respectively (Tables 4.32- 

4.34). 
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Table 4.24. Digestible phenylalanine content of common animal by-product ingredients used in the near infrared reflectance 

spectroscopy (NIRS) calibration and validation curves (Experiment 2g).   

1These unidentified animal by-product meal ingredient samples were not further defined by tissue type or species of origin. 
2Meat and bone meal samples of bovine and porcine origin. 
3Poultry by-product meal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

Unidentified meal1     4 1.73 ± 0.197 1.59 2.02   15 1.76 ± 0.141 1.43 2.02 

Feather meal   13 3.52 ± 0.531 1.93 4.04   16 3.50 ± 0.429 2.09 3.92 

Fish meal     1 2.59 2.59 2.59     5 2.35 ± 0.177 2.09 2.57 

MBM2   92 1.75 ± 0.358 1.06 3.03 263 1.62 ± 0.293 1.06 2.78 

PBM3   30 1.94 ± 0.301 1.25 2.55   68 1.86 ± 0.283 1.10 2.73 

Poultry tankage     6 1.65 ± 0.191 1.37 1.89   20 1.74 ± 0.081 1.59 1.89 

         

Aggregated 146 1.95 ± 0.615 1.06 4.04 387 1.76 ± 0.474 1.06 3.92 
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Table 4.25. Digestible threonine content of common animal by-product ingredients used in the near infrared reflectance spectroscopy 

(NIRS) calibration and validation curves (Experiment 2h).   

1These unidentified animal by-product meal ingredient samples were not further defined by tissue type or species of origin. 
2Meat and bone meal samples of bovine and porcine origin. 
3Poultry by-product meal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

Unidentified meal1     4 1.46 ± 0.113 1.31 1.55   15 1.51 ± 0.220 1.16 2.07 

Feather meal     8 2.92 ± 0.516 1.95 3.40   21 2.86 ± 0.368 1.54 3.25 

Fish meal     1 2.42 2.42 2.42     5 2.33 ± 0.306 1.94 2.66 

MBM2   91 1.51 ± 0.380 0.90 2.90 264 1.39 ± 0.253 0.91 2.28 

PBM3   32 1.66 ± 0.373 0.84 2.60   66 1.64 ± 0.311 1.14 2.87 

Poultry tankage     6 1.56 ± 0.031 1.51 1.59   20 1.59 ± 0.131 1.24 1.79 

         

Aggregated 142 1.63 ± 0.495 0.84 3.40 391 1.54 ± 0.435 0.91 3.25 
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Table 4.26. Digestible tryptophan content of common animal by-product ingredients used in the near infrared reflectance 

spectroscopy (NIRS) calibration and validation curves (Experiment 2i).  

1These unidentified animal by-product meal ingredient samples were not further defined by tissue type or species of origin. 
2Meat and bone meal samples of bovine and porcine origin. 
3Poultry by-product meal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

Unidentified meal1     6 0.24 ± 0.015 0.23 0.26   13 0.27 ± 0.035 0.21 0.34 

Feather meal   10 0.38 ± 0.106 0.26 0.60   19 0.39 ± 0.080 0.26 0.54 

Fish meal     2 0.69 ± 0.094 0.62 0.76     4 0.59 ± 0.147 0.40 0.72 

MBM2   90 0.31 ± 0.080 0.16 0.58 261 0.31 ± 0.076 0.17 0.54 

PBM3   37 0.42 ± 0.120 0.20 0.71   60 0.42 ± 0.106 0.26 0.71 

Poultry tankage     5 0.34 ± 0.047 0.28 0.40   21 0.34 ± 0.034 0.27 0.41 

         

Aggregated 150 0.35 ± 0.111 0.16 0.76 378 0.33 ± 0.095 0.17 0.72 
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Table 4.27. Digestible valine content of common animal by-product ingredients used in the near infrared reflectance spectroscopy 

(NIRS) calibration and validation curves (Experiment 2j).    

1These unidentified animal by-product meal ingredient samples were not further defined by tissue type or species of origin. 
2Meat and bone meal samples of bovine and porcine origin. 
3Poultry by-product meal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingredient type Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

     n %     n % 

Unidentified meal1     8 2.13 ± 0.268 1.74 2.60   11 2.14 ± 0.229 1.72 2.51 

Feather meal     9 5.24 ± 1.052 2.65 6.10   20 5.41 ± 0.788 2.37 6.07 

Fish meal     0 - - -     6 3.03 ± 0.292 2.55 3.40 

MBM2   99 1.98 ± 0.471 1.28 3.39 256 1.92 ± 0.429 1.20 3.40 

PBM3   26 2.16 ± 0.480 1.18 3.41   72 2.12 ± 0.372 1.36 3.22 

Poultry tankage     6 2.20 ± 0.159 2.02 2.47   20 2.20 ± 0.212 1.65 2.61 

         

Aggregated 148 2.23 ± 0.923 1.18 6.10 385 2.18 ± 0.885 1.20 6.07 
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Table 4.28. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curves for phenylalanine, 

threonine, and tryptophan when using the corresponding calibration prediction curves for common animal by-product feed ingredients 

(Experiment 2g, 2h, 2i). 

1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 

 

 

OPUS® validation parameters Phenylalanine Threonine Tryptophan 

Samples in validation 387  391  378  

R- squared     0.95      0.95      0.87  

RMSEP1     0.11      0.10      0.03  

RPD2     4.35      4.53      2.77  

Bias3    -0.013     -0.020      0.001  

Ratio of predicted to true4 Count Percentage Count Percentage Count Percentage 

<90.00   15   4     9   2   56 15 

90.00- 92.49   17   4   12   3   24   6 

92.50- 94.99   38 10   23   6   19   5 

95.00- 97.49   46 12   43 11   43 11 

97.50- 99.99   57 15   68 17   40 11 

100.00- 102.49   61 16   67 17   40 11 

102.50- 104.99   54 14   54 14   44 12 

105.00- 107.49   42 11   51 13   19   5 

107.50- 110.00   29   7   34   9   29   8 

>110   28   7   30   8   64 17 

Absolute percentage deviation5 Count Percentage Count Percentage Count Percentage 

  <2.5% 118 30 134 34   80 21 

  <5.0% 218 56 232 59 166 44 

<10.0% 344 89 351 90 258 68 

<15.0% 378 98 385 98 323 85 

<20.0% 385 99 388 99 351 93 
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Table 4.29. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curve for valine using the 

corresponding calibration prediction curve for common animal by-product feed ingredients (Experiment 2j). 

OPUS® validation parameters Valine  

Samples in validation 385  

R- squared     0.97  

RMSEP1     0.14  

RPD2     6.18  

Bias3     0.004  

Ratio of predicted to true4 Count Percentage 

<90.00   19   5 

90.00- 92.49   23   6 

92.50- 94.99   40 10 

95.00- 97.49   58 15 

97.50- 99.99   63 16 

100.00- 102.49   48 12 

102.50- 104.99   43 11 

105.00- 107.49   38 10 

107.50- 110.00   22   6 

>110   31   8 

Absolute percentage deviation5 Count Percentage 

  <2.5% 111 29 

  <5.0% 212 55 

<10.0% 335 87 

<15.0% 372 97 

<20.0% 381 99 
1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 
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Table 4.30. Digestible essential amino acid concentrations of dried distillers’ grains with solubles ingredient samples used in the near 

infrared reflectance spectroscopy (NIRS) calibration and validation curves (Experiment 3a-3j). 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amino acid Calibration Validation 

 Sample 

count 

Mean Minimum Maximum Sample 

count 

Mean Minimum Maximum 

   n %   n % 

Arginine 33 1.28 ± 0.538 0.53 2.38 75 1.23 ± 0.441 0.55 2.21 

Histidine 37 0.71 ± 0.274 0.32 1.35 71 0.72 ± 0.258 0.34 1.32 

Isoleucine 32 1.06 ± 0.442 0.57 2.18 76 1.06 ± 0.432 0.62 2.05 

Leucine 35 3.46 ± 1.462 1.95 6.86 73 3.20 ± 1.150 1.98 6.41 

Lysine 39 0.75 ± 0.461 0.05 1.74 69 0.78 ± 0.420 0.07 1.73 

Methionine 35 0.60 ± 0.267 0.20 1.25 73 0.57 ± 0.234 0.22 1.20 

Phenylalanine 35 1.48 ± 0.604 0.84 2.99 71 1.38 ± 0.510 0.88 2.76 

Threonine 34 0.88 ± 0.360 0.50 1.88 74 0.98 ± 0.372 0.53 1.79 

Tryptophan 32 0.21 ± 0.090 0.05 0.42 65 0.20 ± 0.085 0.06 0.38 

Valine 36 1.37 ± 0.574 0.71 2.67 72 1.30 ± 0.540 0.76 2.54 
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Table 4.31. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curves for arginine, histidine, 

and isoleucine when using the corresponding calibration prediction curves for dried distillers’ grains with solubles (Experiment 3a, 3b, 

3c). 

OPUS® validation parameters Arginine Histidine Isoleucine 

Samples in validation 75  71  76  

R- squared   0.98    0.98    0.98  

RMSEP1   0.07    0.04    0.06  

RPD2   6.54    6.59    7.45  

Bias3  -0.012   -0.005    0.009  

Ratio of predicted to true4 Count Percentage Count Percentage Count Percentage 

<90.00   0 -   0 -   5     7 

90.00- 92.49   3   4   5     7   3     4 

92.50- 94.99   7   9   6     8   7     9 

95.00- 97.49 13 17   8   11 13   17 

97.50- 99.99 10 13 11   15 20   26 

100.00- 102.49 15 20 14   20 12   16 

102.50- 104.99   9 12 14   20   5     7 

105.00- 107.49   6   8   4     6   3     4 

107.50- 110.00   4   5   2     3   2     3 

>110   8 11   7   10   6     8 

Absolute percentage deviation5 Count Percentage Count Percentage Count Percentage 

  <2.5% 25 33 25   35 32   42 

  <5.0% 47 63 47   66 50   66 

<10.0% 67 89 64   90 65   86 

<15.0% 72 96 71 100 74   97 

<20.0% 73 97 71 100 76 100 
1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 
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Table 4.32. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curves for leucine, lysine, and 

methionine when using the corresponding calibration prediction curves for dried distillers’ grains with solubles (Experiment 3d, 3e, 

3f). 

1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 

 

OPUS® validation parameters Leucine Lysine Methionine 

Samples in validation 73  69  73  

R- squared   0.99    0.96    0.97  

RMSEP1   0.11    0.09    0.04  

RPD2 10.10    4.85    6.20  

Bias3  -0.002    0.007    0.002  

Ratio of predicted to true4 Count Percentage Count Percentage Count Percentage 

<90.00   0 - 15 22   5     7 

90.00- 92.49   2     3   5   7   5     7 

92.50- 94.99   3     4   6   9   5     7 

95.00- 97.49   6     8   3   4   8   11 

97.50- 99.99 23   32   3   4 15   21 

100.00- 102.49 22   30   6   9 10   14 

102.50- 104.99 12   16   9 13   7   10 

105.00- 107.49   3     4   8 12   6     8 

107.50- 110.00   2     3   3   4   4     5 

>110   0 - 11 16   8   11 

Absolute percentage deviation5 Count Percentage Count Percentage Count Percentage 

  <2.5% 45   62   9 13 25   34 

  <5.0% 63   86 21 30 40   55 

<10.0% 73 100 43 62 61   84 

<15.0% 73 100 50 72 70   96 

<20.0% 73 100 56 81 73 100 
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Table 4.33. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) validation curves for phenylalanine, 

threonine, and tryptophan when using the corresponding calibration prediction curves for dried distillers’ grains with solubles 

(Experiment 3g, 3h, 3i). 

1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted value|)/true value]*100. 

OPUS® validation parameters Phenylalanine Threonine Tryptophan 

Samples in validation 71  74  65  

R- squared   0.99    0.99    0.93  

RMSEP1   0.06    0.04    0.02  

RPD2   8.60  10.10    3.72  

Bias3   0.009   -0.002   -0.002  

Ratio of predicted to true4 Count Percentage Count Percentage Count Percentage 

<90.00   1     1   1     1   9 14 

90.00- 92.49   2     3   0 -   1   2 

92.50- 94.99 10   14   6     8   4   6 

95.00- 97.49   9   13 12   16   9 14 

97.50- 99.99 19   27 13   18   8 12 

100.00- 102.49 12   17 22   30   7 11 

102.50- 104.99 10   14 11   15   3   5 

105.00- 107.49   6     8   4     5   6   9 

107.50- 110.00   2     3   4     5   3   5 

>110   0 -   1     1 15 23 

Absolute percentage deviation5 Count Percentage Count Percentage Count Percentage 

  <2.5% 31   44 35   47 15 23 

  <5.0% 49   69 58   78 27 42 

<10.0% 70   99 72   97 41 63 

<15.0% 71 100 74 100 55 85 

<20.0% 71 100 74 100 59 91 
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Table 4.34. Mathematical evaluation of the near infrared reflectance spectroscopy (NIRS) 

validation curve for valine when using the corresponding calibration prediction curve for dried 

distillers’ grains with solubles (Experiment 3j). 

OPUS® validation parameters Valine  

Samples in validation 72  

R- squared   0.98  

RMSEP1   0.07  

RPD2   7.30  

Bias3   0.008  

Ratio of predicted to true4 Count Percentage 

<90.00   3     4 

90.00- 92.49   6     8 

92.50- 94.99   6     8 

95.00- 97.49 13   18 

97.50- 99.99 13   18 

100.00- 102.49 11   15 

102.50- 104.99   2     3 

105.00- 107.49   6     8 

107.50- 110.00   6     8 

>110   6     8 

Absolute percentage deviation5 Count Percentage 

  <2.5% 23   32 

  <5.0% 40   56 

<10.0% 63   88 

<15.0% 71   99 

<20.0% 72 100 
1Root mean square error of the prediction.  
2Residual predictive deviation. 
3Bias- systematically averaged deviation between the data set of the true and the predicted 

values. 
4Equation for determining the ratio of the predicted value to the true value is |(predicted 

value/true value)*100|. 
5Equation for absolute percentage deviation from true value is [(|true value-NIRS predicted 

value|)/true value]*100. 
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CHAPTER 5 

DISCUSSION 

The current research indicates that the NIRS calibrations created do not meet the 

accuracy standards set forth by the hypothesis of this research for the quantification of digestible 

amino acid content of feed ingredients used in poultry diets. It was hypothesized that the NIRS 

calibration curves created for the detection of digestible, essential amino acid content in feed 

ingredients would predict the values with less than 5% deviation from the actual determined 

values for 95% or more of samples tested. Using the universal ingredient calibrations, no 

digestible, essential amino acid calibration predicted more than 47% of samples with less than 

5% deviation from the determined digestible amino acid content for any of the 10 essential 

digestible amino acids. The individual ingredient calibration for DDGS did show accuracy in 

predicting digestible leucine and threonine with 86% and 78% of samples, respectively, being 

predicted with a 5% or less deviation from their animal bioassay true value. These results 

demonstrate the potential for improved accuracy of individual ingredient calibrations over that of 

the corresponding universal calibrations. Similarly, Cope (2021) reported that using individual 

ingredient NIRS calibrations for the detection of nitrogen corrected true metabolizable energy 

(TMEN) significant increased the predictability of the calibration relative to a universal 

ingredient calibration.  

For feed manufacturers developing new feed ingredients, the universal feed ingredient 

calibration will need further development. When new feed ingredients are being developed, it 

will not be feasible to develop ingredient specific calibrations given the expense and number of 
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samples needed. However, these manufacturers simply need a good estimate of amino acid 

digestibility to decide if a product is worth further development. The current universal ingredient 

calibrations for digestible, essential amino acid content predicted 75-92% of samples with a 

deviation of 20% or less from their actual bioassay value. If the calibration curves can be 

improved so that 100% of samples are predicted with a deviation of less than 20% from their true 

value, they would be sufficient for feed ingredient development.   

The current research with digestible amino acid determination by NIRS agreed with the 

previous research of Cope (2021) and the NIRS prediction of TMEN, that the traditional 

statistical evaluation of validation curves using such things as R2 and RPD values do not provide 

a robust enough evaluation of a calibration curves predictability for poultry diet formulation. For 

example, the DDGS validation curves for digestible leucine, phenylalanine, and threonine all had 

R2 values of 0.99, but these validations only predicted 86%, 69%, and 78% of samples within a 

5% deviation from their true value, respectively. Most NIRS research publications do not publish 

the predicted values and the true nutrient values, nor the practical accuracy value itself, as 

reported by this research, which makes a practical evaluation of their developed NIRS 

calibrations difficult.   

Diet formulation 

When considering diet formulation for poultry, the 5% deviation threshold was 

established to ensure that 95% of ingredient samples analyzed using NIRS would have a 

maximum of 5% deviation from their bioassay determined value, equivalent to the error 

associated with the cecectomized rooster bioassay. With this low error, feed formulation with 

NIRS could be as precise as using data from the animal bioassay for obtaining nutrient content of 

ingredients. This method would be more accurate than applying correction factors to book values 
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to account for variation in the growing, processing, and storage conditions of ingredients. This 

5% value is smaller than the 7.5% value for formulation of mixed ration diets suggested by Van 

Kempen and Simmins (1997).  The use of NIRS for prediction of digestible amino acid content 

would allow nutrient values used in formulation to better reflect the range of all possible nutrient 

content values of feed ingredients rather than using a single average value intended to represent 

all possible ranges of that nutrient. The use of NIRS in diet formulation has been shown to 

improve diet formulation in poultry. Van Kempen and Simmins (1997) suggested that diet over 

formulation could be reduced from 7.5% to 3% using the NIRS calibrations created in that 

research. The R2 values presented in this research are higher than the published R2 values 

ranging from 0.70-0.90 for multiple products by Van Kempen and Simmins (1997), suggesting 

that based on R2 values, this research could further reduce digestible amino acid excess in 

poultry diets. Steed et al. (2020) demonstrated that specific diets formulated using NIRS 

strategies matched performance of the control diet and improved production profitability over the 

control diet on a per kg of feed basis and a per kg of whole chicken without giblets (WOG) basis.  

Equations for determining digestible amino acid content have been developed but require 

laboratory analysis input values such as moisture, ash, crude protein, crude fiber, ether extract, 

total phenols, and non- starch polysaccharides for the calculation of digestible amino acids. For 

example, using the artificial neural network (ANN) algorithm and proximate analysis values, 

multiple studies have achieved R2 values above 0.90 for many of the essential amino acids 

(Roush and Cravener, 1997; Cravener and Roush, 1999; Cravener and Roush, 2001; Ebadi et al., 

2011; Sedghi et al., 2013). While the R2 values are sufficiently high, these studies do not provide 

a comparison of the predicted values to the true values, so practical accuracy for independent 

samples may be less than the current NIRS research. Furthermore, these equations still require 
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the use of proximate analysis which, as previously stated, takes time, and becomes prohibitively 

expensive on a commercial level. It is also simply not possible for poultry companies to store 

vast amounts of feed ingredients for days or weeks while laboratory analyses are completed. The 

NIRS procedure offers accuracy that is equal to or exceeds the accuracy of other methods, based 

on R2 values, but can be completed quickly, so that all ingredients can be evaluated when 

arriving at the mill and results will be available in real time for use in diet formulation. 

Ingredient specific calibrations        

Future research is needed to determine if the creation of individual product calibrations 

with a sufficient number of samples for each ingredient and a sufficient range of nutrient content 

will improve predictability of DDGS products. Similar to the common animal products 

calibration, the DDGS calibration included standard protein DDGS, hi protein DDGS, high oil 

content DDGS, low oil content DDGS, and DDGS processed through different cooking methods, 

but all produced from corn. Other DDGS products including DDGS from beverage production 

(as opposed to DDGS from ethanol production), dried distillers’ grain samples without solubles, 

DDGS made from other grains like sorghum and wheat, and further processed DDGS products 

with fiber removed may require individual calibrations be created for the prediction of digestible 

amino acid content in the more specialized product groups (Corredor et al., 2006; Parsons et al., 

2006; Martinez Amezcua et al., 2007; Tres et al., 2014). These products have unique nutrient 

profiles that differ from standard corn DDGS samples. In the current research, a sample of wheat 

DDGS was available and evaluated using the DDGS calibration, yielding mixed results, with 5 

amino acids predicted with 43% deviation from the true value or higher, and only 3 amino acids 

were predicted with less than 10% deviation from true (data not shown). Given the accuracy of 

the DDGS calibration in predicting corn DDGS samples, the inaccuracy of prediction of the 
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wheat DDGS sample demonstrates that alternative DDGS samples will need individual 

calibrations created for accurate determination of digestible amino acids.        

The presence of moisture can saturate the absorption spectra in the 950-1075nm, 1340-

1450, and 1810-2000nm regions and impact predictability of nutrient content with utilizing these 

regions for analysis (Baker et al., 1994). The presence of moisture may be partially mitigated by 

the exclusion of these regions from the calibration, as done in this research, but drying the 

samples would allow use of these regions for prediction of digestible amino acid content, 

enhancing the ability of NIRS to evaluate samples. However, the animal bioassay values are 

determined on an “as is” basis, and the feed ingredients are fed on an “as is” basis. Evaluating 

feed ingredient samples on a dry matter basis is not feasible for the commercial poultry industry 

as time is required for drying each sample. Poultry nutritionists need NIRS as a rapid evaluation 

tool for evaluating feed ingredients upon arrival at the mill, without having to wait for the sample 

to be dried. Similar to wet chemistry analysis, the drying process would delay the integration of 

ingredients into diets or not be completed before the diets are milled, limiting the usefulness of 

the NIRS data in diet formulation.     

Amino acid reactivity 

The individual amino acids present in proteins are linked by peptide bonds. During 

digestion, the peptide bonds are cleaved by an array of proteases (Neurath, 1964), liberating the 

individual amino acids for absorption. However, some essential amino acids such as lysine, 

methionine, and threonine have reactive groups that allow the formation of additional bonds with 

other molecules such as carbohydrates, polar molecules, and other proteins (Alexander and Hill, 

1952; Smith and Lewis, 1966; Shemer and Perkins, 1975; Cowieson et al., 2004; Rutherfurd and 

Moughan, 2012), in addition to forming peptide bonds. Often when these reactive amino acids 
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make these additional bonds, they can no longer be liberated during digestion and become 

undigestible. Thus, during an NIRS scan of a feed ingredient, the NIRS system not only has to 

detect and quantitate the total amount of the amino acid, but also whether it is binding with other 

molecules that will prevent its digestion, and with amino acids containing reactive groups 

allowing multiple bond formations, this is even more difficult.   

Lysine predictability was especially low in the DDGS calibration. Though the R2 of this 

validation was 0.96, only 62% of samples were predicted with 10% or less deviation from their 

true value, the lowest of all essential amino acids in that experiment. Lysine has an additional 

reactive amino group that can form bonds with carbohydrates (Hurrell and Carpenter, 1974). The 

heat processing of DDGS, especially in the presence of moisture, enhances the bond formation 

between lysine and carbohydrates, and this process is known as a Maillard reaction. Maillard 

reactions can occur in poorly processed DDGS, and can decreases the digestibility of lysine, 

which significantly increases the variability of digestible lysine content in DDGS samples 

(Almeida et al., 2013). 

Compared to other essential amino acids, methionine possesses a reactive sulphur group 

and threonine has a reactive hydroxyl group. Thus, proteins containing these amino acids can 

bond with other molecules, which can make them undigestible as reviewed by (Rutherfurd and 

Moughan, 2012). Future research will need to determine if incorporating more feed ingredient 

samples that contain these amino acids in oxidized form or complexed with other molecules due 

to poor processing conditions will allow the NIRS software to better differentiate between 

undigestible forms of these amino acids, which will improve the predictability of their NIRS 

calibrations.  
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Analysis of amino acids of low concentrations 

In the current research, the NIRS prediction of digestible tryptophan concentrations in 

feed ingredients was among the poorest of all essential amino acids. Variation in tryptophan 

amino acid content analysis have been reported, with coefficients of variation ranging from 3.9-

16.1% (Allred and MacDonald, 1988). Llames and Fontaine (1994) demonstrated that amino 

analysis repeatability within a single laboratory yielded coefficients of variation from 1.1-12.7% 

across all amino acids in all ingredients analyzed, while reproducibility of the analysis 

procedures, or measures of accuracy when performed in different laboratories, increased the 

variation to 3.5-28.2% across all amino acids and all ingredients. To illustrate the variation in 

tryptophan analysis in the current research, 8 random feed samples and 8 random feces samples 

were chosen, and laboratory analysis was performed in duplicate for each of the 16 total samples. 

The tryptophan concentration for each sample was determined by high performance liquid 

chromatography (HPLC) (University of Missouri Agricultural Experiment Station Chemical 

Laboratory, Columbia, MO). The determined tryptophan concentrations ranged from 0.06%-

0.32%, but more importantly, the average coefficient of variation between the duplicate samples 

was 18.5% (data not shown). With this degree of variability in tryptophan concentration 

determinations, it is not surprising that the validation of the digestible tryptophan calibrations 

was also poor, as the predictive capacity of NIRS calibrations is dependent in large part to the 

quality of determined values used to build the calibration (Conzen, 2014). Total tryptophan 

concentrations in feed ingredients and in the dried feces resulting from the cecectomized rooster 

assay is naturally low and routinely below 0.25% (data not shown). Although the published 

detection limit for amino acid analysis by HPLC is 0.01% for most amino acids (AOAC, 2023), 

the low concentrations of tryptophan in samples can contribute to increased variation in 
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tryptophan detection in duplicate samples. Tryptophan is also subject to degradation during 

hydrolysis when being prepared for analysis (Kambhampati et al., 2019), which can also add 

variation between duplicate preparations of the same sample.  

Summary 

In summary, the NIRS calibration models created in this research for the detection of 

digestible amino acids in poultry feed ingredients were not considered accurate enough for feed 

formulation using the threshold of samples having 5% or less deviation from their true values. 

These models did show efficacy for initial evaluation of poultry feed ingredients and showed 

high predictability when allowing samples to have 10% or less deviation from their true value, 

especially when evaluating ingredients using ingredient specific models. The use of high 

accuracy NIRS models will allow nutritionists to evaluate ingredients immediately upon arrival 

to the mill and will allow use of that real time data in diet formulation. Further improvements to 

this work may include expanding the ingredient specific models through more samples or 

through breaking them into more specific ingredient groups.   

 

 

 

 

 

 

 

 

 



94 
 

 

 

REFERENCES 

Abrams, S. 1989. Sample Preparation. Page 23 in Near Infrared Reflectance Spectroscopy 

(NIRS): Analysis of Forage Quality. G. Marten, J. S. Shenk, & F. Barton II Eds. National 

Technical Information Service: Springfield, VA. 

Acar, N., Moran Jr., E. T., and Bilgili, S. F. 1991. Live performance and carcass yield of male 

broilers from two commercial strain crosses receiving rations containing lysine below 

and above the established requirement between six and eight weeks of age. Poult. Sci. 

70:11: 2315-2321.  

Ackerson, C. W., Blish, M. J., and Mussehl, F. B. 1928. Cystine Requirement of Molting Hens. 

Poult. Sci. 7:4: 170-176. doi:https://doi.org/10.3382/ps.0070170 

Adedokun, S. A., Utterback, P., Parsons, C. M., Adeola, O., Lilburn, M. S., and Applegate, T. J. 

2009. Comparison of amino acid digestibility of feed ingredients in broilers, laying hens 

and caecectomised roosters. Br. Poult. Sci. 50:3: 350-358. 

doi:10.1080/00071660902951321 

Alexander, J. C., and Hill, D. C. 1952. The Effect of Heat on the Lysine and Methionine in 

Sunflower Seed Oil Meal. J. Nutr. 48:2: 149-159. doi:10.1093/jn/48.2.149 

Allen, N. K., and Baker, D. H. 1972. Quantitative efficacy of dietary isoleucine and valine for 

chick growth as influenced by variable quantities of excess dietary leucine. Poult. Sci. 

51:4: 1292-1298.  

Allred, M. C., and MacDonald, J. L. 1988. Determination of sulfur amino acids and tryptophan 

in foods and food and feed ingredients: collaborative study. J. Assoc. Off. Anal. Chem. 

71:3: 603-606.  

Almeida, F. N., Htoo, J. K., Thomson, J., and Stein, H. H. 2013. Amino acid digestibility of heat 

damaged distillers dried grains with solubles fed to pigs. J. Anim. Sci. 4:1: 44. 

doi:10.1186/2049-1891-4-44 

Almquist, H. J. 1947. Evaluation of Amino Acid Requirements by Observations on the Chick: 

One Figure. J. Nutr. 34:5: 543-563.  

Almquist, H. J. 1952. Amino Acid Requirements of Chickens and Turkeys—A Review. Poult. 

Sci. 31:6: 966-981. doi:https://doi.org/10.3382/ps.0310966 

Almquist, H. J., and Grau, C. R. 1944. The amino acid requirements of the chick: three figures. 

J. Nutr. 28:5: 325-331.  

https://doi.org/10.3382/ps.0070170
https://doi.org/10.3382/ps.0310966


95 
 

Almquist, H. J., and Mecchi, E. 1941. Tryptophane requirement of the chick. Proc. Society for 

Experimental Biology and Medicine. 48:2: 526-528. 

Almquist, H. J., and Mecchi, E. 1942. Lysine Requirement of the Chick. Proc. Society for 

Experimental Biology and Medicine. 49:2: 174-176. 

Altschul, A. M. 1954. The Effect of Processing Conditions on the Nutritive Value of Cottonseed 

Meal for Poultry—A Review. Poult. Sci. 33:1: 180-185. 

doi:https://doi.org/10.3382/ps.0330180 

Anderson, J. O., and Dobson, D. C. 1959. Amino Acid Requirements of the Chick: 2. Effect of 

Total Essential Amino Acid Level in the Diet on the Arginine and Lysine Requirements. 

Poult. Sci. 38:5: 1140-1150. doi:https://doi.org/10.3382/ps.0381140 

AOAC. 2006a. AOAC Official Method 982.30 E(a,b,c), chp. 45.3.05in AOAC Official Methods 

of Analysis. Association of Official Analytical Chemists Ed.,18th ed.: Gaithersburgs, 

MD. 

AOAC. 2006b. AOAC Official Method 990.03in AOAC Official Methods of Analysis. 

Association of Official Analytical Chemists Ed.,18th ed.: Gaithersburgs, MD. 

AOAC. 2023. Official Methods of Analysis of AOAC International 22nd Edition.  George W Dr. 

Latimer, Jr. Ed.22nd ed. Oxford University Press: New York, NY. 

Armstrong, M. D. 1955. The phenylalanine and tyrosine requirements of the rat. J. Biol. Chem. 

213:409-414.  

Aureli, R., Ueberschlag, Q., Klein, F., Noël, C., and Guggenbuhl, P. 2017. Use of near infrared 

reflectance spectroscopy to predict phytate phosphorus, total phosphorus, and crude 

protein of common poultry feed ingredients. Poult. Sci. 96:1: 160-168. 

doi:10.3382/ps/pew214 

Austic, R. E. 1973. Conversion of Arginine to Proline in the Chick. J. Nutr. 103:7: 999-1007. 

doi:https://doi.org/10.1093/jn/103.7.999 

Austic, R. E., and Nesheim, M. C. 1970. Role of kidney arginase in variations of the arginine 

requirement of chicks. J. Nutr. 100:7: 855-867.  

Aviagen. 2022. Ross 308, Ross 308 FF Performance Objectives. Inc. Aviagen (Ed.). Retrieved 

from https://aviagen.com/assets/Tech_Center/Ross_Broiler/RossxRoss308-

BroilerPerformanceObjectives2022-EN.pdf  

Bachrach, U. 1957. The aerobic breakdown of uric acid by certain pseudomonads. J. Microbiol. 

17:1: 1-11.  

Badenoch-jones, P., and Buttery, P. J. 1975. Urate synthesis by isolated chick liver cells. Int. J. 

Biochem. 6:6: 387-392. doi:https://doi.org/10.1016/0020-711X(75)90051-8 

https://doi.org/10.3382/ps.0330180
https://doi.org/10.3382/ps.0381140
https://doi.org/10.1093/jn/103.7.999
https://aviagen.com/assets/Tech_Center/Ross_Broiler/RossxRoss308-BroilerPerformanceObjectives2022-EN.pdf
https://aviagen.com/assets/Tech_Center/Ross_Broiler/RossxRoss308-BroilerPerformanceObjectives2022-EN.pdf
https://doi.org/10.1016/0020-711X(75)90051-8


96 
 

Bakalli, R. I., Pesti, G. M., and Etheridge, R. D. 2000. Comparison of a Commercial Near-

Infrared Reflectance Spectroscope and Standard Chemical Assay Procedures for 

Analyzing Feed Ingredients: Influence of Grinding Methods. J. Appl. Poult. Res. 9:2: 

204-213. doi:https://doi.org/10.1093/japr/9.2.204 

Baker, C. W., Givens, D. I., and Deaville, E. R. 1994. Prediction of organic matter digestibility 

in vivo of grass silage by near infrared reflectance spectroscopy: effect of calibration 

method, residual moisture and particle size. Anim. Feed Sci. Technol. 50:1: 17-26. 

doi:https://doi.org/10.1016/0377-8401(94)90006-X 

Baker, D. H., Batal, A. B., Parr, T. M., Augspurger, N. R., and Parsons, C. M. 2002. Ideal ratio 

(relative to lysine) of tryptophan, threonine, isoleucine, and valine for chicks during the 

second and third weeks posthatch. Poult. Sci. 81:4: 485-494. doi:10.1093/ps/81.4.485 

Baker, D. H., and Han, Y. 1994. Ideal Amino Acid Profile for Chicks During the First Three 

Weeks Posthatching. Poult. Sci. 73:9: 1441-1447. doi:https://doi.org/10.3382/ps.0731441 

Baker, D. H., Hill, T. M., and Kleiss, A. J. 1972. Nutritional evidence concerning formation of 

glycine from threonine in the chick. J. Anim. Sci. 34:4: 582-586. 

doi:10.2527/jas1972.344582x 

Banday, M. T., Adil, S., Sheikh, I. U., Hamadani, H., Qadri, F. I., Sahfi, M. E., Sait, H. S. A. W., 

Abd El-Mageed, T. A., Salem, H. M., Taha, A. E., El-Saadony, M. T., and Abd El-Hack, 

M. E. 2023. The use of silkworm pupae (Bombyx mori) meal as an alternative protein 

source for poultry. Worlds Poult. Sci. J. 79:1: 119-134. 

doi:10.1080/00439339.2023.2163955 

Bastianelli, D. 2013. NIRS as a Tool to Assess Digestibility of Feeds and Feedstuffs. Proc. 

International Congress on Advancements in Poultry Production in the Middle East and 

African Countries.Antalya, Turkey. 

Batal, A., Dale, N., and Café, M. 2005. Nutrient Composition of Peanut Meal. J. Appl. Poult. 

Res. 14:2: 254-257. doi:https://doi.org/10.1093/japr/14.2.254 

Bello, A. U., Idrus, Z., Meng, G. Y., Awad, E. A., and Farjam, A. S. 2018. Gut microbiota and 

transportation stress response affected by tryptophan supplementation in broiler chickens. 

Ital. J. Anim. 17:1: 107-113. doi:10.1080/1828051X.2017.1340814 

Bello, A. U., Idrus, Z., Meng, G. Y., Narayan, E. J., and Farjam, A. S. 2018. Dose-response 

relationship of tryptophan with large neutral amino acids, and its impact on physiological 

responses in the chick model. Gen. Comp. Endocrinol. 260:146-150. 

doi:https://doi.org/10.1016/j.ygcen.2018.01.012 

Belloir, P., Meda, B., Lambert, W., Corrent, E., Juin, H., Lessire, M., and Tesseraud, S. 2017. 

Reducing the CP content in broiler feeds: impact on animal performance, meat quality 

and nitrogen utilization. Animal. 11:11: 1881-1889. doi:10.1017/S1751731117000660 

https://doi.org/10.1093/japr/9.2.204
https://doi.org/10.1016/0377-8401(94)90006-X
https://doi.org/10.3382/ps.0731441
https://doi.org/10.1093/japr/14.2.254
https://doi.org/10.1016/j.ygcen.2018.01.012


97 
 

Bird, H. R. 1947. Feeding Poultry. Page 235-238 in The Yearbook of Agriculture 1943-1947, 

Science in Farming. USDA Ed. United States Government Printing Office: Washington, 

DC. 

Block, R. J., and Bolling, D. 1944. Nutritional opportunities with amino acids. J. Am. Diet. 

Assoc. 20:69-76.  

Borman, A., Wood, T. R., Black, H. C., Anderson, E. G., Oestekling, M. J., Womack, M., and 

Rose, W. C. 1946. The role of arginine in growth, with some observations on the effects 

of argininic acid. J. Biol. Chem. 166:585-594.  

Braham, J. E., Jarquín, R., Bressani, R., González, J. M., and Elías, L. G. 1967. Effect of 

Gossypol on the Iron-binding Capacity of Serum in Swine. J. Nutr. 93:2: 241-248. 

doi:10.1093/jn/93.2.241 

Branco, A. C. C. C., Yoshikawa, F. S. Y., Pietrobon, A. J., and Sato, M. N. 2018. Role of 

histamine in modulating the immune response and inflammation. Mediators Inflamm. 

2018: 

Brown, B. A., An, H., and Jeffrey, S. R. 2020. Benefit-cost analysis of near-infrared 

spectroscopy technology adoption by Alberta hog producers. Can. J. Anim. Sci. 100:3: 

557-569. doi:10.1139/cjas-2019-0144 

Buchanan, N. P., Hott, J. M., Kimbler, L. B., and Moritz, J. S. 2007. Nutrient Composition and 

Digestibility of Organic Broiler Diets and Pasture Forages. J. Appl. Poult. Res. 16:1: 13-

21. doi:https://doi.org/10.1093/japr/16.1.13 

Busquets, S., Alvarez, B., Llovera, M., Agell, N., López‐Soriano, F. J., and Argilés, J. M. 2000. 

Branched‐chain amino acids inhibit proteolysis in rat skeletal muscle: mechanisms 

involved. J. Cell. Physiol. 184:3: 380-384.  

Butts, C. A., Moughan, P. J., Smith, W. C., Reynolds, G. W., and Garrick, D. J. 1993. The effect 

of food dry matter intake on endogenous ileal amino acid excretion determined under 

peptide alimentation in the 50 kg liveweight pig. J. Sci. Food Agric. 62:3: 235-243. 

doi:https://doi.org/10.1002/jsfa.2740620306 

Caires, C. M. I., Fernandes, E., Fagundes, N., Carvalho, A. P., Maciel, M., and Oliveira, B. 2010. 

The use of animal byproducts in broiler feeds. Use of animal co-products in broilers diets. 

Rev. Bras. Cir. Cardiovasc. 12:1: 41-46. doi:10.1590/S1516-635X2010000100006 

Cantoni, G. L. 1953. S-Adenosylmethionine; a new intermediate formed enzymatically from L-

methionine and adenosinetriphosphate. J. Biol. Chem. 204:1: 403-416.  

Carlstedt, I., Herrmann, A., Karlsson, H., Sheehan, J., Fransson, L. A., and Hansson, G. C. 1993. 

Characterization of two different glycosylated domains from the insoluble mucin 

complex of rat small intestine. J. Biol. Chem. 268:25: 18771-18781.  

https://doi.org/10.1093/japr/16.1.13
https://doi.org/10.1002/jsfa.2740620306


98 
 

Chen, Y. P., Cheng, Y. F., Li, X. H., Yang, W. L., Wen, C., Zhuang, S., and Zhou, Y. M. 2017. 

Effects of threonine supplementation on the growth performance, immunity, oxidative 

status, intestinal integrity, and barrier function of broilers at the early age. Poult. Sci. 

96:2: 405-413. doi:https://doi.org/10.3382/ps/pew240 

Chrystal, P. V., Greenhalgh, S., Selle, P. H., and Liu, S. Y. 2020. Facilitating the acceptance of 

tangibly reduced-crude protein diets for chicken-meat production. Anim. Nutr. . 6:3: 247-

257. doi:10.1016/j.aninu.2020.06.001 

Clandinin, D. R., Cravens, W. W., Elvehjem, C. A., and Halpin, J. G. 1947. Deficiencies in 

Over-Heated Soybean Oil Meal. Poult. Sci. 26:2: 150-156. 

doi:https://doi.org/10.3382/ps.0260150 

Cobb-Vantress. 2018. Cobb500 Broiler Performance & Nutrition Supplement. Inc. Cobb-

Vantress (Ed.). Retrieved from https://www.cobb-

vantress.com/assets/5a88f2e793/Broiler-Performance-Nutrition-Supplement.pdf  

Conzen, J. P. 2014. Multivariate Calibration: A practical guide for developing methods in the 

quantitative analytical chemistry.  BrukerOptik GmbH Ed.3rd ed.: Ettlingen, Germany. 

Cope, M. 2021. Determination of Nitrogen Corrected True Metabolizable Energy Content of 

Feed Ingredients for Poultry Diets by Near Infrared Reflectance Spectroscopy. PhD Diss., 

Univ. Georgia, Athens.  

Corredor, D. Y., Bean, S. R., Schober, T., and Wang, D. 2006. Effect of Decorticating Sorghum 

on Ethanol Production and Composition of DDGS. Cereal Chem. 83:1: 17-21. 

doi:https://doi.org/10.1094/CC-83-0017 

Corzo, A. 2012. Determination of the arginine, tryptophan, and glycine ideal-protein ratios in 

high-yield broiler chicks. J. Appl. Poult. Res. 21:1: 79-87. doi:10.3382/japr.2011-00362 

Corzo, A., Kidd, M. T., Thaxton, J. P., and Kerr, B. J. 2005. Dietary tryptophan effects on 

growth and stress responses of male broiler chicks. Br. Poult. Sci. 46:4: 478-484. 

doi:10.1080/00071660500157974 

Corzo, A., Moran Jr., E. T., and Hoehler, D. 2002. Lysine need of heavy broiler males applying 

the ideal protein concept. Poult. Sci. 81:12: 1863-1868. doi:10.1093/ps/81.12.1863 

Cowieson, A. J., Acamovic, T., and Bedford, M. R. 2004. The effects of phytase and phytic acid 

on the loss of endogenous amino acids and minerals from broiler chickens. Br. Poult. Sci. 

45:1: 101-108. doi:10.1080/00071660410001668923 

Crandall, P. G., Seideman, S., Ricke, S. C., O'Bryan, C. A., Fanatico, A. F., and Rainey, R. 2009. 

Organic poultry: Consumer perceptions, opportunities, and regulatory issues. J. Appl. 

Poult. Res. 18:4: 795-802. doi:https://doi.org/10.3382/japr.2009-00025 

Cravener, T., and Roush, W. 2001. Prediction of amino acid profiles in feed ingredients:: Genetic 

algorithm calibration of artificial neural networks. Anim. Feed Sci. Technol. 90:131–141.  

https://doi.org/10.3382/ps/pew240
https://doi.org/10.3382/ps.0260150
https://www.cobb-vantress.com/assets/5a88f2e793/Broiler-Performance-Nutrition-Supplement.pdf
https://www.cobb-vantress.com/assets/5a88f2e793/Broiler-Performance-Nutrition-Supplement.pdf
https://doi.org/10.1094/CC-83-0017
https://doi.org/10.3382/japr.2009-00025


99 
 

Cravener, T. L., and Roush, W. B. 1999. Improving neural network prediction of amino acid 

levels in feed ingredients. Poult. Sci. 78:7: 983-991. 

doi:https://doi.org/10.1093/ps/78.7.983 

Creek, R. D., and Vasaitis, V. 1961. Uric Acid Excretion in the Chick as Related to the Intake of 

Its Precursors and Nitrogen. Poult. Sci. 40:2: 283-288. 

doi:https://doi.org/10.3382/ps.0400283 

Dale, N. M. 1986. Energy and nutrient content of dried bakery product and crab meal. Poult. Sci. 

65:1: 163.  

Dale, N. M., and Fuller, H. L. (1987). Energy values of alternative feed ingredients. In The 

University of Georgia (Ed.), Cooperative Extension Service (Vol. 319). Athens, GA. 

Dale, N. M., Fuller, H. L., Pesti, G. M., and Phillips, R. D. 1985. Freeze drying versus oven 

drying of excreta in true metabolizable energy, nitrogen-corrected true metabolizable 

energy, and true amino acid availability bioassays. Poult. Sci. 64:2: 362-365.  

Damron, B. L., Waldroup, P. W., and Harms, R. H. 1965. Evaluation of dried bakery products 

for use in broiler diets. Poult. Sci. 44:1122-1126.  

Dari, R. L., Penz, A. M., Kessler, A. M., and Jost, H. C. 2005. Use of Digestible Amino Acids 

and the Concept of Ideal Protein in Feed Formulation for Broilers. J. Appl. Poult. Res. 

14:2: 195-203. doi:https://doi.org/10.1093/japr/14.2.195 

Davis, R. E. 1927. The Nitrogenous Constituents of Hen Urine. J. Biol. Chem. 74:3: 509-513. 

doi:https://doi.org/10.1016/S0021-9258(20)74042-1 

Day, E. J., and Dilworth, B. C. (1968). Dried bakery products in broiler diets. In Mississippi 

State University (Ed.), (Research Bulletins ed., Vol. 43). Mississippi State University 

Agricultural Experiment Station: Mississippi State, MS  

Dean, W. F., and Scott, H. M. 1965. The Development of an Amino Acid Reference Diet for the 

Early Growth of Chicks. Poult. Sci. 44:3: 803-808. 

doi:https://doi.org/10.3382/ps.0440803 

del Alamo, A. G., Verstegen, M. W. A., Den Hartog, L. A., de Ayala, P. P., and Villamide, M. J. 

2008. Effect of Wheat Cultivar and Enzyme Addition to Broiler Chicken Diets on 

Nutrient Digestibility, Performance, and Apparent Metabolizable Energy Content. Poult. 

Sci. 87:4: 759-767. doi:https://doi.org/10.3382/ps.2007-00437 

Dietert, R. R., Golemboski, K. A., and Austic, R. E. 1994. Environment-immune interactions. 

Poult. Sci. 73:7: 1062-1076. doi:10.3382/ps.0731062 

Dollear, F. G., Mann, G. E., Codifer, L. P., Gardner, H. K., Koltun, S. P., and Vix, H. L. E. 1968. 

Elimination of aflatoxins from peanut meal. J. Am. Oil Chem.' Soc. 45:12: 862-865. 

doi:10.1007/BF02540171 

https://doi.org/10.1093/ps/78.7.983
https://doi.org/10.3382/ps.0400283
https://doi.org/10.1093/japr/14.2.195
https://doi.org/10.1016/S0021-9258(20)74042-1
https://doi.org/10.3382/ps.0440803
https://doi.org/10.3382/ps.2007-00437


100 
 

Duangnumsawang, Y., Zentek, J., and Goodarzi Boroojeni, F. 2021. Development and 

Functional Properties of Intestinal Mucus Layer in Poultry. Front. Immunol. 

12:doi:10.3389/fimmu.2021.745849 

Dukes, A., Davis, C., El Refaey, M., Upadhyay, S., Mork, S., Arounleut, P., Johnson, M. H., 

Hill, W. D., Isales, C. M., and Hamrick, M. W. 2015. The aromatic amino acid 

tryptophan stimulates skeletal muscle IGF1/p70s6k/mTor signaling in vivo and the 

expression of myogenic genes in vitro. Nutr. 31:7: 1018-1024. 

doi:https://doi.org/10.1016/j.nut.2015.02.011 

Dwarakanath, C. T., Rayner, E. T., Mann, G. E., and Dollear, F. G. 1968. Reduction of aflatoxin 

levels in cottonseed and peanut meals by ozonization. J. Am. Oil Chem.' Soc. 45:2: 93-95. 

doi:10.1007/BF02890715 

Ebadi, M. R., Sedghi, M., Golian, A., and Ahmadi, H. 2011. Prediction of the true digestible 

amino acid contents from the chemical composition of sorghum grain for poultry. Poult. 

Sci. 90:10: 2397-2401. doi:https://doi.org/10.3382/ps.2011-01413 

Elnesr, S. S., Elwan, H. A. M., Xu, Q. Q., Xie, C., Dong, X. Y., and Zou, X. T. 2019. Effects of 

in ovo injection of sulfur-containing amino acids on heat shock protein 70, corticosterone 

hormone, antioxidant indices, and lipid profile of newly hatched broiler chicks exposed to 

heat stress during incubation. Poult. Sci. 98:5: 2290-2298. 

doi:https://doi.org/10.3382/ps/pey609 

Elsworth, F. F., and Phillips, H. 1938. The action of sulphites on the cystine disulphide linkages 

in wool: The influence of pH values on the reaction. Biochem. J. 32:5: 837-843.  

Emmert, J. L., and Baker, D. H. 1997. Use of the Ideal Protein Concept for Precision 

Formulation of Amino Acid Levels in Broiler Diets. J. Appl. Poult. Res. 6:4: 462-470. 

doi:https://doi.org/10.1093/japr/6.4.462 

Evans, R. J., and McGinnis, J. 1946. The influence of autoclaving soybean oil meal on the 

availability of cystine and methionine for the chick. J. Nutr. 31:4: 449-461. 

doi:10.1093/jn/31.4.449 

Fenton, T. W., and Fenton, M. 1979. An improved procedure for the determination of chromic 

oxide in feed and feces. Can. J. Anim. Sci. 59:3: 631-634.  

Fernandez, S. R., and Parsons, C. M. 1996. Bioavailability of Digestible Lysine in Heat-

Damaged Soybean Meal for Chick Growth. Poult. Sci. 75:2: 224-231. 

doi:https://doi.org/10.3382/ps.0750224 

Fernandez, S. R., Zhang, Y. E., and Parsons, C. M. 1995. Dietary Formulation with Cottonseed 

Meal on a Total Amino Acid Versus a Digestible Amino Acid Basis. Poult. Sci. 74:7: 

1168-1179. doi:https://doi.org/10.3382/ps.0741168 

https://doi.org/10.1016/j.nut.2015.02.011
https://doi.org/10.3382/ps.2011-01413
https://doi.org/10.3382/ps/pey609
https://doi.org/10.1093/japr/6.4.462
https://doi.org/10.3382/ps.0750224
https://doi.org/10.3382/ps.0741168


101 
 

Fernstrom, J. D., and Fernstrom, M. H. 2007. Tyrosine, Phenylalanine, and Catecholamine 

Synthesis and Function in the Brain. J. Nutr. 137:6: 1539-1547. 

doi:10.1093/jn/137.6.1539S 

Finkelstein, J. D. 1990. Methionine metabolism in mammals. J. Nutr. Biochem. 1:5: 228-237. 

doi:10.1016/0955-2863(90)90070-2 

Flodin, N. W. 1997. The metabolic roles, pharmacology, and toxicology of lysine. J. Am. Coll. 

Nutr. 16:1: 7-21. doi:10.1080/07315724.1997.10718644 

Foley, W., McIlwee, A., Lawler, I., Aragones, L., Woolnough, A., and Berding, N. 1998. 

Ecological applications of near infrared reflectance spectroscopy - A tool for rapid, cost-

effective prediction of the composition of plant and animal tissues and aspects of animal 

performance. Oecologia. 116:293-305. doi:10.1007/s004420050591 

Fontaine, J., Hörr, J., and Schirmer, B. 2001. Near-infrared reflectance spectroscopy enables the 

fast and accurate prediction of the essential amino acid contents in soy, rapeseed meal, 

sunflower meal, peas, fishmeal, meat meal products, and poultry meal. J. Agric. Food 

Chem. 49:1: 57-66. doi:10.1021/jf000946s 

Fontaine, J., Schirmer, B., and Hörr, J. 2002. Near-infrared reflectance spectroscopy (NIRS) 

enables the fast and accurate prediction of essential amino acid contents. 2. Results for 

wheat, barley, corn, triticale, wheat bran/middlings, rice bran, and sorghum. J. Agric. 

Food Chem. 50:14: 3902-3911.  

Fouad, A. M., El-Senousey, H. K., Ruan, D., Wang, S., Xia, W., and Zheng, C. 2021. 

Tryptophan in poultry nutrition: Impacts and mechanisms of action. J. Anim. Physiol. 

Anim. Nutr. 105:6: 1146-1153. doi:10.1111/jpn.13515 

Fries-Craft, K., and Bobeck, E. A. 2019. Evaluation of a high-protein DDGS product in broiler 

chickens: performance, nitrogen-corrected apparent metabolisable energy, and 

standardised ileal amino acid digestibility. Br. Poult. Sci. 60:6: 749-756. 

doi:10.1080/00071668.2019.1652884 

Fuller, M. F. 1994. Amino acid requirements for maintenance, body protein accretion and 

reproduction in pigs. Page 155-184 in Amino acids in farm animal nutrition. J. P. F. 

D'Mello Ed. CAB International: Wallingford, UK. 

Garcia, A. R., Batal, A. B., and Dale, N. M. 2007. A Comparison of Methods to Determine 

Amino Acid Digestibility of Feed Ingredients for Chickens. Poult. Sci. 86:1: 94-101. 

doi:https://doi.org/10.1093/ps/86.1.94 

Gargallo, J., and Zimmerman, D. 1981. Effect of casein and starch infusion in the large intestine 

on nitrogen metabolism of growing swine. J. Nutr. 111:8: 1390-1396.  

Garnsworthy, P. C., Wiseman, J., and Fegeros, K. 2000. Prediction of chemical, nutritive and 

agronomic characteristics of wheat by near infrared spectroscopy. J. Agric. Sci. 135:4: 

409-417. doi:10.1017/S0021859699008382 

https://doi.org/10.1093/ps/86.1.94


102 
 

Gibson, R. M., Bailey, C. A., Kubena, L. F., Huff, W. E., and Harvey, R. B. 1990. Impact of L-

Phenylalanine Supplementation on the Performance of Three-Week-Old Broilers Fed 

Diets Containing Ochratoxin A.: 1. Effects on Body Weight, Feed Conversion, Relative 

Organ Weight, and Mortality. Poult. Sci. 69:3: 414-419. 

doi:https://doi.org/10.3382/ps.0690414 

Givens, D. I., De Boever, J. L., and Deaville, E. R. 1997. The principles, practices and some 

future applications of near infrared spectroscopy for predicting the nutritive value of 

foods for animals and humans. Nutr. Res. Rev. 10:1: 83-114. doi:10.1079/nrr19970006 

Grau, C. R. 1946. Protein Concentrates as Amino Acid Sources for the Chick: Corn Gluten Meal, 

Cottonseed Meal and Peanut Meal. J. Nutr. 32:3: 303-311. doi:10.1093/jn/32.3.303 

Grau, C. R. 1947. Interrelations of phenylalanine and tyrosine in the chick. J. Biol. Chem. 

170:661-669.  

Grau, C. R. 1949. The Threonine Requirement of the Chick: Two Figures. J. Nutr. 37:1: 105-

113.  

Grau, C. R., and Almquist, H. J. 1944. Requirement of Tryptophane by the Chick: One Figure. J. 

Nutr. 28:4: 263-267.  

Grove, J. A., and Roghair, H. G. 1971. The metabolism of d- and l-lysine in the chicken. Arch. 

Biochem. Biophys. 144:1: 230-236. doi:https://doi.org/10.1016/0003-9861(71)90473-5 

Hamm, H. E., and Menaker, M. 1980. Retinal rhythms in chicks: circadian variation in 

melantonin and serotonin N-acetyltransferase activity. Proc. Proceedings of the National 

Academy of Sciences. 77:8: 4998-5002. 

Hammond, J. C., and Titus, H. W. 1944. The Use of Soybean Meal in the Diet of Growing 

Chicks. Poult. Sci. 23:1: 49-57. doi:https://doi.org/10.3382/ps.0230049 

Hansen, W. G., Wiedemann, S. C. C., Snieder, M., and Wortel, V. A. L. 2000. Tolerance of near 

Infrared Calibrations to Temperature Variations; A Practical Evaluation. J. Near. 

Infrared Spectrosc. 8:2: 125-132. doi:10.1255/jnirs.272 

Harper, A. E. 1956. Amino Acid Imbalances, Toxicities and Antagonisms. Nutr. Rev. 14:8: 225-

227. doi:10.1111/j.1753-4887.1956.tb01587.x 

Harper, A. E., Benevenga, N. J., and Wohlhueter, R. M. 1970. Effects of ingestion of 

disproportionate amounts of amino acids. Physiol. Rev. 50:3: 428-558. 

doi:10.1152/physrev.1970.50.3.428 

Harper, A. E., Benton, D. A., Winje, M. E., and Elvehjem, C. A. 1954. Leucine-isoleucine 

antagonism in the rat. Arch. Biochem. 51:523-524.  

Harper, A. E., Miller, R. H., and Block, K. P. 1984. Branched-Chain Amino Acid Metabolism. 

Annu. Rev. Nutr. 4:1: 409-454. doi:10.1146/annurev.nu.04.070184.002205 

https://doi.org/10.3382/ps.0690414
https://doi.org/10.1016/0003-9861(71)90473-5
https://doi.org/10.3382/ps.0230049


103 
 

Havenstein, G. B., Ferket, P. R., and Qureshi, M. A. 2003. Growth, livability, and feed 

conversion of 1957 versus 2001 broilers when fed representative 1957 and 2001 broiler 

diets. Poult. Sci. 82:10: 1500-1508. doi:https://doi.org/10.1093/ps/82.10.1500 

Hegsted, D. M. 1944. Growth in chicks fed amino acids. J. Biol. Chem. 158:247-252.  

Henry, Y., Sève, B., Colleaux, Y., Ganier, P., Saligaut, C., and Jego, P. 1992. Interactive Effects 

of Dietary Levels of Tryptophan and Protein on Voluntary Feed Intake and Growth 

Performance in Pigs, in Relation to Plasma Free Amino Acids and Hypothalamic 

Serotonin. J. Anim. Sci. 70:1873-1887. doi:10.2527/1992.7061873x 

Hoekman, S. K., and Broch, A. 2018. Environmental implications of higher ethanol production 

and use in the U.S.: A literature review. Part II – Biodiversity, land use change, GHG 

emissions, and sustainability. Renew. Sust. Energ. Rev. 81:3159-3177. 

doi:https://doi.org/10.1016/j.rser.2017.05.052 

Horn, N. L., Donkin, S. S., Applegate, T. J., and Adeola, O. 2009. Intestinal mucin dynamics: 

Response of broiler chicks and White Pekin ducklings to dietary threonine. Poult. Sci. 

88:9: 1906-1914. doi:https://doi.org/10.3382/ps.2009-00009 

Huang, J., Romero-Torres, S., and Moshgbar, M. 2010. Practical considerations in data pre-

treatment for NIR and Raman spectroscopy. Am. Pharm. Rev. 13:116-127.  

Hunt, W. H., Fulk, D. W., Thomas, T., and Nolan, T. 1978. Effect of type of grinder on protein 

values of hard red winter wheat when analyzed by infrared reflectance devices. Cereal 

Foods World. 23:3: 143-144.  

Hurrell, R. F., and Carpenter, K. J. 1974. Mechanisms of heat damage in proteins. 4. The reactive 

lysine content of heat-damaged material as measured in different ways. Br. J. Nutr. 32:3: 

589-604. doi:10.1079/bjn19740112 

Huston, R. L., and Scott, H. M. 1968. Effect of varying the composition of a crystalline amino 

acid mixture on weight gain and pattern of free amino acids in chick tissue. Fed. Proc. 

27:5: 1204-1209.  

Kai, S., Watanabe, G., Kubota, M., Kadowaki, M., and Fujimura, S. 2015. Effect of dietary 

histidine on contents of carnosine and anserine in muscles of broilers. Anim. Sci. J. 86:5: 

541-546.  

Kambhampati, S., Li, J., Evans, B. S., and Allen, D. K. 2019. Accurate and efficient amino acid 

analysis for protein quantification using hydrophilic interaction chromatography coupled 

tandem mass spectrometry. Plant Methods. 15:1: 46. doi:10.1186/s13007-019-0430-z 

Karr-Lilienthal, L. K., Grieshop, C. M., Merchen, N. R., Mahan, D. C., and Fahey, G. C. 2004. 

Chemical composition and protein quality comparisons of soybeans and soybean meals 

from five leading soybean-producing countries. J. Agric. Food Chem. 52:20: 6193-6199.  

https://doi.org/10.1093/ps/82.10.1500
https://doi.org/10.1016/j.rser.2017.05.052
https://doi.org/10.3382/ps.2009-00009


104 
 

Kidd, M. T. 2000. Nutritional considerations concerning threonine in broilers. Worlds Poult. Sci. 

J. 56:2: 139-151. doi:10.1079/WPS20000011 

Kidd, M. T., Maynard, C. W., and Mullenix, G. J. 2021. Progress of amino acid nutrition for diet 

protein reduction in poultry. J. Anim. Sci. Biotechnol. 12:1: 45. doi:10.1186/s40104-021-

00568-0 

Kidd, M. T., Tillman, P. B., Waldroup, P. W., and Holder, W. 2013. Feed-grade amino acid use 

in the United States: The synergetic inclusion history with linear programming. J. Appl. 

Poult. Res. 22:3: 583-590. doi:https://doi.org/10.3382/japr.2012-00690 

Kim, E. J., and Corzo, A. 2012. Interactive effects of age, sex, and strain on apparent ileal amino 

acid digestibility of soybean meal and an animal by-product blend in broilers. Poult. Sci. 

91:4: 908-917. doi:https://doi.org/10.3382/ps.2011-01820 

Kim, E. J., Utterback, P. L., and Parsons, C. M. 2011. Development of a precision-fed ileal 

amino acid digestibility assay using 3-week-old broiler chicks. Poult. Sci. 90:2: 396-401. 

doi:https://doi.org/10.3382/ps.2010-01088 

Kim, W. K., Singh, A. K., Wang, J., and Applegate, T. 2022. Functional role of branched chain 

amino acids in poultry: a review. Poult. Sci. 101:5: 101715. 

doi:https://doi.org/10.1016/j.psj.2022.101715 

Kluth, H., Mantei, M., Elwert, C., and Rodehutscord, M. 2005. Variation in precaecal amino acid 

and energy digestibility between pea (Pisum sativum) cultivars determined using a linear 

regression approach. Br. Poult. Sci. 46:3: 325-332. doi:10.1080/00071660500127415 

Kocak, E., Bilgili, F., Bulut, U., and Kuskaya, S. 2022. Is ethanol production responsible for the 

increase in corn prices? Renew. Energ. 199:689-696. 

doi:https://doi.org/10.1016/j.renene.2022.08.146 

Konashi, S., Takahashi, K., and Akiba, Y. 2000. Effects of dietary essential amino acid 

deficiencies on immunological variables in broiler chickens. Br. J. Nutr. 83:4: 449-456.  

Kovalenko, I. V., Rippke, G. R., and Hurburgh, C. R. 2006. Determination of Amino Acid 

Composition of Soybeans (Glycine max) by Near-Infrared Spectroscopy. J. Agric. Food 

Chem. 54:10: 3485-3491. doi:10.1021/jf052570u 

Krasna, A. I., Peyser, P., and Sprinson, D. B. 1952. The utilization of 2-C14-l-threonine for the 

synthesis of uric acid. J. Biol. Chem. 198:1: 421-426.  

Kristensen, H. H., and Wathes, C. M. 2000. Ammonia and poultry welfare: a review. Worlds 

Poult. Sci. J. 56:3: 235-245. doi:10.1079/WPS20000018 

Kwak, H., Austic, R. E., and Dietert, R. R. 1999. Influence of dietary arginine concentration on 

lymphoid organ growth in chickens. Poult. Sci. 78:11: 1536-1541. 

doi:https://doi.org/10.1093/ps/78.11.1536 

https://doi.org/10.3382/japr.2012-00690
https://doi.org/10.3382/ps.2011-01820
https://doi.org/10.3382/ps.2010-01088
https://doi.org/10.1016/j.psj.2022.101715
https://doi.org/10.1016/j.renene.2022.08.146
https://doi.org/10.1093/ps/78.11.1536


105 
 

Lacy, M. P., Van Krey, H. P., Skewes, P. A., and Denbow, D. M. 1986. Tryptophan’s Influence 

on Feeding and Body Temperature in the Fowl. Poult. Sci. 65:6: 1193-1196. 

doi:https://doi.org/10.3382/ps.0651193 

Lee, D. T., Lee, J. T., and Rochell, S. J. 2020. Influence of branched chain amino acid inclusion 

in diets varying in ingredient composition on broiler performance, processing yields, and 

pododermatitis and litter characteristics. J. Appl. Poult. Res. 29:3: 712-729. 

doi:https://doi.org/10.1016/j.japr.2020.05.005 

Lee, J. E., Austic, R. E., Naqi, S. A., Golemboski, K. A., and Dietert, R. R. 2002. Dietary 

arginine intake alters avian leukocyte population distribution during infectious bronchitis 

challenge. Poult. Sci. 81:6: 793-798. doi:10.1093/ps/81.6.793 

Leeson, S., and Summers, J. D. 2019. Scott's Nutrition of the Chicken. 4th ed. CBS Publishers & 

Distributors: New Delhi, India. 

Lei, L., and Lixian, Z. 2012. Effect of 24 h fasting on gene expression of AMPK, appetite 

regulation peptides and lipometabolism related factors in the hypothalamus of broiler 

chicks. Asian-australas. J. Anim. Sci. 25:9: 1300-1308.  

Lemme, A., Ravindran, V., and Bryden, W. L. 2004. Ileal digestibility of amino acids in feed 

ingredients for broilers. Worlds Poult. Sci. J. 60:4: 423-438. doi:10.1079/wps200426 

Leong, K. C., Sunde, M. L., Bird, H. R., and Elvehjem, C. A. 1959. Interrelationships among 

Dietary Energy, Protein, and Amino Acids for Chickens. Poult. Sci. 38:6: 1267-1285. 

doi:https://doi.org/10.3382/ps.0381267 

Lewis, D., Morgan, J. T., and Payne, G. G. 1962. Fats and amino acids in broiler rations: I. 

Objectives and experimental procedures. Br. Poult. Sci. 3:3: 141-149.  

Liu, Y. L., Yi, G. F., Song, G. L., Hou, Y. Q., Huang, J. W., Vázquez-Añón, M., and Knight, C. 

D. 2007. Impact of feeding 2-hydroxy-4-(methylthio)butanoic acid and DL-methionine 

supplemented maize–soybean–rapeseed meal diets on growth performance and carcase 

quality of broilers. Br. Poult. Sci. 48:2: 190-197. doi:10.1080/00071660701247814 

Llames, C. R., and Fontaine, J. 1994. Determination of Amino Acids in Feeds: Collaborative 

Study. J. AOAC Int. 77:6: 1362-1402. doi:10.1093/jaoac/77.6.1362 

Lohmann. 2020. Lohmann LSL-Classic Layers Management Guide. Lohmann Breeders GmbH 

(Ed.), Cage Housing. Retrieved from https://lohmann-

breeders.com/media/strains/cage/management/LOHMANN-LSL-Classic-Cage.pdf  

Losada, B., Garcia Rebollar, P., Cachaldora, P., Alvarez, C., and de Blas, C. 2009. A comparison 

of the prediction of apparent metabolisable energy content of starchy grains and cereal 

by-products for poultry from its chemical components, in vitro analysis or near-infrared 

reflectance spectroscopy. Span. J. Agric. Res. 7:813-823. doi:10.5424/sjar/2009074-1096 

https://doi.org/10.3382/ps.0651193
https://doi.org/10.1016/j.japr.2020.05.005
https://doi.org/10.3382/ps.0381267
https://lohmann-breeders.com/media/strains/cage/management/LOHMANN-LSL-Classic-Cage.pdf
https://lohmann-breeders.com/media/strains/cage/management/LOHMANN-LSL-Classic-Cage.pdf


106 
 

Luo, S., and Levine, R. L. 2009. Methionine in proteins defends against oxidative stress. The 

FASEB Journal. 23:2: 464-472. doi:https://doi.org/10.1096/fj.08-118414 

Mahmoudnia, N., Boldaji, F., Dastar, B., and Zerehdaran, S. 2011. Nutritional evaluation of 

poultry by-product meal in broiler chickens. ABAH Bioflux. 3:1: 55-64.  

Mann, G. E., Codifer, L. P., and Dollear, F. G. 1967. Effect of heat on aflatoxins in oilseed 

meals. J. Agric. Food Chem. 15:6: 1090-1092. doi:10.1021/jf60154a013 

Martinez Amezcua, C., Parsons, C. M., Singh, V., Srinivasan, R., and Murthy, G. S. 2007. 

Nutritional Characteristics of Corn Distillers Dried Grains with Solubles as Affected by 

the Amounts of Grains Versus Solubles and Different Processing Techniques. Poult. Sci. 

86:12: 2624-2630. doi:https://doi.org/10.3382/ps.2007-00137 

McCarthy, J. F., Aherne, F. X., and Okai, D. B. 1974. Use of HCl insoluble ash as an index 

material for determining apparent digestibility with pigs. Can. J. Anim. Sci. 54:1: 107-

109. doi:10.4141/cjas74-016 

McGinnis, J., and Evans, R. J. 1947. Amino Acid Deficiencies of Raw and Overheated Soybean 

Oil Meal for Chicks. J. Nutr. 34:6: 725-732. doi:https://doi.org/10.1093/jn/34.6.725 

McGinnis, J., Hsu, P. T., and Carver, J. S. 1948. Nutritional Deficiencies of Sunflower Seed Oil 

Meal for Chicks. Poult. Sci. 27:4: 389-393. doi:https://doi.org/10.3382/ps.0270389 

Mehler, A. H., and Tabor, H. 1953. Deamination of histidine to form urocanic acid in liver. J. 

Biol. Chem. 201:2: 775-784.  

Mench, J. A. 1991. Research Note: Feed Restriction in Broiler Breeders Causes a Persistent 

Elevation in Corticosterone Secretion that is Modulated by Dietary Tryptophan. Poult. 

Sci. 70:12: 2547-2550. doi:https://doi.org/10.3382/ps.0702547 

Miles, D. M., Branton, S. L., and Lott, B. D. 2004. Atmospheric Ammonia is Detrimental to the 

Performance of Modern Commercial Broilers. Poult. Sci. 83:10: 1650-1654. 

doi:https://doi.org/10.1093/ps/83.10.1650 

Miller, E. R., Holden, P. J., and Leibbrandt, V. D. (1987). By-products in swine diets. In Pork 

Industry Handbook (Vol. 108, pp. 9). Perdue Cooperative Extension Service: West 

Lafayette, IN. 

Morin, L. P. 1999. Serotonin and the regulation of mammalian circadian rhythmicity. Ann. Med. 

31:1: 12-33. doi:10.3109/07853899909019259 

Moro, J., Tomé, D., Schmidely, P., Demersay, T.-C., and Azzout-Marniche, D. 2020. Histidine: 

A Systematic Review on Metabolism and Physiological Effects in Human and Different 

Animal Species. Nutrients. 12:5: 1414.  

Morris Jr., S. M. 2007. Arginine metabolism: boundaries of our knowledge. J. Nutr. 137:6: 1602-

1609. doi:10.1093/jn/137.6.1602S 

https://doi.org/10.1096/fj.08-118414
https://doi.org/10.3382/ps.2007-00137
https://doi.org/10.1093/jn/34.6.725
https://doi.org/10.3382/ps.0270389
https://doi.org/10.3382/ps.0702547
https://doi.org/10.1093/ps/83.10.1650


107 
 

Moughan, P. J., Verstegen, M. W. A., and Visser-Reyneveld, M. I. 2000. Feed evaluation. 

Principles and practice. Wageningen Pers: Wageningen, Netherlands. 

Mueller, J. H. 1923. A new sulfur-containing amino-acid isolated from the hydrolytic products of 

protein. J. Biol. Chem. 56:1: 157-169.  

Nesheim, M. C. 1968. Kidney arginase activity and lysine tolerance in strains of chickens 

selected for a high or low requirement of arginine. J. Nutr. 95:1: 79-87.  

Neurath, H. 1964. Protein - digesting Enzymes. Sci. Am. 211:6: 68-79.  

Norris, K. H. 1992. Early History of near Infrared for Agricultural Applications. NIR news. 3:1: 

12-13. doi:10.1255/nirn.105 

Norris, K. H., Barnes, R. F., Moore, J. E., and Shenk, J. S. 1976. Predicting Forage Quality by 

Infrared Replectance Spectroscopy. J. Anim. Sci. 43:4: 889-897. 

doi:10.2527/jas1976.434889x 

Norris, K. H., and Hart, J. R. 1965. Direct Spectrophotometric Determination of Moisture 

Content of Grain and Seeds. Proc. 1963 International Symposium on Humidity and 

Moisture, Principles and Methods of Measuring Moisture in Liquids and Solids. 4:19-25. 

Washington, DC. 

NRC. 1994. Nutrient Requirements of Poultry: 9th rev. ed.  National Research Council Ed. Natl. 

Acad. Press: Washington, DC. 

O’dell, B., Woods, W., Laerdal, O. A., Jeffay, A. M., and Savage, J. 1960. Distribution of the 

major nitrogenous compounds and amino acids in chicken urine. Poult. Sci. 39:2: 426-

432.  

Oberleas, D., Li, Y.-C., Stoecker, B. J., Henley, S. A., Keim, K. S., and Smith Jr, J. C. 1990. The 

rate of chromium transit through the gastrointestinal tract. Nutr. Res. 10:10: 1189-1194.  

Osborne, T. B. 1902. Sulphur in Protein Bodies. J. Am. Chem. Soc. 24:2: 140-167.  

Pahm, A., Scherer, C., Pettigrew, J., Baker, D., Parsons, C., and Stein, H. 2009. Standardized 

amino acid digestibility in cecectomized roosters and lysine bioavailability in chicks fed 

distillers dried grains with solubles. Poult. Sci. 88:571-578. doi:10.3382/ps.2008-00184 

Pan, X., Wei, Z., Wang, H., Yu, L., and Liang, X. 2013. Effects of dietary tryptophan on protein 

metabolism and related gene expression in Yangzhou goslings under different feeding 

regimens. Poult. Sci. 92:12: 3196-3204. doi:https://doi.org/10.3382/ps.2012-02953 

Parsons, C. M. 1985. Influence of caecectomy on digestibility of amino acids by roosters fed 

distillers' dried grains with solubles. J. Agric. Sci. 104:2: 469-472. 

doi:10.1017/S0021859600044178 

https://doi.org/10.3382/ps.2012-02953


108 
 

Parsons, C. M. 2020. Unresolved issues for amino acid digestibility in poultry nutrition. J. Appl. 

Poult. Res. 29:1: 1-10. doi:https://doi.org/10.1016/j.japr.2019.12.007 

Parsons, C. M., Castanon, F., and Han, Y. 1997. Protein and amino acid quality of meat and bone 

meal. Poult. Sci. 76:2: 361-368. doi:https://doi.org/10.1093/ps/76.2.361 

Parsons, C. M., Hashimoto, K., Wedekind, K. J., Han, Y., and Baker, D. H. 1992. Effect of 

Overprocessing on Availability of Amino Acids and Energy in Soybean Meal. Poult. Sci. 

71:1: 133-140. doi:https://doi.org/10.3382/ps.0710133 

Parsons, C. M., Martinez, C., Singh, V., Radhakrishman, S., and Noll, S. L. 2006. Nutritional 

value of conventional and modified DDGS for poultry. Proc. Multi-State Poultry 

Nutrition and Feeding Conference.Indianapolis, IN. 

Parsons, C. M., Potter, L. M., Brown Jr., R. D., Wilkins, T. D., and Bliss, B. A. 1982. Microbial 

contribution to dry matter and amino acid content of poultry excreta. Poult. Sci. 61:5: 

925-932.  

Payne, W. L., Combs, G. F., Kifer, R. R., and Snyder, D. G. 1968. Investigation of protein 

quality--ileal recovery of amino acids. Fed. Proc. 27:5: 1199-1203.  

Perera, W. N. U., Abdollahi, M. R., Ravindran, V., Zaefarian, F., Wester, T. J., and Ravindran, 

G. 2019. Nutritional evaluation of two barley cultivars, without and with carbohydrase 

supplementation, for broilers: metabolisable energy and standardised amino acid 

digestibility. Br. Poult. Sci. 60:4: 404-413. doi:10.1080/00071668.2019.1605151 

Pesti, G. M. 2009. Impact of dietary amino acid and crude protein levels in broiler feeds on 

biological performance. J. Appl. Poult. Res. 18:3: 477-486. 

doi:https://doi.org/10.3382/japr.2008-00105 

Phelps, R. A. 1966. Cottonseed Meal for Poultry: from Research to Practical Application. Worlds 

Poult. Sci. J. 22:2: 86-112. doi:10.1079/WPS19660016 

Price, R. L., Lough, O. G., and Brown, W. H. 1982. Ammoniation of Whole Cottonseed at 

Atmospheric Pressure and Ambient Temperature to Reduce Aflatoxin M(1) in Milk (1). 

J. Food Prot. 45:4: 341-344. doi:10.4315/0362-028x-45.4.341 

Rahman, A., Bayram, I., Khanum, S., and Ullah, S. 2015. Pakistan Journal of Life and Social 

Sciences Use and Calibration of Near Infrared Reflectance Spectroscopy in Feed 

Analysis: A Mini Review. Pak. J. Life. Soc. Sci. . 13: 

Ravindran, V., Cabahug, S., Ravindran, G., and Bryden, W. L. 1999. Influence of microbial 

phytase on apparent ileal amino acid digestibility of feedstuffs for broilers. Poult. Sci. 

78:5: 699-706. doi:https://doi.org/10.1093/ps/78.5.699 

Ravindran, V., Hew, L. I., Ravindran, G., and Bryden, W. L. 1999. A comparison of ileal digesta 

and excreta analysis for the determination of amino acid digestibility in food ingredients 

for poultry. Br. Poult. Sci. 40:2: 266-274. doi:10.1080/00071669987692 

https://doi.org/10.1016/j.japr.2019.12.007
https://doi.org/10.1093/ps/76.2.361
https://doi.org/10.3382/ps.0710133
https://doi.org/10.3382/japr.2008-00105
https://doi.org/10.1093/ps/78.5.699


109 
 

Reid, L. E. 2017. Determination of nitrogen corrected true metabolizable energy by near infrared 

reflectance spectroscopy. Masters Thesis, Univ. Georgia, Athens.  

Rinnan, Å., Berg, F. v. d., and Engelsen, S. B. 2009. Review of the most common pre-processing 

techniques for near-infrared spectra. Trends Analyt. Chem. 28:10: 1201-1222. 

doi:https://doi.org/10.1016/j.trac.2009.07.007 

Rose, W. C. 1937. The nutritive significance of the amino acids and certain related compounds. 

Science. 86:2231: 298-300.  

Rose, W. C., Kemmerer, K. S., Womack, M., Mertz, E. T., Gunther, J. K., McCoy, R. H., and 

Meyer, C. E. 1936. The present status of the amino acids in nutrition. J. Biol. Chem. 114: 

Rosenberg, H. R. 1957. Amino acids in feeds, methionine and lysine supplementation of animal 

feeds. J. Agric. Food Chem. 5:9: 694-700.  

Roush, W. B., and Cravener, T. L. 1997. Artificial neural network prediction of amino acid 

levels in feed ingredients. Poult. Sci. 76:5: 721-727. 

doi:https://doi.org/10.1093/ps/76.5.721 

Ruiz-Feria, C. A., Kidd, M. T., and Wideman Jr., R. F. 2001. Plasma levels of arginine, 

ornithine, and urea and growth performance of broilers fed supplemental L-arginine 

during cool temperature exposure. Poult. Sci. 80:3: 358-369. doi:10.1093/ps/80.3.358 

Rutherfurd, S. M., and Moughan, P. J. 2012. Available versus digestible dietary amino acids. Br. 

J. Nutr. 108 Suppl 2:298-305. doi:10.1017/s0007114512002528 

Sainio, E. L., Pulkki, K., and Young, S. N. 1996. L-Tryptophan: Biochemical, nutritional and 

pharmacological aspects. Amino Acids. 10:1: 21-47. doi:10.1007/bf00806091 

Saleh, E. A., Watkins, S. E., and Waldroup, P. W. 1996. High-Level Usage of Dried Bakery 

Product in Broiler Diets1. J. Appl. Poult. Res. 5:1: 33-38. 

doi:https://doi.org/10.1093/japr/5.1.33 

Salter, D. N., and Coates, M. E. 1971. The influence of the microflora of the alimentary tract on 

protein digestion in the chick. Br. J. Nutr. 26:1: 55-69.  

Sapkota, A. R., Lefferts, L. Y., McKenzie, S., and Walker, P. 2007. What Do We Feed to Food-

Production Animals? A Review of Animal Feed Ingredients and Their Potential Impacts 

on Human Health. Environ. Health Perspect. 115:5: 663-670. doi:doi:10.1289/ehp.9760 

Schefferle, H. E. 1965. The decomposition of uric acid in built up poultry litter. J. Appl. 

Bacteriol. 28:3: 412-420.  

Schutte, J. B., and van Weerden, E. J. 1978. Requirement of the hen for sulphur-containing 

amino acids. Br. Poult. Sci. 19:5: 573-581. doi:10.1080/00071667808416516 

https://doi.org/10.1016/j.trac.2009.07.007
https://doi.org/10.1093/ps/76.5.721
https://doi.org/10.1093/japr/5.1.33


110 
 

Sedghi, M., Ebadi, M. R., Golian, A., and Ahmadi, H. 2013. Prediction of digestible amino acid 

and true metabolizable energy contents of sorghum grain from total essential amino 

acids. J. Agric. Sci. 151:5: 693-700. doi:10.1017/S0021859612000329 

Senkoylu, N., and Dale, N. 1999. Sunflower meal in poultry diets: a review. Worlds Poult. Sci. J. 

55:2: 153-174. doi:10.1079/WPS19990011 

Shea, M. M., Mench, J. A., and Thomas, O. P. 1990. The effect of dietary tryptophan on 

aggressive behavior in developing and mature broiler breeder males. Poult. Sci. 69:10: 

1664-1669. doi:10.3382/ps.0691664 

Shemer, M., and Perkins, E. G. 1975. Degradation of methionine in heated soybean protein and 

the formation of. beta.-methylmercaptopropionaldehyde. J. Agric. Food Chem. 23:2: 201-

204.  

Sibbald, I. R. 1979. A Bioassay for Available Amino Acids and True Metabolizable Energy in 

Feedingstuffs. Poult. Sci. 58:3: 668-673. doi:https://doi.org/10.3382/ps.0580668 

Smith, G. H., and Lewis, D. 1966. Arginine in poultry nutrition: 3. Agent and target in amino 

acid interactions. Br. J. Nutr. 20:3: 621-631. doi:10.1079/BJN19660061 

Smith, T. K., and Austic, R. E. 1978. The Branched-Chain Amino Acid Antagonism in Chicks. 

J. Nutr. 108:7: 1180-1191. doi:10.1093/jn/108.7.1180 

Smith, T. N., Pesti, G. M., Bakalli, R. I., Kilburn, J., and Edwards, H. M. 2001. The Use of Near-

Infrared Reflectance Spectroscopy to Predict the Moisture, Nitrogen, Calcium, Total 

Phosphorus, Gross Energy, and Phytate Phosphorus Contents of Broiler Excreta. Poult. 

Sci. 80:3: 314-319. doi:https://doi.org/10.1093/ps/80.3.314 

Soaees, J. H., and Kifer, R. R. 1971. Evaluation of Protein Quality Based on Residual Amino 

Acids of the Ileal Contents of Chicks. Poult. Sci. 50:1: 41-46. 

doi:https://doi.org/10.3382/ps.0500041 

Souba, W. W. 1991. Glutamine: a key substrate for the splanchnic bed. Annu. Rev. Nutr. 11:1: 

285-308.  

Starr, C., Suttle, J., Morgan, A. G., and Smith, D. B. 1985. A comparison of sample preparation 

and calibration techniques for the estimation of nitrogen, oil and glucosinolate content of 

rapeseed by near infrared spectroscopy. J. Agric. Sci. 104:2: 317-323. 

doi:10.1017/S0021859600043987 

Steed, J. R., Romero-Sanchez, H., Han, Y., Page, G. I., and Davis, A. J. 2020. Validation of 

NutriOpt dietary formulation strategies on broiler growth and economic performance. J. 

Appl. Poult. Res. 29:2: 314-327. doi:https://doi.org/10.1016/j.japr.2019.11.006 

Stilborn, H. L., Moran, E. T., Gous, R. M., and Harrison, M. D. 1997. Effect of Age on Feather 

Amino Acid Content in Two Broiler Strain Crosses and Sexes. J. Appl. Poult. Res. 6:2: 

205-209. doi:https://doi.org/10.1093/japr/6.2.205 

https://doi.org/10.3382/ps.0580668
https://doi.org/10.1093/ps/80.3.314
https://doi.org/10.3382/ps.0500041
https://doi.org/10.1016/j.japr.2019.11.006
https://doi.org/10.1093/japr/6.2.205


111 
 

Stoll, B., Henry, J., Reeds, P. J., Yu, H., Jahoor, F., and Burrin, D. G. 1998. Catabolism 

dominates the first-pass intestinal metabolism of dietary essential amino acids in milk 

protein-fed piglets. J. Nutr. 128:3: 606-614.  

Sugahara, M., Baker, D. H., and Scott, H. M. 1969. Effect of Different Patterns of Excess Amino 

Acids on Performance of Chicks Fed Amino Acid-deficient Diets. J. Nutr. 97:1: 29-32. 

doi:https://doi.org/10.1093/jn/97.1.29 

Sumbule, E. K., Ambula, M. K., Osuga, I. M., Changeh, J. G., Mwangi, D. M., Subramanian, S., 

Salifu, D., Alaru, P. A. O., Githinji, M., van Loon, J. J. A., Dicke, M., and Tanga, C. M. 

2021. Cost-Effectiveness of Black Soldier Fly Larvae Meal as Substitute of Fishmeal in 

Diets for Layer Chicks and Growers. Sustainability. 13:11: 6074.  

Summers, D. J., and Robblee, A. R. 1985. Comparison of Apparent Amino Acid Digestibilities 

in Anesthetized Versus Sacrificed Chickens Using Diets Containing Soybean Meal and 

Canola Meal. Poult. Sci. 64:3: 536-541. doi:https://doi.org/10.3382/ps.0640536 

Szepesi, B., Avery, E. H., and Freedland, R. A. 1970. Role of kidney in gluconeogenesis and 

amino acid catabolism. Am. J. Physiol. 219:6: 1627-1631. 

doi:10.1152/ajplegacy.1970.219.6.1627 

Tahir, M., Shim, M. Y., Ward, N. E., Westerhaus, M. O., and Pesti, G. M. 2012. Evaluation of 

near-infrared reflectance spectroscopy (NIRS) techniques for total and phytate 

phosphorus of common poultry feed ingredients. Poult. Sci. 91:10: 2540-2547. 

doi:https://doi.org/10.3382/ps.2012-02211 

Tamir, H., and Ratner, S. 1963. Enzymes of Arginine Metabolism in Chicks. Arch. Biochem. 

Biophys. 102:249-258. doi:10.1016/0003-9861(63)90178-4 

Taylor, R. G., Levy, H. L., and McInnes, R. R. 1991. Histidase and histidinemia. Clinical and 

molecular considerations. Mol. Biol. Med. 8:1: 101-116.  

Tenenhouse, H. S., and Deutsch, H. F. 1966. Some physical-chemical properties of chicken 

gamma-globulins and their pepsin and papain digestion products. Immunochemistry. 3:1: 

11-20. doi:10.1016/0019-2791(66)90277-1 

Tobin, G., and Boorman, K. N. 1979. Carotid or jugular amino acid infusions and food intake in 

the cockerel. Br. J. Nutr. 41:1: 157-162. doi:10.1079/bjn19790022 

Tres, A., Heenan, S. P., and van Ruth, S. 2014. Authentication of dried distilled grain with 

solubles (DDGS) by fatty acid and volatile profiling. LWT - Food Sci. Technol. 59:1: 

215-221. doi:https://doi.org/10.1016/j.lwt.2014.05.044 

USDA. (2008). Consumer Brochure: Organic food standards and labels: the facts. In USDA 

National Organic Program (Ed.). National Technical Information Service: Springfield, 

VA. 

https://doi.org/10.1093/jn/97.1.29
https://doi.org/10.3382/ps.0640536
https://doi.org/10.3382/ps.2012-02211
https://doi.org/10.1016/j.lwt.2014.05.044


112 
 

Valdes, E. V., and Leeson, S. 1992. Near Infrared Reflectance Analysis as a Method to Measure 

Metabolizable Energy in Complete Poultry Feeds. Poult. Sci. 71:7: 1179-1187. 

doi:https://doi.org/10.3382/ps.0711179 

Valdes, E. V., and Leeson, S. 1994. Measurement of Metabolizable Energy, Gross Energy, and 

Moisture in Feed Grade Fats by Near Infrared Reflectance Spectroscopy. Poult. Sci. 73:1: 

163-171. doi:https://doi.org/10.3382/ps.0730163 

Valdes, E. V., Young, L., McMillan, I., and Winch, J. 1985. Analysis of hay, haylage and corn 

silage samples by near infrared reflectance spectroscopy. Can. J. Anim. Sci. 65:3: 753-

760. doi:10.4141/cjas85-088 

Valdes, E. V., Young, L. G., Leeson, S., McMillan, I., Portela, F., and Winch, J. E. 1985. 

Application of Near Infrared Reflectance Spectroscopy to Analyses of Poultry Feeds. 

Poult. Sci. 64:11: 2136-2142. doi:https://doi.org/10.3382/ps.0642136 

Van Kempen, T., and Bodin, J.-C. 1998. Near-infrared reflectance spectroscopy (NIRS) appears 

to be superior to nitrogen-based regression as a rapid tool in predicting the poultry 

digestible amino acid content of commonly used feedstuffs. Anim. Feed Sci. Technol. 

76:139-147. doi:10.1016/S0377-8401(98)00207-7 

Van Kempen, T., and Simmins, P. 1997. Near-Infrared Reflectance Spectroscopy in Precision 

Feed Formulation. J. Appl. Poult. Res. 6:4: 471-477. 

doi:https://doi.org/10.1093/japr/6.4.471 

Van Krimpen, M. M., Leenstra, F., Maurer, V., and Bestman, M. 2016. How to fulfill EU 

requirements to feed organic laying hens 100% organic ingredients. J. Appl. Poult. Res. 

25:1: 129-138. doi:https://doi.org/10.3382/japr/pfv048 

Visek, W. J. 1968. Some aspects of ammonia toxicity in animal cells. J. Dairy Sci. 51:2: 286-

295.  

Waldroup, P. W., Kersey, J. H., and Fritts, C. A. 2002. Influence of branched-chain amino acid 

balance in broiler diets. Int. J. Poult. Sci. 1:136-144.  

Waldroup, P. W., Whelchel, D. L., and Johnson, Z. B. 1982. Variation in nutrient content of 

samples of dried bakery product. Anim. Feed Sci. Technol. 7:4: 419-421.  

Wallis, I. R. 1999. Dietary supplements of methionine increase breast meat yield and decrease 

abdominal fat in growing broiler chickens. Aust. J. Exp. Agric. 39:2: 131-141.  

Westerhaus, M. O. 1989a. Instrument Operation Page 24-25 in Near Infrared Reflectance 

Spectroscopy (NIRS): Analysis of Forage Quality. G. Marten, J. S. Shenk, & F. Barton II 

Eds. National Technical Information Service: Springfield, VA. 

Westerhaus, M. O. 1989b. Interpretation of Regression Statistics. Page 39-40 in Near Infrared 

Reflectance Spectroscopy (NIRS): Analysis of Forage Quality. G. Marten, J. S. Shenk, & 

F. Barton II Eds. National Technical Information Service: Springfield, VA. 

https://doi.org/10.3382/ps.0711179
https://doi.org/10.3382/ps.0730163
https://doi.org/10.3382/ps.0642136
https://doi.org/10.1093/japr/6.4.471
https://doi.org/10.3382/japr/pfv048


113 
 

Wideman, R. F., Kirby, Y. K., Ismail, M., Bottje, W. G., Moore, R. W., and Vardeman, R. C. 

1995. Supplemental L-Arginine Attenuates Pulmonary Hypertension Syndrome (Ascites) 

in Broilers. Poult. Sci. 74:2: 323-330. doi:https://doi.org/10.3382/ps.0740323 

Wideman, R. F., Kirby, Y. K., Tackett, C. D., Marson, N. E., and McNew, R. W. 1996. Cardio-

pulmonary function during acute unilateral occlusion of the pulmonary artery in broilers 

fed diets containing normal or high levels of arginine-HCl. Poult. Sci. 75:12: 1587-1602. 

doi:10.3382/ps.0751587 

Wilcox, J. R., and Shibles, R. M. 2001. Interrelationships among seed quality attributes in 

soybean. Crop Sci. 41:1: 11-14.  

Windham, W. R., Mertens, D. R., and Barton II, F. 1989. Protocol for NIRS Calibration: Sample 

Selection and Equation Development and Validation. Page 96-103 in Near Infrared 

Reflectance Spectroscopy (NIRS): Analysis of Forage Quality. G. Marten, J. S. Shenk, & 

F. Barton II Eds. National Technical Information Service: Springfield, VA. 

Windig, W., Shaver, J., and Bro, R. 2008. Loopy MSC: a simple way to improve multiplicative 

scatter correction. Appl. Spectrosc. 62:10: 1153-1159. doi:10.1366/000370208786049097 

Workman, J. J. 2008. NIR Spectroscopy Calibration Basics. Page 123-150 in Handbook of Near- 

Infrared Analysis. D. Burns & E. Ciurczak Eds.,3 ed. CRC Press: Boca Raton, FL. 

Wu, G., Flynn, N. E., Flynn, S. P., Jolly, C. A., and Davis, P. K. 1999. Dietary protein or 

arginine deficiency impairs constitutive and inducible nitric oxide synthesis by young 

rats. J. Nutr. 129:7: 1347-1354. doi:10.1093/jn/129.7.1347 

Wu, J. G., Shi, C., and Zhang, X. 2002. Estimating the amino acid composition in milled rice by 

near-infrared reflectance spectroscopy. Field Crops Res. 75:1: 1-7. 

doi:https://doi.org/10.1016/S0378-4290(02)00006-0 

Zhang, Q., Chen, X., Eicher, S. D., Ajuwon, K. M., and Applegate, T. J. 2016. Effect of 

threonine deficiency on intestinal integrity and immune response to feed withdrawal 

combined with coccidial vaccine challenge in broiler chicks. Br. J. Nutr. 116:12: 2030-

2043. doi:10.1017/s0007114516003238 

Zhang, Y. E., and Parsons, C. M. 1996. Effects of Overprocessing on the Nutritional Quality of 

Peanut Meal. Poult. Sci. 75:4: 514-518. doi:https://doi.org/10.3382/ps.0750514 

Zhuang, R., and Moore, T. 2015. Factors Influencing US Poultry Exports. Int. Food Agribusiness 

Manag. 18:13-26.  

Zuidhof, M. J., Schneider, B. L., Carney, V. L., Korver, D. R., and Robinson, F. E. 2014. 

Growth, efficiency, and yield of commercial broilers from 1957, 1978, and 2005. Poult. 

Sci. 93:12: 2970-2982. doi:https://doi.org/10.3382/ps.2014-04291 

 

https://doi.org/10.3382/ps.0740323
https://doi.org/10.1016/S0378-4290(02)00006-0
https://doi.org/10.3382/ps.0750514
https://doi.org/10.3382/ps.2014-04291

