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CHAPTER 1 

 

REVIEW OF LITERATURE 

 

INTRODUCTION 

 

The worldwide composition of meat production has changed significantly over 

the past 20 years. Poultry production is the most cost efficient animal agriculture industry 

at converting energy and protein into meat. As a result, recent years have seen the poultry 

industry grow more rapidly than other meat industries.  The production of poultry meat 

has increased from 21.2% of the world meat production in 1990 to 33.4% in 2010, while 

beef and pork production have steadily declined (USDA Foreign Agricultural, 2011).  Of 

the 20 million tons of federally inspected poultry meat produced in the US in 2012, 

13.7%, or 2.7 million tons, was produced by the turkey industry (USDA National 

Agricultural Statistics Service website, 2012).  However, changes in crop prices have 

affected turkey producers’ profits, influencing decisions about how much meat to 

produce.  In June of 2011, a publication by the USDA Economic Research Service 

website reported that since 2002, the price of soybeans had increased by 220% and the 

price of corn had increased by 86%. As a result of these increased grain prices the price 

of turkey has risen 35% in the last 10 years (USDA Economic Research Service, 2011).  

While the retail price of turkey meat remains low relative to pork and beef (USDA 

Foreign Agricultural Service Website, 2012), it has become increasingly important to 

find new ways to stay competitive within the industry. Decreasing the cost of production 
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as much as possible while producing a high quality product for consumers can be 

accomplished through advancements in nutrition, specifically protein and amino acid 

utilization.   

As the price of feed ingredients continue to rise, meeting the nutritional 

requirements of growing turkeys constitutes the majority of the costs associated with 

production, accounting for around 75% of the expense (Nakaue and Arscott, 1991).   A 

major component of this cost is the high protein feedstuffs, such as soybean meal, used in 

turkey diets to obtain maximum accretion of tissue, which the industry now maintains as 

standard performance. To deal with these steadily increasing protein costs while 

improving or at least maintaining bird performance, it is important to examine ways in 

which to partially replace these high protein feed ingredients. Academia has responded 

with a variety of approaches including precision feeding, modeling, digestible 

formulation, and ideal protein.  As a result, the industry is shifting away from feeding 

nutrients in excess to meet standard performance goals. Research has shown that utilizing 

tools such as digestible formulations, ideal protein ratios, and feed formulation software, 

while still meeting the amino acid requirements, gives the least cost per unit of gain, 

ultimately decreasing feed costs. A one percent reduction in the crude protein level in the 

diets of turkeys is reported to save five dollars per ton of feed (Firman, 1994).  In 

addition to reducing feed costs, these advancements in poultry nutrition can provide a 

variety of avenues to increase efficiency and reduce expense, including a greater diversity 

of feedstuffs (Kidd and Kerr, 1996) and decreased nitrogen excretion through reduced 

protein diets. (Nahm, 2002). 
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PROTEIN AND AMINO ACIDS IN POULTRY NUTRITION 

 

Proteins are the most abundant biological macromolecules and are a critical 

component in the poultry industry for many reasons, the most important being accretion 

of tissue as meat.  A protein is made up of carbon, hydrogen, oxygen, and nitrogen in 

specific arrangement and consists of polymers of amino acids with each amino acid 

residue joined by a specific type of covalent bond (Nelson and Cox, 2008). Ultimately a 

protein obtains its function as a result of the properties of its amino acid types, especially 

their side groups, and how they interact with each other and the surrounding medium. 

Twenty different amino acids are commonly found in proteins, the first to be discovered 

was asparagine in 1806 and the last of the twenty to be found was threonine in 1938 

(Simoni et al., 2002). All twenty of the common amino acids are alpha amino acids. They 

have a carboxyl group and an amino group bonded to the same carbon atom (the alpha 

carbon). For all common amino acids except glycine, the alpha carbon is bonded to four 

different groups: an amino group (-NH2), an acid group (carboxyl or –COOH), a 

hydrogen atom, and a side group that gives each amino acid unique properties (Green and 

Winitz, 1984).  These individual amino acids that result from the hydrolysis of the 

proteins are then digested and absorbed, and used as the structural components of muscle, 

skin, feathers, etc.  (Pond et al, 2005). Because body proteins are constantly being 

synthesized and degraded, an adequate amino acid supply is critical to support the growth 

and performance of poultry.   
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Protein 

Today we know that poultry do not actually have a requirement for protein, but 

instead have requirements for amino acids. However, early research was conducted with 

the primary purpose of establishing minimum levels of protein that would allow for 

maximum growth. There is typically some variation in the early literature which is likely 

due to the differences in requirements for individual strains, and breeds of turkeys and 

variation in ingredient profile and nutrient balance. Research conducted during the 1930s 

and 1940s recommended various protein levels in turkey poults ranging from 14 to 28% 

(Barrett et al, 1936; Cline, 1936; Funk, 1930; Hammond and Marsden, 1938; Jukes, 

1936; Mussehl and Ackerson, 1936). Even with this variation, in 1946 the National 

Research Council reported the required protein level for optimum growth of young poults 

to be approximately 24 % of the diet.  However, information was lacking on optimum 

protein levels past 6 weeks of age which led to overfeeding of dietary nutrients in order to 

prevent deficiencies. Kratzer et al. (1955) conducted an experiment which extended over 

a seven year period with turkeys from 4 to 24 weeks of age and found that the protein 

requirement decreased with age with optimum levels being 20% at 8 weeks of age, 15% 

at 16 weeks of age, and 13.5% at 20 weeks of age. Balloun and Phillips (1957) reported 

similar decreasing protein levels with maximum growth and feed efficiency obtained 

with 23% protein at 6 to12 weeks of age, 20% at 12 weeks of age, then decreased rapidly 

to about 12% at 24 weeks of age. In these reported trials, Kratzer et al. (1955) did not 

specify what breed of turkey was used for the experiments, with the extended length of 

the study it is possible that several different strains were used whereas Balloun and 

Phillips’ (1957) investigations were conducted exclusively with Broad Breasted Bronze 
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turkeys. Differences in breeds and\or strains could account for the slight variation 

reported within the published data. Each of these studies and many others reported a 

significant reduction in performance of birds fed rations low in protein relative to the 

requirement, a decreased requirement as the birds aged, and a decrease in efficiency of 

protein utilization as the birds aged (Atkinson et al., 1955; Baldini et al., 1953; Fisher et 

al., 1956, Johnson, 1950; Sunde et al., 1956).  

Amino Acids 

All twenty of the common amino acids are required by the bird.  However, 

poultry are unable to synthesize 14 of these amino acids, which are considered to be 

essential amino acids and must be supplied in the diet (Ravidran and Bryden, 1999). 

These indispensable amino acids are alanine, arginine, aspartic acid, glycine, histidine, 

isoleucine, leucine, lysine, methionine, phenylalanine, serine, threonine, tryptophan, and 

valine (Gillespie and Flanders, 2009). Glycine is sometimes identified as being 

indispensable in meat birds since the rate of synthesis often cannot support the high 

growth rates. Cysteine and tyrosine are considered to be somewhat essential as they can 

be formed in the tissue from methionine and phenylalanine, respectively.   

Although the majority of the early research focused on defining a requirement for 

protein, dietary requirements for protein are actually requirements for amino acids.  The 

importance of amino acids as opposed to crude protein in the nutrition and feeding of 

animals gained attention in the early 1900s (Osborne and Mendel, 1914).  Experiments 

studying the amino acid requirements of poultry were carried out using diets containing 

ingredients that were poor sources of a specific amino acids or by removing one or more 
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of the amino acids after acid hydrolysis. By using these methods, it was shown that 

poultry need dietary sources of what we now know to be the essential amino acids 

(Almquist, 1942).  In a continuation of these studies, mixtures of synthetic amino acids 

were used in complete replacement of all proteins in the diet, showing that not only are 

dietary sources of these essential amino acids necessary, but these essential amino acids 

must be supplied in sufficient quantities (Almquist, 1947; Almquist and Grau, 1944; 

Block and Bolling, 1945; Grau, 1948; Grau and Almquist, 1945; Grau et al., 1946).  

However, it is still important to realize that if sufficient quantities of non essential amino 

acids are not available as well, the non essential amino acids will be synthesized from 

other amino acids, both essential and non essential, possibly resulting in one or more 

amino acids becoming limiting.  

In the 1950s, a considerable amount of research began on the benefit, both 

nutritionally and economically, of amino acids to the poultry industry.  Many researchers 

discovered that the addition of amino acids such as lysine and methionine to the diets of 

turkeys increased growth rate and improved feed efficiency (Atkinson et al., 1953; 

Donovan et al., 1955; Ferguson et al., 1956; Johnson, 1950; Lockhart and Thayer., 1955; 

Pepper and Slinger, 1955; Saxena and McGinnish, 1952).  The importance of such 

findings lies in the reality that with the requirements for growth defined in more precise 

terms it is possible for the poultry industry to feed more efficiently. Knowledge of the 

amino acid content, both essential and non essential, of various protein sources becomes 

more significant as birds are continuously selected for maximum tissue accretion.  Even 

with the progression of our knowledge in the use of amino acids in poultry nutrition, it is 
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still common to formulate with an overall protein requirement as well as requirements for 

essential amino acids (National Research Council, 1994) 

Factors effecting protein and amino acid requirements 

A number of factors influence the protein and amino acid requirements of poultry. 

The balance among the essential amino acids, as well as the balance between the essential 

and non essential amino acids must be maintained for the efficient utilization of dietary 

protein. When excess amino acids are provided catabolism occurs and the amino acids 

are excreted as uric acids or in severe cases, will result in ammonia toxicity (Pond et al, 

2005). Conversely, a deficiency in dietary protein or a deficiency in one or more limiting 

amino acids will cause a decline in overall bird performance. With that being said, it is 

common for nutritionists to formulate with a safety factor to avoid any deficiencies that 

would negatively affect production (National Research Council, 1994). Thus, the 

challenge lies in providing as little excess protein and amino acids as possible while still 

meeting the requirements for all amino acids and maintaining industry performance 

standards. 

Amino acid interactions have been recognized as an important nutritional 

phenomenon since Harper (1956) first categorized these interactions as imbalances and 

antagonisms. Nutritional interactions between amino acids can influence the efficiency in 

which the amino acids are utilized in the bird and have a negative impact on overall bird 

performance. 

According to Harper’s definition, imbalances occur when a diet that is limiting in 

two amino acids is supplemented with the second limiting amino acid or with all essential 
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amino acids, except the first limiting amino acid (Harper, 1956; Harper et al., 1970). 

Such an imbalance can only be corrected by supplementing the imbalanced diet with the 

first limiting amino acid. These imbalances cause significant negative effects in bird 

performance resulting from reduced feed intake due to changes in the pattern of amino 

acids in the plasma (Harper, 1958).  There are two main theories that have been proposed 

to explain how an imbalanced ration could cause such a significant reduction in feed 

intake.  The first theory, proposed by Harper and Rogers in 1965, is known as the 

anabolic theory. This theory suggests that an excess of amino acids will suppress the 

degradation of protein in the liver, leaving more of the limiting amino acid bound there in 

protein form. This then leads to a lower than normal concentration of that limiting amino 

acid available in the blood. The brain detects this reduced concentration, and 

consequently depresses feed intake. The second theory, known as the catabolic theory, 

was proposed by Lewis and D’Mello in 1967. The catabolic theory suggests that the 

concentration of free amino acids in the plasma and tissue is disrupted by an excess of 

one amino acid which then increases the catabolism and excretion of other amino acids. 

This disruption caused by the loss of other target amino acids is responsible for the 

reduced feed intake.  

Most of the early investigations demonstrated the concept of amino acid 

imbalance by feeding improperly balanced diets.  This was often observed with studies 

utilizing low protein diets to study the effects of amino acid supplementation on feed 

intake and bird performance. Furguson et al., (1956) designed an experiment to study the 

effects of supplementing reduced protein diets with lysine, methionine, and tryptophan. 

They found various responses among the treatments including reduced feed intake, 
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growth depression, and poor feathering. After further review, it was found that the 

variation in response was likely due to an imbalance in the amino acids in the diet 

emphasized by the rapid return to normal performance when the birds were fed a 

complete balanced ration. Similar imbalances have been observed by Boorman and 

Burgess (1986). In many of these studies, imbalances were often produced by adding to 

the low protein diet either a second limiting amino acid or a mixture of individual amino 

acids lacking the most limiting indispensable amino acid (Harper, 1956). However, with 

the careful addition of synthetic amino acids it is possible to improve the overall amino 

acid balance and reduce the crude protein level of the diets while maintaining bird 

performance. Antagonisms have been identified as specific interactions in which the 

requirement for one essential amino acid, not necessarily the first limiting amino acid, is 

increased by the addition of a structurally related amino acid to the diet. (Harper, 1956; 

Harper et al., 1970).  Research regarding amino acid interactions was initially studied in 

rats and mice with antagonistic interactions among the branched-chain amino acids, 

lysine antagonizing arginine, and supplemental glycine being capable of partially 

reversing growth depressions in chicks and rats caused by excess methionine 

consumption (Harper 1956; Harper et al., 1970). However, interactions between arginine 

and lysine, the branched chain amino acids (valine, isoleucine, and leucine), and 

methionine and cysteine (total sulfur amino acids) have been established in poultry.  Two 

well recognized examples are the lysine-arginine antagonism as demonstrated by O'Dell 

and Savage in 1966 and the branched chain amino acid antagonism studied by Spolter 

and Harper in 1961.  The study by O’Dell and Savage (1966) showed an interaction 

between lysine and arginine in which excess dietary lysine increases the requirement for 

http://jn.nutrition.org/content/138/2/391.full#ref-8
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arginine.  Austic and Scott (1975), reported similar results and suggested that the most 

important metabolic interactions between lysine and arginine are that lysine competes 

with arginine for reabsorption in renal tubules, reducing the efficiency of arginine 

retention and that excess lysine causes marked increases in renal arginase activity and 

degradation of arginine to ornithine and urea.   

The branched chain amino acids, valine, isoleucine, and leucine have very similar 

structures and an interaction among them exists as well.  The study by Spolter and Harper 

(1961) regarding the branched chain acid antagonism involving leucine, isoleucine, and 

valine demonstrated that an excess of one (or two) branched chain amino acids increases 

the requirement for the other branched chain amino acids.  D’Mello and Lewis (1970) 

showed that excessive dietary leucine levels resulted in depressed performance in chicks, 

however increasing the dietary levels of isoleucine and valine restored the growth rate. 

Similar results were obtained with young turkeys (Tuttle and Balloun (1974).  

Methionine and cysteine also have an established relationship. Methionine and cysteine 

are used independently of each other for protein synthesis in the body. However, cysteine 

is synthesized from methionine and thus a requirement for total sulfur amino acids 

(TSAA) is typically required to prevent a depression in performance (Ishibashi and Ohta, 

1999).  Additionally, the ratio of replacement of methionine by cysteine has been 

estimated to be 50% (Wheeler and Latshaw, 1981) with the ratio increasing with TSAA 

levels (Isibashi and Ohta, 1999) 

There are many factors that can affect protein and amino acid requirements 

including differences in amino acid requirements among the different strains of poultry 

such as differences in requirements between genetically lean and fat birds (Leclercq and 
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Guy, 1991), differences in the carcass composition between males and females (Han and 

Baker 1993), and decreasing amino acids requirements with increased age (Ueno, 1998).   

The Protein and Energy Relationship 

The protein requirement of growing turkeys and its relationship to energy has 

been a topic of research for many years. The levels of protein and energy in a diet are 

often some of the most important decisions made by the poultry industry, as the ratios fed 

have a direct impact on weight gain and efficiency of feed utilization.  

 The process of protein synthesis (or breakdown) requires sources of dietary 

energy. Consequently, the energy balance of the body becomes an important factor in 

determining nitrogen balance and influences the utilization of dietary protein. 

Nevertheless, it has not proved possible to establish a constant numerical relationship 

between energy and protein. Many researchers, however, have investigated the 

relationship between energy and protein and results have indicated obvious effects on 

growth rate and feed efficiency with changes in protein and energy levels. A review of 

the literature by Gonzalez-A and Pesti (1993) analyzed the data from nine different 

papers and evaluated the protein to energy ratio concept in both broiler and turkey 

nutrition. Gonzalez-A concluded that the protein to energy ratio was not a good predictor 

of body weight or feed intake and while there is no optimum protein to energy ratio, it is 

possible to choose protein and energy level combinations that affect (but not necessarily 

predict) body weight and/or feed intake.  Consideration should also be given to the 

carcass fat which can be affected by the dietary protein and energy levels. Although 

growth increases from both increased protein and energy levels, there is more fat 
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deposition with higher energy levels and less as protein levels are increased (Pesti and 

Fletcher, 1983). Firman (1994) studied the influence of high energy/high protein diets 

and low energy/high protein diet and their influence during the finisher period in male 

and female turkeys. This study confirmed that energy levels influenced fat deposition, 

however in contrast to Pesti and Fletcher’s research (1983), using low energy/high 

protein diets did not significantly reduce fat deposition.  

With the utilization of the ideal amino acid profile concept, a more recent study 

has been conducted in turkeys on the lysine to energy ratio in lieu of the protein to energy 

ratio and a relationship has been demonstrated with 0.45% digestible lysine per mega 

calorie of energy (Firman, 2013).  

As far as the overall economic and practical implications, the protein to energy 

ratio appears to have very little value in maximizing profits, and more research is 

necessary for a better understanding of the lysine and energy relationship.  Nonetheless, 

protein and energy levels of a diet should change with economic and environmental 

conditions in order to sustain optimal production standards. 

 

LIMITING AMINO ACIDS IN LOW PROTEIN DIETS 

 

The concept of limiting amino acids has been heavily applied in the poultry 

industry. It is argued that more is known about the nutritional requirements of poultry 

than any other animal, and application of the limiting amino acid concept to the turkey 
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industry has yielded economic benefits. However, the use of amino acids in low protein 

diets requires sufficient knowledge of the most limiting amino acids such as lysine and 

the total sulfur amino acids.  Corn and soybean meal (SBM) are the two most commonly 

utilized ingredients for turkey diets in the US, and a great deal of research has been 

conducted in an effort to determine the limiting amino acids in such rations. With the use 

of precision feed formulation techniques we can apply this knowledge to minimize feed 

costs per pound of meat and reduce nitrogen excretion.  However, to effectively use those 

amino acids, it is important to know the order in which they are limiting as the order of 

limitation will vary with individual ingredients in a complete feed, and with the level and 

combination of ingredients as well as with overall protein level.  

The first limiting amino acid is defined as the essential amino acid that is 

provided in the least amount relative to its requirement (Bender, 2005). From there, the 

effectiveness of less limiting amino acids are limited by the deficiency of the first 

limiting amino acid.  Through addition and deletion methods researchers were able to 

determine the order of limitation of amino acids in young poults. Baldini et al (1953) was 

the first to suggest methionine and lysine as the first and second limiting amino acids in 

what was at that time a standard corn-soybean meal based diet. Baldini’s research showed 

that adding methionine, and methionine and lysine, improved performance of corn-

soybean meal diets with both 20% and 28% protein in the starter phase. In 1962, 

Fitzsimmons and Waibel (1962) identified methionine as the first limiting amino acid 

with poults fed a standard corn-soybean meal based diet with both 20% and 24% protein 

in the starter phase. This study also postulated that lysine was second limiting in the diets; 

additional amino acids appeared to be deficient in the 20% protein diet as well. 
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Fitzsimmons and Waibel’s findings were confirmed by Jackson and Potter (1984) and 

Potter and Shelton (1976).  More recent studies have again confirmed methionine as the 

first limiting amino acid in the turkey with diets more similar to today’s corn-soybean 

meal formulations (Firman, 1994; Waibel et al, 1995; Waibel et al., 2000a).  With the 

establishment of methionine and lysine as the two most limiting amino acids, a great deal 

of research began to determine the order of limitation of the remaining limiting amino 

acids in a standard corn-soybean meal diet as protein was reduced.  Initial results were 

somewhat inconsistent and the reported order of limitation varied based on methods, 

quality of ingredients, and age of birds. Using the deletion methods, several researchers 

were able to determine the most deficient amino acids in corn-soybean meal diets. Stas 

and Potter (1982) and Jackson et al. (1983) fed a methionine supplemented, corn-soybean 

meal diet with 22% protein to young turkeys and found lysine, threonine, valine, and 

isoleucine to be deficient but were unable to determine the order of limitation.  Using the 

addition method, Firman (1994) noted similar deficiencies in lysine, threonine, valine and 

isoleucine in diets containing 22% protein but as with the deletion studies, could not 

determine an order of limitation past methionine and lysine.  In 1996, Kidd and Kerr 

were able to conclusively identify threonine as the third limiting amino acid in typical 

corn-soybean meal based diets in turkeys, but the limitations of valine and isoleucine 

remained unverified. While conducting a modified repeat experiment of the Missouri 

Ideal Turkey Protein, Firman (2006) was able to show that valine and isoleucine are as 

expected fourth and fifth limiting amino acids. However, during the span of 21 weeks 

valine was more limiting up to 3 weeks of age and at 18 to 21 weeks of age while 

isoleucine was more limiting from 6 to 18 weeks.  While it is not practical to pose a 
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definitive order of limitation for amino acids, the suggested order of limitation in corn-

soybean meal diets is thought to be methionine, lysine, then threonine, followed by either 

isoleucine or valine.  However, this order can change based on feed ingredients, age of 

the bird, and other factors. That is why it is important to not only know the order of 

limitation for a typical diet formulation, but to also understand that the order in which 

those amino acids become limiting will vary with specific feedstuffs, and with different 

combinations of feedstuffs. That knowledge is essential to utilizing amino acids 

effectively and minimizing nitrogen excretion in reduced protein diets.  

 

AMINO ACID SUPPLEMENTATION IN LOW PROTEIN DIETS 

 

It is essential to know the order of limitation of the indispensable amino acids for 

realistic reductions in protein (Firman, 1994) and so as knowledge increased on limiting 

amino acids, research was initiated with turkeys to observe the effects of amino acid 

supplementation in low protein diets and to determine if this supplementation, with all 

necessary data, would permit a more efficient, economical, and environmental utilization 

of protein in turkeys. With the young poult having such a high protein requirement, 

approximately 28% (NRC, 1994), and with feed being the major cost in turkey 

production, reducing the cost of protein can have a significant impact on feed costs. 

Research has shown that supplementation of amino acids can be an effective means of 

reducing dietary crude protein in turkey rations. However, the extent to which this 

reduction can occur is uncertain, as the amino acid profile of the diet as well as the birds’ 
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size, strain, age and sex can affect performance (Carter et al., 1962). Thus, a review of the 

literature reveals much variation.  

Baldini et al., (1953) observed similar growth in the young poults fed a 20% 

protein diet when supplemented with lysine and methionine compared to poults fed a (at 

that time) standard diet with 28 percent protein and no supplemental amino acids. 

However, Klain et al., (1954) showed that under their conditions, growth of poults fed a 

ration containing 21.8% protein supplemented with lysine and methionine was still not as 

rapid as with a ration containing a higher level of protein.  The variation in responses to 

these low protein diets led to many more experiments studying the effect of reduced 

protein rations. In an attempt to validate Baldini’s findings, Fisher et al., (1956) extended 

their observations through the growout phase and found that reducing the level of protein 

while supplementing lysine and methionine in turkey diets will still allow optimum 

performance throughout the growing period. Stas and Potter (1982), supplemented a 22% 

protein with all of the essential amino acids and observed growth rate equal to that of bird 

fed a 30% protein diet. Similar results were obtained in studies by Jackson et al., (1983), 

Jackson and Potter (1984), and Blair and Potter (1987) where protein was effectively 

reduced  in the diets of turkeys poults when sufficiently supplemented with methionine, 

lysine, threonine, isoleucine, and valine. Research by Kidd and Kerr (1996) supported 

these findings by showing that performance can be sustained with the reduction of dietary 

protein in turkeys fed corn-soybean meal diets when supplemented with methionine, 

lysine and threonine. However, Waldroup et al., (1997) showed that diets formulated to 

provide 105% of the National Research Council (1994) recommended requirements were 

needed for maximum performance.   
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Data by Waldroup et al (2003) suggests that a gradual decrease in dietary crude 

protein with balanced, supplemented amounts of lysine, methionine, threonine, isoleucine 

and valine will maintain performance level. Research by Waibel et al (2000a,b) supports 

these findings. In response to the data, a series of studies were conducted in Germany 

measuring the response of male BUT Big 6 turkeys to various amino acid feeding 

programs utilizing low protein diets. These studies were consistent with previous research 

and  indicated that dietary crude protein levels could be reduced by 10% with no 

significant effects on performance to 20 weeks of age as long as all essential amino acids, 

including arginine, valine, isoleucine, and leucine, were provided at the recommended 

levels (Lemme et al., 2004/2006).  In a continuation of previous work in determining 

digestible amino acid requirements of the turkey, and the publication of the ideal protein 

for turkeys (the Missouri Ideal Turkey Protein), research at the University of Missouri 

has focused on determining the practical use of low protein diets. Unpublished data 

presented in a technical review by Firman showed no significant differences in 

performance when crude protein was reduced from 28% to 24% in 7 to 21 day old poults 

as long as lysine, methionine, threonine, valine, and isoelucine were added. Similarly, it 

was shown that 3 week old hen poults fed a 22% crude protein diet with added threonine, 

valine, and isoleucin exhibited similar performance to control hens fed a basal diet with 

added methionine and lysine (Firman, 1994).  A published report by Boling and Firman 

(1997) examined a series of studies to determine whether a reduced protein corn-soybean 

meal diet would support the growth of turkeys similar to that of an industry standard diet. 

Compared to hens fed the standard diet, all results demonstrated similar growth and feed 

efficiency responses to 4 weeks of age for hen poults fed a 28% protein diet and a 22% 
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protein diet, when supplemented with amino acids as suggested by previous works 

(Boling and Firman, 1997). While crude protein levels of turkey diets normally fed today 

are not typically deficient in the less limiting amino acids such as threonine, isoleucine, 

valine, arginine, and tryptophan, marginal reductions in crude protein may render 

threonine, isoleucine and possibly valine deficient, thereby reducing growth (Thomas et 

al., 1992). 

 

TOTAL AND DIGESTIBLE AMINO ACID REQUIREMENTS OF TURKEYS 

 

With the discovery of the last essential amino acid in 1938, it has been possible to 

feed animals using purified crystalline amino acid diets.  In 1978, Baker and Harter 

completed the Illinois crystalline amino acid diet which indicated that animals do not 

require dietary protein in order to provide amino acids. As a result, the industry has been 

successful in supplementing low crude protein diets with synthetic amino acids which has 

led to the identification of requirements for amino acids.   

There have been many any studies reporting amino acid requirements of turkeys 

from scientific and economic perspectives.  This research has demonstrated that amino 

acid requirements will decrease with the age of the bird and that the decrease is steady 

and approximately proportional to the decrease in dietary protein concentrations (Kratzer 

et al., 1955).  Additionally, the amino acid requirements of turkeys can vary with 

different breeds and strains.  A review of the literature up to 1990, while limited for 

turkeys, does provide some recommendations for amino acid requirements.  Though 
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lysine is typically thought to be second limiting in standard turkey diets, use of the ideal 

protein concept expresses amino acids as a percentage of lysine and thus the lysine 

requirement must be very accurate. Due to the importance of the lysine requirement, the 

limited research that has been conducted has mainly focused toward defining this 

requirement. Jensen et al., (1976) found the lysine requirement to be 0.73% at 16 to 20 

weeks of age. Warnick (1979) estimated the requirement to be 1.23% during the 8 to 12 

week age using Orlopp turkeys whereas, Potter et al., (1981) estimated the requirement to 

be 1.34% for Large White male turkeys. Current recommendations by the National 

Research Council (1994) suggest a lysine requirement of 1.6% (based on 28% protein) in 

the starter phase and expresses requirements through 20 weeks of age at which the 

requirement is 0.65%.  Recommended levels of methionine range from 0.55% in the 

starter phase to 0.25% at 20 weeks. Research by Kummero et al. (1971) and Murillo and 

Jensen (1976) support these lysine and methionine requirements for the starter phase, 

while requirements listed by the NRC (1994)  past 3 to 4 weeks of age were based on 

research by Tuttle and Balloun (1974), Jensen et al., (1976), Murillo and Jensen (1976),  

Behrends and Waibel (1980), and Potter et al., (1981).   After methionine and lysine, the 

remaining amino acids have some experimental data identifying a requirement for the 

starter phase, but express values obtained by either modeling or calculated ratios for the 

remaining growth periods (Hurwitz et al., 1983).  

Poultry diets have generally been formulated on a crude protein or total amino 

acid basis. However, this type of formulation does not account for the actual availability 

of the feed ingredients to the bird (Firman, 1994). More recently, with progress in 

developing an ideal amino acid profile in turkeys, it has been suggested that formulation 
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of diets on a digestible amino acid basis is more economically and environmentally 

efficient, as it can lower safety margins, decrease feed costs, and decrease nitrogen 

excretion (Firman, 2001).  Lysine is used as the reference amino acid for the ideal amino 

acid profile, thus it is crucial to have accurate digestibility data for this amino acid. 

Methionine is generally considered to be first limiting in turkey diets thus an accurate 

digestible requirement for this amino acid is equally important. However, methionine is 

also a precursor to cysteine, so the requirement is stated for total sulfur amino acids 

(TSAA).  The University of Missouri conducted a series of experiments to determine the 

digestible requirements for Lysine (Baker et al., 2003a; Baker et al., 2003b; Boling and 

Firman, 1998; Firman, 2004; Linares et al., 2012;Thompson et al., 2004; Thompson et 

al., 2005), the total sulfur amino acids (Boling and Firman, 1997; Firman and Boling, 

1998; Linares et al., 2012; Moore et al., 2000; Moore et al., 2003; Moore et al., 2004;), 

threonine (Kamyab and Firman, 2000; Linares et al., 2012; Sun et al., 2007a;) and valine 

(Kamyab and Firman, 1999; Sun et al., 2007b) at various bird ages. 

Lysine, methionine (as TSAA), and threonine have been studied more extensively 

than valine or isoleucine. Within the series of experiments conducted at the University of 

Missouri, digestible lysine and TSAA requirements have been investigated in turkeys up 

to 116 days of age and digestible threonine requirements have been investigated up to 

126 days of age.  As part of the series of trials in determining the ideal amino acid profile, 

the digestible requirement of valine was also studied during the 0 to 3 week period; 

however, no published data exists past 21 days of age and research is yet to be conducted 

on the digestible requirements of isoleucine.  Although this amino acid profile is not 

complete and differences do exist in the literature, with the use of the Missouri Ideal 
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Turkey Protein we are able to extrapolate the requirements and provide a very good 

estimate of the digestibility values past the periods discussed in this review. Current 

minimum digestible amino acid requirements as recommended by the cited data are 

summarized in Table 2.2. 

 

THE IDEAL PROTEIN CONCEPT 

 

Protein sources vary greatly in quality and quantity, and protein quality is directly 

dependent on the content of the most limiting amino acid relative to the bird’s 

requirement. If a diet is not balanced correctly, a shortage of one of the essential amino 

acids will reduce growth rate and performance. An amino acid imbalance may occur if a 

second limiting amino acid is added to a diet when the first limiting amino acid is still 

deficient. This will result in reduction in feed intake and reduced performance. However, 

when a diet is balanced for the most limiting amino acid, other amino acids are usually 

present in unnecessary excess of the bird’s requirement, and with protein being one of the 

major cost components of turkey diets, this becomes a significant cost to the industry.  

While factors such as sex, genetics, environmental conditions, caloric density and dietary 

protein level can affect amino acid requirements and create the need to formulate with a 

safety factor, with the use of the ideal protein concept it is possible to formulate a diet in 

which all the amino acid levels are provided at the level of the requirement without 

unnecessary excess or deficiency, thus reducing costs associated with overfeeding 

protein.      



22 
 

While the ideal protein concept was first put into practice with swine in 1981 

(ARC, 1981), the overall development of the ideal amino acid profile has been a long and 

rigorous process for the animal industry.  Many researchers began by attempting to 

identify the perfect balance of amino acids using carcass composition data (Price et al, 

1953; Summers and Fisher, 1961; Robel and Menge, 1973). But, carcass composition 

data does not take into account the amino acids used toward the maintenance 

requirements of that animal (Firman and Boling, 1998).  As knowledge progressed, the  

early research focused on establishing an ideal amino acid profile for pigs and chicks, and 

only more recently in turkeys. Firman’s group at the University of Missouri proposed and 

tested the ideal protein concept in turkeys with the goal of using the ideal ratio in the 

determination of digestible requirements and the rapid determination of new requirements 

as new genetics or conditions arise (Firman and Boling, 1998).  By expressing all of the 

essential amino acids as ideal ratios (or percentages) of lysine, this would allow for one 

experiment to determine the lysine requirement and all of the other amino acid 

requirements would be determined based on their relationship to lysine. The estimated 

ideal protein ratio for tom turkeys (the Missouri Ideal Turkey Protein) is as follows: total 

sulfur amino acids, 63% of lysine; threonine, 55% of lysine; and valine, 61% of lysine 

(Baker et al., 1999; Kamyab and Firman, 1999; Kamyab and Firman, 2000; Linares, et 

al., 2012; Moore et al., 2000; Moore et al., 2004)  As discussed previously, the lysine 

requirement must be very accurate for this concept as all other amino acids requirements 

are based on lysine.  Additionally, the ideal ratio was found to be quite useful in 

estimating digestible amino acid requirements (Firman and Boling, 1998) and thus the 

Missouri Ideal Turkey Protein is based on digestible values, which is valuable in terms of 
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determining how much a feedstuff is actually utilized by the bird.  The use of the 

Missouri Ideal Turkey Protein also allows for the formulation of diets on a digestible 

basis, at any age of the bird, and since all the requirements are related to lysine, can be 

easily modified as the requirements change. In a practical application of this amino acid 

ratio, a series of studies were conducted at the University of Missouri testing this ratio 

with practical diets where the Missouri Ideal Turkey Protein was fed in comparison to an 

Agri Stats industry standard diet to 800 toms through 18 weeks of age. With the initial 

study, minor depressions in growth were noted in the ideal ratio diet at 3 weeks of age, 

which was corrected with 5-10% amino acid additions. No differences were noted 

through 15 weeks of age. At 18 weeks of age the ideal protein diet was significantly 

lighter weight than the industry control while the 5% and 10% additions matched the 

control.  This indicated that the exact requirements were slightly low and so a follow up 

study was conducted with minor adjustments made to the amino acid profiles. The trial 

was repeated through 18 weeks of age and no differences in any parameter were found 

even in the ideal protein diet with no safety factor. Additionally, an 8% reduction in feed 

costs was shown (Firman, 2012).  While these studies demonstrate the potential the ideal 

protein concept has for reducing cost through a reduction in crude protein, more research 

is needed to determine if protein can be further reduced and replaced with synthetic 

amino acids.  

 

 

 



24 
 

SUMMARY 

 

Much of the variation in the literature up to this point is due to the differences in 

the amino acid profile of the diets and the use of digestible versus total requirements, as 

well as the birds’ size, strain, age and sex, which can all have an effect on performance. 

However, as research has progressed, so has the industry’s knowledge of nutrition and 

many of the factors that lead to this variation in the data, though not completely 

eliminated, can be adjusted for. By utilizing the knowledge gained regarding limiting 

amino acids, digestible amino acid values, and the idea protein concept, all of which have 

been discussed in previous sections, it seems possible to formulate low protein diets that 

have the potential to substantially reduce the annual feed costs of the turkey industry 

(Firman, 2006). It is apparent that the key to successfully reducing crude protein in 

turkeys is to meet the minimum digestible levels for all essential amino acids including 

threonine, valine, and isoleucine. While the data indicate that dietary crude protein can be 

reduced successfully, and such reductions have been shown to reduce feeds costs up to $5 

per ton for every 1% decrease in protein (Firman, 2006), under practical conditions 

amino acids such as valine, isoleucine, and leucine are not commercially available in the 

US.  
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CHAPTER 2 

 

EFFECTS OF REDUCED PROTEIN DIETS USING THE MISSOURI IDEAL 
TURKEY PROTEIN ON MALE TURKEYS FROM 0 TO 21 WEEKS OF AGE 

 

ABSTRACT 

 

Protein is one of the major cost components in turkey diets. When diets are 

formulated on an ideal protein basis, the levels of crude protein decrease with the use of 

synthetic amino acids; performance is maintained and feed costs are decreased. Thus, 

with the use of the Missouri Ideal Turkey Protein, there is potential for a significant 

protein reduction with the addition of synthetic amino acid sources. This experiment was 

conducted to determine if protein can be further reduced and replaced with synthetic 

amino acids (methionine, lysine, threonine, tryptophan, valine). The experimental 

objectives were to determine if reduced protein turkey rations can successfully provide 

matching performance to an industry standard through additions of these available 

synthetic amino acids. The experiment was designed as a randomized complete block 

with 450 toms assigned to one of five treatment groups. Each treatment group consisted 

of nine replicates with 10 toms per replicate. The five treatments consisted of an industry 

standard control(PC), an ideal protein based diet(IP), and a 3%(IP3), 6%(IP6) and 

9%(IP9) crude protein (CP) reduction from the ideal protein based diet. Amino acids 

were balanced based on our determined ideal protein ratio in turkeys and additional 

synthetic amino acid sources made up for the reduced protein level. Weight gain and feed 

intake were recorded at 3 week intervals. Body composition was taken at the conclusion 
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of the trial (21 weeks).  Birds fed the ideal protein diet showed statistically similar growth 

to that of the control. A 3% reduction in CP resulted in statically similar but slightly 

lower body weights to that of the industry control. Birds fed diets with a 6% reduction in 

CP showed a 6% reduction in growth from the control.  A 9% reduction in CP showed a 

9% reduction in growth from the industry control. Further, there was no effect of dietary 

treatments on feed to gain or carcass composition. While there was a significant linear 

regression (p < 0.05) in body weight gain as crude protein was reduced, these data 

indicate that with the addition of synthetic amino acids, crude protein could be further 

reduced by 3% from the ideal diet in turkey rations without significantly affecting 

performance.  

 

INTRODUCTION 

 

An ideal protein for turkeys, the (Missouri Ideal Turkey Protein) has been 

determined and tested at the University of Missouri (Firman, 2006; Firman, 2010, Firman 

2012). The use of the Missouri Ideal Turkey Protein in conjunction with digestible amino 

acid requirements can allow for the formulation of diets on a digestible basis, which can 

lead to reduced levels of protein in the diet. While reduction of protein was not the initial 

goal of those studies, there is potential for significant protein reduction.  One of the 

practical uses of this is to formulate low protein diets that avoid the use of excessive 

levels of crude protein to meet amino acid requirements. Previous research in this 

laboratory has demonstrated similar performance between birds fed diets with reduced 
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crude protein (formulated on an ideal protein basis) to those fed industry standard Agri 

Stats diets (Firman, 2010); results indicated an 8% reduction in feed costs is possible.   

Previous research has used the Missouri Ideal Turkey Protein to successfully 

reduce costs in part through protein reduction, but the full extent to which protein can be 

reduced has yet to be defined. A thorough understanding of this would allow for future 

formulas that could reduce cost further through the increased addition of synthetic amino 

acid sources. Ultimately our goal is to target the exact amino acid needs of the turkey in a 

cost effective way and this will ultimately lead to reduced protein with increased levels of 

amino acids. While only small amounts of amino acids such as threonine, valine and 

isoleucine may be needed, much higher levels of limiting amino acids such as methionine 

and lysine will ultimately be necessary for these reduced protein diets. Reduction of 

protein will also lead to less nitrogen excretion and thus less pollution issues from poultry 

manure. Thus, the focus of this research is to begin to determine the extent to which 

protein can be reduced with the addition of synthetic amino acids (methionine, lysine, 

threonine, valine, isoleucine).  

The objective of this study was to determine if reduced protein turkey rations can 

successfully provide matching performance to an industry standard through additions of 

synthetic amino acids. 
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MATERIALS AND METHODS 

 

General Procedures 

To determine if industry type growth standards can be sustained, the experiment 

was conducted with Nicholas White male turkeys obtained from a commercial hatchery. 

Birds were housed and maintained according to the University of Missouri standard 

operating procedures and the University of Missouri Animal Care and Use Guidelines.  

Standard US corn-soy-animal byproduct diets were used with the exception of the 

changes in amino acids and crude protein.  

Trial Design 

This 21 week trial was divided into seven phases of three week intervals. There 

were five treatments with nine replicates per treatment and 10 birds per replicate for a 

total of 45 pens and 450 birds. Each floor pen measured 4 feet wide and 10 feet deep, and 

contained one metal feeder, one bell waterer, one heat lamp, and a mixture of used litter 

and new cedar shavings. Supplemental feed trays were used in each pen from day 0 to 7 

to encourage acclimation to feed.  Heat lamps were used during brood and removed at 21 

days of age. Birds received 24 hours of light for the first 7 days decreasing to 10 hours of 

light by 21 weeks of age.  

Treatment Descriptions 

Five experimental diets were fed representing five treatment groups for this trial.  

The five treatment groups consisted of an industry standard control diet (PC), an ideal 

protein based diet (IP), and a 3 percent (IP3), 6 percent (IP6), and 9 percent (IP9) crude 

protein reduction from the ideal protein diet without regard for cost (Table 2.1).  All diets 
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were formulated using least-cost formulation software, and included an industry provided 

premix. The control diets were industry standard diets based on Agri Stats (2010) data, 

and were formulated on a total amino acid basis and by restricting the minimum level of 

crude protein. The experimental diets were formulated on a digestible amino acid basis 

and were balanced based on our determined Missouri Ideal Turkey Protein (Table 2.2) 

and additional sythetic amino acid sources made up for the reduced protein levels. 

Feedstuffs used had amino acid digestibilities determined prior to the formulation of diets 

using standard ileal digestibility procedures. Nutrient profiles and ingredient 

compositions of experimental diets are shown in Tables 2.3 to 2.9.  

Measurements 

Birds were weighed at 3 week intervals starting at day 0 and continuing to 21 

weeks of age via electronic scale. Birds were weighed by pen through 6 weeks of age, 

and then wing banded and weighed individually at 9 weeks of age due to size. Feed was 

weighed and placed in front of pens; a total quantity was recorded at that time and feed 

disappearance measured at 3 week intervals. Mortality weights were recorded daily, and 

weights were used to adjust feed conversion. Feed intake and body weight gain were 

measured at 3 week intervals beginning on day 0.  Feed conversion was calculated on a 

per bird basis with adjustments made for mortality. At 21 weeks of age, two birds per pen 

(18 birds per treatment) were selected and processed to determine carcass and parts yield. 

Parts collected were pectoralis major and minor (collected separately but expressed as a 

single measurement), thigh, leg, wing, and fat pad. All part yields are expressed as a 

percentage of the chilled carcass weight. Nitrogen excretion was calculated based on 

nitrogen intake minus nitrogen accretion based on body nitrogen content. 
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Statistical Analysis: 

The experiment was a complete randomized block design with the position of 

each block of pens in the barn being the blocking factor. Data were analyzed by analysis 

of variance (ANOVA) with a one-way design with the pen being the experimental unit 

throughout the study. All statements are based on the 0.05 level of significance. Mean 

separations were done as appropriate using the Tukey’s least significant difference test. 

Simple linear regression line was computed through a polynomial regression analysis. 

 

RESULTS 

 

Body Weight Gain 

Body weight gains (BWG), both cumulative and by period, of male turkeys from 

0 to 21 weeks of age are presented in Tables 2.10 and 2.11.  Results for BWG among the 

birds on the PC, IP and IP3 treatments were similar (P > 0.05) throughout the study, both 

cumulatively and by phase. However birds on the IP6 and IP9 treatments exhibited 

various differences. While birds on the IP6 treatment appear to maintain statistically 

similar (P > 0.05) BWG to that of the IP treatment throughout the study, from 12 to 21 

weeks of age BWG was significantly (P < 0.05) lower than that of the PC.  Birds on the 

IP9 treatment maintain their BWG through 6 weeks of age relative to the PC and IP 

treatments, but by 9 weeks of age had significantly (P < 0.05) lower weight gains than the 

PC birds. 

Feed Intake 

Feed intake (FI), both cumulative and by period, of male turkeys from 0 to 21 

weeks of age is presented in Tables 2.12 and 2.13. Through 6 weeks of age no differences 
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(P > 0.05) were noted among any of the treatments. Additionally, there were no 

significant differences (P > 0.05) in FI among the four Ideal Protein diets throughout the 

study. However, from 9 weeks of age through termination, three of the four Ideal Protein 

treatments (IP, IP6, and IP9) were exhibiting reduced feed intake (P < 0.05) compared to 

the PC.  FI for the IP3 treatment though numerically lower, was statistically similar to 

that of the PC through 21 weeks. 

Feed Conversion 

Feed conversion (FC), both cumulative and by period, of male turkeys from 0-21 

weeks of age are presented in Tables 2.14 and 2.15. Cumulative FC among all five 

treatments was statistically similar up to 12 weeks of age. At 15 weeks of age, FC for 

birds fed the IP6 diet appeared be slightly improved. However, by 18 weeks of age and 

thereafter, FC was statistically similar (P > 0.05) among all five treatments. 

Mortality 

Mortality rates of male turkeys from 0 to 21 weeks of age are presented in Table 

2.16.  Dietary treatments had no statistical effects (P > 0.05) on mortality rates during this 

trial. 

Processing Yields 

Processing yields of male turkeys from 0 to 21 weeks of age are presented in 

Table 2.17. At 21 weeks of age, dietary treatments had no statistical effect (P > 0.05) on 

chilled carcass yield, percentage of breast, thigh, wing, or fat pad.  However, there were 

treatment effects on leg meat yield (LMY).  While similar to the IP and IP6 treatments, 

birds on the IP3 and IP9 treatments had significantly (P < 0.05) more LMY than those on 

the PC.   
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Nitrogen Excretion 

Estimated nitrogen excretions are shown in Table 2.18.  These results show that 

the reduction in CP resulted in a reduction in the amount of nitrogen excreted by the 

birds. The approximate levels of nitrogen excreted were calculated using the nitrogen 

levels in the feed and the average whole carcass nitrogen levels of the birds per period.  

According to these data, for the 0 to 21 week period birds fed the IP diet excreted 

18% less nitrogen than birds fed the PC diet. Birds fed the IP3 diet excreted 21% less 

nitrogen than birds fed the control diet and 3% less nitrogen than the birds fed the IP diet.  

Birds fed the IP6 diet excreted 25% less nitrogen than birds fed the control diet and 8% 

less nitrogen than birds fed the ideal protein diet.  Birds fed the IP9 diet excreted 30% 

less nitrogen than birds fed the control diet and 14% less nitrogen than birds fed the ideal 

protein diet. 

Diet Costs 

 A cost comparison between the Agri Stats diet and the experimental diets is 

shown in Table 2.19.  While all of the experimental diets were more cost effective than 

the Agri Stats (PC), resulting in approximately 3 to 4 cents savings per lb of meat, the 

most significant cost savings came from the ideal protein ratio with a 6% (IP6) and 9% 

(IP9) reduction in crude protein which resulted in a 9-10% cost savings over the industry 

standard Agri Stats control diet. Although, considering the IP6 and IP9 treatments 

resulted in significantly reduced body weight gain, this savings is somewhat negated. 

However, the IP and IP3 treatments were able to lower costs by 8.9% and 7.4%, 

respectively, while providing statistically similar growth to that of the Agri Stats control. 
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DISCUSSION 

 

The reduction of crude protein in diets supplemented with amino acids is a way to 

maintain adequate performance and meat yield while reducing nitrogen excretion in the 

bird. In this study, crude protein was reduced up to 9% from the ideal protein ration with 

supplementation of select essential amino acids (EAAs). As valine and isoleucine are not 

yet available to the industry, they served as constraints as to how much the CP could be 

reduced.  

While no significant differences (P > 0.05) in BWG were observed between the 

ideal protein (IP) treatment and the Agri Stats (PC) treatment, there was approximately a 

2.5% reduction in BWG in the IP treatment compared to the PC. Additionally, while 

there were no differences in FC between birds fed the IP diet and those fed the PC diet, 

when you compare the IP treatments as a group (IP-IP3-IP6-IP9), FC is statistically 

different than the PC which indicates that the net energy is higher in the IP diets relative 

to the PC diets.  FI was reduced compared to the PC beginning at 9 weeks and remained 

so through 21 weeks. Because the IP diet was formulated to meet the digestible amino 

acids requirements as closely as possible, no safety factor was used with the IP 

formulations and thus similar performance between these two rations is a good indication 

that nutrient profiles and digestibility requirements are close.  However, taking into 

account these results, it is quite possible that a requirement, or more than one 

requirement, is low. Requirement data for lysine, methionine and cysteine, and threonine 

have been researched fairly extensively relative to valine and isoleucine, and while the 

requirement data may have been accurate at one time, it is possible that the genetics of 
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the bird has changed since that research was completed. While this change is likely not 

excessive, it would not be unreasonable for a 2% variation in the genetics to cause the 

reduction in performance we see here. However, a way in which the ideal ratio is 

probably most useful is in the determination of new requirements as new genetics or 

conditions arise (Firman and Boling, 1998). Even so, a 9% reduction in feed costs was 

observed (Table 2.19) and while it appears that adjustments still need to be made, the 

results between the PC and IP treatments support previous research in this laboratory 

demonstrating the effectiveness of a reduced protein diet using ideal protein ratios and 

confirm the potential for significant cost savings in turkey diets (Firman, 2006; Firman 

2010; Firman, 2012).  

Performance results for the IP3 ration were the most impressive. Birds fed the IP3 

ratio were able to achieve statistically similar BWG, FI, and adequate meat yields to that 

of both the PC and the IP treatments. Additionally FC, while slightly better than the PC, 

was not significantly different at 21 weeks. And while BWG and FI were numerically 

lower than that of the PC, the IP3 treatment is an extension of the IP formulation, and 

thus we would expect the slight depression in performance noted to be corrected with the 

appropriate adjustments to the ideal protein formulations. The IP3 ration also exhibited a 

7% reduction in feed costs form the Agri Stats treatment, which at the 2011 grain prices 

(Feedstuffs, 2011) results in 3.59 cents per lb of meat. Additionally, birds on the IP3 

ration resulted in 8% more LMY (Table 2.17) and a 14% reduction in nitrogen excretion 

(Table 2.18).   

A 6% and 9% reduction in dietary protein from the ideal protein is relatively 

extreme; however the IP6 and IP9 rations appeared to perform well in the early phases of 
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this trial. While the IP6 and IP9 treatments resulted in reduced feed costs and nitrogen 

excretions and exhibited similar FC to that of the other treatments, this becomes 

irrelevant when birds fed these two rations had significantly reduced BWG.  Birds fed the 

IP6 and IP9 rations maintained their BWG to 12 and 9 weeks of age, respectively; 

however, thereafter gain was significantly reduced relative to birds fed the Agri Stats 

(PC).  While we know more about the digestible amino acid requirements early on, we 

know less regarding these requirements in the older bird where we begin to see a 

significant decline in performance in this study. 

Lysine in the 0 to 3 week period has 4 studies (Boling and Firman, 1998; 

Thompson et al, 2004; Firman, 2004; Linares et al, 2012) indicating a digestible 

requirement for turkeys (two conducted with males and two with females), and three 

studies indicating requirements for the 3 to 6 week period (Firman, 2004; Thompson et 

al., 2004; Linares et al., 2012).   Past 6 weeks of age, the data are more limited. There is 

one digestibility study in female turkeys for the 6 to 8 week period (Thompson et al., 

2005), two studies (one with males and one with females) for the 10 to 12 week period 

(Thompson et al., 2005; Baker et al., 2003a), and one study in male turkeys for the 12 to 

18 week period (Baker et al., 2003b). There are no published data for digestible 

requirements of lysine past 18 weeks of age.  

Even less published data are available for TSAA. There are two studies 

demonstrating a digestible TSAA requirement for the 0 to 3 week period, one in female 

turkeys (Boling and Firman, 1997) and one in males (Moore et al., 2001). After 3 week of 

age, there are only 3 studies that have published digestible requirements for male turkeys; 
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Moore et al., (2001) from 3 to 5 weeks, Moore et al., (2004) from 6 to 11 weeks of age, 

and Moore et al., (2003) from 12 to 18 weeks of age.  

For digestible threonine requirements, the data are even more limited than for the 

TSAA and stems from only 3 publications. Kamyab and Firman (2000) published 

digestible requirements in female turkeys from 0 to 3 weeks of age, Firman and Guaiume 

(2006) published digestible requirements for male turkeys from 0 to 18 weeks of age and 

Linares et al., (2012) published requirement data for the 1 to 6 week period. 

Other than the studies on digestible lysine, TSAA, and threonine requirements 

there is one study reporting with valine requirements for the 0 to 3 week period in hen 

turkeys. No turkey data exists for digestible requirements for isoleucine or any of the 

other amino acids.   

Current minimum digestible amino acid requirements as recommended by the 

cited data are summarized in Table 2.2. While there are published data on the digestible 

lysine, TSAA and threonine requirements through roughly 18 weeks of age, however the 

requirement data are relatively limited after 6 weeks. Ideally, the digestibility 

requirements would be based on multiple studies. However, much of the data we are 

working with are the results of a single study. Additionally, our digestible requirements 

for valine and isoleucine are, basically, extrapolations of our best guess, and no research 

exists on the requirement for the remaining essential amino acids such as leucine, 

histidine, tryptophan, and arginine. 

The results indicate that the low CP diets may have been deficient in one or more 

of these essential amino acids. After reviewing the amino acid profiles of the diets, we 
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can see that most of the amino acids tend to decline as dietary CP levels decrease and 

thus it is likely that an essential amino acid became limiting (Tables 2.20  to  2.25).  

Valine 

 We are confident in the valine requirement for 0 to 3 weeks of age, but past that 

the requirements given are more or less extrapolated. It is possible that valine (Table 

2.20) was fed at a consistent deficit from 3 to 21 weeks of age.  However, with limited 

research indicating the true valine requirement we cannot be sure.  

Leucine and Histidine 

Additionally, leucine (Table 2.22) and histidine (2.23) tended to follow the 

decline of CP.  With a 3%, 6% and 9% reduction in CP we generally have a 3%, 6%, and 

9% reduction in leucine and histidine as well. Few studies examine these two EAA, 

however, it is more likely that leucine (Waibel et al., 2000a; 2000b) became limiting as 

CP was decreased rather than histidine as there is no indication in the literature that 

histidine is a limiting amino acid. But again with such limited research data it is difficult 

to know for sure. 

Isoleucine 

 Similarly, digestible requirements for isoleucine (Table 2.21) have yet to be 

studied. The levels of isoleucine in the diets tended to decrease from the ideal protein as 

CP decreased. Though the reduction did not follow CP as leucine and histidine did, we 

observed significant reductions, as much as 10%, from the ideal protein. The lack of 

published data makes forming a conclusion difficult, but it is possible that isoleucine was 

or became limiting at one or more points throughout this study.   

Tryptophan and Arginine 
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Tryptophan (Table 2.24) and arginine (Table 2.25) are typically less of a concern 

in turkey diets, but as the level of CP is reduced we must be more accurate. As CP 

decreases tryptophan follows approximately a 4 to 6%, 8 to 10%, and 13 to 16% 

reduction from the ideal protein as CP is decreased and arginine shows a 3 to 4%, 7 to 

8%, and 11 to 12% reduction from the ideal protein as CP decreases. These are 

significant decreases as well, and support the possibility that one or both of these two 

EAA may have become limiting during this trial. While it is more likely that the amino 

acids that decrease the most are limiting, with such limited research published we are 

unable to draw that conclusion. 

 

CONCLUSION 

 

The decrease in performance observed with a 6% and 9% reduction in protein in 

the latter phases of this trial is possibly due to a limiting amino acid, and additional 

research is needed to determine the full extent to which to which crude protein can be 

reduced. However, these results suggest that with the addition of synthetic amino acids, 

crude protein can at least be reduced by 3% from the ideal protein diet in turkey rations 

with considerable cost savings, and no significant effects on performance. 

 

SUMMARY 

 

Common industry levels of crude protein in corn-SBM based diets will not 

usually result in a deficiency of the less limiting amino acids, thus limited research has 



39 
 

been done to determine requirement for these EAA.  However, as the industry attempts to 

decrease feed costs and address environmental concerns, utilization of synthetic amino 

acids has become necessary. The requirements of the EAA, especially those other than 

lysine and methionine, in low crude protein diets are not fully understood and warrant 

further attention; more research needs to be conducted on requirements for individual 

amino acids in low crude protein diets. 
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Table 2.1  Treatment descriptions and dietary crude protein levels of Positive Control  
                  (PC) and Ideal Protein (IP) diets, and the 3% (IP3), 6% (IP6) and 9% (IP9)   
                   reduced protein diets fed to male turkeys from 0 to 21 weeks of age1. 

Treatment  Description 
1  Industry Standard Control (PC) 
2  Ideal Protein Diet (IP) 
3  IP with 3% reduction in crude protein (IP3) 
4  IP with 6% reduction in crude protein (IP6) 
5  IP with 9% reduction in crude protein (IP9) 
   

Feeding 
Phase 

 

PC IP IP3 IP6 IP9 

 ------------------------------------------- % Crude Protein  --------------------------------------------- 

0-3wk 29.20 25.37 24.61 23.85 23.09 

3-6wk 29.00 24.40 23.67 22.94 22.21 

6-9wk 24.50 22.14 21.47 20.83 20.14 

9-12wk 21.75 19.15 18.57 18.00 17.42 

12-15wk 19.50 16.11 15.63 15.14 14.66 

15-18wk 16.60 14.10 13.68 13.26 12.84 

18-21wk 13.05 13.05 12.65 12.26 11.87 
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Table 2.2  Missouri Ideal Turkey Protein: ideal ratios based on current minimum  
                  amino acid requirements recommended in diet formulation (% of diet,  
                  digestible basis, tom turkeys). 
 Feeding Phase (weeks) 
 0-3 3-6 6-9 9-12 12-15 15-18 18-21 
 -------------------------------------------------------%------------------------------------------------------- 

Lysine 1.40 1.30 1.14 0.98 0.80 0.70 0.57 

        

Met +Cys 0.84 0.78 0.68 0.59 0.50 0.47 0.45 

Ideal 
Ratio 

0.600 0.600 0.600 0.600 0.625 0.671 0.790 

        

Threonine 0.80 0.74 0.67 0.59 0.51 0.48 0.40 

Ideal 
Ratio 

0.576 0.576 0.576 0.602 0.638 0.686 0.702 

        

Valine 0.97* 0.94* 0.86 0.76 0.64 0.53 0.50* 

Ideal 
Ratio 

0.693 0.723 0.754 0.776 0.800 0.757 0.877 

        

Isoleucine 0.80 0.80* 0.75* 0.65* 0.54* 0.46* 0.38 

Ideal 
Ratio 

0.571 0.615 0.658 0.666 0.666 0.666 0.666 

*indicates that the protein level of the diet was set by that amino acid 
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Table 2.3  Ingredient composition and nutrient profile of experimental diets fed to  
                  male turkeys from 0 to 3 weeks of age. 
 Treatments 
 PC IP IP3 IP6 IP9 
Ingredient ---------------------------------------------------%----------------------------------------- 

Corn 35.78 43.27 45.88 48.49 51.11 

Soybean Meal 47.16 42.06 39.74 37.42 35.07 

Meat and Bone Meal 5.000 5.000 5.000 5.000 5.000 

Corn DDGS 5.000 2.000 2.000 2.000 2.000 

Lard 2.975 4.284 3.837 3.390 2.937 

Dicalcium Phosphate 1.842 1.402 1.418 1.434 1.451 

Limestone 1.092 0.624 0.629 0.634 0.639 

Sodium Bicarbonate 0.200 0.200 0.200 0.200 0.200 

Sodium Chloride 0.250 0.250 0.250 0.250 0.250 

Coban 90 0.050 0.050 0.050 0.050 0.050 
Vitamin/Mineral 
Premix1 0.400 0.400 0.400 0.400 0.400 

DL – Methionine 0.216 0.211 0.228 0.245 0.261 

Lysine 0.022 0.186 0.253 0.320 0.387 

Threonine  0.047 0.073 0.100 0.127 

Valine   0.033 0.066 0.100 

Isoleucine     0.010 
      

Nutrient      

ME (kcal/kg) 3,000 3,000 3,000 3,000 3,000 

Crude Protein (%) 29.20 25.37 24.61 23.85 23.09 

Calcium (%) 1.500 1.200 1.200 1.200 1.200 
Available Phosphorus 
(%) 0.700 0.600 0.600 0.600 0.600 

Lysine 1.760 1.400 1.400 1.400 1.40 

Methionine + Cysteine 1.200 0.840 0.840 0.840 0.840 

Threonine 1.088 0.800 0.800 0.800 0.800 

Valine 1.517 0.970 0.970 0.970 0.970 

Isoleucine 1.346 0.896 0.861 0.826 0.800 

 
1 Vitamin/Mineral Premix provided the following amounts per kilogram of diet: Vitamin A, 3,080,000 IU; 
Vitamin D3, 1,100,000 ICU; Vitamin E, 6,600 IU; Vitamin B12, 4,400 mg; Menadione, 4.4 mg; 
Riboflavin, 2,640 mg; Thiamine, 4,40 mg; D-Pantothenic Acid, 2,640 mg; Niacin 11,000 mg; Vitamin B6, 
550 mg; Folic Acid, 275 mg; Choline, 154,000 mg; Biotin 13.2 mg; Manganese 40,000 mg; Zinc, 40,000 
mg; Iron 20,000 mg; Copper 4,500 mg; Selenium, 60 mg. 
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Table 2.4 Ingredient composition and nutrient profile of experimental diets fed to  
                 male turkeys from 3 to 6 weeks of age. 
 Treatments 
 PC IP IP3 IP6 IP9 
Ingredient ---------------------------------------------%------------------------------------------------ 

Corn 31.63 46.32 48.85 51.36 53.95 

Soybean Meal 52.42 39.80 37.55 35.30 32.97 

Meat and Bone Meal 5.000 5.000 5.000 5.000 5.000 

Corn DDGS 2.000 2.000 2.000 2.000 2.000 

Lard 6.165 3.765 3.331 2.899 2.447 

Dicalcium Phosphate 0.961 1.045 1.061 1.076 1.093 

Limestone 0.835 0.864 0.869 0.873 0.878 

Sodium Bicarbonate 0.200 0.200 0.200 0.200 0.200 

Sodium Chloride 0.250 0.250 0.250 0.250 0.250 

Coban 90 0.050 0.050 0.050 0.050 0.050 
Vitamin/Mineral 
Premix1 0.400 0.400 0.400 0.400 0.400 

DL – Methionine 0.076 0.165 0.181 0.197 0.214 

Lysine  0.123 0.188 0.253 0.320 

Threonine  0.010 0.036 0.062 0.089 

Valine   0.032 0.064 0.097 

Isoleucine    0.006 0.042 
      

Nutrient      

ME (kcal/kg) 3,000 3,000 3,000 3,000 3,000 

Crude Protein (%) 29.00 24.40 23.67 22.94 22.21 

Calcium (%) 1.200 1.200 1.200 1.200 1.200 
Available Phosphorus 
(%) 0.530 0.530 0.530 0.530 0.530 

Lysine 1.488 1.300 1.300 1.300 1.300 

Methionine + Cysteine 0.780 0.780 0.780 0.780 0.780 

Threonine 0.871 0.740 0.740 0.740 0.740 

Valine 1.114 0.940 0.940 0.940 0.940 

Isoleucine 1.053 0.863 0.829 0.800 0.800 

 
1 Vitamin/Mineral Premix provided the following amounts per kilogram of diet: Vitamin A, 3,080,000 IU; 
Vitamin D3, 1,100,000 ICU; Vitamin E, 6,600 IU; Vitamin B12, 4,400 mg; Menadione, 4.4 mg; 
Riboflavin, 2,640 mg; Thiamine, 4,40 mg; D-Pantothenic Acid, 2,640 mg; Niacin 11,000 mg; Vitamin B6, 
550 mg; Folic Acid, 275 mg; Choline, 154,000 mg; Biotin 13.2 mg; Manganese 40,000 mg; Zinc, 40,000 
mg; Iron 20,000 mg; Copper 4,500 mg; Selenium, 60 mg. 
 



44 
 

Table 2.5  Ingredient composition and nutrient profile of experimental diets fed to  
                  male turkeys from 6 to 9 weeks of age. 
 Treatments 
 PC IP IP3 IP6 IP9 
Ingredient ----------------------------------------------%----------------------------------------------- 

Corn 49.15 50.99 53.30 55.63 57.98 

Soybean Meal 36.62 34.37 32.30 30.20 28.08 

Meat and Bone Meal 5.000 5.000 5.000 5.000 5.000 

Corn DDGS 2.000 2.000 2.000 2.000 2.000 

Lard 3.754 5.264 4.867 4.461 4.050 

Dicalcium Phosphate 1.441 0.666 0.680 0.694 0.709 

Limestone 0.821 0.613 0.618 0.622 0.627 

Sodium Bicarbonate 0.200 0.200 0.200 0.200 0.200 

Sodium Chloride 0.250 0.250 0.250 0.250 0.250 

Coban 90 0.050 0.050 0.050 0.050 0.050 
Vitamin/Mineral 
Premix1 0.400 0.400 0.400 0.400 0.400 

DL – Methionine 0.198 0.106 0.121 0.136 0.151 

Lysine 0.063 0.080 0.139 0.200 0.261 

Threonine  0.004 0.028 0.052 0.077 

Valine   0.029 0.059 0.090 

Isoleucine   0.004 0.036 0.069 
      

Nutrient      

ME (kcal/kg) 3,140 3,140 3,140 3,140 3,140 

Crude Protein (%) 24.50 22.142 21.47 20.81 20.15 

Calcium (%) 1.270 1.000 1.000 1.000 1.000 
Available Phosphorus 
(%) 0.600 0.450 0.450 0.450 0.450 

Lysine 1.480 1.140 1.140 1.140 1.140 

Methionine + Cysteine 1.050 0.680 0.680 0.680 0.680 

Threonine 0.909 0.670 0.670 0.670 0.670 

Valine 1.275 0.860 0860 0.860 0.860 

Isoleucine 1.113 0.778 0.750 0.750 0.750 

 
1 Vitamin/Mineral Premix provided the following amounts per kilogram of diet: Vitamin A, 3,080,000 IU; 
Vitamin D3, 1,100,000 ICU; Vitamin E, 6,600 IU; Vitamin B12, 4,400 mg; Menadione, 4.4 mg; 
Riboflavin, 2,640 mg; Thiamine, 4,40 mg; D-Pantothenic Acid, 2,640 mg; Niacin 11,000 mg; Vitamin B6, 
550 mg; Folic Acid, 275 mg; Choline, 154,000 mg; Biotin 13.2 mg; Manganese 40,000 mg; Zinc, 40,000 
mg; Iron 20,000 mg; Copper 4,500 mg; Selenium, 60 mg. 
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Table 2.6  Ingredient composition and nutrient profile of experimental diets fed to  
                  male turkeys from 9 to 12 weeks of age. 
 Treatments 
 PC IP IP3 IP6 IP9 
Ingredient ----------------------------------------------%---------------------------------------------- 

Corn 54.51 57.36 59.39 61.41 63.46 

Soybean Meal 30.00 26.90 25.08 23.26 21.45 

Meat and Bone Meal 5.000 5.000 5.000 5.000 5.000 

Corn DDGS 2.000 2.000 2.000 2.000 2.000 

Lard 5.808 6.876 6.524 6.172 5.813 

Dicalcium Phosphate 1.072 0.355 0.368 0.380 0.393 

Limestone 0.451 0.412 0.416 0.420 0.424 

Sodium Bicarbonate 0.200 0.200 0.200 0.200 0.200 

Sodium Chloride 0.200 0.250 0.250 0.250 0.250 

Coban 90 0.050 0.050 0.050 0.050 0.050 
Vitamin/Mineral 
Premix1 0.400 0.400 0.400 0.400 0.400 

DL – Methionine 0.175 0.074 0.087 0.100 0.114 

Lysine 0.075 0.096 0.149 0.201 0.254 

Threonine  0.013 0034 0.055 0.076 

Valine   0.026 0.052 0.078 

Isoleucine   0.018 0.046 0.075 
      

Nutrient      

ME (kcal/kg) 3,300 3,300 3,300 3,300 3,300 

Crude Protein (%) 21.75 19.15 18.57 18.00 17.42 

Calcium (%) 1.040 0.830 0.830 0.830 0.830 
Available Phosphorus 
(%) 0.520 0.388 0.380 0.380 0.380 

Lysine 1.300 0.980 0.980 0.980 0.980 

Methionine + Cysteine 0.950 0.349 0.590 0.590 0.590 

Threonine 0.805 0.590 0.590 0.590 0.590 

Valine 1.131 0.750 0.750 0.750 0.750 

Isoleucine 0.973 0.660 0.650 0.650 0.650 

 
1 Vitamin/Mineral Premix provided the following amounts per kilogram of diet: Vitamin A, 3,080,000 IU; 
Vitamin D3, 1,100,000 ICU; Vitamin E, 6,600 IU; Vitamin B12, 4,400 mg; Menadione, 4.4 mg; 
Riboflavin, 2,640 mg; Thiamine, 4,40 mg; D-Pantothenic Acid, 2,640 mg; Niacin 11,000 mg; Vitamin B6, 
550 mg; Folic Acid, 275 mg; Choline, 154,000 mg; Biotin 13.2 mg; Manganese 40,000 mg; Zinc, 40,000 
mg; Iron 20,000 mg; Copper 4,500 mg; Selenium, 60 mg. 
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Table 2.7  Ingredient composition and nutrient profile of experimental diets fed to  
                  male turkeys from 12 to 15 weeks of age. 
 Treatments 
 PC IP IP3 IP6 IP9 
Ingredient ----------------------------------------------%---------------------------------------------- 

Corn 61.47 65.69 67.40 69.14 70.84 

Soybean Meal 21.42 19.10 17.55 15.99 14.45 

Meat and Bone Meal 7.000 5.000 5.00 5.000 5.000 

Corn DDGS 3.000 2.000 2.00 2.000 2.000 

Lard 5.643 6.407 6.108 5.805 5.508 

Dicalcium Phosphate 0.488 0.358 0.368 0.379 0.390 

Limestone 0.110 0.382 0.386 0.389 0.392 

Sodium Bicarbonate 0.200 0.200 0.200 0.200 0.200 

Sodium Chloride 0.250 0.250 0.250 0.250 0.250 

Coban 90 0.050 0.050 0.050 0.050 0.050 
Vitamin/Mineral 
Premix1 0.400 0.400 0.400 0.400 0.400 

DL – Methionine 0.187 0.039 0.050 0.062 0.073 

Lysine 0.114 0.093 0.138 0.183 2.227 

Threonine  0.021 0.039 0.057 0.075 

Valine   0.022 0.044 0.066 

Isoleucine   0.023 0.047 0.071 
      

Nutrient      

ME (kcal/kg) 3,350 3,350 3,350 3,350 3,350 

Crude Protein (%) 19.50 16.11 15.63 15.14 14.65 

Calcium (%) 0.950 0.800 0.800 0.800 0.800 
Available Phosphorus 
(%) 0.480 0.370 0.370 0.370 0.370 

Lysine 1.150 0.800 0.800 0.800 0.800 

Methionine + Cysteine 0.900 0.500 0.500 0.500 0.500 

Threonine 0.715 0.510 0.510 0.510 0.510 

Valine 1.002 0.640 0.640 0.640 0.640 

Isoleucine 0.828 0.541 0.540 0.540 0.540 

 
1 Vitamin/Mineral Premix provided the following amounts per kilogram of diet: Vitamin A, 3,080,000 IU; 
Vitamin D3, 1,100,000 ICU; Vitamin E, 6,600 IU; Vitamin B12, 4,400 mg; Menadione, 4.4 mg; 
Riboflavin, 2,640 mg; Thiamine, 4,40 mg; D-Pantothenic Acid, 2,640 mg; Niacin 11,000 mg; Vitamin B6, 
550 mg; Folic Acid, 275 mg; Choline, 154,000 mg; Biotin 13.2 mg; Manganese 40,000 mg; Zinc, 40,000 
mg; Iron 20,000 mg; Copper 4,500 mg; Selenium, 60 mg. 
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Table 2.8  Ingredient composition and nutrient profile of experimental diets fed to  
                  male turkeys from 15 to 18 weeks of age. 
 Treatments 
 PC IP IP3 IP6 IP9 
Ingredient ----------------------------------------------%---------------------------------------------- 

Corn 67.27 67.49 72.24 73.69 75.18 

Soybean Meal 17.27 14.22 12.44 11.14 9.79 

Meat and Bone Meal 5.000 5.000 5.000 5.000 5.000 

Corn DDGS 2.000 2.000 2.000 2.000 2.000 

Lard 6.508 8.096 6.612 6.361 6.102 

Dicalcium Phosphate 0.478 0.195 0.196 0.205 0.214 

Limestone 0.410 1.834 0.265 0.268 0.271 

Sodium Bicarbonate 0.200 0.200 0.200 0.200 0.200 

Sodium Chloride 0.250 0.250 0.250 0.250 0.250 

Coban 90 0.050 0.050 0.050 0.050 0.050 
Vitamin/Mineral 
Premix1 0.400 0.400 0.400 0.400 0.400 

DL – Methionine 0.113 0.086 0.090 0.099 0.109 

Lysine 0.047 0.115 0.160 0.198 0.236 

Threonine  0.055 0.069 0.084 0.100 

Valine    0.004 0.023 

Isoleucine   0.022 0.042 0.063 
      

Nutrient      

ME (kcal/kg) 3,430 3,430 3,430 3,430 3,430 

Crude Protein (%) 16.60 14.10 13.68 13.26 12.84 

Calcium (%) 0.850 1.300 0.700 0.700 0.700 
Available Phosphorus 
(%) 0.390 0.330 0.330 0.330 0.330 

Lysine 0.920 0.700 0.700 0.700 0.700 

Methionine + Cysteine 0.750 0.500 0.050 0.500 0.500 

Threonine 0.611 0.480 0.480 0.480 0.480 

Valine 0.865 0.561 0.530 0.530 0.530 

Isoleucine 0.711 0.460 0.460 0.460 0.460 

 
1 Vitamin/Mineral Premix provided the following amounts per kilogram of diet: Vitamin A, 3,080,000 IU; 
Vitamin D3, 1,100,000 ICU; Vitamin E, 6,600 IU; Vitamin B12, 4,400 mg; Menadione, 4.4 mg; 
Riboflavin, 2,640 mg; Thiamine, 4,40 mg; D-Pantothenic Acid, 2,640 mg; Niacin 11,000 mg; Vitamin B6, 
550 mg; Folic Acid, 275 mg; Choline, 154,000 mg; Biotin 13.2 mg; Manganese 40,000 mg; Zinc, 40,000 
mg; Iron 20,000 mg; Copper 4,500 mg; Selenium, 60 mg. 
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Table 2.9  Ingredient composition and nutrient profile of experimental diets fed to  
                  male turkeys from 18 to 21 weeks of age. 
 Treatments 
 PC IP IP3 IP6 IP9 
Ingredient ---------------------------------------------%----------------------------------------------- 

Corn 71.84 72.85 74.24 75.80 76.94 

Soybean Meal 13.14 11.50 10.27 9.07 7.851 

Meat and Bone Meal 5.000 5.000 5.000 5.000 5.000 

Corn DDGS 2.000 2.000 2.000 2.000 2.000 

Lard 6.628 7.388 7.151 6.921 6.684 

Dicalcium Phosphate 0.242 0.046 0.054 0.062 0.071 

Limestone 0.059 0.235 0.238 0.240 0.243 

Sodium Bicarbonate 0.200 0.200 0.200 0.200 0.200 

Sodium Chloride 0.250 0.250 0.250 0.250 0.250 

Coban 90 0.050 0.050 0.050 0.050 0.050 
Vitamin/Mineral 
Premix1 0.400 0.400 0.400 0.400 0.400 

DL – Methionine 0.076 0.047 0.056 0.269 0.073 

Lysine 0.103 0.023 0.059 0.093 0.128 

Threonine   0.013 0.027 0.041 

Valine   0.018 0.035 0.052 

Isoleucine     0.012 
      

Nutrient      

ME (kcal/kg) 3,480 3,480 3,480 3,480 3,480 

Crude Protein (%) 15.00 13.05 12.65 12.26 11.87 

Calcium (%) 0.650 0.650 0.650 0.650 0.650 
Available Phosphorus 
(%) 0.340 0.300 0.300 0.300 0.300 

Lysine 0.103 0.570 0.057 0.570 0.570 

Methionine + Cysteine 0.671 0.450 0.450 0.450 0.450 

Threonine 0.550 0.401 0.400 0.400 0.400 

Valine 0.781 0.530 0.530 0.530 0.530 

Isoleucine 0.627 0.423 0.405 0.387 0.380 

 
1 Vitamin/Mineral Premix provided the following amounts per kilogram of diet: Vitamin A, 3,080,000 IU; 
Vitamin D3, 1,100,000 ICU; Vitamin E, 6,600 IU; Vitamin B12, 4,400 mg; Menadione, 4.4 mg; 
Riboflavin, 2,640 mg; Thiamine, 4,40 mg; D-Pantothenic Acid, 2,640 mg; Niacin 11,000 mg; Vitamin B6, 
550 mg; Folic Acid, 275 mg; Choline, 154,000 mg; Biotin 13.2 mg; Manganese 40,000 mg; Zinc, 40,000 
mg; Iron 20,000 mg; Copper 4,500 mg; Selenium, 60 mg. 
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Table 2.10  Average Body Weight Gain per Bird (kg) 1 by phase of male turkeys fed  
                    Positive Control (PC) and  Ideal Protein (IP) diets, and the 3% (IP3), 6%  
                   (IP6) and 9% (IP9) reduced protein diets from 0 to 21 weeks of age1. 

Feeding  
Phase  

Treatments  Pooled  
Std 

Error 

P-Value 
(alpha=0.05) 

Linear 
Reg. PC IP IP3 IP6 IP9 

0-3wk 0.421ab 0.411ab 0.450a 0.422ab 0.408b 0.009 0.035 0.570 

3-6wk 1.882 1.805 1.828 1.772 1.733 0.055 0.407 0.260 

6-9wk 3.600a 3.487a 3.433ab 3.370ab 3.177b 0.064 0.001 0.002 

9-12wk 4.193 4.183 4.217 4.042 3.942 0.010 0.056 0.012 

12-15wk 3.841 3.840 3.787 3.780 3.602 0.102 0.511 0.164 

15-18wk 3.916 3.700 3.739 3.777 3.789 0.139 0.869 0.634 

18-21wk 3.436a 3.040ab 3.398a 2.921ab 2.701b 0.142 0.004 0.031 
a-c Values in rows with no common superscripts differ statistically (p < 0.05) 
1 Data are means of  nine replicate pens of 10 toms per pen. 
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Table 2.11  Cumulative Body Weight Gain per Bird (kg) 1of male turkeys fed Positive   
                    Control (PC) and Ideal Protein (IP) diets, and the 3% (IP3), 6% (IP6) and 9%  
                    (IP9) reduced protein diets from 0 to 21 weeks of age1. 
Feeding 
Phase 

Treatments  Pooled  
Std 

Error 

P-Value 
(alpha=0.05) 

Linear 
Reg. PC IP IP3 IP6 IP9 

0-3wk 0.421ab 0.411ab 0.450a 0.422ab 0.408b 0.009 0.035 0.570 

0-6wk 2.294 2.217 2.265 2.195 2.141 0.059 0.423 0.261 

0-9wk 5.894a 5.642ab 5.630ab 5.565ab 5.319b 0.087 0.001 0.015 

0-12wk 10.088a 9.937ab 9.847ab 9.608bc 9.262c 0.093 < 0.001 < 0.001 

0-15wk 13.929a 13.667ab 13.634ab 13.388bc 12.992c 0.127 < 0.001 0.001 

0-18wk 17.849a 17.367ab 17.428ab 17.025b 16.781b 0.175 0.002 0.014 

0-21wk 21.394a 20.482ab 20.741ab 19.946b 19.670b 0.250 < 0.001 0.015 
a-c Values in rows with no common superscripts differ statistically (p < 0.05) 
1 Data are means of nine replicate pens of 10 toms per pen. 
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Table 2.12  Average Feed Intake per Bird (kg) 1 by phase of male turkeys fed Positive  
                    Control (PC) and Ideal Protein (IP) diets, and the 3% (IP3), 6% (IP6) and 9%  
                    (IP9) reduced protein diets from 0 to 21 weeks of age1. 
Feeding 
Phase 

Treatments  Pooled  
Std 

Error 

P-Value 
(alpha=0.05) 

Linear 
Reg. PC IP IP3 IP6 IP9 

0-3wk 0.696 0.661 0.683 0.675 0.669 0.017 0.678 0.820 

3-6wk 2.817 2.675 2.782 2.731 2.686 0.055 0.317 0.936 

6-9wk 6.410a 5.950ab 6.029ab 5.467b 5.526b 0.130 0.002 0.034 

9-12wk 9.620a 8.872b 9.015ab 8.510b 8.686b 0.172 0.001 0.188 

12-15wk 12.48 11.61 11.75 11.56 11.20 0.316 0.085 0.323 

15-18wk 13.35 12.05 12.12 11.67 12.29 0.424 0.091 0.868 

18-21wk 13.50a 10.83b 12.59ab 11.76ab 10.81b 0.536 0.003 0.730 
a-c Values in rows with no common superscripts differ statistically (p < 0.05) 
1 Data are means of nine replicate pens of 10 toms per pen. 
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Table 2.13  Cumulative Feed Intake  per Bird (kg) 1of male turkeys fed Positive Control  
                    (PC) and Ideal Protein (IP) diets, and the 3% (IP3), 6% (IP6) and 9% (IP9)  
                    reduced protein diets from 0 to 21 weeks of age1. 
Feeding 
Phase 

Treatments  Pooled  
Std 

Error 

P-Value 
(alpha=0.05) 

Linear 
Reg. PC IP IP3 IP6 IP9 

0-3wk 0.696 0.661 0.683 0.675 0.669 0.017 0.678 0.820 

0-6wk 3.513 3.337 3.465 3.407 3.355 0.066 0.310 0.995 

0-9wk 9.991a 9.288b 9.495ab 9.15b 8.919b 0.170 0.001 0.079 

0-12wk 19.611a 18.16b 18.51ab 17.66b 17.501b 0.300 < 0.001 0.042 

0-15wk 32.09a 29.77b 30.26ab 29.23b 28.70b 0.488 < 0.001 0.059 

0-18wk 45.45a 41.82b 42.38ab 40.66b 40.99b 0.779 0.001 0.243 

0-21wk 58.95a 52.66b 54.98ab 52.42b 51.80b 1.120 < 0.001 0.329 
a-c Values in rows with no common superscripts differ statistically (p < 0.05) 
1 Data are means of  nine replicate pens of 10 toms per pen. 
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Table 2.14  Adjusted Feed Conversion1 by phase of male turkeys fed Positive Control  
                    (PC) and Ideal Protein (IP) diets, and the 3% (IP3), 6% (IP6) and 9% (IP9)  
                     reduced protein diets from 0 to 21 weeks of age1. 
Feeding 
Phase 

Treatments  Pooled  
Std 

Error 

P-Value 
(alpha=0.05) 

Linear 
Reg. PC IP IP3 IP6 IP9 

0-3wk* 1.694 1.587 1.570 1.597 1.628 0.0319 0.073 0.206 

3-6wk 1.629 1.435 1.623 1.538 1.594 0.0670 0.241 0.223 

6-9wk 1.779 1.811 1.761 1.742 1.671 0.0544 0.460 0.084 

9-12wk* 2.320 2.190 2.161 2.150 2.188 0.0514 0.197 0.972 

12-15wk 3.300 3.078 3.216 3.286 3.153 0.1335 0.766 0.645 

15-18wk 3.177 3.352 3.693 3.348 3.260 0.1705 0.295 0.487 

18-21wk 4.063 3.616 3.697 3.616 3.480 0.2418 0.266 0.931 
a-c Values in rows with no common superscripts differ statistically (p < 0.05) 
1 Data are means of  nine replicate pens of 10 toms per pen. 
*The IP diets as a group are statistically different (p < 0.05) than the PC. 
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Table 2.15  Cumulative Adjusted Feed Conversion (kg) 1of male turkeys fed Positive  
                    Control (PC) and Ideal Protein (IP) diets, and the 3% (IP3), 6% (IP6) and 9%  
                    (IP9) reduced protein diets from 0 to 21 weeks of age1. 
Feeding 
Phase 

Treatments  Pooled  
Std 

Error 

P-Value 
(alpha=0.05) 

Linear 
Reg. PC IP IP3 IP6 IP9 

0-3wk* 1.694 1.587 1.570 1.597 1.628 0.0319 0.073 0.206 

0-6wk 1.636 1.468 1.604 1.549 1.599 0.4647 0.191 0.169 

0-9wk* 1.717 1.691 1.678 1.659 1.651 0.1660 0.061 0.061 

0-12wk* 1.945 1.862 1.880 1.865 1.875 0.2247 0.211 0.839 

0-15wk* 2.329a 2.213ab 2.241ab 2.179b 2.208ab 0.0310 0.017 0.596 

0-18wk 2.535 2.441 2.495 2.394 2.454 0.0451 0.246 0.761 

0-21wk* 2.767 2.646 2.688 2.620 2.614 0.0550 0.282 0.539 
a-c Values in rows with no common superscripts differ statistically (p < 0.05) 
1 Data are means of  nine replicate pens of 10 toms per pen. 
*The IP diets as a group are statistically different (p < 0.05) than the PC. 
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Table 2.16 Cumulative Mortality 1of male turkeys fed Positive Control (PC) and Ideal  
                   Protein (IP) diets, and the 3% (IP3), 6% (IP6) and 9% (IP9) reduced protein  
                   diets from 0 to 21 weeks of age1. 
Feeding 
Phase 

Treatments  Pooled  
Std Error 

P-Value 
(alpha=0.05) PC IP IP3 IP6 IP9 

0-3wk 0.0 0.0 0.0 0.0 0.0 - - 

0-6wk 0.0 1.111 1.111 1.111 0.0 0.194 0.736 

0-9wk 2.222 2.222 1.111 1.111 0.0 1.165 0.640 

0-12wk 2.222 2.222 1.111 1.111 1.111 1.267 0.919 

0-15wk 2.222 2.222 1.111 5.556 2.222 1.648 0.396 

0-18wk 6.667 2.222 5.556 5.556 2.222 2.078 0.419 

0-21wk 8.889 3.333 7.778 5.556 4.444 2.733 0.589 
a-c Values in rows with no common superscripts differ statistically (p < 0.05) 
1 Data are means of  nine replicate pens of 10 toms per pen. 
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Table 2.17  Relative Processing Yields (% Chilled Carcass Weight) 1of male turkeys fed  
                    Positive Control (PC) and Ideal Protein (IP) diets, and the 3% (IP3), 6%  
                   (IP6) and 9% (IP9) reduced protein diets from 0 to 21 weeks of age1. 

Parameter 
Treatments  Pooled  

Std Error 
P-Value 

(alpha=0.05) PC IP IP3 IP6 IP9 

Chilled 
Carcass 79.98 81.17 79.62 81.77 79.83 0.660 0.110 

Breast 
Meat 34.24 34.37 33.34 32.69 33.72 0.510 0.135 

Thigh 7.084 7.126 7.308 6.800 7.1058 0.137 0.144 

Leg 5.792b 6.013ab 6.293a 6.114ab 6.276a 0.109 0.011 

Wing 5.068 5.126 4.937 5.015 5.183 0.159 0.836 

Fat Pad 1.298 1.440 1.326 1.309 1.668 0.140 0.257 

Total Parts 
Yield 53.48 54.08 53.16 52.53 53.95 0.523 0.243 

a-c Values in rows with no common superscripts differ statistically (p < 0.05) 
1 Data are means of  18 carcasses per treatment group. 
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Table 2.18  Estimated Nitrogen Excretion per feeding phase (in grams) using the  
                    mass balance approach1 of male turkeys fed Positive Control (PC) and Ideal  
                    Protein (IP) diets, and the 3% (IP3), 6% (IP6) and 9% (IP9) reduced protein  
                    diets from 0 to 21 weeks of age1. 
Feeding 
Phase 

Treatments 
 

Pooled  
Std Error 

P-Value 
(alpha=0.05) PC IP IP3 IP6 IP9 

0-3wk 3.78 2.72 3.09 2.74 2.46 0.299 0.023 

3-6wk 44.18 34.82 35.22 33.45 31.71 2.16 0.019 

6-9wk 96.00 79.30 76.10 73.04 66.56 4.92 0.022 

9-12wk 130.17 103.85 102.05 97.26 93.62 6.45 0.018 

12-15wk 153.48 117.64 115.63 109.57 105.19 8.58 0.018 

15-18wk 137.32 109.00 104.11 100.47 91.75 7.73 0.020 

18-21wk 110.64 103.21 96.05 85.45 80.30 5.57 0.050 

0-21wk 675.60 550.57 532.27 502.02 471.62  
 

35.0 
 

0.021 

1 Applegate et al (2003) 
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Table 2.19  Cost Comparison (cents per lb of gain) between male turkeys fed Positive Control (PC) and Ideal Protein (IP) diets, and  
                    the 3% (IP3), 6% (IP6) and 9% (IP9) reduced protein diets from 0 to 21 weeks of age1. 

 
Feeding 
Phase 

 PC  IP  IP3  IP6  IP9 

 $/ton $/phase $/ton $/phase $/ton $/phase $/ton $/phase $/ton $/phase 

0-3wk 346.05 6.66 338.28 5.44 337.44 6.34 336.55 5.79 335.92 5.35 

3-6wk 346.05 79.17 329.25 69.75 328.39 72.56 327.68 70.96 327.73 70.27 

6-9wk 325.60 187.34 317.42 166.93 316.73 166.72 316.78 165.11 316.83 157.17 

9-12wk 312.49 274.63 304.72 242.64 304.48 248.48 304.52 244.37 304.56 243.09 

12-15wk 300.45 347.25 291.02 311.99 291.02 319.75 291.06 298.78 291.09 306.71 

15-18wk 287.49 333.35 284.56 322.85 284.08 306.65 283.73 304.94 283.76 297.75 

18-21wk 280.03 324.87 276.63 317.62 276.14 290.41 275.69 272.56 275.54 267.51 

0-21wk Feed 
Costs ($)  1533.30  1437.25  1410.94  1362.54  1347.88 

0-21wk Gain (lbs) 3,858.92   3920.22   3787.30   3729.80   3721.22 

Cost 
(¢/lb of gain) 40.25   36.66   37.25   36.53   36.22 

Cost Savings (¢/lb)3    3.59   3.00   3.72   4.03 

Cost Savings (%)3    8.9   7.4   9.2   10.0 
1 Diets formulated via computer formulation with least cost computer formulation software 

2 Grain prices were obtained from Feedstuff  (2011) . 
3 Savings relative to Agri Stats control (PC) 
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Table 2.19  Cost Comparison (cents per lb of gain) between male turkeys fed Positive Control (PC) and Ideal Protein (IP) diets, and  
                    the 3% (IP3), 6% (IP6) and 9% (IP9) reduced protein diets from 0 to 21 weeks of age1. 

 
Feeding 
Phase 

 PC  IP  IP3  IP6  IP9 

 $/ton $/phase $/ton $/phase $/ton $/phase $/ton $/phase $/ton $/phase 

0-3wk 346.05 6.66 338.28 5.44 337.44 6.34 336.55 5.79 335.92 5.35 

3-6wk 346.05 79.17 329.25 69.75 328.39 72.56 327.68 70.96 327.73 70.27 

6-9wk 325.60 187.34 317.42 166.93 316.73 166.72 316.78 165.11 316.83 157.17 

9-12wk 312.49 274.63 304.72 242.64 304.48 248.48 304.52 244.37 304.56 243.09 

12-15wk 300.45 347.25 291.02 311.99 291.02 319.75 291.06 298.78 291.09 306.71 

15-18wk 287.49 333.35 284.56 322.85 284.08 306.65 283.73 304.94 283.76 297.75 

18-21wk 280.03 324.87 276.63 317.62 276.14 290.41 275.69 272.56 275.54 267.51 

0-21wk Feed 
Costs ($)  1533.30  1437.25  1410.94  1362.54  1347.88 

0-21wk Gain (lbs) 3,858.92   3920.22   3787.30   3729.80   3721.22 

Cost 
(¢/lb of gain) 40.25   36.66   37.25   36.53   36.22 

Cost Savings (¢/lb)3    3.59   3.00   3.72   4.03 

Cost Savings (%)3    8.9   7.4   9.2   10.0 
1 Diets formulated via computer formulation with least cost computer formulation software 

2 Grain prices were obtained from Feedstuff  (2011) . 
3 Savings relative to Agri Stats control (PC) 
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 Table 2.20 Dietary Levels (%) and Level of Reduction (%) of Valine in Positive Control (PC) and Ideal Protein (IP) diets, and the  
                   3% (IP3), 6% (IP6) and 9% (IP9) reduced protein diets fed to male turkeys 0 to 21 weeks of age. 

  

Age (wks) 
PC  IP 

 

IP3 IP6 IP9 

Supplied  Supplied Reduction1 
 Supplied Reduction2 

 Supplied Reduction2 
 Supplied Reduction2 

 ----------------------------%------------------------------ --------------------------------------------------%------------------------------------------- 

0-3 1.517  0.970 -36.0  0.970 -  0.970 -  0.970 - 

3-6 1.114  0.940 -15.6 0.940 -  0.940 -  0.940 - 

6-9 1.275  0.860 -32.5 0.860 -  0.860 -  0.860 - 

9-12 1.131  0.750 -33.6 0.750 -  0.750 -  0.750 - 

12-15 1.002  0.640 -36.1 0.640 -  0.640 -  0.640 - 

15-18 0.865  0.561 -35.1 0.530 -5.5  0.530 -5.5  0.530 -5.5 

18-21 0.627  0.423 -32.5 0.405 -4.2  0.387 -8.5  0.380 -10.1 
1 Reduction in the dietary levels of Valine are relative to the positive control (PC) formulations. 
2 Reduction in the dietary levels of Valine are relative to the Ideal Protein formulations. 
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 Table 2.21 Dietary Levels (%) and Level of Reduction (%) of Isoleucine in Positive Control (PC) and Ideal Protein (IP) diets, and  
                   the 3% (IP3), 6% (IP6) and 9% (IP9) reduced protein diets fed to male turkeys 0 to 21 weeks of age. 

  

Age (wks) 
PC  IP 

 

IP3 IP6 IP9 

Supplied  Supplied Reduction1 
 Supplied Reduction2 

 Supplied Reduction2 
 Supplied Reduction2 

 ----------------------------%------------------------------ --------------------------------------------------%------------------------------------------- 

0-3 1.517  0.896 - 40.9  0.861 -3.90 
 

0.826 -7.81 
 

0.800 -10.7 

3-6 1.053  0.863 -18.0 0.829 -3.93 
 

0.800 -7.30 
 

0.800 -7.30 

6-9 1.113  0.778 - 30.1 0.75 -3.59 
 

0.75 -3.59 
 

0.75 -3.59 

9-12 0.973  0.660 - 32.1 0.65 -1.51 
 

0.65 -1.51 
 

0.65 -1.51 

12-15 0.828  0.540 - 34.7 0.54 - 
 

0.54 - 
 

0.54 - 

15-18 0.711  0.460 - 35.3  0.460 - 
 

0.460 - 
 

0.460 - 

18-21 0.627  0.423 - 32.5 0.450 -4.25 
 

0.387 -8.51 
 

0.380 -10.1 

1 Reduction in the dietary levels of Isoleucine are relative to the positive control (PC) formulations. 
2 Reduction in the dietary levels of Isoleucine are relative to the Ideal Protein formulations. 
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 Table 2.22 Dietary Levels (%) and Level of Reduction (%) of Leucine in Positive Control (PC) and Ideal Protein (IP) diets, and the  
                  3% (IP3), 6% (IP6) and 9% (IP9) reduced protein diets fed to male turkeys 0 to 21 weeks of age. 

  

Age (wks) 
PC  IP 

 

IP3 IP6 IP9 

Supplied  Supplied Reduction1 
 Supplied Reduction2 

 Supplied Reduction2 
 Supplied Reduction2 

 ----------------------------%------------------------------ --------------------------------------------------%------------------------------------------- 
0-3 2.450  1.779 -27.3 

 

1.724 -3.09 
 

1.669 -6.18 
 

1.624 -9.27 

3-6 2.023  1.729 -14.5 1.676 -3.06 
 

1.623 -6.13 
 

1.567 -9.36 

6-9 2.111  1.591 -24.6 1.542 -3.07 
 

1.493 -6.15 
 

1.442 -9.36 

9-12 1.913  1.402 -26.7 1.359 -3.06 
 

1.315 -6.20 
 

1.272 -6.40 

12-15 1.747  1.215 -30.4 1.178 -3.04 
 

1.141 -6.09 
 

1.105 -9.05 

15-18 1.558  1.076 -30.9 1.052 -2.23 
 

1.021 -5.11 
 

0.989 -8.08 

18-21 1.447  1.027 -29.0 0.997 -2.92 
 

0.969 -5.64 
 

0.940 -8.47 

1 Reduction in the dietary levels of Leucine are relative to the positive control (PC) formulations. 
2 Reduction in the dietary levels of Leucine are relative to Ideal Protein formulations. 
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 Table 2.23 Dietary Levels (%) and Level of Reduction (%) of Histidine in Positive Control (PC) and Ideal Protein (IP) diets, and  
                   the 3% (IP3), 6% (IP6) and 9% (IP9) reduced protein diets fed to male turkeys 0 to 21 weeks of age. 

  

Age (wks) 
PC  IP 

 

IP3 IP6 IP9 

Supplied  Supplied Reduction1 
 Supplied Reduction2 

 Supplied Reduction2 
 Supplied Reduction2 

 ----------------------------%------------------------------ --------------------------------------------------%------------------------------------------- 
0-3 0.797 

 

0.579 -27.4  0.560 -3.28  0.540 -6.73  0.521 -10.1 

3-6 0.666  0.561 -15.8 0.542 -3.38  0.524 -6.59  0.504 -10.1 

6-9 0.673  0.513 -23.8 0.496 -3.31  0.478 -6.82  0.460 -10.3 

9-12 0.600  0.447 -25.5 0.432 -3.35  0.426 -4.69  0.401 -10.2 

12-15 0.529  0.381 -28.0 0.368 -3.41  0.355 -6.82  0.342 -10.2 

15-18 0.465  0.333 -28.4 0.323 -3.00  0.312 -6.30  0.301 -9.60 

18-21 0.442  0.315 -28.7 0.304 -3.49  0.294 -6.66  0.284 -9.84 

1 Reduction in the dietary levels of Histidine are relative to the positive control (PC) formulations. 
2 Reduction in the dietary levels of Histidine are relative to the Ideal Protein formulations. 
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 Table 2.24 Dietary Levels (%) and Level of Reduction (%) of Tryptophan in Positive Control (PC) and Ideal Protein (IP) diets, and  
                   the 3% (IP3), 6% (IP6) and 9% (IP9) reduced protein diets fed to male turkeys 0 to 21 weeks of age. 

  

Age (wks) 
PC  IP 

 

IP3 IP6 IP9 

Supplied  Supplied Reduction1 
 Supplied Reduction2 

 Supplied Reduction2 
 Supplied Reduction2 

 ----------------------------%------------------------------ --------------------------------------------------%------------------------------------------- 
0-3 0.403  0.310 -23.1  0.297 -4.19  0.284 -8.38  0.271 -12.5 

3-6 0.369  0.298 -19.2 0.285 -4.36  0.273 -8.38  0.259 -13.0 

6-9 0.328  0.267 -18.6 0.255 -4.49  0.243 -8.98  0.231 -13.4 

9-12 0.283  0.223 -21.2 0.213 -4.48  0.203 -8.96  0.192 -13.9 

12-15 0.233  0.179 -23.2 0.170 -5.02  0.162 -9.49  0.153 -14.5 

15-18 0.198  0.150 -24.2 0.141 -6.00  0.134 -10.6  0.126 -16.0 

18-21 0.170  0.136 -20.0 0.129 -5.14  0.122 -10.2  0.115 -15.4 

1 Reduction in the dietary levels of tryptophan are relative to the positive control (PC) formulations. 
2 Reduction in the dietary levels of tryptophan are relative to the Ideal Protein formulations. 
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 Table 2.25 Dietary Levels (%) and Level of Reduction (%) of Arginine in Positive Control (PC) and Ideal Protein (IP) diets, and  
                   the 3% (IP3), 6% (IP6) and 9% (IP9) reduced protein diets fed to male turkeys 0 to 21 weeks of age. 

  

Age (wks) 
PC  IP 

 

IP3 IP6 IP9 

Supplied  Supplied Reduction1 
 Supplied Reduction2 

 Supplied Reduction2 
 Supplied Reduction2 

 ----------------------------%------------------------------ --------------------------------------------------%------------------------------------------- 
0-3 2.062  1.619 -21.5  1.556 - 3.89  1.496 -7.59  1.429 -11.7 

3-6 2.068  1.559 -24.6 1.498 -3.91  1.437 -7.82  1.374 -11.8 

6-9 1.713  1.407 -17.9 1.351 -3.98  1.294 -8.03  1.236 -12.1 

9-12 1.503  1.198 -20.3 1.149 -4.09  1.099 -8.26  1.049 -12.4 

12-15 1.321  0.985 -25.4 0.943 -4.26  0.901 -8.52  0.859 -12.7 

15-18 1.108  0.841 -24.1 0.802 -4.63  0.767 -8.79  0.730 -13.1 

18-21 0.982  0.775 -21.1 0.742 -4.25  0.709 -8.51  0.676 -12.7 

1 Reduction in the dietary levels of arginine are relative to the positive control (PC) formulations. 
2 Reduction in the dietary levels of arginine are relative to the Ideal Protein formulations. 

 
 



65 
 

REFERENCES 

 

Agri Stats, Inc.  2010. Live Production Analysis Manual. Agri Stats, Inc. Fort Wayne, 
Indiana, USA. 

Almquist, H.J. 1942. The amino acid requirements and protein metabolism of the avian 
organism. Federation Proc.,Vol 1, p.269 

Almquist, H.J., 1947.The amino acid requirements of the avian species. Chapter 6 in 
Proteins and Amino Acids in Nutrition. Reinhold Pub. Co. New York City. 

Almquist, H.J., C.R. Grau. 1944. Mutual supplementary effect of the proteins of soybean 
and sesame meals. Poult Sci. 23:341-343. 

Applegate, T., L. Potturi, R. Angel. 2003. Model for estimating poultry manure nutrient 
excretion; A mass balance approach. Proceedings of the International Symposium 
for animal, agricultural, and food processing wastes IX. ASAE, St Joseph, MI. 
303-309. 

ARC, Agriculture Research Council. 1981. The nutrient requirements of pigs. Common 
wealth Agriculture Bureaux, Slough 

Atkinson, R.L., B.L. Reid, J.H. Quisenberry and J.R. Couch, 1953. Antibiotics, 
methionine and unidentified growth factors in the nutrition of Broad Breasted 
Bronze turkey poults. J. Nutrition, 51:53-64. 

Atkinson, R.L. T.M. Ferguson and J.R. Couch. 1955. Further studies on unidentified 
growth factor sources for Broad Breasted Bronze turkey poults. Poult Sci. 
33:1220-1227. 

Austic R.E. and R.L. Scott. 1975. J. Nutrition. 105: 22.  

Baker D.H., and J.M. Harter. 1978. D-Cystine Utilization by the Chick. Poult Sci. 
57:562-563. 

Baker, K.A., D.T. Moore and J.D. Firman. 1999. Digestible lysine requirements for tom 
turkeys from six to twelve weeks of age. Poultry Sci 88th Annual Meeting. 
Abstract.  

Baker, K., J.D. Firman, E. Blair, J. Brown and D. Moore. 2003a. Digestible lysine 
requirements of male turkeys during the 6 to 12 week period. Int J Poult Sci.  
2:97-101.  

 



66 
 

Baker, K., J.D. Firman, E. Blair, J. Brown and D. Moore. 2003b. Digestible lysine 
requirements of male turkeys during the 12 to 18 week period. Int J Poult Sci. 
2:229-233. 

Baldini, J.T., H.R. Rosenberg and J. Waddell, 1953. The protein requirements of the 
turkey poult. Poult Sci. 33:539-543. 

Balloun S.L. and R.E. Phillips. 1957. Lysine and Protein Requirements of Bronze 
Turkeys. Poult Sci. 36:884-891. 

Barrett, F.N., C.G. Card, and A Berridge, 1936. Summary of feeding and confinement 
rearing experiment with turkeys during 1935. Mich. State. Expt. Sta. Quart. Bul. 
19:1:24-29.  

Behrends, B.R. and P.E. Wabeil. 1980.  Methionine and cysteine requirements of 
growing turkeys. Poult Sci. 59:849. 

Bender, D.A. 2005. Amino Acids: A dictionary of Feed and Nutrition. 3rd Edition. 
Oxford University Press, USA. 

Blair, M.E. and L.M. Potter, 1987. Deficient AA in protein in dehulled soybean meal for 
young turkeys. Poult Sci. 66:1813-1817. 

Block, R.J., and D. Bolling. 1945. A note on the amino acids yielded by yeast, sunflower 
seed meal, and sesame meal after hydrolysis of the fat free tissue. Arch. 
Biochem., 6:277. 

Boling, S.D. and J.D. Firman, 1997. A low protein diet for turkey poults. Poult Sci. 
76:1298-1301. 

Boling, S.D. and J.D. Firman. 1998. Digestible lysine requirement of female turkeys 
during the starter period. Poult Sci. 77:547-551. 

Boorman, K.N. and A.D. Burgess. 1986. Responses to amino acids. In Nutrient 
Requirements of Poultry and Nutritional Research. C. Fisher and K.N. Boorman, 
Eds. Butterworth’s London. England. 

Carter, R.D., E.C. Naber, S.P. Touchburn, J.W. Wyne, V.D. Chamberlin. 1962. Amino 
Acid Supplementaiton of Low Protein Turkey Growing Rations. Poult Sci. 
41:305-311. 

Cline, L.E., 1936. Turkey Production Studies. Mimeograph Circular, Northwestern 
Turkey Growers Association. Reno, Nevada. 



67 
 

D’Mello, JP, Lewis, D. 1970.  Amino acid interaction in chick nutrition. II. 
Interrelationship between leucine, isoleucine and valine. British Poult Sci. 
11:313–323. 

Donovan, G.A., E.L. Johnson, S.L. Balloun and R.C. Phillips, 1955. The long range 
effect of low level methionine supplementation in growing turkey rations. Poult 
Sci. 34:251-256 

Feedstuff.  2011. Ingredient Market. Feedstuffs August 29, 2011. Vol 83. No 35. p.25. 
Miller Publish. Co. Minnetonka, MN, USA. 

Ferguson, T.M., H.P Vaught, B.L. Reid and J.R. Couch, 1956. The effect of amino acid 
supplements to the diet of Broad Brested Bronze turkey poults fed a 26 percent 
protein diet with different levels of productive energy. Poult Sci. 1305-1308. 

Firman, J.D. 1994. Utilization of low protein diets for turkeys. Biokyowa Technical 
Review 7:2-10. Nutri Quest. Inc. Chesterfield, MO. 

Firman, J.D. 2001. Formulation of diets on a digestible amino acid basis and factors 
affecting digestibility of feedstuffs. Technical Bulletin. American Soybean 
Association. Liat Towers, Singapore. 

Firman, J.D. 2004. Digestible lysine requirements of male turkeys in their first 6 weeks. 
Int J Poult Sci. 3:373-377. 

Firman J.D. 2006. Reduction of feed costs through the use of the Missouri Ideal Turkey 
Protein. University of Missouri. Columbia, MO. 

Firman, J.D. 2010. Ideal protein-based diets for turkeys. Intern Jour of Poult Sci. 9:856-
862. 

Firman, J.D. 2012. Ideal Protein in Turkeys. World Poultry Congress. Brazil. Aug 2012. 

Firman, J.D. University of Missouri. Columbia, Missouri. Personal Communication. 

Firman, J.D. and S.D. Boling. 1998. Ideal Protein in Turkeys. Poult Sci. 77:105-110. 

Firman, J.D. and E.A. Guaiume. 2006. Practical reduced protein diets for broilers and 
turkeys. An. Nutr. Conf., The Poultry Federation. Rogers, AR, USA. 

Fisher H., J. Dowling Jr., and K.H. Maddy. 1956. Low protein diets for turkeys raised 
under practical conditions. Poult Sci 35:239-241 

Fitzsimmons, R.C. and P.E. Waibel, 1962. Determination of the limiting amino acids in 
corn-soybean meal oil diets for young turkeys. Poult Sci. 41:26-268.  



68 
 

Funk, E.M., 1930. Rate of growth in Bronze and White Holland turkeys. Poult Sci. 
9:343-355.  

Furguson, T.M., H.P. Vaught, B.L. Reid, and J.R. Crouch. 1956. The effect of amino acid 
supplements to the diet of broad breasted bronze turkey poults fed various lavels 
of protein and productive energy. Poult Sci. 35:1069-1073. 

Gillespie, J.R., F.B. Flanders. 2009. Modern Livestock and Poultry. Cengage Learning 
Inc. Chapter 6 p132-133. 

Gonzalez-A, M.J. and G.M. Pesti. 1993. Evaluation of the Protein to Energy Ratio 
Concept in Broiler and Turkey Nutrition. Poult Sci. 72:2115-2123. 

Grau, C.R. 1948. Effect of protein level on the lysine requirement of the chick.  J. 
Nutrition. 36:99-108. 

Grau, C.R., and H.J. Almquist. 1945. The methionine content of feedstuff proteins. Arch. 
Biochem., 6:287. 

Grau, C.R., F.H. Kratzer and V.S. Asmundson 1946. The lysine requirements of poults 
and chicks. Poult Sci. 25:259. 

Green, J.P. and M. Winitz. 1984. Chemistry of the Amino Acid. Vol 1.  p.339-
340.Kreiger Publishing Co. Malabar FL. 

Hammond J.C. and S.J. Marsden.1938. The effect of the level of protein intake on the 
growth and feed utilization of turkeys. Poult Sci. 18:1:11-18. 

Han, Y. and D.H. Baker. 1993. Effects of excess methionine or lysine for broilers fed a 
corn-soybean meal diet. Poult Sci. 72:1070-1074. 

Harper, A.E. 1956. Amino acid imbalances, toxicities, and antagonism. Nutrition Rev. 
14:225-227. 

Harper, A.E. 1958. Balance and imbalance of amino acids. Ann. N.Y. Acad. Sci 69:1025-
1041. 

Harper, A.E., Q.R. Rogers. 1965. Amino Acid Imbalance. J Nutrition. 68: 405-418. 

Harper, A.E., N.J. Benevenga and R.M. Wahlheunter. 1970. Effects of ingestion of 
disproportionate amounts of amino acids. Physiol. Rev. 50:428-558. 

Hurwitz, S., Y. Frisch, A. Bar, U. Eisner, I. Bengal, and M. Pines. 1983. The amino acid 
requirements of growing turkeys. 1. Model construction and parameter estimation. 
Poult Sci. 62:2208. 



69 
 

Ishibashi, T, Ohta, Y. 1999.  Recent advances in amino acid nutrition for efficient poultry 
production. Asian-Australian J of An Sci. 12: 1298–1309. 

Jackson, S., and L.M. Potter, 1984. Influence of basic branched chain amino acid 
interactions on the lysine and valine requirements of young turkeys. Poult Sci. 
63:2391-2398. 

Jackson, S., R.J. Stas, and L.M. Potter, 1983. Relative deficiency of AA and nitrogen, per 
se, in low protein diets for turkeys. Poult Sci. 62:1117–1119. 

Jensen, L.S., B. Manning, L. Falen, and J. McGinnis. 1976. Lysine needs of rapidly 
growing turkeys from 12 -22 weeks of age. Poult Sci. 42:604. 

Johnson, E.L. 1950. Methionine, choline, fish solubles and milk in rations for growing 
turkeys in confinement. Poult Sci. 29:661-665. 

Jukes, T.H., 1936. Turkey feeding experiments. Nulaid News, October 1936:10-11. 

Kamyab, A. and J.D. Firman. 1999. Starter period digestible valine requirement of female 
Nicholas poults. J Appl Poult Res 8:339-344.  

Kamyab, A. and J.D. Firman. 2000. Digestible threonine requirement of female Nicholas 
poults during the starter period. J Appl Poult Res. 9:1-4. 

Kidd, M.T. and B.J. Kerr 1996. L-threonine for poultry: Review. J Appl Poult Res. 
5:358-367. 

Klain, G.J., D.C. Hill, S.J. Slinger. 1954. Supplementation of poult diets with lysine. 
Poult Sci. 33:1280-1282. 

Kratzer F.H., P.N. Davis, and B.J. Marshall. 1955. The protein and Lysine Requirements 
of Turkeys at various ages. Poult Sci. 35:197-202. doi: 10.3382 

Kummero, V.E., J.E. Jones, and C.B. Loadholt. 1971. Lysine and total sulfur amino acid 
requirements of turkey poults, one-day to three weeks of age. Poult Sci. 50:752. 

Leclercq, B., and G. Guy, 1991. Further investigations on protein requirement of 
genetically lean or fat chickens. Br. Poult. Sci. 32:789–798. 

 
Lemme, A., U. Frackenpohl, A. Petri and H. Meyer. 2004. Effects of reduced dietary 

protein concentration with amino acids supplementation on performance and 
carcass quality in turkey toms 14 to 140 days of age. Int J Poult Sci. 3(6):391-399. 

Lemme, A., U. Frackenpohl, A. Petri, and H. Meyer. 2004. Effects of reduced dietary 
protein concentrations with amino acid supplementation on performance and 
carcass quality in turkey toms. Poult Sci. 76: 696-702. 



70 
 

Lewis, D. and J.P.F. D’Mello. 1967. Growth and dietary amino acid balance. In: Growth 
and Development of Mammals. G.A. Lodge and G.E. Ramming (Ed.) 
Butterworth’s. London, England. 

Linares, L.B., R.A. Murarolli, E.A. Guaiume, R.B. Shirley, D. Hoehler, D.R. Ledoux and 
J.D. Firman. 2012. Digestible lysine and threonine requirements of male turkeys 
from days 8 to 21 and days 29 to 42. J Appl Poult Res. 21(2):384-398.  

Lockhart, W.C., and R.H. Thayer, 1955. Energy protein relationships in turkey poult 
starters. Poultry Sci. 34:210. 

Moore, D.T., K.A. Baker and J.D. Firman. 2000. Digestible amino acid requirements for 
tom turkeys 6 to 18 weeks of age. Abstract #169. Poultry Science annual meeting 
abstracts 79 suppl. 89th annual meeting. 

Moore, D.T., K. Baker, and J.D. Firman. 2001. Digestible Amino Acid Requirements for 
Male Turkeys to Five Weeks of Age. J Appl Poult Res Winter. 10:363-370 

Moore, D.T., K. Baker, K. Thompson, E. Blair and J.D. Firman. 2003. Digestible sulfur 
amino acid requirement of male turkeys during the 12 to 18 week period. Int J 
Poult Sci 2(1):38-43. 

Moore, D.T., K. Baker and J.D. Firman. 2004. Digestible sulfur amino acid requirement 
for male turkeys from six to twelve weeks of age. J Appl Poult Res. 13:155-162. 

Murillo, M.G., and L.S. Jensen. 1976. Methionine requirement of developing turkeys 
from 8-12 weeks of age. Poult Sci 55:1414. 

Mussehl, F.E. and C.W. Ackerson, 1936. Protein requirements for finishing turkeys. 
Nebr. Agr. Expt. Sta. Bul. 298. Page 8. 

Nahm, K.H. 2002. Efficient feed nutrient utilization to reduce pollutants in poultry and 
swine manure. Critical Review. Environ. Sci. Tech. 32(1):1-16. 

Nakaue, H.S, and G.H Arscott. 1991. Feeding Poultry. In: Livestock Feeds and Feeding. 
3rd Edition. D.C. Church, Ed. Prentice Hall Englewood Cliffs, New Jersey. 

National Research Council, 1946.  Nutrient Requirements of Poultry Nth Ed. National 
Academy Press, Washington D.C. 

National Research Council, 1994.  Nutrient Requirements of Poultry 9th Ed. National 
Academy Press, Washington D.C. 

Nelson, D.L, M.M. Cox. 2008. Principles of Biochemistry. Chapter 3. P 72-73, 92-94. 



71 
 

O'Dell, B. L., and J. E. Savage, 1966. Arginine-lysine antagonism in the chick and its 
relationship to dietary cations. J. Nutrition. 90: 364-370. 

 
Osborne and Mindel. 1914. Amino acids in nutrition and growth. J Biol Chem. 

17(3):325-349 

Pepper, W.F., and S.J. Slinger. 1955. Value of supplementary methionine for turkey 
diets. Poult Sci. 34:1210. 

Pesti, G.M., and D.L. Fletcher, 1983. The response of male broiler chickens to diets with 
various protein and energy contents during the grower phase. British Poult Sci. 
24:90-99. 

Pond, W.G., D.C. Church and K.R. Pond. 2005. Basic Animal Nutrition and Feeding. 4th 
Edition. John Wiley and Sons, Inc. Canada. 

Potter, L.M., and J.R. Shelton. 1976. Protein, methionine, lysine, and a fermentation 
residue as variables in diets of young turkeys. Poult Sci. 55:1535-1543. 

Potter, L.M., J.R., Shelton, and J.P. McCarthy. 1981. Lysine and protein requirements of 
growing turkeys. Poult Sci. 60:55:113. 

Price, W.A., Jr. M.W. Taylor and W.C. Russell. 1953. The retention of essential amino 
acids by the growing chick. J. Nutrition. 51:413-422. 

Ravindran, V, and Bryden, W. L. 1999. Digestible Amino Acids in Poultry Feedstuffs, 
Rural Industries Research and Development Corporation, Canberra and Poultry 
Research Foundation, The University of Sydney, Camden 

Robel, E. and H. Menge. 1973. Performance of chicks fed an amino acid profile diet 
based on carcass composition. Poult Sci. 52:1219-1221. 

Saxena, H.C. and J, McGinnish, 1952. Effect of DL-methionine on feed utilization by 
chicks and turkey poults. Circular 197, Washington Agr. Exp. Sta. 

Simoni R.D., R.L. Hill, M.Vaughan. 2002. The Discovery of the Amino Acid Threonine: 
the Work of William C. Rose. J of Biol Chem., 277e25. Sept. 

Spolter, P.D. and Harper, A.E. (1961). Am J. Pmiol. 200:518. 

 Stas, R.J. and L.M. Potter.1982. Deficient amino acids in a 22% protein corn-soybean 
meal diet for young turkeys. Poult Sci. 61:933-938. 

Summers, J.D. and H. Fisher. 1961. Net Protein values for the growing chicken as 
determined by carcass analysis: exploration of the method. J. Nutrition. 75:435-
442. 



72 
 

Sun, S., J. Brown, J. Firman, A. Kamyab and E. McGill. 2007a. Digestible threonine 
requirements for maintenance in the starting turkey. Int J Poult Sci. 6(10):745-
749. 

Sun, S., J. Brown, J. Firman, A. Kamyab and E. McGill. 2007b. Digestible valine 
requirements for maintenance in the starting turkey. Int J Poult Sci. 6(10):750-
753. 

Sunde, M.L., H.R. Bird, J.M. Sund and M.J. Wright. 1956. The use of low protein diets 
for turkeys on range. Poult Sci. 35:1106-1115. 

Thomas, O.P., M.T. Farran, and C.B. Tamplin. 1992. Broiler nutrition update.. Maryland 
Nutr. Conf. Baltimore, MD. Pages 45-53. 

Thompson, K.A., E. Blair, K.A. Baker and J.D. Firman. 2004. Digestible lysine 
requirement for hen turkeys from 0 to 6 weeks of age. Int J Poult Sci. 3(9):558-
562. 

 
Thompson, K.A., K.A. Baker and J.D. Firman. 2005. Digestible lysine requirements of 

hen turkeys from 6 to 12 weeks of age. Int J Poult Sci. 4(9):639-644. 
 

Tuttle, W.L. and S.L. Balloun. 1974. Lysine requirements of starting and growing 
turkeys. Poult Sci 53:1698. 

Ueno, K. 1998. Research of arginine and lysine requirements of broilers. PhD 
Dissertation. Niigata University 

USDA, Economic Research Service website. 2011. Why Have Food Commodity Prices 
Risen Again? WRS-1103. http://www.ers.usda.gov/media/126752/wrs1103.pdf 

USDA, Foreign Agricultural Service. 2011. Production, Supply and Distribution (PS&D) 
database; Food and Agriculture Organization’s database. p14.  

USDA, Foreign Agricultural Service Website. 2012. Turkey Summary Selected 
Countries. http://www.fas.usda.gov/psdonline/psdReport.aspx?hidReportRetrieval 
Name=Turkey+Summary+Selected+Countries.  

USDA, National Agricultural Statistics Service Website. 2012. “Livestock Slaughter” 
and “Poultry Slaughter”.http://www.ers.usda.gov/datafiles/Livestock_Meat_ 
Domestic_Data/Meat_statistics/Red_meat_and_poultry_production/RedMeatPoul
try_Prod.xls.  

Waibel. P.E. C.W. Carlson, J.K. Liu, J.A. Brannon, and S.L. Noll. 1995. Replacing 
protein in corn-soybean turkey diets with methionine and lysine. Poult Sci. 
74:1143-1158. 

http://www.ers.usda.gov/media/126752/wrs1103.pdf
http://www.fas.usda.gov/psdonline/psdReport.aspx?hidReportRetrievalName=Turkey+Summary+Selected+Countries
http://www.fas.usda.gov/psdonline/psdReport.aspx?hidReportRetrievalName=Turkey+Summary+Selected+Countries
http://www.ers.usda.gov/datafiles/Livestock_Meat_Domestic_Data/Meat_statistics/Red_meat_and_poultry_production/RedMeatPoultry_Prod.xls.
http://www.ers.usda.gov/datafiles/Livestock_Meat_Domestic_Data/Meat_statistics/Red_meat_and_poultry_production/RedMeatPoultry_Prod.xls.
http://www.ers.usda.gov/datafiles/Livestock_Meat_Domestic_Data/Meat_statistics/Red_meat_and_poultry_production/RedMeatPoultry_Prod.xls.


73 
 

Waibel P.E., C.W. Carlson, J.A. Brannon, and S.L. Noll. 2000a. Limiting amino acids 
after methionine and lysine with growing turkeys fed low protein diets. Poult Sci. 
79:1290-1298. 

Waibel, P.E., C.W. Carlson, J.A. Brannon and S.L. Noll. 2000b. Identification of limiting 
amino acids in methionine- and lysine-supplemented low-protein diets for 
turkeys. Poult Sci. 79:1299-1305. 

Waldroup, P.W., M.H. Adams and A.L. Waldroup. 1997. Evaluation of National 
Research Council amino acid recommendations for large white turkeys. Poult Sci. 
76:711-720. 

Waldroup, P.W., C.A. Fritts, J.H. Kersey, E.A. Saleh, B.J. Kerr and M.T. Kidd. 2003. 
Evaluation of crude protein needs for large white male turkeys from 16 to 20 
weeks of age. Int J Poult Sci. 2(1):15-18. 

Warnick, R.E., 1979. Lysine levels in turkey grower diets. Poult Sci. 58:2110. 

Wheeler, K. B., and J. D. Latshaw. 1981. Sulfur amino acid requirements and interactions 
in broilers during two growth periods. Poult Sci 60:228–236. 


	1. Thesis Title Page
	2. Unnumbered Pages
	3. Literature Review Rearranged (1-24)
	4. Chapter 2 (25-39)
	5. Chapter 2 Tables (40-57)
	6. Chapter 2 Tables (58-64)
	7. References (65-73)



