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Academic Abstract 

The purpose of this research was to further test a stable isotope based approach as a more 

reliable in vivo method to determine amino acid bioavailability from a variety of ingredients.  

The method was used to assess feather meal (FM), blood meal (BM), soybean meal (SBM), and 

a rumen protected amino acid (RPAA). An abomasal infusion of raw EAAs (isoleucine, leucine 

and methionine) and an abomasal infusion of sodium caseinate were used as control treatments 

to test the accuracy of the technique. The isotope-based results were then compared to in situ, in 

vitro and in vivo test results. The isotope-based technique provided AA bioavailability values for 

five non-essential AA and seven essential AA. The raw EAA infusion had the greatest AA 

recovery in plasma with an estimated absorbed RUP value of 93.4± 7.35% followed by the 

casein infusion (86.7 ± 4.81%), SBM (54.8 ± 5.19%), FM (52.7 ± 4.81%) and BM (47.5 ± 

4.81%). The RPAA treatment had the lowest bioavailability at 9.9 ± 12.73%. Numerically, SBM 

supplied the most absorbable EAA of the 4 feed ingredients, but was not significantly different 

from that of BM and FM. Simply based on the control treatments in this research (raw EAA and 

casein), this isotope method was a more accurate method in determining AA bioavailability 

values with relatively low standard errors. Ingredients are exposed to all aspects of natural 

digestive processes and the method is able to determine AA appearance in the blood with no use 

of in situ or in vitro measurements.  

 



 

Public Abstract 

Balancing rations for essential amino acids has beneficial effects on milk production and 

milk protein synthesis. However, to have predictable results, accurate knowledge of essential 

amino acid supply deriving from ingredient rumen undegradable protein and microbial crude 

protein flows is required. Methods used to assess essential amino acid supply include in vivo, in 

vitro and in situ methods; however these methods often generate conflicting results and have 

significant deficiencies that have hampered development of robust, accurate predictions of 

essential amino acid supply to the animal. This research tested a non-steady state, stable isotope 

based approach as a more reliable in vivo method to determine amino acid bioavailability for 

feed ingredients. Two control treatments (abomasally infused casein and raw essential amino 

acid) and four ingredients (feather meal, blood meal, soybean meal, and a rumen protected amino 

acid) were tested. Based on the control treatments, the method provided a reliable assessment of 

amino acid bioavailability values with relatively low standard errors. This method has the 

advantage of assessing essential amino acid bioavailabilities in a natural state where the 

ingredients of interest are components of a relatively normal diet exposed to all of the natural 

digestive processes. Thus values derived from this approach can be expected to be representative 

of most normal industry diets. With some further refinement, this method can help to create a 

library of true values for a variety of feed ingredients, leading to more accurately balanced diets 

and increased milk production. More accurate values of amino acid digestibility and rumen 

undegradable protein measurements for ingredients will also help to better determine their fair 

market value. 
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Chapter 1: Literature Review 

Overview 

Nutrition is extremely important to the health and wellbeing of any living organism. In 

the dairy industry, cattle nutrition holds an especially high importance. Throughout all stages of 

lactation, the cattle’s nutritional requirements change and must be accommodated by a properly 

balanced ration. For milk production optimization, the cow’s nutritional requirements must be 

met with two of the most important nutritional factors; energy and protein supply (Lapierre et al., 

2006). Amino acids (AA), the building blocks of proteins, are required by all animals and are 

used in many processes such as growth, lactation, reproduction and maintenance. Of the 20 

primary AA, dairy cattle have 10 nonessential amino acids, meaning those amino acids are able 

to be synthesized by the cow in sufficient quantities and are not necessarily needed in the diet. 

There are 10 essential amino acids (EAA), meaning the cow cannot synthesize these amino acids 

in adequate quantities and thus must be supplied by the diet. If a diet is inadequate in a certain 

EAA, protein synthesis will occur at a rate less than maximal. These EAAs are referred to as 

limiting EAA. Balancing diets to correct for limiting EAA such as methionine and lysine can 

lead to increases in milk and protein yields and protein percentage in dairy cows (Třináctý et al., 

2009).  Specifically, when methionine and lysine are adequately supplied in the diet, milk fat 

percent increases by 0.1-0.15%, milk protein percent increases by 0.15-0.25% and milk 

production increases 2-4 pounds (Schwab, 2010). As just illustrated, AA are important substrates 

for protein synthesis. Additionally, AA play an important role as regulators of protein synthesis. 

Apelo et al. (2014) demonstrated that methionine, isoleucine, leucine, and threonine all are fairly 

important regulators of milk protein synthesis and have independent effects in a mammary tissue 

slice model.  Thus it is important to be able to predict the supply of all EAA to the mammary 
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glands, EAA supply originates from three different sources: microbial, dietary, and endogenous 

secretions (saliva, sloughed epithelial cells, etc.)(Lapierre et al., 2006). Predicting AA supply to 

the animal requires accurate knowledge of ingredient digestibility and how these ingredients can 

alter microbial AA contribution. This literature review will explore the development and aspects 

of in vivo (measurements taken within an animal) and in vitro (measurements taken outside of 

the animal in an artificial environment) methods that are able to utilize or mimic the aspects of 

the digestive tract of the cow in determining protein and amino acid digestibility of a variety of 

ingredients, with special focus on areas of improvement. 

Biology 

Ensuring dietary AA are able to reach the small intestine for digestion and absorption is 

crucial, as the small intestine is the site for amino acid absorption. In non-ruminants, amino acids 

can simply be added to the diet to meet the animal’s requirements. However, in ruminants, 

feeding amino acids is not as simple. Ruminants have a large fermentation vat, called the rumen, 

that host a large variety and number of micro-organisms that utilize part of the dietary protein 

and amino acids and renders them unavailable for intestinal digestion on one side, but on the 

other side, synthesize protein and AA. Indeed, not only does the rumen have a variety of 

microorganisms that hydrolyze, deaminate and decarboxylate amino acids from exogenous 

sources (the diet), but these microorganisms are also able to synthesize new amino acids that can 

also be digested for use by the animal (Fuller & Tomé, 2005). Therefore, ruminants are able to 

utilize amino acids for bodily use from three different sources: microbial, dietary, and 

endogenous secretions (saliva, sloughed epithelial cells, etc; (Lapierre et al., 2006). Roughly 

59% of available absorbable amino acids originate from microbial protein and must be 

considered when formulating a diet (Clark et al., 1992). Energy and nitrogen are the two main 
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factors affecting microbial protein production; therefore feed intake and ration type become 

important regulators of microbial protein synthesis (Clark et al., 1992). Once feed is consumed 

by the cow, part of the dietary protein is broken down by the rumen micro-organimsms into 

smaller peptides and even into free amino acids in the rumen, referred to as rumen degradable 

protein (RDP). The microbes in the rumen either directly use the free AA for their own protein 

synthesis or quickly breakdown free amino acids and utilize them for ammonia production and to 

synthesize new microbes, as ammonia is a building block for microbial protein synthesis. If 

energy is limiting in the rumen, the ammonia will diffuse across the rumen wall and be 

transported to the liver where the ammonia is converted to urea. This urea is then excreted by the 

cow in the urine or can be recycled to the digestive tract (Marini et al., 2006). Thus fed free 

amino acids must be protected from ruminal degradation if they are to flow to the small intestine.  

One method of protection is by encapsulation in a coating that protects them from the rumen 

microbes (Lapierre et al., 2006).  

Some feed protein will escape rumen degradation, known as rumen undegradable protein 

(RUP) and will become available for digestion and absorption by the intestinal tract. RUP and 

some microbial protein will travel to the next chamber of the ruminant’s stomach, the omasum. 

While technically no chemical digestion occurs in the omasum, it is composed of coarse folds 

that help to remove water from the digesta and further break down food via grinding. The 

omasum also shuttles digesta to the next chamber; the abomasum. The abomasum is considered 

the ‘true stomach’ of the ruminant as it secretes hydrochloric acid and pepsinogen. As digesta 

moves into this chamber, hydrochloric acid activates pepsinogen to convert to pepsin, digesting 

food proteins in the digesta into peptides. Digesta containing the feed, microbial protein and 

peptides enter the duodenum, the first section of the small intestine where enzymes released by 
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the pancreas and brush boarder membrane break down the protein further. The pancreas secretes 

inactive endopeptidases such as trypsin, chymotrypsin, elastase and exopeptidases 

carboxypeptidase A & B (Fuller et al., 2005). Once in the duodenum, enterokinase is secreted by 

the mucosa, leading to downstream activation of the pancreatic endopeptidases (Fuller et al., 

2005). The protein is broken down to di- and tripeptides as well as free amino acids which are 

transported or diffused across the brush boarder membrane as the peptides and amino acids travel 

down the intestinal tract. While amino acids are transported out of the endothelial cells and into 

the mesenteric vein first, some amino acids are utilized by the intestine and never make it to the 

portal circulation. As a result, catabolism of amino acids by the intestinal mucosa affects AA 

entry into the blood supply. MacRae and colleagues in 1997 used both intestinal and jugular 

infusions of either 13C labelled leucine or mix of labelled EAAs to determine EAA utilization by 

the gastrointestinal tract tissue. Sheep were catheterized in both the aorta and portal drained 

viscera to allow for blood sampling. Final conclusions showed that between 61 and 83% of 

labelled EAA infused into the GIT was recovered in the portal vein.  However, a large proportion 

of this loss was associated with sequestration of label in GIT protein rather than true catabolism.  

Additionally, they observed that between 50 and 87% of the sequestration occurred from the 

arterial supply rather than during absorption. When absorptive use was corrected for arterial 

sequestration, and observations were restricted to MDV, essentially all of the EAA leaving the 

small intestine appeared in the mesenteric vein. This suggests that there is little EAA catabolism 

by the gut wall during absorption. However, the work may have underestimated small intestine 

digestibility as endogenous losses were derived by regression from only 2 levels of feeding.  The 

amino acids that make it in the blood supply will be transported to various tissues around the 
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body where they will be mainly used for protein synthesis to support all metabolic processes 

including reproduction, growth, enzyme and hormone synthesis, and milk protein secretion.   

In addition, endogenous secretion from the digestive tract such as saliva, gastric juices, 

sloughed cells, saliva and mucin also contribute to nitrogen and amino acid flow in the intestine 

digestion (Tamminga et al., 1995). Ouellet and collegues (2002) utilized an isotope approach in 

dairy cattle and determined “endogenous secretions into the small intestine may contribute 30% 

toward total protein turnover across the digestive tract.” Similar results were observed by (Larsen 

et al., 2000) where it was estimated that roughly 35% of total nitrogen and non-ammonia 

nitrogen in duodenal flow were from endogenous secretions. In addition, an estimated 25-33% of 

amino acid nitrogen flow to the duodenum was considered to be from endogenous sources. 

However, secreted endogenous protein flowing at the duodenum should not be considered as a 

net supply when determining amino acid availability from a diet, because they were synthesized 

from previously absorbed AA and as such do not constitute a net supply to the cow. 

Importance of Understanding Amino Acid Digestibility 

Nutritionists have the ability to manipulate the diet of the cow to meet nutritional 

requirements by choosing which ingredients and at what levels to feed them in the diet. There are 

many models available (the Dairy NRC [2001], the Cornel Net Carbohydrate and Protein System 

[CNCPS], Dutch Protein Evaluation System [DVE/OEB], Nordic Feed Evaluation System 

(NorFor) and the UK’s Feed into Milk [FIM]) that are used to predict protein requirements of 

the animal to allow for proper feeding. Over time, it has been determined that CP intake does not 

yield enough information to ensure the diet is meeting requirements since crude protein estimates 

do not consider the RDP portion of the feed, which is used by the microbes in the rumen. 

Requirements for metabolizable protein (MP) have replaced crude protein requirements as MP 
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accounts for the true protein digested in a feed. However, taking MP requirements one step 

further would “be to define the MP supply in terms of the requirements of the units used at the 

cell level for protein synthesis; that is, the individual AA” (Pacheco et al., 2006). However, in 

order to further define this unit, requirements of the animal must be well understood and the 

absorbable amino acid composition of feeds must be well defined. Different ingredients have 

different amino acid profiles, so having a thorough understanding of what the intestinal 

digestibility of amino acids is in feed ingredients is important for determining which 

combination of ingredients to feed. This also means that there needs to be a better understanding 

of the microbial protein contribution to the intestine for a certain diet as well as accurate RDP 

and RUP percentages of the feed ingredients.   

Determining the availability of individual EAA in the small intestine is difficult. The 

Dairy NRC (2001) utilized an empirical equation to predict EAA flows, but such an approach 

likely misses a lot of the more subtle changes in supply and cannot be used outside of the range 

of the data used to derive the equation. Numerous in vitro and in vivo procedures have been 

developed and tested with the aim of defining the true amino acid digestibility of various feed 

ingredients although results do not necessarily match between the different methods (Berthiaume 

et al., 2000; Jahani-Azizabadi et al., 2009). Ruminally protected EAA and selected protein 

sources with complementary EAA composition with reasonable ruminal bypass values can be 

used to supplement the EAAs derived from ruminally undigested feed and microbes if one has 

accurate knowledge of the true flow and requirements. Supplying the proper mix of EAA should 

result in improved animal efficiency and reduced release of nitrogen to the environment by 

eliminating the need to feed excess feed protein (Khezri et al., 2011; Noftsger & St-Pierre, 

2003). Reducing nitrogen release from the cow will reduce ammonia volatilization from the barn 
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floor and manure storage thus helping to address air quality concerns (Arriaga et al., 2009).  

Determining the true intestinal digestibility of amino acids for all of the main ingredients used in 

dairy rations is essential if EAA supplementation schemes are to yield predictable responses.  

Model Comparisons 

 In 2006, Pacheco and colleagues compared the predicted digestible EAA flows from the 

Dairy NRC (2001) model and the CNCPS model to the measured net portal absorption (NPA) of 

essential amino acids in lactating cows. Information about the feed, including AA analysis, was 

entered into each system to determine the digestible EAA flow. Even though neither model 

predicts use of AA by the portal drained viscera (PDV) and thus NPA, it was “assumed that NPA 

of EAA was correlated with the corresponding digestible supply” (Pacheco et al., 2006). With 

this information, each model can be evaluated on how closely it predicts changes in digestible 

flows of EAA. Endogenous secretions were removed from the NRC (2001) predicted digestible 

EAA flows by “subtracting the contribution of preduodenal endogenous secretions of the model 

(1.9g of endogenous N per kg of DMI with a coefficient of digestibility of 0.80) and the AA 

composition of abomasal isolate”(Pacheco et al., 2006). Corrections were also made to NPA 

values to account for endogenous secretions in the gut that are not reabsorbed at the ileum as 

well as oxidation of EAAs by the gut. Total preduodenal endogenous secretions (including 

endogenous proteins and those incorporated to metabolizable crude protein) were calculated. 

Preduodenal endogenous secretions reaching the ileum and endogenous secretions in the small 

intestine not reabsorbed were also calculated and found to be equal to one another. (Pacheco et 

al., 2006). In addition, the “total ileal fraction of AA originating from undigested endogenous 

secretions was calculated” with reference to Ørskow et al. (1986) and De Lange et al. (1989). 

Finally, EAA oxidation by the gut was calculated by assuming fractional oxidation values “were 



8 
 

25% for Leu (Lapierre et al., 2002; Lobley et al., 2003) 10% for Met and 0% for Lys (Lobley et 

al., 2003) and 0% for Phe (Lobley et al., 2003; Reynolds et al., 2000)” (Pacheco et al., 2006). 

The contribution of endogenous secretions and estimated PDV oxidation were applied to 

observed NPA values to calculate a theoretical digestible AA flow to the duodenum. Pacheco et 

al (2006) determined the NRC under predicted digestible EAA flows for histidine, isoleucine, 

lysine, methionine and phenylalanine as compared to measured NPA while CNCPS under 

predicted EAA digestibility flows of only Phenylalanine. It was suggested to increase RUP and 

microbial intestinal digestibility in the NRC model to increase the prediction of MP and 

digestible flow of EAA to better match the measured net portal absorption of EAA with the 

predicted values given by the model (Pacheco et al., 2006). However, before making alterations 

to the model on the basis of digestible EAA flow predictions, one must consider the method used 

to determine the AA composition and digestibility of the feed (in vivo, in vitro and/or in situ 

methods). Before such model alterations begin, a library of true AA digestibility values for the 

RUP fraction of ingredients found in cattle diets should be acquired so the model can be 

compared to true, absolute measurements on a specific ingredient basis.  

In Vitro Procedures  

A) Overview and History 

Farmers and industry people alike often send samples of feed ingredients to analytical 

laboratories across the country to determine nutritional values. Many of the analytical 

laboratories in the US rely heavily on the use of in vitro procedures to test ingredients for protein 

and AA digestibility because these procedures require minimal labor, are low cost, efficient and 

are generally easily standardized. In vitro procedures have been utilized for many years as a way 

to simulate ruminal, abomasal, and intestinal digestion. Over time, there have been numerous 
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improvements to these methods to better mimic digestion in the animal. In 1963, Tilley and 

Terry developed a two-step procedure to determine protein digestibility. Abomasal digestion was 

simulated by an in vitro procedure by using hydrochloric acid (HCl) and pepsin. In 1995, 

Calsamiglia and Stern created a three step procedure (TSP) that added a pancreatin digestion to 

simulate intestinal digestion. Centrifuge tubes were used to incubate samples and trichlroacetic 

acid (TCA) was used to determine the soluble fraction of the ingredient being tested. The same 

protein sources tested by the TSP were used in vivo where duodenal contents were measured, 

validating the TSP. Gargallo et al. (2006) created a modified three step procedure (mTSP) that 

utilized bags to incubate samples in the rumen, a HCl/Pepsin bath, and pancreatin solution. This 

mTSP yielded results similar to the TSP and eliminated the use of TCA as TCA is considered 

toxic to the reproductive system, is corrosive and is an eye irritant, thus posing a danger to 

technicians conducting the assay. Next, a two-step procedure was developed using ruminal 

incubation and a cecetomized rooster to determine amino acid digestibility (Boucher et al. 

(2009). Samples are rumen incubated and later crop intubated in a cecetomized rooster where 

excreta is then collected for 48 hours post feeding. This assay was previously validated by 

Titgemeyer et al (1990) who illustrated the cecectomized rooster method as a way to measure 

amino acid values when compared to duodenal and ileal flows in cannulated cattle. In vivo 

procedures such as omasal/abomasal infusions, total tract digestibility measurements and 

duodenal and ileal samplings are often used to validate in vitro methods to demonstrate 

biological digestibility of protein and AA.   

B) Cornell Method   

In 2013, a bench top in vitro method (Cornell method/Multi Step Protein Evaluation) was 

created to re-develop an in-vitro intestinal digestion assay to “provide adequate sample size, 
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minimize sample loss, and to allow for standardization of enzyme activity and concentration” 

(Ross et al., 2013). When evaluating previously proven in vitro assays, Ross et al. (2013) found 

faults in the ruminal, abomasal and small intestinal digestion simulations. The use of centrifuge 

tubes, as used by Calsamiglia and Stern in 1995, were found to be unfavorable for rumen 

bacterial growth while the use of bags in the mTSP by Gargallo et al 2006 was discovered to 

create a microbial barrier and contributed to a high loss of soluble components of the sample 

prior to analysis, leading to an over prediction of RDP (Ross et al., 2013). Ross et al. (2013) used 

a glass Erlenmeyer flask as opposed to centrifuge tubes as the flask was shown to have the 

greatest digestibility values and a 16 hour incubation for samples was decided to best simulate 

rumen degradation. 

Porcine pepsin is often used for in vitro abomasal digestion, but porcine pepsin is 

approximately 40% more active than bovine pepsin (Kassell & Lang, 1971), suggesting previous 

measurements from in vitro methods could have been over estimated. The new in vitro method 

still used procine pepsin, but levels were adjusted to 60% of previous in vitro models to account 

for the higher activity level. Ross et al. (2013) were also interested in simulating other common 

enzymes seen in the small intestine other than pancreatin and decided to create an enzyme 

"cocktail" using lipase, amylase, trypsin and chymotrypsin in which feeds were incubated for 24 

hours. The assay was terminated by filtration under vacuum, which eliminated the need for TCA 

and is thought to improve recovery of undegraded feed (Gargallo et al., 2006; Ross et al., 2013). 

The Cornell method was tested against the mTSP of Boucher et al. (2011) in testing percent 

nitrogen digested using two different blood meals, blood meal 4 (BM4) and blood meal 5 (BM5). 

While BM5 had very similar nitrogen digestibility percent for rumen and intestinal degradability 

when comparing the two methods, BM4 had significantly different nitrogen disappearance for 
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the ruminal incubation. The mTSP resulted in increased rumen digestibility value which was 

most likely due to the use of porous bags during incubation in the mTSP leading to a loss of 

sample before analysis (Ross et al., 2013). Additionally, various ingredients for undigested feed 

nitrogen percent using the newly developed Cornell method with either the enzyme cocktail or 

just pancreatin were tested. Of 20 ingredients tested, only 3 were found to have significantly 

different undigested feed nitrogen levels between the two methods. Similar ingredients tested in 

the study such as distiller’s grains 1 and 2, yielded different nitrogen digestibilities suggesting 

that even similar feeds are degraded differently by differing enzymes and enzyme cocktails. 

While it may seem this new method may give similar or even better representation of ingredient 

degradation by using additional enzymes seen in the small intestine when compared to older in-

vitro procedures, further validation is needed to ensure this method matches degradation rates 

occurring in the animal.  

In Situ Techniques 

 In situ techniques have been considered the most widely used method in determining 

ruminal and intestinal degradation of feed stuffs and has also been used as a reference for 

validation of in vitro methods used in laboratories (Hvelplund & Weisbjerg, 2000). The in situ 

technique allows feed stuffs to incur in vivo biological systems while allowing recovery of the 

test feed by using porous bags. In theory, the porous bags allow microbes and enzymes to enter 

the bag to allow digestion of the feed, but the bags do not allow the non-digestible portion of the 

feed ingredient to escape. Thus, recovery of the remaining feed ingredient after digestion in the 

animal will give an undegradable/degradable portion of the feed. For incubation of the bags in an 

animal, the animal must be surgically altered with a cannula or multiple cannulas that allows 

placement and recovery of the bags in different areas of the digestive tract. This in situ technique 
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has been used to determine rumen (using a rumen cannula) and intestinal (using duodenal/ileal 

cannulas) digestibility. At first glance, this technique may seem to yield reliable results, as this 

technique utilizes biological processes in a living animal. However, there are many sources of 

variation that are introduced with the use of porous bags. The dimensions and pore sizes of the 

bags introduce variation as well as the amount of feed being tested in the bags, length of 

incubation time, diets of the animals being used for the incubations as well as the wash method 

of the bags upon removal from the digestive tract contribute to high sources of variation 

(Mohamed & Chaudhry, 2008). Loss of small particles from the bags introduce another factor 

that may yield to over or underprediction of ingredient digestibility values. A correction factor 

should be used when using the in situ technique, however, loss varies from ingredient to 

ingredient and depends upon the ingredient particle size being tested (Hvelplund et al., 2000). In 

addition, the pore size of the bags being used and the microbial contamination of test ingredients 

also can lead to underestimation of digestibility. When being incubated, the microbes can attach 

themselves to the test ingredient and may not be washed off completely during the washing 

process upon removal, leading to a higher protein content than would have originally been seen 

(Hvelplund et al., 2000). In addition, too small of a pore size of the in situ bag could prevent 

microbes from entering the bag and digesting the feed of interest (Vanzant et al., 1998). In 

contrast, too large of a pore size can potentially allow the test ingredient to escape the bag, 

leading to a loss of sample and potential incorrect estimation of digestibility (Vanzant et al., 

1998). With these points in mind, several studies have suggested “ideal” pore sizes ranging from 

10um-60um (Vanzant et al., 1998). Because of the numerous sources of variation, repeatability 

with the in situ technique is a major problem. One of the biggest concerns with repeatability seen 

with the in situ technique stems from the wash method (Hvelplund et al., 2000). Vanzant et al. 
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(1998) discovered that roughly 70% of the research surveyed utilized some sort of hand wash 

method while the remaining 30% used a rinsing cycle on a washing machine. Most research used 

in this review (about 85%) used the cleanliness of the rinse water as a protocol for rinsing while 

the remaining 15% reported a number of rinse cycles used as protocol. Unfortunately, 

handwashing and a general observation as “when the water runs clear” could be a source of error 

as these two criterions can often change from individual to individual.   

 Madsen and Hvelplund (1994) reported across lab variation of in vitro testing of five 

different ingredients for rumen degradation. Twenty three different laboratories in 17 countries 

were compared that analyzed soybean meal, coconut meal, cottonseed meal, barley and fish meal 

for crude protein, solubility of protein measured on filter paper as well as degradation of crude 

protein and dry matter using nylon bags. Laboratories were given “recommended experimental 

procedures” to follow for testing the ingredients (Madsen & Hvelplund, 1994). Considerable 

variation was observed between laboratories. The largest variations were observed in crude 

protein determination where the standard deviations ranged from 7 g/kg DM for barley to 25 

g/kg DM for fish meal. Other large variations were due to handling of the bags (bag material and 

wash methods) and the protein solubility on filter paper. Madsen and Hvelplund concluded from 

their research that “greater emphasis should be given to calibration of the crude protein analysis 

in the different laboratories and to standardization of the procedures for measuring protein 

solubility on filter paper and protein disappearance from nylon bags.”  

In Vivo Work  

 Methods for determining amino acid digestibility in vivo consists of the use of cannulated 

animals often with the collection of feed, feces and digesta (often from the duodenum and/or 

ileum). Digestibility measurements can be viewed simply as the protein consumed minus the 
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protein observed in feces. However, this measurement may not be as accurate as one may think. 

Non reabsorbed endogenous secretions, micoorganisms, rumen degradation and digestion by the 

large intestine must be considered and accounted for. As discussed earlier, the microbes in the 

rumen can break down amino acids and utilize them for ammonia production and to synthesize 

new microbes. If energy is limiting in the rumen, the ammonia will diffuse across the rumen wall 

and will be transported to the liver where the ammonia is converted to urea. This urea is then 

excreted by the cow in the urine. In this case, the amino acids supplied by the feed ingredients 

are somewhat wasted, as the amino acids are not being used for such processes as milk 

production, growth, etc. However, microbial growth can be of benefit as a portion of these 

microbes are digested by the small intestine and the amino acids are able to be utilized by the 

cow. Both of these factors must be considered when determining total tract digestibility 

measures. In the large intestine, microorganisms are present that degrade and synthesize amino 

acids so by simply taking these points into consideration, taking fecal samples and analyzing 

them for protein content could over or underestimate true digestibility of the feed. In the large 

intestine, digested nitrogen sources in the form of ammonia can be transported to the liver and be 

excreted as urea in the urine, rendering the digested nitrogen unusable by the animal (Fuller et 

al., 2005). With the concern of protein digestion occurring in the large intestine with no benefit 

to the animal and the addition of nitrogen added to fecal samples by microorganisms, inaccurate 

digestibility measurements can be of concern when analyzing feces for protein digestibility 

(though the loss of amino acids through the large intestine is greater than the contribution of 

microorganisms generally (H. Lapierre 2006). 

T-cannulas inserted at the duodenum and ileum provides a way to measure digestion just 

before the large intestine. The T shaped cannula is often placed at the start of the duodenum and 
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at the terminal ileum where digesta contents are sampled. This type of cannula allows normal 

flow of digesta to pass through the intestine with little disruption to the natural processes 

occurring to the digesta. Sampling occurs by opening the cannula and allowing the natural 

digestion gut waves of the intestine to push digesta out of the cannula for sampling. This method 

of sampling requires representative sampling and the use of an indigestible marker, which can 

add variability to the experiment (Fuller et al., 2005).  However, depending on the digestibility of 

the feed being tested, fecal measurements may or may not yield similar ileal AA digestibility 

(Ravindran et al., 1999). Diets rich in carbohydrates that reach the large intestine lead to 

production of ammonia and amines that can become incorporated into the feces (Ravindran et al., 

1999). However, Ravindran and colleagues in 1998 demonstrated in chickens that poorly 

digestible ingredients (meat/bone meal, feather meal, etc.) have lower ileal digestibility values 

when compared to fecal digestibility values due to increased microbial degradation occurring at 

the large intestine.     

The re-entrant cannula is another method of sampling that does not require markers or 

representative sampling because all digesta is collected, sampled and then returned to the 

intestine. This type of cannula has been known to present issues of blocking with larger feed 

particles and feed intakes (Fuller et al., 2005). Still, with measuring the nitrogen and amino acid 

profile of digesta entering the duodenum and appearing at the ileum, endogenous nitrogen 

contributions must be considered. Apparent digestibility values consider dietary and endogenous 

protein as well as ammonia loss from the rumen and hindgut while true digestibility 

measurements use a correction factor to remove the contribution of endogenous proteins.  
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In Situ vs In Vivo Comparison 

Berthiaume et al (2000) compared the intestinal disappearance of rumen protected (RP) 

methionine in situ and in vivo. Both experiments utilized rumen, duodenal and ileal cannulated 

animals. For both the in situ and in vivo experiment, polyester bags containing the RP 

methionine were first rumen incubated, washed in cold water upon removal and were then 

incubated in a pepsin-HCL solution to simulate abomasal digestion. For the in situ experiment, 

polyester bags were then inserted into the duodenum and ileum where Methionine concentration 

was determined on recovered bags. For the in vivo experiment, bags from the rumen and pepsin-

HCL incubations were opened and Methionine contents were transferred to a gelatin capsule. 

The gelatin capsules were then inserted in the duodenum and ileum where duodenal, ileal and 

fecal material were analyzed for nitrogen and Methionine concentration. Results from this study 

showed lower RP methionine small intestine digestibility values for the in situ experiment 

(43.65%) when compared to the in vivo experiment (74.45%). Large intestine methionine 

disappearance was similar between the two methods (P = 0.38). Berthiaume et al (2000) 

explained “the physical barrier created by the bag could restrict the contact between the pellet 

and duodenal digesta, explaining the tendency (P = 0.08) for a lower disappearance in the small 

intestine observed when measured in situ versus in vivo.”   

In Vivo, In Situ, In Vitro Comparison 

While Berthiaume et al (2000) determined that the in situ technique yielded lower 

digestibility values than the in vivo technique, other studies deem the in situ technique to show 

higher digestibility values when compared to in vivo values. Jahani-Azizabadi and colleagues 

(2009) compared protein digestibility values for alfalfa hay and barley grain which were tested 

via three different methods: in vivo via lambs, in situ mobile nylon bag technique using 
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rumenally and intestinally cannulated steers and a three step bench top procedure. For the in vivo 

procedure (control), lambs were fed varying ratios of alfalfa hay and barley grain with feed and 

feces being collected and analyzed for nitrogen content. For the mobile nylon bag technique, 

samples of ground alfalfa hay and barley were incubated in the rumen for 12 hours, washed and 

dried upon removal, and were then placed in the duodenum of a ruminally and duodenally 

cannulated animal. Bags were then recovered in the feces and analyzed for nitrogen content. For 

the three step procedure, samples were first incubated in the rumen for 12 hours via the nylon 

bag and were then treated with HCl/pepsin and pancreatin. Results from the three procedures 

show that there were significant differences in protein digestibility between the methods. The in 

vivo procedure showed significantly less apparent crude protein digestibility (alfalfa hay=74%, 

barley grain= 69%) when compared to the mobile bag method (alfalfa hay=89%, barley 

grain=96%) and the 3 step procedure (alfalfa hay=81%, barley grain=89%). Although these 

methods have been previously validated, they all yielded very different results in this study 

(Calsamiglia and Stern, 1995; Hvelplund et al., 1985). As a result, this study raised questions 

related to method validity in simulating what is actually occurring the animal. It is reasonable to 

think the in vivo measurements would hold the highest reliability in terms that all measurements 

occur from the natural process occurring within the animal. However, as evidenced in the study, 

the in vivo method resulted in the lowest nitrogen disappearance when compared to the 

remaining method. One possibility leading to this low digestibility number could be due to the 

lack of a correction factor with the in vivo calculation to take into consideration endogenous 

secretions, large intestine microbial growth and potentially undigested microbes from the rumen.  

While the three step procedure simulated the rumen, abomasum and small intestine, the 

mobile nylon bag/in situ technique and in vivo procedure took into account the effect of the large 
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intestine. The large intestine is another site for fermentation in the body which could have 

contributed nitrogen to the samples, leading to lower digestibility values as seen in the in vivo 

method. Samples tested via the mobile nylon bag are able to be rinsed with water without losing 

the sample, in theory, since ingredients are sealed in porous bags. Thus, additional nitrogen 

contamination can be removed in contrast to the in vivo method where fecal samples do not have 

the ability to be washed. In addition, Jahani-Azizabadi and colleagues (2009) did not simulate 

abomasal digestion with the mobile nylon bag technique which could have led to an over or 

underestimation of protein digestibility for this method. Lastly, in the three step in vitro 

procedure, pancreatin was used as the digestive enzyme to simulate small intestine digestion, but 

additional enzymes secreted by the brush boarder membrane are active in digestion as well 

which were not accounted for in this study.   

Concerns of the In Situ and In Vitro Methods  

Bench top in vitro measurements take into account the rumen, abomasum, and small 

intestine. However, in vitro measurements may not simulate all aspects of the anatomy of the 

digestive tract such as additional enzymes and the brush border membrane, leading to 

under/overestimated values for AA digestibility. Although in vitro analysis’ are cost effective, 

there still is a lack in knowledge in digestive mechanisms occurring in vivo (small intestine 

digestion) which produces imperfect results. Thus, the need for a better in vivo model is highly 

desired. Similarly, mobile nylon bag/in situ techniques can over or underestimate ruminal and 

intestinal disappearance through several different factors ranging from bag pore size to wash 

methods used upon removal from the digestive tract. Though standardization has developed with 

this method, accuracy in predicting in vivo disappearance is highly desired to ensure 

standardization values are correct. As Vanzant and colleagues stated, “because of the huge 
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variability in in vivo measurements, it is difficult to know which in situ values most accurately 

reflect them.” The same thoughts are applied to the 3 step procedures. Though the 3 step 

procedure is cheaper and faster when compared to the other methods, procedure modifications 

are needed to both standardize the procedure and better mimic in vivo results. So without an 

accurate and precise in vivo method to measure digestibility, we are unable to standardize other 

methods that may be more practical and economical to use in the industry.   

Feather Meal and Blood Meal 

Rendered products, such as animal by-products, can provide high amounts of protein 

when fed to ruminants in the diet. However, the true digestibility of the RUP portion of some 

animal by-products, like feather meal, is still uncertain. Modified 3-step in vitro procedures 

reportedly predict values even lower than the NRC estimates. Several studies have examined the 

effects of feeding feather meal on growth of beef steers, digestibility in lambs, amino acid 

composition after rumen in situ incubation, and the effects of feather meal on milk production in 

dairy cattle. Increasing levels of feather meal in the diet of a lactating cow by substitution for 

soybean meal have been found to decrease milk protein percent, potentially due to amino acid 

deficiencies in feather meal as compared to soybean meal (Goedeken et al., 1990; Harris et al., 

1992). Similarly, it has been noted as feather meal amounts are increased in the diet, crude 

protein digestibility decreases when substituting for other ingredients (Church et al., 1982; Harris 

et al., 1992; Thomas & Beeson, 1977). Other studies looked at the effects of supplementing 

feather meal with blood meal or other poultry by products to determine if the combination helped 

support animal production. Goedeken and colleagues (1990) and Klemesrud and colleagues 

(1998) examined the substitution effects on growth of beef steers and digestibility using lambs. 

Rumen incubation of feather meal was also performed to determine ruminal degradation rates 
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and the remaining residue was analyzed for amino acid content which was used to estimate 

intestinal flow of amino acids. However, there appears to be significant variation in feather meal 

ruminal plus intestinal protein digestibility ranging from a low of 59.3% (Thomas et al., 1977) to 

a high of 83.2% (Klemesrud et al., 1998). This variation could be due to the amount of blood 

mixed with the feather meal as well as the rendering process used to create the meal. Moritz and 

Latshaw (2001) determined that excessive hydrolysis processing of feather meal decreases the 

undegraded protein fraction, but can have a detrimental effects on the presence of sulfur amino 

acids, cysteine in particular. Cysteine helps feathers maintain their bulky size while keratin gives 

feathers their large volume and low density (Moritz et al., 2001). Hydrolysis breaks down keratin 

in the feather meal, which is thought to be due to a chemical reaction occurring with cysteine as 

increased hydrolysis processing leads to a decrease in cysteine content (Moritz et al., 2001). 

Other sources of variation results from the methods used to determine digestibility values. 

Ravindran and colleagues (1999) were interested in comparing the amino acid digestibility 

differences between digesta sampled at the ileum or excreta. Blood meal and feather meal were 

both tested in this study. While no AA digestibility differences were noted between the two 

sampling sites with blood meal (except for isoleucine), the AA digestibility in the excreta was 

higher on average for feather meal when compared to digestibilities at the ileum. This was also 

the case for other animal protein meals such as meat meal and meat and bone meal (Ravindran et 

al., 1999). This difference in ingredient digestibility values at the varying sites of sampling could 

be due to the feather meal’s poor digestibility in other areas of the digestive tract, leading to 

higher protein content reaching the hind gut which in turn stimulates microbial growth 

(Ravindran et al., 1999). Thus, excreta sampling to determine dietary digestibility of diets 

containing feather meal could underestimate AA digestibility values.  Waltz and colleagues 



21 
 

(1989) studied the nutritional effects of exchanging a grain mix containing soybean meal (SBM) 

with grain mixes containing feather meal, blood meal, or a 50:50 mix of feather meal (FM) and 

blood meal (BM) in lactating Holstein cows. Feed, fecal, duodenal and ileal digesta was 

collected during the experiment. After ruminal incubation, the soybean meal grain mix had the 

highest protein degradation (60.3%) followed by the blood meal (42.7%), blood meal + feather 

meal (28.2%) and lastly the feather meal (20.8%) grain mix. Volatile fatty acid concentrations 

were highest for cattle fed diets containing the soybean meal grain mix than the diets containing 

blood meal, feather meal or a mix of the two which coincide with the lack of nitrogen degraded 

in the rumen with the blood meal and feather meal grain mixes. When compared to the soybean 

meal diets, feather meal and the blood meal + feather meal diets had higher total amino acid flow 

to the duodenum, however, the blood meal + feather meal diet had the highest total AA 

absorption in the small intestine when compared to all the diets. Flow of amino acids to the ileum 

was highest for feather meal compared to the remaining ingredients, yielding the lowest AA 

intestinal digestibility value. Individual amino acid absorption varied among the different diets as 

“absorption of aspartate, alanine, histidine, and lysine were higher (P < 0.05) and serine, proline, 

cysteine and isoleucine lower (P < 0.05) for the BM diet than for the FM diet” (Waltz et al., 

1989). All amino acid absorption was lowest for cattle fed the FM diet except for cysteine, 

serine, glycine, isoleucine, and leucine specifically. There was considerable sorting of feed by 

cattle fed the BM diet, but flow and absorption of amino acids was similar to that of the SBM 

diet suggesting if intake had been similar, absorption and flow could have reached higher levels 

than that of the SBM diet. However, as seen in this study, palatability is of concern with animal 

by-products and must be taken in to consideration when formulating diets. Due to the high 

resistance to degradation in the rumen and increased AA flow and absorption in the small 
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intestine, a mix of BM and FM can be of benefit in supplementation schemes for lactating cows 

based on the results from this study. As much of the value of any protein ingredient is driven by 

the available RUP and its EAA content, one must establish the true value of that fraction to 

determine a fair market value.  As explained above, the digestibility variation is broad for feather 

meal and blood meal making it difficult to establish a true value for AA digestibility. The 

variation could be due to the ingredient, but additional variation could arise from the methods 

used to determine the digestible AA fraction of these ingredients. It is important to determine a 

valid reliable in vivo method to test ingredients to then validate in vitro and in situ methods that 

are accurate for testing feather meal, blood meal or other animal protein by-products. 

Isotope Techniques to Estimate Amino Acid Availability 

Research using isotopes has become increasingly popular in both animal and cell work 

due to the isotopes trackable nature throughout the various metabolic process in the body. Stable 

isotopes (molecules heavier by one or a few atomic mass units than the most common isomer 

and not radioactive; (Bequette et al., 2006)) or radioisotopes (an unstable ratio of neutrons to 

protons) can be used in isotope techniques. Two isotope dilution techniques utilize bolus and 

constant infusions of the isotope. These two techniques yield isotopic measurements that are 

used to calculate total flux estimates from the dose of label infused and the isotopic enrichment 

of the samples selected to best represent the pool of interest.  

The bolus approach utilizes a single dose of the isotope delivered rapidly into the pool of 

interest. The constant infusion approach uses the same principal, but the infusion is generally 

carried out until the enrichment in the pool of interest reaches a plateau which reduces the 

complexity of the calculations to derive a rate of total entry.  However, if a time dependent 
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model of isotopic labeling is used to interpret the data, it is not necessary to infuse until a plateau 

is reached.  

Stable isotopes can be measured in samples by mass difference (when compared to 

normal weight molecules) using a mass spectrometer (MS) (Bequette et al., 2006). In MS using 

electron impact ionization mode, the molecule to analyze is fragmented in predictable fragments 

(Bequette et al., 2006) so, detection and identification of the molecule is possible, in addition to 

quantification of the mass difference. Frequently used stable isotopes in protein digestibility 

research include 15N and 13C. It is important to note that there are natural abundances of stable 

isotopes that must be considered when analyzing samples (15N 0.365% and 13C 1.11%) (Bequette 

et al., 2006). Allowing the isotope to reach steady state ensures that all pools exchanging with 

the one of interest have reached steady state where label movement into those pools equals label 

return, and thus they can be ignored when modeling the system. (Bequette, Sunny et al. 2006).  If 

a steady-state model is used to interpret the isotopic data, failure to achieve isotopic steady state 

at the time of sampling will contribute errors “in estimation of flux and metabolic partitioning” 

(Bequette et al., 2006).  

A non-invasive method using a stable isotope based approach was used to test ingredients 

for amino acid availability that may give more accurate values when compared to in vitro and 

other in vivo methods. In 2008, Borucki Castro and colleagues assessed the usefulness of a 

whole body lysine net flux method to determine lysine availability in dairy cows. This method 

used a stable isotope to track amino acid availability in the plasma of the cow.  Under steady 

state conditions, the rate of appearance of EAA in the sampled pool, i.e. plasma, is the sum of 

absorption, synthesis in the body, and that released by degradation of body protein.  And entry is 

equal to the rate of disappearance, which is the sum of the rate of the amino acids leaving the 
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pool by oxidation and protein synthesis (Castro et al., 2008). By feeding a high protein diet to 

ensure that there are no limiting amino acids in a study where there are different diets, there 

should be no change in protein synthesis, degradation and retention or secretion. Therefore, any 

measured difference in the rate of appearance noted with a diet would be due to variation in the 

rate of absorption plus body synthesis.  If the AA being studied is an essential AA, the synthesis 

is 0 and the change in appearance relative to the control is due to changes in absorption between 

the diets. To test the usefulness of the isotope method in determining lysine availability, Castro 

and colleagues (2008) compared three different test methods when cows were fed diets 

containing different soybean meals. The different methods evaluated included a plasma Lys 

concentration response method, duodenal flow/intestinal digestion method and a whole body 

lysine net flux (isotope) method. 

Ruminally and duodenally cannulated multiparous Holstein cows were fed diets 

supplemented with solvent extracted soybean meal (SBM), expeller-processed SBM, 

lignosulphonate-treated SBM, or a 70 gram omasal infusion of raw lysine dosed to cows fed the 

solvent extracted soybean meal. The omasal infusion of the raw lysine acted as a control 

treatment for the different test methods. For the duodenal flow and intestinal digestion method, 

ruminal, duodenal, feed and fecal samples were taken throughout the study and were analyzed 

for total nitrogen and lysine content. The whole body flux was tested via a bolus dose of isotope 

labelled lysine into the jugular vein followed by a series of blood sampling over a 30 minute 

period where plasma was analyzed for lysine enrichment. In the plasma response method, cows 

were blood sampled during eight omasal raw lysine infusions where the amount of raw lysine 

infused steadily increased. Plasma was again analyzed for lysine content which yielded a 

response curve that was used to estimate variations in lysine availability across diets. 
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Results from the study showed no significant difference in lysine availability among the 

different soybean meal diets across all methods tested. However, significant differences were 

seen in all methods when comparing the solvent extracted soybean meal diet with and without 

the 70 g/day omasal lysine infusion. When using the digesta marker method, the difference in 

duodenal lysine flow between the two diets was 39 g/day, meaning only 56% of the omasally 

infused lysine was identified as having been absorbed from the intestine. The plasma response 

method recovered 68 g/day of the omasally infused lysine, detecting almost all of the infused 

lysine at 97%. However, the whole body lysine flux method recovered 100% of the expected 

omasally infused lysine, suggesting there was no loss in the infused dose. Though this research 

concluded that the isotope method is sensitive and accurate enough to determine lysine 

availability in dairy cattle while eliminating the use for cannulated animals, the plasma response 

curve and isotope method both yielded similar results. The plasma response method also had a 

lower standard error for the data when compared to the isotope method, suggesting that some 

improvements could be utilized to make the isotope method even more accurate and reliable. 

This method has the potential to be a more reliable procedure as all measurements are directly 

from the cow with no in vitro or in situ procedures. This method could be used to determine 

rumen undegradable protein/amino acid digestibility for many common ingredients used in dairy 

rations and bridge the gap between in vivo and in vitro measurements. Though labor may 

decrease slightly through elimination of cannulated animals, associated costs will remain high 

due to materials used, skilled labor and laboratory analysis.  Additionally, the animals must be 

placed on a very high protein diet in order to ensure that blood concentration responses will 

occur. 
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Conclusion 

Balancing diets for protein and amino acids in the dairy cow diet is extremely important 

as amino acids are crucial nutrients required for not only numerous productive processes in the 

body such as growth, reproduction, milk production and milk protein synthesis, but also for 

metabolic support of all pathways through enzyme synthesis, etc. Knowing the exact amino acid 

digestibility values for all ingredients used to balance rations is crucial to ensure the cows' 

requirements are being met and not exceeded with supply. In vitro procedures have been 

developed to provide producers and industry people with quick and relatively easy ways to test 

ingredients for amino acid and protein digestibility. Even with many years of improvements, it is 

still unclear if these methods accurately simulate what is occurring in the animal. The 

development of a reliable in vitro method is still needed, but more research will need to be 

performed to investigate the effect of intestinal mechanisms such as enzymes and the brush 

border membrane. However, results from developing in vitro methods could be compared to 

results obtained by an in vivo isotope method as a way to validate the bench top procedures. 

While the isotope method is able to report total absorbable AA values and is unable to 

distinguish between the AA that escapes rumen degradation and intestinal digestibility, the in 

vivo isotope based method has the potential to be a more ideal method to validate in vitro 

procedures and provide absolute amino acid digestibility values for a variety of feed ingredients, 

leading to more accurately balanced diets and increased milk production.  
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Chapter 2: Assessing Intestinal Absorption of Amino Acids Utilizing a Stable 

Isotope Based Approach 

Abstract 

The purpose of this research was to test a non-steady state, stable isotope based approach 

as a more reliable in vivo method to determine bioavailability of five non-essential AA and 

seven essential AA from feather meal (FM), blood meal (BM), soybean meal (SBM), and a 

rumen protected amino acid (RPAA). Abomasal infusions of raw EAAs (isoleucine, leucine and 

methionine) and sodium caseinate were used as separate control treatments to validate the 

technique. The resulting isotope data were modeled using a dynamic, 4-pool representation with 

2 pools representing total free AA and the 2nd representing total protein bound AA.  These pools 

and associated fluxes were mirrored to represent isotopically labeled AA.  The model was fitted 

to each animal infusion and the derived AA entry rates were solved for individual AA 

bioavailabilities from each ingredient.  A mean of the AA availabilities was used to estimate the 

absorbed protein supply, and NRC (2001) ruminally undegraded protein (RUP) digestibility 

values were used to calculate an RUP supply from each ingredient which was expressed as a 

percentage of the source ingredient protein content.  The raw EAA infusion had the greatest AA 

recovery in plasma with an estimated absorbed RUP value of 93.4± 7.35% followed by the 

casein infusion (86.7 ± 4.81%), SBM (54.8 ± 5.19%), FM (52.7 ± 4.81%) and BM (47.5 ± 

4.81%). The RPAA treatment had the lowest bioavailability at 9.9 ± 12.73%. Numerically, SBM 

supplied the most absorbable EAA of the 4 feed ingredients, but was not significantly different 

from that of BM and FM. Based on the control treatments (raw EAA and casein), the method 

provided an accurate assessment of AA bioavailability values with relatively low standard errors. 

It has the additional advantage of being conducted in the target animal under normal feeding 

conditions.  
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Introduction 

Supplying the proper mix of EAAs should allow lower protein diets to be fed resulting in 

improved animal efficiency and reduced release of nitrogen to the environment (Khezri et al., 

2011) and reduced cost production, but this requires accurate knowledge of duodenal microbial 

protein flows and rumen undegradable and digestible AA sources. Balancing diets to correct for 

limiting EAA such as methionine and lysine can lead to increased milk and protein yields and 

protein percentage in dairy cows (Třináctý et al., 2009). Diets adequate in absorbed EAA have 

been observed to result in increased milk fat content of 0.1 - 0.15%, milk protein content of 0.15-

0.25%, and milk production of 0.91-1.81 kg (Schwab, 2010).  

The Dairy NRC (NRC, 2001) utilized an empirical equation to predict duodenal EAA 

flows with the further assumption that digestibility of each EAA was equivalent to that of the 

protein. Given the empirical nature of these equations, they cannot be used outside of the range 

of the data used to derive the equations which can limit their applicability with respect to new 

ingredients.  Essential AA flow can also be predicted from in vivo, in vitro and in situ methods; 

however these techniques can generate conflicting results (Berthiaume et al., 2000; Jahani-

Azizabadi et al., 2009). It is crucial to develop a more reliable and accurate in vivo procedure 

that can be used to assign values to feed ingredients. In vitro methods are important to the 

industry as these methods require less time, labor and money. But these assays can be biased, 

and thus must be validated against in vivo measurements.  Thus a reliable and accurate in vivo 

method of assessing EAA digestibility and bioavailabilities is needed. An isotope in vivo based 

approach of assessing absorbed AA has been tested by Borucki et al. (2008) and Maxin et al. 

(2013) and found to be valid; however a limitation of the prior approach is that it is conducted 

over a very short sampling time making it more difficult to scale to daily rates.  
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The purpose of this research was to test a non-steady state, stable isotope based approach 

as a more reliable in vivo method to determine bioavailability of AAs from feed ingredients. In 

addition, the research focused on comparing results from in vitro, in situ and in vivo methods for 

rumen undegradable protein (RUP) and digestible rumen undegradable protein (dRUP) of feed 

ingredients.   
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Material and Methods 

Animals, Treatments and Diet Compositions 

All animal procedures were approved by the Virginia Tech Animal Care and Use 

Committee. Six Holstein steers (1 year old at the start of the study, 340 ± 34 kg BW) were used. 

The main trial was conducted as a 6 x 6 Latin square with 6 treatments arranged in 6, 10-d 

periods. Diets were formulated to meet or exceed all NRC (2001) recommendations for a 

replacement heifer weighing 317 kg and consuming 7.4 kg DM/day except Vitamin D which was 

deficient. However, all steers were exposed to at least one hour of sunlight per day, and thus this 

dietary deficiency was not important. The base diet (BD) contained a mix of corn silage, grass 

hay, soybean meal, salt, vitamins and minerals (Table 1). All diet were formulated to 20% CP to 

ensure no AA or protein deficiencies as well as to ensure no changes in rumen microbial protein 

synthesis across each of the diets. This was achieved by including soybean meal in the ration at 

29.7% of DM. The diets were designed to have RDP levels much in excess of microbial 

requirements to minimize microbial protein synthesis changes between diets. The treatments 

included either the base diet or the base diet with a portion of the soybean meal substituted by 

blood meal (BM), feather meal (FM), a ruminally protected AA with a known availability 

(RPAA), abomasally infused sodium caseinate (casein) or abomasally infused methionine, 

isoleucine and leucine (raw EAA). All substitutions were done on an equal weight basis. Diets 

and their respective nutrient compositions are shown in Table 1 and Table 2.  

On days 1-5 of each period, steers were fed ad libitum. Steers on the base diet, casein 

infusion, or raw AA infusion treatments were fed the base diet as a group. Steers on the FM, BM 

or the RPAA treatments were housed and fed their treatments individually. On d 6 of each 

period, all six steers were moved to metabolism stalls with free access to feed and water.  From d 
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6 through d 8, feeding occurred every 6 hours. At least 24 h before the beginning of the isotope 

infusion, feeding was switched to every 2 h and feed offered was reduced to 95% of the ad 

libitum DMI observed in the previous 3 d to establish steady state amino acid absorption from 

the gut. 

Before the start of the main experiment, a pilot trial was conducted to determine the 

amount of feather meal and blood meal that the animals would tolerate in their diet using 2 of the 

above steers. The animals were acclimated to the BD treatment for 10 d followed by substitution 

of feather meal or blood meal for soybean meal at increasing increments of 0.25% of as fed 

intake every 2 days until refusals were observed. If refusals were observed, additions were held 

constant for an additional 2 days. If feed intake returned to normal, ingredient additions 

increased. However, if feed intake did not return to normal, the trial was halted and the final 

ingredient level fed was considered to be the maximum feeding level for the main trial. Feather 

meal was fed first, followed by blood meal in both animals.   

Infusions 

A) Casein and Raw EAA Infusions 

The casein and raw amino acids were infused into the abomasum via an infusion line 

constructed from tygon tubing and placed into the abomasum via the rumen cannula and omasal 

orifice (Spires et al., 1975). On d 6 of each period, an abomasal infusion line was placed in steers 

receiving the casein treatment. On day 9 of each period, an abomasal infusion line was placed in 

steers receiving the raw EAA treatment. After placement of the infusion line, a continuous 

infusion of the treatment was initiated, and continued through d 10. The infusions (6L/d at 

250ml/hr) were administered using clinical infusion pumps (LifeCare 5000, Abbott Laboratories, 

North Chicago, IL) over the desired time period (4 days for the casein treatment and 24h for the 
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raw EAA treatment). Sodium caseinate equivalent to 1.51% of the observed DMI of each steer 

on the previous 2 days was mixed in 6L of water each day. A constant infusion (250 ml/h) of raw 

isoleucine (0.64% of DMI), leucine (1.13% of DMI), and methionine (0.22% of DMI) dissolved 

in 6L of water was started for the steer receiving the raw EAA treatment and was continuous 

through the isotope infusion and subsequent blood sampling.  

A) Isotope Infusion and Blood Sampling 

On d 8 of each period, each steer was fitted with two jugular catheters (.080” ID, .040” OD, 

micro-renathane, Braintree Scientific, Inc., Braintree, MA for isotope infusions and polyurethane 

(14g x 5.25 “), Jorvet, Loveland, CO for sampling). The sampling catheter tip was approximately 

20 cm caudal to the tip of the infusion catheter to ensure sampled blood had transited through the 

circulatory system before sampling. Catheter placement alternated sides in successive periods to 

reduce local stress. On d 10 of each period, 0.5 g of  13C labelled AA derived from algae (U-13C, 

97-99% enriched), 12.9 mg of 13C labelled L-histidine-HCl-H2O (ring-2-13C, 99% enriched), and 

10 mg of 13C L-methionine (methyl-13C, 99% enriched; all from Cambridge Isotope Laboratories 

(Andover, MA) were dissolved in 250 mL of sterile saline, sterile filtered (0.22um filter, 

Sterivex, Millipore), and infused into the jugular vein at a constant rate over 2 h using clinical 

infusion pumps (LifeCare 5000, Abbott Laboratories, North Chicago, IL).  

Blood was sampled at -15, 5, 10, 15, 30, 45, 60, 75, 90, 105, and 120 min relative to the 

start of the infusion at which time the isotope infusion was halted.  The same sampling sequence 

was repeated relative to the end of the isotope infusion excepting the first sample which occurred 

at the time of cessation rather than -15 and an additional sample at 150 min post infusion was 

taken. In total, blood was collected over a 4.5 h period (two hours during the infusion and two 

and a half hours immediately following the infusion). Plasma was prepared from the collected 
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blood by centrifugation (1665 RCF for 12 min) and stored in polypropylene tubes at -20˚C until 

further analysis.     

Plasma Analysis 

Plasma samples were deproteinized using sulfosalicylic acid (SSA; 50% SSA v/v) and 

centrifugation, desalted by ion exchange (BioRad Resin AG 50-X*, 100-200 mesh), and eluted 

using ammonium hydroxide (2N) into silanized glassware as described by Calder et al. (1999). 

Desalted samples were freeze dried, and subsequently derivitized as described by Husek (1991) 

using methyl and ethyl chloroformate and a mix of pyridine, ethanol and water to decarboxylate 

and derivatize followed by chloroform extraction. A subsample of the organic phase was 

separated by gas chromatography (GC) and assessed for isotopic enrichment of CO2 using an 

isotope ratio mass spectrometer coupled to a GC by a combustion oven (Thermo Scientific; 

Sessions, 2006). The enrichment of all EAA except arginine could be determined using this 

method, the latter being destroyed during the derivatization process (Hušek, 1991). However, 

detection of His is difficult due to retention on metal and glass parts, and thus was not reported in 

this work. 

Feed/Fecal Dry Matter and Indigestible Neutral Detergent Fiber (iNDF) Analysis 

Feed samples and refusals were collected daily during the final four days of each period 

and were composited by period. Diet and individual ingredients from each period were dried in a 

forced air oven at 55˚C over a 4 d period. Samples were pooled by period and by steer. On days 

7-9 of each period, spot collection of feces (400g) took place every 6 hours with the collection 

time rotating forward 2 hours on the 2nd day of collection and 4 h on the 3rd day of collection. 

Fecal samples were pooled by period and steer. A subsample of the composited feces was freeze 

dried to determine DM content. 



38 
 

Feed and fecal samples were analyzed to determine indigestible NDF (iNDF) content. A 

subsample of composited, dried diet and feces was ground to 2 mm (Wiley Mill, Thomas 

Scientific, Swedesboro, NJ), subsubsampled in duplicate and 10 g of diet or 5 g of feces were 

placed in dacron bags (10 x 20 cm bags for diet, 5 x 10 cm bags for feces, 50 um porosity, 

Ankom). The duplicate bags were incubated for 12 d in the rumen (1 duplicate in each animal) of 

2 cannulated steers used in the main study (1.5 years old, 447 ± 15.4 kg BW) to determine iNDF 

content. The steers were fed a high lactation total mixed ration containing chopped hay, wet 

brewers grain, a concentrate mix, corn silage, bentonite, and western alfalfa hay. Upon removal, 

the samples were briefly hand washed in cold water followed by washing in a household 

washing machine on the delicate, cold cycle. Washed samples were dried in a forced air oven at 

55˚C for 24 h, and the dry weight recorded. Samples were hand ground using a mortar and 

pestle, weighed, heat sealed into fiber filter bags (25um porosity, Ankom), and assessed for NDF 

content using the Ankom Fiber Analyzer 200. Residue remaining after the Ankom digestion was 

assumed to be iNDF. iNDF was used to calculate fecal output: 

Fecal DM output (kg/d) = DMI (kg/d) * Diet iNDF (kg/kg DM) / Fecal iNDF (kg/kg DM) 

Fecal DM output was subsequently used to calculate fecal N output (kg/d) from the analyzed N 

content of feces. Apparent N digested (kg/d) and N digestibility (%) were calculated as: 

Apparent N digested (kg/d) = N intake (kg/d) - Fecal N output (kg/d) 

Apparent N Digestibility (%) = Apparent N digested (kg/d) / N intake (kg/d) * 100 

Ruminal Protein Degradation 

Individual feed ingredients were incubated in the rumen of the same 2 cannulated steers 

used for the iNDF work. Ten g of each dried ingredient (blood meal, feather meal, rumen 
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protected amino acid or soybean meal) were weighed into dacron bags (10 x 20 cm, 50 µm 

porosity, Ankom). The dacron bags were heat sealed and suspended in a mesh laundry bag in the 

rumen. One sample of each ingredient was incubated in the rumen of each steer for 0, 3, 9, 12, 

15,24, 36, 48, 72 h. Samples were placed in reverse order starting with the 72 h sample and all 

removed simultaneously. The 0 h sample was briefly soaked in the rumen for less than one 

minute. Upon removal from the rumen, samples were briefly hand washed in cold water, and 

then washed in a house hold washer as above.  Washed samples were freeze dried, weighed, and 

hand ground using a mortar and pestle.  

Feed, feces, and the residues from the in situ bags were analyzed for N content via 

combustion analysis using a Vario EL cube (Elementar, Germany). Nitrogen leaving the bag at 

time 0 (the A fraction), N retained at time 0 (the B fraction), and the rate of B fraction N loss 

from the bag (kd) were determined by fitting the equation:   

Nt (% of initial) = B[-kd * (hr -lag)] 

to the observed data using the NLMIXED procedure of SAS (9.3), and assuming B=100-A. lag 

(h) represents the potential time lag that can occur before loss begins to occur.  We attempted to 

define a non-degradable fraction (C), but these efforts were unsuccessful indicating that the C 

fraction was small or that the 72 h experimental duration was not long-enough.  

Protein digestibility was calculated as: 

Fecal N (kg/d) = Fecal DM output (kg/d) * Fecal N% / 100 

Apparent N digested= N intake (kg/d) - Fecal N (kg/d) 

Apparent N digestibility % = [Apparent N digested / N intake] * 100 
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Blood Meal and Feather Meal Lab In Vitro Digest 

Subsamples of the feather meal and blood meal used in the animal study were tested for 

CP, RUP and intestinal digestible protein (IDP) at Cumberland Valley Analytical Services 

(CVAS), Dairyland Laboratories, Inc. (Dairyland), and Papillon. CVAS and Dairyland use the 

multi-step protein evaluation (MSPE) procedure developed by Ross and colleagues (2013) and 

Papillon uses a pepsin digestibility. Based on power tests, 22 feather meal subsamples and 14 

blood meal subsamples were prepared from the material used for the animal trial and submitted 

to each laboratory for CP, RUP, and IDP analyses.  

Abomasal Infusion Trial Verification for Rumen Protected Methionine 

The ruminally protected Met product assessed in the main trial utilizing the isotopic method 

was also assessed using blood appearance responses after an abomasal bolus to cross check the 

validity of the isotopic method.  The latter method makes use of the rise in blood concentrations 

after the bolus to determine relative appearance which is compared to the relative appearance of 

abomasally infused raw methionine (control). The product was tested in each of 2 nonlactating, 

rumen cannulated cows in a crossover design with 2 periods. The RP methionine product was 

incubated in the rumen of the ruminally cannulated cow for 8 hours prior to abomasal infusion. 

For each infusion, 55.5 g of the encapsulated methionine product (72% Met) was evenly 

distributed into four, 10 x 20 cm dacron bags (50um porosity, Ankom). An additional 

encapsulated sample (6.94 g) was incubated in the rumen in 5 x 10 cm dacron bag (1 bag, 50 um 

porosity, Ankom ) for 8 hr to determine ruminal disappearance of methionine N. The dacron 

bags were then placed together in one laundry bag and suspended in the rumen.  Residue 

remaining after 8 hours was collected from the bags and infused into the abomasum. Abomasal 

infusion lines were constructed from small-bore tygon tubing with a tygon flange attached to the 
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distal end. The lines were introduced into the abomasum via the reticular, omasal orifice as 

previously described by Spires et al. (1975). 30.0 g of raw methionine (100% Met) was infused 

without prior rumen incubation as the control treatment. The infusions required between 10-15 

minutes in less than 650 ml of water. After the infusion, the line was flushed with an additional 

100 mL of water to ensure complete delivery of the dose.  

 Following rumen incubation, the additional encapsulated sample (6.94 g) was rinsed 3x 

in fresh cold water, excess moisture removed using a salad spinner, stored at -20oC, and 

subsequently freeze dried. Dried residue and a subsample of the source material were ground and 

analyzed for N content by combustion as above. 

Blood was sampled at -4, -2, 0, 0.33, 0.67, 1, 2, 4, 6, 8, 10, 12, and 16 h relative to the 

completion of the infusion from an indwelling jugular catheter. Plasma was prepared, stored, and 

de-salted as described above. Samples were analyzed for AA concentrations by gas 

chromatography-mass spectrometry using isotope dilution as described by Calder et al., 1999. 

Blood Met concentrations (µM) for the raw infused Met and the RP-Met product were analyzed 

by the University of Tennessee, Department of Chemistry. 

Calculations  

Dynamic AA Bioavailability Model 

A 4-pool, dynamic model was constructed and used to derive blood AA entry rates from 

observed isotopic enrichment data for each AA.  A representation of the model is presented in 

Figure 1. The model was coded in ACSLX (ver. 3.1.4.2, Aegis Technologies, Huntsville, AL). 

Numerical integration was conducted using a 2nd order Runge-Kutta-Fehldberg, variable step 

algorithm with a maximum step size of 0.1 min. 
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Mass, flux, concentration, and volume in the model are defined as millimoles, 

millimoles/min, millimoles/liter, and liters, respectively unless specified otherwise.  Pools 

represented were free labelled and total AA and protein bound labelled and total AA.   The free 

and protein bound AA pools were assumed to be fixed in size during the course of the infusion.  

The free pool was that found in blood, interstitial, and cytoplasmic spaces; however, it likely also 

includes some contribution from proteins with very short half-lives that are exchanging rapidly 

with the free pool. Although the bound pool should represent all of the body protein, the length 

of our infusion was likely not long enough to accurately estimate protein turnover rates for the 

very slowly turning over pools. This would result in some overestimate of the entry rates.  

However, this is not important as bioavailabilities were derived by difference from the BD entry 

rates (see below), and thus any potential bias in estimated entry rates were present for all 

treatments and removed by difference from the BD treatment.  

A) Total AA Pools 

The change in free, total AA with respect to time (dQAAFree/dt, mmol/min) was 

represented as the difference between AA entry and exit rates:  

dQAAFree/dt = FAAEntry +  FAAInfused + FAABoundFree - FAAClearance - FAAFreeBound 

where FAAEntry was a constant representing absorbed plus synthesized AA. FInfused represented 

infused AA, and was defined as a fixed constant rate which was 0 outside of the period of the 

infusion and set to the observed infusion rate (FObsInfused) during the infusion: 

if InfusionStartTime < t < InfusionStopTime then FInfused = FObsInfused 

else FInfused = 0 
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FAAClearance represented clearance from the free pool (oxidation or conversion to other 

compounds), and was defined as a mass action function of free AA:  

FAAClearance = KAAClearance x QAAFree 

where KAAClearance (min-1) represented the mass action loss constant. As the animals were 

managed to be in steady state and assumed to have minimal net protein deposition, the rate 

constant was calculated from the entry rate to achieve equal clearance and entry rates.  

FAABoundFree represented release from protein degradation, and FAAFreeBound represented 

use of AA to synthesize protein.  FAABoundFree was represented as a mass action function of the 

free AA pool (QAAFree): 

FAAFreeBound = KAAFreeBound x QAAFree 

where KAAFreeBound was the mass action constant (min-1).  It was assumed that protein 

degradation (FAABoundFree) was equal to synthesis over the course of the sampling period (i.e. 

zero net deposition): 

FAABoundFree = FAAFreeBound 

This assumption also introduced a small bias into the entry rate estimates as the steers 

were not at mature BW and thus likely were depositing net AA into protein.  However, as noted 

above, the bias should be removed by subtraction of the BD entry rates.  Additionally, by feeding 

a high protein diet that was well above requirements, changes in protein deposition rates 

associated with treatment should have been minimized. 

Initial free AA pool size (iQAAFree) was calculated from observed AA concentrations 

(mmol/L) and pool volume(VAAFree, L) as:  
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iQAAFree = CAAFree*VAAFree 

where initial free AA concentrations (CAAFree) were estimated from Oltjen and colleagues  

(1972).  VAAFree, in theory, should be definable from the kinetics of the isotope infusion, but the 

data were inadequate to provide a precise definition (SE of the estimate were greater than 50% of 

the estimate). A more precise definition would require multiple samples in the first 5 minutes of 

the infusion. As the derived entry rates are not particularly sensitive to this parameter, it was set 

to 14.8% of BW (L/kg) which was the mean of the values across a number of solves which is 

reasonable given a blood volume which approximates to 8% of BW (Turner and Herman, 1931).  

The total free AA pool size at any point in time can be calculated by numerical 

integration of dQAAFree/dt from a given initial pool size (iQAAFree): 

𝑄𝐴𝐴𝐹𝑟𝑒𝑒 = ∫
d𝑄𝐴𝐴𝐹𝑟𝑒𝑒

d𝑡
+ 𝑖𝑄𝐴𝐴𝐹𝑟𝑒𝑒   

However, because model fluxes defining the differential were set to yield a differential of 

0, the pool size was constant in size and equaled the initial pool size for the small steady state 

infusions that were conducted.  However, this would not be the case for a bolus infusion, which 

could also be simulated with the model given the structure. 

The total bound AA pool was assumed to be fixed in size, and thus a differential equation 

describing the change in size with respect to time was not included.  The pool size was set based 

on the assumption that body protein is 18.83% of BW (CProtBW, g/g; Williams, 1978) and has 

the AA composition (CAAProt, g/g) observed by Williams (1978) and Ainslie and colleagues 

(1993).  However, as noted above, a portion of this pool cannot be identified with a 2 h infusion.  

Thus bound AA exchanging with the free AA pool was restricted to a proportion of the overall 
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body protein pool which was defined with a common parameter (KBWAA, mmol/mmol) applied 

across AA which was defined by isotope kinetics.  This effectively creates fast and a slow 

turnover pools, the latter not being defined within our experimental design.  The bound AA pool 

(QAABound, mmol) was thus defined as: 

QAABound = BW x1000 x CProtBW x CAAProt / MWAA x KBWAA x 1000 

where BW was expressed in kg, and MWAA represented the molecular weight of each AA (g/mol). 

B) Isotopically Labelled Pools 

The differential equation describing changes in the isotopically labelled free AA pool size 

with respect to time (dQAA*Free/dt) was:  

dQAA*Free / dt = FAA*Entry + FAA*Infused + FAA*BoundFree – FAA*Clearance – FAA*FreeBound 

where the isotope fluxes were calculated as a product of the total fluxes and isotopic enrichment 

(e) of the precursor pools: 

FAA*Entry = FAAEntry x eAABackground 

FAA*Infused = FAAInfused x eAAInfused 

FAA*Clearance = FAAClearance x eAAFree 

FAA*FreeBound = FAAFreeBound x eAAFree 

FAA*BoundFree = FAABoundFree x eAABound 

Labelled free AA pool size was calculated by numerical integration of dQAA*Free/dt from a 

specified initial pool size (iQAA*Free): 
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𝑄𝐴𝐴𝐹𝑟𝑒𝑒
∗ = ∫

d𝑄𝐴𝐴𝐹𝑟𝑒𝑒
∗

d𝑡
+ 𝑖𝑄𝐴𝐴𝐹𝑟𝑒𝑒

∗   

where iQAA*Free was calculated from the initial total pool size (QAAFree) and the background 

enrichment in the free pool (eAABackGround) measured before the start of the infusion: 

iQAA*Free = iQAAFree x eAABackGround 

Blood isotopic enrichment was calculated as: 

eAAFree = QAA*Free / QAAFree 

The differential equation describing the change in labelled, bound AA with respect to time 

(dQAA*Bound /dt, mmol/min) was represented as:  

dQAA*Bound /dt = FAA*FreeBound - FAA*BoundFree 

and the pool size at any point in time (QAA*Bound) by numerical integration of dQAAFree*/dt from 

a specified initial pool size (iQAA*Bound): 

𝑄𝐴𝐴𝐵𝑜𝑢𝑛𝑑
∗ = ∫

d𝑄𝐴𝐴𝐵𝑜𝑢𝑛𝑑
∗

d𝑡
+ 𝑖𝑄𝐴𝐴𝐵𝑜𝑢𝑛𝑑

∗   

where iQAA*Bound was calculated from QAABound and the assumption that the background 

enrichment was equal to that of blood AA: 

iQAA*Bound = QAABound x eAABackGround 

C) Bioavailability Estimates 

The model was fitted to the observed blood AA enrichment data for each infusion by 

maximizing a log-likelihood function using the Nelder Mead optimizer (Press, 2007) encoded in 

acslX (ver. 3.1.4.2, Aegis Technologies, Huntsville, AL).  Adjustable variables included 
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FAAEntry, KAAFreeBound, and KBWAA with the former 2 fit by AA within infusion and the latter 

across AA within infusion.  

Figure 2 shows an example of the resulting model fit against observed data points for 

isoleucine from one infusion. Each amino acid from each infusion was assessed graphically (as 

shown in  

Figure 2) to verify fits and to identify outliers which were removed prior to finalizing the 

fits. Least square means and standard errors were derived by AA and diet using the MIXED 

procedure in SAS 9.3 where animal was considered a random effect.  

The derived FAAEntry were converted to g/day: 

KAAEntry(g/d) = FAAEntry / 1000 x 1440 / MWAA 

where 1440 is day length in minutes.  Entry rates for each AA were checked for outliers and 

those with an absolute value of 2 or greater were removed. In no case were all entry rate 

estimates removed from an infusion. Generally, the removed data points were a single AA entry 

rate. On average, 1 AA entry rate was removed per infusion.  

Entry rates were used to derive bioavailability values (K, g AA appearing/g CP) for each 

ingredient using the NLMIXED procedure of SAS (9.3) and the model: 

Entry RateAA (g/d) = (K1 x CPingredient 1) +… + (Kn x CPingredient n) + (K0 x RDPDiet) + (Pn x 

Periodn) + Animal 

where Animal was treated as a normally distributed random variable with a mean of 0 and a 

model derived variance. The data were also assumed to be normally distributed with the variance 

derived by the optimizer. Starting values for K0 through Kn (content of AA in ingredient n 
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appearing in blood for each ingredient, g/d per g CP) were assigned either as discrete values or 

derived from a grid search with bounds of 0 to 100 (percent of CP). RDPDiet (rumen degradable 

protein) was added to accommodate entry deriving from microbial protein which could be 

expected to vary when post-ruminal infusions of casein and EAA were substituted for ruminally 

fermentable soybean meal. Period was added as a fixed effect (with a starting parameter of 0.1).  

Each derived K were subsequently expressed as a percentage of the ingredient AA 

content as reported by the NRC (2001): 

AABioavailability (%) = Ki / Ingredient AAi x 100 

where Ingredient AAi was in g AA appearing/g CP. The K for either essential AA or non 

essential AA plus essential AA were used to estimate net RUP appearance as a percent of CP: 

 𝑁𝑒𝑡 𝑅𝑈𝑃 𝐴𝑝𝑝𝑒𝑎𝑟𝑎𝑛𝑐𝑒 (% 𝑜𝑓 𝐶𝑃) = ∑
𝐾𝑖

𝐴𝐴𝑖
× 100

𝑛

𝑖=1

 

where i represented each essential or non essential AA within the feed of interest. Based on 

casein observations, the nonessential AA appearance rates seem to be accurately assessed using 

this method.  

In order to calculate digestible RUP from Net RUP Appearance, gut use of AA must be 

considered (Hanigan et al., 2004). The infused casein was assumed to be 95% digestible based 

on rat studies conducted by Rutherfurd & Moughan (1998). Given an estimate of Net RUP 

Appearance, the net loss (from arterial and absorbed supplies) during absorption can be 

estimated as: 

Net Essential AA Loss (%) = Casein Digestibility (%) – Casein Net Appearance (%). 
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Digestible RUP (dRUP) can then be estimated for each ingredient as:   

dRUP(%CP) = Net RUP Appearance (%) / 1 - Net Essential AA Loss/100) 

RUP was estimated using dRUP and the RUP digestibility coefficient (DCRUP) values for each 

ingredient as reported by NRC (2001):  

RUP (%CP) = (dRUP (%) / (NRC DCRUP (%) / 100) 

Initial microbial AA values (InitalMicrobeAA) were based on the findings of Ørskow et al. 

(1986) with correction factors (CorrFactorAA) for lack of full recovery in reported 24 hr 

hydrolysis values as reported by Lapierre et al (2016). This yielded calculated anhydrous AA 

compositions for rumen microbes. Projected microbial protein digestibility values were 

calculated based on the assumption that these proteins are roughly 80% digestible (Bergen et al., 

1968; McNaught et al., 1954). Calculated gut sequestration percent for each AA (GutUseAA) was 

obtained by using the isotope bioavailability values from the casein treatment and the assumption 

that casein is 95% digestible as explained above (Rutherfurd & Moughan, 1998). These gut loss 

percentages for each AA were then applied to the predicted digested microbial AA to determine 

absorbable content of microbial AA (MicrobialAA_Absorbed) by the equation:  

MicrobialAA_Absorbed = [(InitialMicrobeAA * CorrFactorAA) * .80] - GutUseAA 

D) Abomasal Infusion Trial Verification for Rumen Protected Methionine 

Pre-infusion Met concentrations in the plasma were subtracted from the concentrations of 

each sample, and the area under the curve (AUC) was calculated for each treatment and cow 

using the trapezoidal rule. The AUC was adjusted for N infused into the abomasum after ruminal 

incubation (adjAUCRP-Met) based in the observed percentage of N remaining in the bag after 

incubation (%NRemainingRP-Met). The AUC for the raw treatment was also adjusted for the 
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amount of N infused, however there was no ruminal incubation of the raw Met (adjAUCraw Met). 

The sample solely incubated in the rumen that was further analyzed for N analysis provided the 

product with an RUP value that was used to predict the amount of N infused into the abomasum. 

The blood appearance Met from RP-Met was expressed as a percent of the appearance of Met 

from a raw Met infusion (AppearanceRP-Met): 

AppearanceRP-Met (%) = (adjAUCRP-Met / adjAUCraw Met)*100 

The bioavailability of the RP-Met product (BioavailabilityRP-Met) was calculated as: 

BioavailabilityRP-Met (%) = (AppearanceRP-Met / %NRemainingRP-Met)*100  

E) In Vitro Testing of FM and BM 

RUP digestibility coefficient (DCRUP) was calculated for FM and BM from the results 

from the in vitro testing using RUP and dRUP estimates:  

DCRUP (%RUP) = [dRUP (%CP) / RUP (%CP)] * 100 

Statistical Analyses 

Using the GLM procedure in SAS 9.3, least square means were calculated for 

AAbioavailability, RUP and digestible RUP for each ingredient using the following model:  

yi = + αi + i 

where yi = the dependent variable,  = the grand mean response, αi = the effect of ingredient, 

and i = the residual errors. Ingredient was a fixed effect. Post-test comparisons of the means 

were made using the LSMEANS statement in SAS using the HSD options. 

The effect of diet on total tract nitrogen digestibility was tested using the MIXED 

procedure in SAS 9.3 with the following model: 
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yi j = + αk + βi + j + i j 

where yi j = the dependent variable,  = the grand mean response, αk = the effect of treatment, βi 

= the effect of period, j = the effect of animal and i j = the random errors. The procedure used 

animal as a random effects while period and diet were fixed effects. Post-test comparisons of the 

means were made using the LSMEANS statement in SAS using the HSD options. 

The effect of laboratory on in vitro protein digestibility values was tested using the GLM 

procedure in SAS 9.3. 

yi = + αi + i 

where yi = the dependent variable,  = the grand mean response, αi = the effect of laboratory, 

and i = the residual errors.  Laboratory was considered a fixed effect. Post-test comparisons of 

the means were made using the LSMEANS statement in SAS using the HSD options.  

 Differences between percent nitrogen remaining after 0 and 12 h of rumen incubation for 

each ingredient were tested using the GLM procedure of SAS 9.3 using the following model: 

yi = + αi + i 

where yi = the dependent variable,  = the grand mean response, αi = the effect of ingredient, 

and i = the residual errors.  Ingredient was a fixed effect.  Post-test comparisons of the means 

were made using the LSMEANS statement in SAS with the HSD options.  

For all tests, P values less than 0.05 were considered significant and P values greater than 

0.05 and less than 0.1 were considered tendencies. 
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Results 

Total Tract Digestibilities and Fecal Output 

Means for dry matter (DM) intake and output, nitrogen (N) intake and output, apparent N 

digestibility, and the crude protein (CP) content of the diets and feces are summarized in Table 3. 

There were no significant differences between the BD treatment and any of the other treatments 

for DM intake and fecal DM output. However, there were significant differences in DM intake 

between the RPAA treatment (7.38kg/d ± 0.30) and the BM (8.05kg/d ± 0.30) and FM 

treatments (8.14kg/d ± 0.30). Differences were also observed between the casein (7.49 kg/d ± 

0.30) and FM treatments. Additionally, a trend toward a significant difference in fecal DM 

output was observed between the BM and RPAA treatment (P = 0.082). Differences were 

observed between the BD treatment and the Casein (P = 0.001) and Raw EAA (P = 0.001) 

treatments for N intake where steers on the base diet consumed significantly less N (245.7 ± 

13.60 g/d) when compared to the casein (305.6 ± 13.60 g/d) and raw EAA (308.3 ± 13.60 g/d) 

treatments. Similar trends were observed for both the raw EAA treatment and the casein 

treatment when compared to either the FM or RPAA treatments. While significant differences in 

N intake were observed between the casein and BM treatment, only a trend towards significance 

was observed between the raw EAA treatment and the BM treatment (P = 0.059). While most 

dietary CP percent values were similar among diets, the BD treatment (19.5% ± .64) was 

significantly less than that of the Casein treatment (22.7% ± .66) and the Raw EAA treatment 

(22.8% ± .69). The casein and raw EAA treatments both exhibited a trend toward higher dietary 

CP percent when compared to the FM and RPAA treatments. Fecal N output was similar among 

the 5 diets when compared to the BD treatment. The only significant difference observed for 

fecal N output was between the BM and RPAA treatment where steers on the BM treatment had 
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a higher fecal N output (95.4% ± 5.59) when compared to the RPAA treatment (78.1% ± 5.59). 

Apparent N digested (%) was significantly higher for only the raw EAA (72.5% ± 1.63) 

treatment when compared to the BD (65.3% ± 1.63), BM (63.7% ± 1.63), and FM treatments 

(65.3% ± 1.63). The casein treatment (70.7% ± 1.63) was only significantly higher when 

compared to the BM treatment.  

Blood Meal and Feather Meal In Vitro Digestibility 

A) Within Lab Variation 

The mean, minimum, maximum, and coefficient of variation (CV) for analyses of CP, 

RUP, and dRUP by Dairyland, CVAS and Papillon for blood meal and feather meal are shown in 

Table 4. For blood meal, the largest CV for Dairyland stemmed from the RUP value (2.40), 

followed by the dRUP value (2.37) and lastly the CP value (1.96). For Papillon, the largest CV 

resulted from the dRUP (2.27) followed by RUP (2.10) and CP (0.11). Like Papillon, the largest 

CV for CVAS resulted from the dRUP (2.42) followed by RUP (1.81) and CP (0.50). Across all 

laboratories, the CV never exceeded 2.42 for any one variable. In contrast, feather meal data 

showed the largest CV for dRUP values within laboratory (CVAS=3.58, Dairlyand=11.78, 

Papillon=2.87). Dairyland’s determination of dRUP for feather meal had the highest CV (11.78) 

across all laboratories and variables with dRUP values ranging from 26.00% to 41.58%. Across 

laboratories, the second largest CV values were for RUP determination (CVAS=0.94, 

Dairyland=1.39, Papillon=1.37) while the CP values showed the lowest CV (CVAS=0.62, 

Dairyland=0.65, Papillon=0.27).  
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B) Across Laboratory Variation 

Across laboratory variation for both FM and BM are shown in Table 4. For blood meal, 

significant differences were noted across two of the laboratories in the determination of CP%. 

CVAS determined the CP% of blood meal (101.8% ± 0.31) to be significantly higher than 

Papillon (100.6% ± 0.31), however the findings of Papillion and CVAS did not significantly 

differ from those of Dairyland (101.1% ± 0.31). Significant differences were observed between 

all 3 laboratories in the determination of the RUP for blood meal. Papillon found the RUP 

fraction of total CP to be the highest at 96.0% ± 0.53 while Dairyland found the same sample’s 

RUP fraction to be 93.8% ± 0.53. CVAS determined the RUP fraction to be the lowest at 90.3% 

± 0.53. Significant differences in intestinal degradation of protein were observed among 

laboratories. CVAS observed 66.7% ± 0.53 of the CP content of blood meal to be degraded in 

the intestine which was significantly lower than Dairyland’s (93.2 ± 0.53) and Papillon’s (92.3% 

± 0.53) findings.   

As previously observed with blood meal, CVAS determined the CP% of feather meal to 

be significantly higher (90.8% ± 0.10) than that of Papillon (89.9% ± 0.10) and Dairyland 

(89.8% ± 0.10). Significant differences were also observed for RUP. Papillon found the RUP 

fraction of total CP to be the highest at 90.0% ± 0.23 while Dairyland found 87.5% ± 0.23. 

CVAS determined the RUP fraction to be the lowest at 83.1% ± 0.23. Papillon observed 73.3% ± 

0.58 of the CP portion of feather meal to be degraded in the intestine which was the highest 

among all laboratories. CVAS and Dairyland observed 40.1% ± 0.58 and 33.6% ± 0.58 

respectively. 
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Rumen Protected Methionine Bioavailability by Abomasal Pulsing 

The results from the ruminal incubation and abomasal infusion of the rumen protected 

methionine product are shown in Table 5. The methionine product was well protected against the 

rumen microbes with 85.1% of the total N remaining after ruminal degradation. Large variation 

was observed between the two cows for intestinal digestion of the product. The calculated 

bioavailability value of the RP product for one cow was 73% while the other cow reported a 

bioavailability value of 44%. On average, the RP-MET product was 58.5% bioavailable. 

In Situ Protein Degradation 

The results of the 12 hour ruminal incubation are summarized in Table 6. Numerically, 

BM had the highest CP (94.1%) followed by FM (84.1%), the RPAA (79.8%), and finally SBM 

(47.2%). The RPAA product had no nitrogen loss as soluble N.  Instead, the product gained 

nitrogen (0.3%), likely from rumen microbe attachment. The BM and FM ingredients were not 

significantly different from each other in remaining N after the loss of soluble nitrogen (87.9% 

and 88.9%, respectively). The SBM had the least amount of soluble (18.8%).  The FM and BM 

ingredient had significantly more N remaining (81.8% and 78.3%, respectively) after 12 h of 

incubation than the other 2 ingredients. SBM and the RPAA product had the next highest N 

remaining (40.9% and 45.1%, respectively).    

The protein factions and rate of degradation derived from the in situ analyses are reported 

in Table 7. The A fraction for SBM (15.1% ± 2.64) was numerically higher than that of the BM 

(11.5% ± 2.12) and FM (11.2% ± 2.12). The RPAA product had an A fraction of -4.8% ± 2.83, 

and a B+C fraction of 105 leading to the conclusion that the product did not degrade at all in the 

rumen. Numerically, the RPAA product had the highest B+C fraction (104.8%) across all protein 

ingredients followed by FM (88.7%), BM (88.4%) and SBM (84.8%). The RPAA product and 
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the SBM numerically had the highest degradation rates (roughly 7.4%/h) when compared to the 

BM (1.4%/h) and FM (0.05%/h). 

AA Bioavailability by Isotope Dilution  

The model was solved for P, Animal, all K, and the variance estimates for each AA. The 

model derived entry rates (mmol/min) are shown in Table 8. Derived entry rates were generally 

greater for each diet than supported by ingredient intakes.  This reflects microbial synthesis from 

non-AA sources, failure to account for isotope incorporation into slowly turning over protein 

pools, and other AA losses such as net protein deposition. The EAA with the greatest relative 

standard error was methionine (0.26).  

The results for the non-essential AA bioavailabilities for each ingredient are represented 

in  

 

AA 

 

Ingredient 

Ingredient AA 

Concentration 

(%CP)1 

Observed 

Absorbed AA 

content (%CP) 

 

s.e. 

 

Pr > |t| 

Predicted 

Bioavailability 

(%) 

 

 

Ala 

SBM 4.28 2.41 0.32 0.0007 56.30 

FM 4.80 1.66 0.31 0.0031 34.58 

BM 6.30 4.65 0.21 <0.0001 73.80 

Casein 3.40 2.97 0.45 0.0012 87.35 

RDP2 3.76 3.15 0.07 <0.0001 83.77 

 

 

Asp 

 

SBM 11.10 1.92 0.25 0.0006 17.29 

FM 5.70 1.97 0.24 0.0005 34.56 

BM 7.90 6.41 0.18 <0.0001 81.13 

Casein 7.70 6.78 0.34 <0.0001 88.05 

RDP - 4.83 0.05 <0.0001 - 

 

 

Gly 

 

SBM 4.19 0.97 0.44 0.0800 23.15 

FM 6.60 2.80 0.44 0.0015 42.42 

BM 3.60 2.26 0.28 0.0005 62.77 

Casein 2.10 1.94 0.63 0.0278 92.38 

RDP 3.87 12.72 0.09 <0.0001 328.00 

 

 

SBM 5.10 1.20 0.38 0.0260 23.52 

FM 8.40 2.20 0.40 0.0028 26.19 
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 Table 9 and the essential AA in Table 10. Average bioavailability values across all AA 

(essential and nonessential) for each ingredient are shown in Table 11. Although the nonessential 

values are shown, they are not strictly bioavailabilities as the appearance in blood arises from 

both absorption and synthesis by the body. Average bioavailability values across only EAAs for 

each ingredient are also shown in Table 11.  

Across all AAs, the raw EAA infusion had the highest bioavailable value at 93.4% ± 

9.12. The casein infusion was the second highest bioavailable treatment at 87.1% ± 4.56. BM, 

FM and SBM followed with bioavailable values of 56.2% ± 4.56, 48.3% ± 4.56 and 41.6% ± 

4.76 respectively. The RPAA treatment had the lowest value at 9.9% ± 15.8. The raw EAA and 

casein treatments were the only two treatments significantly different from SBM, FM, BM and 

the RPAA.   

The raw EAA infusion had the highest bioavailable value for the mean of the EAA at 

93.4% ± 7.35, and the casein infusion was the second highest at 86.7% ± 4.81. SBM, FM and 

BM followed with bioavailable values of 54.8% ± 5.19, 52.7% ± 4.81 and 47.5% ± 4.81 

respectively. The RPAA treatment had the lowest bioavailable value at 9.9% ± 12.73. Again, the 

raw EAA treatment and the casein treatment both had significantly higher bioavailability values 

when compared to the remaining treatments. The FM and SBM treatment had a significantly 

higher bioavailability value when compared to the RPAA treatment. A trend (P = 0.10) toward a 

significant difference was observed between the BM and RPAA treatment.  

Pro BM 3.00 2.07 0.26 0.0006 69.00 

Casein 10.20 7.66 0.48 <0.0001 75.09 

RDP 3.93 3.93 0.08 <0.0001 100.00 

 

 

Tyr 

SBM 3.54 0.29 0.29 0.3612 8.19 

FM 2.90 2.1 0.24 0.0003 72.41 

BM 2.20 1.2 0.17 0.0007 54.54 

Casein 6.20 5.94 0.32 <0.0001 95.80 

RDP 3.39 3.75 0.06 <0.0001 110.00 
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Calculated dRUP and RUP 

Table 11 shows the calculated values for dRUP and RUP for each ingredient based on 

Net Absorbed RUP (calculated from all observed AA, or only using EAA). When looking at all 

AA, BM had the highest RUP value (76.5%), followed by FM (75.1%) and then SBM (48.7%). 

The Raw EAA infusion had the highest dRUP (101.8%) followed by Casein (95.0), BM (61.2%), 

FM (52.6%), SBM (45.3%) and RPAA (10.7%). When looking at just EAAs, FM had the highest 

RUP value (82.0%), followed by BM (64.7%) and then SBM (64.2%). The Raw EAA infusion 

had the highest dRUP (101.8%) followed by Casein (95.0), SBM (59.7%), FM (57.4%), BM 

(51.8%) and RPAA (10.7%).  

Microbial AA Contribution 

The calculated anhydrous AA compositions based on the findings of Ørskow et al. (1986) 

and Lapierre et al (2016) are shown in Tables 9 and 10. When compared to these calculated 

projected microbial AA absorption values, microbial contributions predicted by the model (RDP 

term) for the isotope method were, on average, over predicted by 2.37% for EAA and 3.15% for 

nonEAA (as a percent of CP).
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Discussion 

Total Tract N Digestibilities 

As expected, dietary N intake and apparent digested N were highest for the abomasal 

infused casein and raw EAA treatments when compared to the other diets. Dietary N intakes 

were similar between the BM, FM and BD treatments which is consistent with the findings of 

Waltz et al. (1989). DMI of the BM, FM and BD were all similar, suggesting similar palatability 

among BM, FM and SBM ingredients at the levels fed. These findings disagree with findings of  

Waltz et al. (1989) where considerable sorting was seen with the BM diet when compared to the 

SBM diet. However, inclusion rates in the current study were much lower (1.51% of DM) than 

those of Waltz et al. (9.6% of DM) which likely had an impact.  

Blood meal, FM and the BD treatments had significantly lower apparent N digestibility 

than the raw EAA treatment and were numerically less than the casein infusion treatment. These 

findings are not surprising as the infused casein and raw EAA would be expected to have higher 

digestibility than the SBM they were replacing.  The absence of detectable differences among 

digestibilities for the SBM, FM and BM diets suggests that neither of the latter 2 have large 

differences in digestibility as compared to the SBM for which they were substituted which is 

inconsistent with the IDP results for feather meal from CVAS and Dairyland (Table 4) using the 

revised in vitro analysis (Ross et al., 2013). The apparent digestibility findings agree with 

previous studies where SBM, BM and FM showed similar apparent N digestibility (Goedeken et 

al., 1990; Klemesrud et al., 1998), but disagrees with other results where FM tended to be less 

digestible than SBM and BM (Goedeken et al., 1990; Waltz et al., 1989). Feather meal 

digestibility can greatly differ based on the amount of blood additions used in the rendering 

process, which could be a source of variation among research findings (Goedeken et al., 1990). 
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In addition to the blood content of the FM, the feeding level of the FM may also play a factor in 

the digestibility of a diet. Church et al. (1982) observed a decrease in CP digestibility as 

increasing levels of FM replaced SBM in the diet. The lower levels of FM fed in this current 

research likely resulted in the insignificant differences noted when compared to the base diet.   

Bioavailability of Individual AAs  

For each ingredient, an overall bioavailability value was determined based on the 

summation of individual AA values. However, for each of these values, AA catabolism by the 

gut must be considered. While there have been studies that have examined catabolism of AA by 

the gastrointestinal tract (GIT), the data are too limited to assign GIT use values for each AA. In 

the isotopic work conducted by Castro et al. (2008), 100% of the infused dose was recovered in 

the jugular vein as compared to the control treatment when animals were given a 70 g omasal 

bolus of lysine. This suggest there is no catabolism of lysine across the GIT, which agrees with 

the findings of Lobley et al. (2003). Lobley et al. (2003) observed no oxidation of phenylalanine 

or lysine across sheep mesenteric drained viscera (MDV) and portal drained viscera (PDV) in 

their research, but methionine oxidation averaged 10% while leucine average 25% of portal 

absorption. MacRae et al. (1997) observed that between 61 and 83% of labelled EAA infused 

into the GIT was recovered in the portal vein.  However, a large proportion of this loss was 

associated with sequestration of label in GIT protein rather than true catabolism.  Additionally, 

they observed that between 50 and 87% of the sequestration occurred from the arterial supply 

rather than during absorption. When absorptive use was corrected for arterial sequestration, and 

observations were restricted to MDV, essentially all of the EAA leaving the small intestine 

appeared in the mesenteric vein. This suggests that there is little EAA catabolism by the gut wall 

during absorption. However, the work may have underestimated small intestine digestibility as 
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endogenous losses were derived by regression from only 2 levels of feeding.  El-Kadi et al. 

(2006) observed that the GIT tract of sheep metabolized BCAA proportional to infused casein 

supply in sheep (El-Kadi et al., 2006), but absorption of other EAA was roughly 100% .  

Hanigan et al. (2004) observed that use of all EAA increased proportional to the rate of abomasal 

casein infusion in lactating cows with fractional use ranging from 3.5% to 13.5% of supply.  

Thus it seems one would expect between 85% and 100% of labelled EAA to appear in blood 

when label sequestration in GIT protein is accounted for as was the case by difference from the 

BD treatment in the current work.  

Abomasal infusion of isoleucine, leucine and methionine yielded the recoveries of 93% 

to 94% which is below the complete recoveries observed by Macrae et al. (1997) but aligns well 

with the infusion work of Hanigan et al. (2004) and El Kadi et al. (2006).  Recovery of casein 

EAA in blood also aligns well with expectations with recoveries of 86% to 93% for EAA 

excepting Ile which was 73% resulting in a mean EAA recovery of 87%.  Work in mice looking 

at the AA digestibility of various milk proteins determined that ileal AA digestibility of sodium 

caseinate in the mice trial was 94% (Rutherfurd & Moughan, 1998).  If one corrects the above 

recoveries for digestibility, use of EAA during absorption would range from 21% for Ile to a 

range of 1% to 8% for the other EAA. In the study performed by Rutherfurd et al. (1998), each 

AA had a different digestibility value ranging from 85.5% to 99.9%. In the current research, each 

AA also had a different bioavailability value ranging from 73.45% to 95.80%.  

It was estimated that 100% of the raw EAA infusion was intestinally digestible and the 

calculated dRUP came very close to that estimate (101.8%). The casein treatment was used as a 

control treatment where the predicted dRUP was 95%. Assuming this and using the bioavailable 

value of 87%, it was calculated that roughly 8.2% of RUP is utilized by gut tissue. It was 
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assumed that roughly 5-10% of the RUP would be utilized by gut tissue and the findings of this 

research (8.2%) support the assumption. Both of these treatments demonstrate the validity of the 

isotope technique in its ability to determine absorbable AA content of ingredients. 

Overall, SBM was determined to have an EAA bioavailability value of 54.8% ± 5.19 

which was not significantly higher than that of BM (47.5% ± 4.81). It is important to point out 

that these bioavailabilities are a composite of losses to ruminal degradation, intestinal 

indigestibility, and use during absorption. Waltz et al. (1989) were not able to observe significant 

differences in AA digestibility for BM containing diets versus SBM containing diets. This was 

thought to be due to sorting and feed refusals by the animals on the BM treatment. However, it 

was suggested that if no sorting had occurred, the BM treatment would have increased AA 

supply to the small intestine. While this current research observed no sorting of the BM diet by 

the animals, no significant differences were detected when comparing to SBM though there was 

a numerical increase. This was likely due to the low inclusion rate of BM in the diet in the 

current research (1.51% of DMI) when compared to inclusion rate of the Waltz research (9.6% 

of DM). 

 FM was determined to have an EAA bioavailability of 52.7% ± 4.81, which was not 

significantly different from the bioavailability values of SBM. These findings agree with those of 

Goedeken et al (1990) where feather meal protein digestibility was similar to that of soybean 

meal. Although the results from Waltz et al. (1989) do show total AA flow to the duodenum of 

cows fed FM to be higher than that of SBM, absorption of these AAs was not significantly 

different than the SBM treatment. Apparent AA ileal digestibility values from male broiler 

chicks showed FM to be roughly 60% digestible (Ravindran et al., 1999). When taking into 
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account gut use during absorption, the current results for FM of 52.7% bioavailable are in 

general agreement with the chicken ileal measurements, though may be slightly high.  

 SBM had one of the highest bioavailability values (54.8% ± 5.19) and dRUP values 

(59.8%) among the six treatments. There is a range of digestibility values for solvent extracted 

SBM reported in the literature. In vitro measurements have shown intestinally 

absorbable/available values of 35% (Borucki Castro et al., 2007; Maiga et al., 1996), which is 

lower than the estimated dRUP and bioavailability values in the current work. As seen with the 

laboratory testing of both FM and BM, it can be concluded that in vitro testing can easily under 

or overestimate intestinal digestible protein. 

 The RPAA treatment (RP-methionine) showed the lowest bioavailability among all 

treatments with a value of 9.9%. These findings disagree with the results from the abomasal 

infusion trial in which the same product was found to be 58.5% bioavailable. The methionine 

bioavailability values for SBM also appear to be in error at 288%. As the problem was solved as 

a matrix, problems with 1 ingredient may cause problems in estimates for that AA in other 

ingredients. Thus the 2 observations are likely linked and may point to a data quality problem 

with one or more ingredients. Correlation matrices for SBM and RDP in the NLMIXED 

procedure show that the two terms are highly negatively correlated indicating that we may not 

have had enough independent variation in SBM to uniquely define its Met values. Analytically, 

methionine is slightly more difficult to quantify and has greater variance which is reflected in the 

greater standard errors for derived rate constants of each diet (see Table 8). Additionally, the 

RDP term had one of the highest differences between observed and predicted absorbable 

microbial Met content (+3.82%), reinforcing the above point of high variability in measurements 

for this particular AA. It is suggested that future work should use a trial design where individual 
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ingredients are substituted for the BD rather than an ingredient within the BD.  By substituting 

for SBM in the current work, one must deal with n+1 independent variables with respect to the 

number of diets as both the BD and SBM are changing in each treatment, the former due to 

differences in animal consumption that are difficult to control and the latter in substitution for the 

ingredient of interest.  If one substituted the ingredient of interest for the BD, one would be left 

with the same number of independent variables as treatments which would help ensure unique 

solutions for the entry rates. 

Another potential problem with the RP-Met is that it was an equal mix of D and L 

methionine. The algae used in the isotope infusion was primarily supplying L-Met and thus was 

only tracing half of the blood AA pool in the animal. However, if the D-Met is quantitatively 

converted to L-Met, even if slowly converted, this should not be a problem given that we fed the 

product for 10 d to ensure steady state conditions.  Even if none of the D isomer was converted 

to L, the entry rates should have been only overestimated by half given a 50:50 mix of the 

isomers.  This should also have been a problem for the EAA infusion as the same source of Met 

was used.  Additionally, because this infusion occurred for only 1 d, the speed of conversion 

would be a greater concern.  However in this latter case, the expected Met entry was observed 

thus failing to support the above hypothesis.  

 The RDP term in the entry rate model was included in an attempt to account for 

differences in AA supply associated with changes in microbial growth.  As such, and assuming 

the values could be uniquely defined, the AA entry rates associated with RDP should reflect the 

digestible AA composition of microbial protein.  However, this term would potentially also 

collect the bias that occurs with incomplete label recovery, and this appears to be the case as 

entry rates for RDP were substantially greater than even the gross AA composition of bacterial 
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protein.  On average, RDP EAA supply exceeded microbial AA composition from 0.28% of CP 

for Thr to 3.82% of CP for Met. While the model was configured to account only for changes in 

entry rate due to RDP for each diet, it is well understood that microbial protein can also be 

highly affected by carbohydrate and dry matter intakes (Pathak, 2008). These additional drivers 

of microbial yield were not perfectly correlated with RDP content of the differing diets, however, 

there is not currently a robust system for predicting fermentable carbohydrates supply that we 

could have used. Future work needs to focus on better assessing potential changes in microbial 

protein flow from the rumen particularly if lower protein ingredients with differences in 

fermentable carbohydrates are to be assessed. 

Within and Across Laboratory Variations for In Vitro Testing 

Across laboratories, significant differences were noted for analyzed content of CP, RUP 

and dRUP. Surprisingly, even though Dairyland and CVAS utilize the same procedure for dRUP 

determination, values differed markedly for BM and FM.  Papillon reported a dRUP for FM of 

73.3% as compared to 40.1% for CVAS, and 33.6% for Dairyland. For FM, as the RUP content 

of BM and FM were relatively high, the DCRUP estimates were driven largely by the dRUP 

determination and thus also varied quite significantly particularly between Papillon and the other 

2 laboratories. Madsen and Hvelplund (1994) reported considerable variation among laboratories 

for an in vitro test of rumen degradation for five ingredients. In addition to the large variation in 

feather meal dRUP determinations among laboratories, the variation in multiple determinations 

of a single sample within laboratory varied.  Dairyland had CV values of dRUP determinations 

for feather meal of 11.78 while subsamples from the same batch resulted in CV values of 3.58 

for CVAS and 2.87 for Papillon. 
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These differences among laboratories suggest there may be additional issues to address in 

standardizing these assays across laboratories and ensuring they are representative of in vivo 

measurements. However, a biased assay can still have use if the bias is constant.  In the case of a 

biased assay, the user will eventually realize that the numbers are always high or low but that the 

change in numbers over time or across ingredients is a true reflection and thus can be used. The 

results for this test show that the assay should be refined further to eliminate variations from lab 

to lab and from sample to sample to yield more reliable results that the industry can realistically 

use to assign accurate bioavailability values for a variety of ingredients. While there seems to be 

improvement in within lab variation from 1994, there is still a need to have greater 

reproducibility within lab procedures.   

In Situ 

Animal by-products, such as FM, are rich in protein and have demonstrated resistance to 

the rumen environment yielding greater proportions of by-pass protein (Goedeken et al., 1990). 

The current research supports the previous findings. While the CP content of BM and FM are 

higher than SBM, the soluble nitrogen loss and rumen degradable nitrogen are lower for both 

BM and FM as compared to SBM. Although prior research has observed ruminal escape protein 

for FM to be greater than SBM but less than BM (Goedeken et al., 1990), the current research 

shows the escape protein of FM to be similar to that of BM, but higher than that of SBM. The 

protein fractions and degradation rate for SBM herein are in agreement with NRC (2001) values. 

For BM, the observed A fraction, B+C fraction and degradation rate are similar to that of the 

NRC estimated values. For FM, the observed A fraction, B+C fraction and protein degradation 

rates were dissimilar to those determined by the NRC. The current research yields an A fraction 

of 11.26%, a B+C fraction of 88.73% and a degradation rate of 0.55%N/hr while the NRC 
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reported an A fraction of 23.40%, a B+C fraction to be 76.60% and the degradation rate to be 

6.60%/hr. These differences could be due to the type of FM (with or without blood additions) 

tested. The FM tested herein appears to be more resistant to ruminal degradation than suggested 

by the NRC. 

Comparison of Bioavailability Measures to In Vitro Results and Rumen Incubated Samples 

When comparing the calculated dRUP values (for EAA) from the isotope method to 

reported dRUP estimates from in vitro procedures by CVAS, Dairyland and Papillon, the BM 

values from the isotope method did not similarly match values from any of the three laboratories. 

CVAS, Papillon and Dairyland determined dRUP to be 66.7%, 92.4% and 93.2%, respectively, 

while the current research yielded values of 51.8%. Thus, none of the in vitro methods were 

particularly close to the in vivo determination. The RUP value determined by CVAS (90.3%), 

Dairyland (93.9%) and Papillon (96.1%) for BM was high when compared to the current 

research results of 78.3% for the 12 hour rumen incubation and 64.8% for RUP calculated from 

the isotope work.     

  When comparing calculated dRUP values for FM from the isotope method to those from 

in vitro results by CVAS, Dairyland and Papillon, the FM values from the isotope method did 

not similarly match values from any of the three laboratories. CVAS, Papillon and Dairyland 

determined the dRUP fraction to be 40.1%, 73.3% and 33.6%, respectively, while dRUP 

estimates from the isotope method yielded 57.5%. Thus, none of the in vitro methods were 

particularly close to the in vivo determination. The FM RUP values as determined by a 12 hour 

rumen incubation averaged 81.8% which is very similar to the RUP value 82.1% calculated from 

blood appearance. Both of these values were similar to those determined by CVAS (83.1%) and 

less than values reported by Dairyland (87.5%) and Papillon (90.1%).  
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 Although the 12 hour rumen incubation may provide a reasonable ranking of ruminal 

availability of differing protein sources, based on SBM results, it appears the exposure time is 

too long.  The 12 h estimate of RUP from SBM was 40.9% which is considerably less than the 

observed appearance of, at least, EAA in blood. Given that a portion of the RUP must remain 

undigested in the intestine, SBM must have an RUP value of at least 54.8% to account for blood 

entry.  However, the 12 h RUP value does match previous in situ estimates (Maiga et al., 1996).  

Future Work 

 Some aspects of the current research can be improved upon when conducting future trials 

using the isotope method. Isotope infusion time should be increased to 4 or 6 hours with a six 

hour sampling time. This longer infusion time will help to ensure better estimates of the slow 

turnover pool and the increased sampling time will help minimize any remaining meal feeding 

effects. By better defining isotope movement into the slow turnover protein pool, the dietary 

entry rate estimates will more closely reflect true entry rates. Additionally, one could use the 

method to assess treatment effects on protein turnover and gain a better understanding of the 

extent of protein turnover and thus the costs. Higher inclusion rates of the test ingredients should 

be fed where possible, and test ingredients should replace the BD rather than SBM or another 

ingredient within the BD.  This will reduce the independent variables so that the number of 

independents matches the number of treatments allowing unique definition of each ingredient 

with less reliance on statistical regression. Fixing DMI to be equal among animals and periods 

would also be helpful in reducing variation, but this would be very difficult to manage. Finally, 

the RDP term in the matrix solution should be replaced with a better assessment of factors 

contributing to microbial growth or a direct measure of microbial protein flow from the rumen. 
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Conclusion 

Based on the control treatments, isotope based assessments of AA supply appear to be an 

accurate and relatively precise method of determining AA bioavailability values. The test 

ingredients were evaluated in an unperturbed in vivo state, and thus the derived values should be 

representative of general feeding environments.  Additionally, the method derives AA 

availability in blood thus providing an absorbed value which can be input into models. In 

addition, this method eliminates the requirement for cannulated animals which is of benefit from 

a time, labor and cost standpoint. Results from in vitro tests of BM and FM by three different 

laboratories showed significant differences in dRUP across and within laboratories, which is 

problematic for field application of those results and underscores the need for a reliable and 

accurate in vivo method for validation of in vitro results. Results from the isotopic method of 

assessing bioavailability of BM and FM indicated that in vitro methods were not providing 

similar values to the in vivo from any of the laboratories. The total tract digestibility measures 

were able to detect apparent differences in diets that contained highly digestible ingredients 

when compared to SBM (infused raw EAAs and casein), but was unable to detect differences 

among other ingredients due to variance in the measurements. As we originally hypothesized, the 

in vivo isotope based method has potential to be a method to assess AA bioavailabilities from 

individual ingredients which can be used to validate in vitro procedures and provide absolute 

amino acid digestibility values for a variety of feed ingredients. With some further refinement, 

this method can help to create a library of true values for a variety of feed ingredient, leading to 

more accurately balanced diets, reduced environmental loading, increased animal efficiency, and 

increased milk production. More accurate values of AA digestibility and RUP measurements for 

ingredients will also help to determine fair market value for ingredients.
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Table 1: Diet Compositions (%DM) 

 

  

Ingredient BD 
Sodium 

Caseinate 

Raw 

EAA 
BM FM RPAA 

Grass Hay, mature 34.61 34.65 34.60 34.59 34.67 34.62 

Corn Silage, mature 34.62 34.63 34.63 34.62 34.67 34.67 

Soybean Meal Solv. 48% CP 29.71 28.21 27.69 27.79 28.22 29.31 

Raw EAA - - 2.01 - - - 

Blood Meal - - - 1.94 - - 

Feather Meal - - - - 1.39 - 

Rumen Protected AA - - - - - 0.31 

Casein - 1.51 - - - - 

SS Vit E 60 0.07 0.07 0.07 0.07 0.07 0.07 

SS Bov-A-Min Extra 

Mineral 
0.94 0.94 0.94 0.94 0.94 0.94 

Salt 0.05 - 0.05 0.05 0.05 0.05 

 

Nutrient 

CP, % 20.6 21.3 21.6 21.5 21.0 20.7 

RDP (g/day) 

      Required 

      Supplied 

 

752 

950 

 

753 

916 

 

736 

905 

 

749 

941 

 

752 

948 

 

753 

945 

ME (Mcal/day) 

      Required 

      Supplied 

 

9.7 

19.1 

 

9.7 

19.2 

 

9.7 

18.6 

 

9.7 

19.0 

 

9.7 

19.1 

 

9.7 

19.1 

NDF, % 36.3 36.2 36.1 36.1 36.2 36.3 

ADF, % 22.8 22.8 22.7 22.7 22.8 22.3 

NEg (Mcal/kg DM) 1.05 1.06 1.02 1.05 1.05 1.06 

Ca (g/day) 

      Required 

      Supplied 

 

5.0 

21.0 

 

5.0 

21.0 

 

5.0 

20.0 

 

5.0 

21.0 

 

5.0 

21.0 

 

5.0 

20.0 

P (g/day) 

      Required 

      Supplied 

 

7.0 

21.0 

 

7.0 

21.0 

 

7.0 

21.0 

 

7.0 

21.0 

 

7.0 

21.0 

 

7.0 

22.0 

Ether Extract % 2.9 2.8 2.8 2.8 3.0 2.9 
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Table 2: Predicted digestible amino acid flow at the duodenum (g/d) at expected DMI of 7.4kg/d 

and predicted duodenal amino acid flow expressed as a percentage of metabolizable protein flow. 

Predictions are from NRC (2001). 

Amino Acid BD  
Sodium 

Caseinate  
Raw EAA BM FM RPAA 

Predicted duodenal digestible amino acid flow (g/d)   

Histidine 21 26 21 23 21 21 

Isoleucine 46 50 99 46 47 46 

Leucine 81 90 117 88 83 81 

Lysine 61 67 63 64 61 61 

Methionine 16 19 35 17 16 16 

Phenylalanine 48 53 53 51 49 48 

Valine 51 56 54 54 52 50 

Predicted duodenal amino acid flow (%MP)    

Histidine 2.26 2.55 2.01 2.44 2.21 2.24 

Isoleucine 4.99 5.00 9.62 4.80 4.96 4.96 

Leucine 8.78 8.96 11.29 9.10 8.81 8.73 

Lysine 6.62 6.67 6.14 6.65 6.46 6.57 

Methionine 1.77 1.88 3.40 1.74 1.74 1.76 

Phenylalanine 5.21 5.26 5.13 5.29 5.19 5.18 

Valine 5.49 5.54 5.25 5.64 5.52 5.46 
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Table 3: Least square means of feed intake and fecal output for dry matter and nitrogen of Holstein steers fed experimental diets 

 Treatment 

s.e.  BD Sodium 

Caseinate 

Raw 

EAA 

FM BM RPAA 

DM        

  Intake (TMR) (kg/d) 7.79a,b 7.49b 7.66a,b 8.14a 8.05a,b,* 7.38b,* 0.30 

        Infusion (kg/d)  0.239 0.238    .007 

  Fecal output (kg/d) 2.92x,y 3.12x,y 3.09x,y 3.01x,y 3.22x 2.70y 0.18 

N        

  Intake (TMR + Infusion) (g/d) 245.73a,x,y 308.64b,x,y 308.38b,x 260.56a,x,y 267.02a,y 239.73a,x,y 13.60 

  Fecal output (g/d) 83.35a,b 87.87a,b 84.38a,b 89.28a,b 95.49a 78.18b 5.59 

  App digested (%) 65.30a 70.71a,b,* 72.54b 65.39a 63.74a,* 66.95a,b 1.63 

CP        

  Diet (TMR + Infusion) (%) 19.54a,x,y 22.76b,x 22.82b,x 20.20a,y 20.93a,b,x,y 20.21a,b,y 0.66 

  Fecal (%) 17.63a 18.08a,b 17.71a 18.46b 18.55b 18.02a,b 0.19 

DM=Dry Matter 

N = Nitrogen 

CP= Crude Protein 
a-b or * = treatment value within a row with differing letters or that share an asterisks are considered significantly different (P < 0.05)  
x-y = treatment value within a row with differing letters are considered a trend (0.05 < P < 0.1) 
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Table 4: Blood meal and feather meal within and across laboratory variation  

Variable LSMean SE Minimum Maximum CV 

Blood Meal      

CP%       

      CVAS 101.82a 0.31 101.20 102.70 0.50 

      Dairyland 101.17a,c 0.31 95.18 102.69 1.96 

      Papillon 100.64b,c 0.31 100.47 100.84 0.11 

RUP (%CP)      

      CVAS 90.30a 0.53 88.3 92.6 1.81 

      Dairyland 93.88b 0.53 90.93 100.01 2.40 

      Papillon 96.07c 0.53 92.35 98.88 2.10 

dRUP (%CP)      

      CVAS 66.70a 0.53 63.60 70.10 2.42 

      Dairyland 93.17b 0.53 90.92 99.35 2.37 

      Papillon 92.38b 0.53 88.31 95.26 2.27 

DCRUP (%RUP)      

      CVAS 73.88a 0.29 70.59 77.97 2.56 

      Dairyland 99.24b 0.29 99.01 99.99 0.23 

      Papillon 96.14c 0.29 95.62 96.58 0.24 

Feather Meal: 

CP% 

     

      CVAS 90.82a 0.10 89.80 92.50 0.62 

      Dairyland 89.87b 0.10 88.24 90.59 0.65 

      Papillon 89.91b 0.10 89.42 90.37 0.27 

RUP (%CP)      

      CVAS 83.18a 0.23 81.80 84.70 0.94 

      Dairyland 87.53b 0.23 85.61 89.97 1.39 

      Papillon 90.09c 0.23 88.76 94.05 1.37 

dRUP (%CP)      

      CVAS 40.05a 0.58 36.80 42.50 3.58 

      Dairyland 33.62b 0.58 26.00 41.58 11.78 

      Papillon 73.28c 0.58 71.40 79.00 2.87 

DCRUP (%RUP)      

      CVAS 48.13a 0.59 44.93 50.53 3.21 

      Dairyland 33.39b 0.59 30.20 46.54 11.18 

      Papillon 81.32c 0.59 79.84 84.65 1.85 

CP% = Crude protein; RUP (%CP) = Rumen undegradable protein; dRUP (%CP) = Intestinal 

digestible protein; DCRUP (%RUP) = rumen undegradable protein digestibility coefficient 

(dRUP/RUP * 100) 
a-c = Values with differing subscripts within the LSMean column for each specific ingredient 

variable (CP, RUP, dRUP and DCRUP) across laboratories are considered significantly different 

(P<.05) using Tukey adjusted comparisons.  
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Table 5: Abomasal infusion trial results for the RP-MET product 

 

 

 

 

 

 

Table 6: Least square means for percent crude protein and percent nitrogen remaining after a less 

than 1 min soak and 12 hour rumen incubation for each protein ingredient 

 

Ingredient 

 

CP% 

N% remaining after 

soluble protein 

fraction removed 

 

N% remaining after 

12 hrs 

SBM 47.25 81.12a 40.93a 

BM 94.12 87.95b 78.31b 

FM 84.18 88.94b 81.86b 

RPAA 79.87 100.30c 45.13a 

CP%=Crude protein percent as is 

N%=Nitrogen as a percent of total N in the dry ingredient  

SBM= Soybean meal 

BM=Blood meal 

FM=Feather meal 

RPAA= Rumen protected AA 
a-dValues within a column with different superscripts significantly differ (P<0.05)  

 

 

 

Table 7: In situ N evaluation of each protein ingredient 

Ingredient A Fraction1 B+C Fraction2 Kd3 

SBM 15.19 84.80 7.41 

BM 11.56 88.43 1.41 

FM 11.26 88.73 0.05 

RPAA -4.88 104.88 7.44 
1 = as a percent of total N 
2 = as a percent of total N 
3 = N%/hr 

 

 

Cow # 

% Remaining N after 

rumen incubation (8 hr) 
Small Intestine 

Bioavailability 

(%) 

4494 88.04 73 

4492 82.10 44 

4494 and 4492 combined 85.07 58.5 
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Table 8: Least square means of derived entry rate constants (mmol/min) in to blood for each diet 

and each AA calculated from the AcslX bioavailability model.  

AA BD Sodium 

Caseinate 

Raw 

EAA 

BM FM RPAA s.e. 

Ile 1.27 1.27 1.91 1.26 1.29 1.21 0.09 

Leu 1.78 1.63 2.27 1.83 1.71 1.49 0.15 

Lys 1.78 1.55 1.39 1.95 1.63 1.57 0.18 

Met 1.64 0.79 1.93 0.85 0.81 0.94 0.26 

Phe 1.38 1.06 1.29 1.21 1.22 1.18 0.10 

Thr 1.11 1.06 0.95 1.14 1.01 1.11 0.10 

Val 1.85 1.88 1.49 2.04 1.89 1.70 0.11 

Ala 5.04 4.64 4.88 5.16 5.10 5.36 0.33 

Asp 1.22 0.83 1.27 0.87 1.13 1.23 0.28 

Gly 5.14 5.02 4.80 5.16 5.17 5.03 0.37 

Pro 1.08 1.04 0.94 1.04 1.08 1.02 0.07 

Tyr 0.66 0.55 0.75 0.73 0.76 0.68 0.09 

BD=Base diet 

BM=Blood meal 

FM=Feather meal 

RPAA=Rumen protected amino acid (methionine) 

Sodium Caseinate = abomasally infused sodium caseinate 

Raw EAA= Raw essential amino acid (abomasal infusion of raw methionine, leucine, isoleucine)  
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 Table 9: Non-essential AA model results and bioavailability values for each ingredient from steers fed varying experimental diets. 

1Ingredient BM and FM AA contents are based on the reports of Cunningham et al. (1994). Predicted SBM AA values are based on the reports of Paz (2014). Predicted casein AA 

values are based on the reports of Choung and Chamberlain (1994). RDP values (microbial AA) were based on the reports of Ørskow et al. (1986) and correction factors used to 

calculate anhydrous AA composition were applied to each AA based on the findings of Lapierre et al (2016). 
2 ruminally degradable protein varied by treatments, and thus microbial AA flow could be expected to vary.  This term was included to allow the model to correct for any changes 

in microbial growth across diets. 

 

AA 

 

Ingredient 

Ingredient AA 

Concentration 

(%CP)1 

Observed 

Absorbed AA 

content (%CP) 

 

s.e. 

 

Pr > |t| 

Predicted 

Bioavailability 

(%) 

 

 

Ala 

SBM 4.28 2.41 0.32 0.0007 56.30 

FM 4.80 1.66 0.31 0.0031 34.58 

BM 6.30 4.65 0.21 <0.0001 73.80 

Casein 3.40 2.97 0.45 0.0012 87.35 

RDP2 3.76 3.15 0.07 <0.0001 83.77 

 

 

Asp 

 

SBM 11.10 1.92 0.25 0.0006 17.29 

FM 5.70 1.97 0.24 0.0005 34.56 

BM 7.90 6.41 0.18 <0.0001 81.13 

Casein 7.70 6.78 0.34 <0.0001 88.05 

RDP - 4.83 0.05 <0.0001 - 

 

 

Gly 

 

SBM 4.19 0.97 0.44 0.0800 23.15 

FM 6.60 2.80 0.44 0.0015 42.42 

BM 3.60 2.26 0.28 0.0005 62.77 

Casein 2.10 1.94 0.63 0.0278 92.38 

RDP 3.87 12.72 0.09 <0.0001 328.00 

 

 

Pro 

SBM 5.10 1.20 0.38 0.0260 23.52 

FM 8.40 2.20 0.40 0.0028 26.19 

BM 3.00 2.07 0.26 0.0006 69.00 

Casein 10.20 7.66 0.48 <0.0001 75.09 

RDP 3.93 3.93 0.08 <0.0001 100.00 

 

 

Tyr 

SBM 3.54 0.29 0.29 0.3612 8.19 

FM 2.90 2.1 0.24 0.0003 72.41 

BM 2.20 1.2 0.17 0.0007 54.54 

Casein 6.20 5.94 0.32 <0.0001 95.80 

RDP 3.39 3.75 0.06 <0.0001 110.00 
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Table 10: Essential AA model results and bioavailability values for each ingredient from steers fed varying experimental diets. 

 

AA 

 

Ingredient 

Predicted AA 

Concentration 

(%CP) 

Observed 

Absorbed AA 

content (%CP) 

 

s.e. 

 

Pr > |t| 

Bioavailability 

(%) 

 

 

Ile 

SBM 4.56 1.61 0.24 0.0012 35.30 

FM 4.34 2.17 0.24 0.0003 50.00 

BM 1.26 0.56 0.17 0.0207 44.44 

Raw EAA 51.44 47.91 0.30 <0.0001 93.13 

Casein 5.5 4.04 0.29 <0.0001 73.45 

RDP 3.49 4.60 0.05 <0.0001 131.80 

 

 

Leu 

SBM 7.81 5.26 0.36 <0.0001 67.34 

FM 8.44 4.07 0.39 0.0001 48.22 

BM 12.82 3.87 0.25 <0.0001 30.18 

Raw EAA 30.50 28.72 0.40 <0.0001 94.16 

Casein 10.2 8.97 0.46 <0.0001 87.94 

RDP 6.56 6.56 0.07 <0.0001 100.00 

 

 

Met 

SBM 1.44 4.16 0.25 <0.0001 288.88 

FM 0.84 0.44 0.32 0.2244 52.38 

BM 1.17 0.71 0.21 0.0217 60.68 

RPAA 100 9.90 1.51 0.0013 9.90 

Raw EAA 18.05 16.78 0.39 <0.0001 92.96 

Casein 3.3 2.90 0.38 0.0006 87.87 

RDP 1.11 4.64 0.05 <0.0001 418.01 
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Table 10 continued: Essential AA model results and bioavailability values for each ingredient from steers fed varying experimental 

diets 

 

AA 

 

Ingredient 

Predicted AA 

Concentration 

(%CP) 

Observed 

Absorbed AA 

content (%CP) 

 

s.e. 

 

Pr > |t| 

Bioavailability 

(%) 

 

 

Lys 

SBM 6.29 6.05 0.40 <0.0001 96.18 

FM 2.90 1.65 0.38 0.0081 56.89 

BM 8.98 4.77 0.28 <0.0001 53.11 

Casein 8.8 7.55 0.50 <0.0001 85.79 

 RDP 5.45 6.64 0.08 <0.0001 121.83 

 

 

Phe 

SBM 5.26 1.66 0.44 0.0135 31.55 

FM 4.83 2.45 0.44 0.0027 50.72 

BM 6.85 3.40 0.30 <0.0001 49.63 

Casein 5.9 5.12 0.58 0.0003 86.77 

RDP 3.65 5.03 0.09 <0.0001 137.80 

 

 

Thr 

SBM 3.96 2.45 0.45 0.0031 61.86 

FM 4.70 2.74 0.44 0.0016 58.29 

BM 4.34 2.25 0.28 0.0005 51.84 

Casein 4.8 4.47 0.61 0.0008 93.12 

RDP 4.75 4.01 0.10 <0.0001 84.42 

 

 

Val 

SBM 4.64 1.71 0.41 0.0093 36.85 

FM 6.76 3.55 0.43 0.0005 52.51 

BM 8.68 3.72 0.29 <0.0001 42.85 

Casein 7.0 6.46 0.54 <0.0001 92.28 

RDP 4.70 7.08 0.09 <0.0001 150.63 
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Table 11: Least square means of bioavailability values for each ingredient and the calculated values for RUP and digestible RUP for 

each ingredient based on bioavailability values from the isotope method from steers fed varying experimental diets. 

 

AA 

 

Ingredient1  

Bioavailability 

(%CP) 

s.e. IDP         

(%CP)2 

RUP         

(%CP)3 

 

Sum of all AAs 

SBM 41.59a 4.76 45.30 48.70 

FM 48.26a 4.56 52.61 75.15 

BM 56.16a 4.56 61.22 76.52 

RPAA 9.90a 15.79 10.79 - 

Raw EAA 93.42b 9.12 101.84 - 

Casein 87.15b 4.56 95.00 - 

 

Ile, Leu, Met, 

Lys, Phe, Thr, 

Val 

SBM 54.84a 5.19 59.78 64.27 

FM 52.71a 4.81 57.46 82.08 

BM 47.53a,x 4.81 51.81 64.76 

RPAA 9.90b,y 12.73 10.79 - 

Raw EAA 93.42d 7.35 101.84 - 

Casein 86.74d 4.81 95.00 - 
1SBM = Soybean meal; BM = Blood meal; FM = Feather meal; RPAA = Rumen protected amino acid (methionine); Casein = 

Abomasally infused sodium caseinate; Raw EAA = Raw essential amino acid (abomasal infusion of raw methionine, leucine, 

isoleucine) 
2Values estimated based on 8.2% use of AA by gut tissue during absorption 
3Values estimated based on NRC (2001) RUP digestibility (%) 
a-dValues within a column with different superscripts significantly differ (P<0.05) 
x-yTreatment value within a row with differing letters are considered a trend (0.05 < P < 0.1
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Figure 1: A schematic representation of the bioavailability model for the isotope infusion 

A) Total Model 

 

 

 

 

 

 

 

 

 

B) Labelled Model 
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Figure 2: Isoleucine AcslX Model Fit Graph 
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