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ABSTRACT 

USING PLASMA AMINO ACID PROFILES TO IDENTIFY THE LIMITING AMINO 

ACIDS IN LACTATING DAIRY COWS 

 

 

Matthew Wells 

University of Guelph, 2021  

Advisor: 

Professor John P. Cant

The effects of individual amino acid infusions, formulated from each cow’s blood amino 

acid profile, on milk protein production were studied in twelve lactating Holstein cows 

fed a total mixed ration with 15.4% crude protein. Treatments were jugular infusions of 

either 0.9% saline (SAL), limiting amino acids according to the NRC (NRCT), or limiting 

amino acids according to the blood profile (BT) in a Latin square design for three, 10 d 

periods where milk and blood samples were collected. NRCT and BT reduced milk 

protein content. Essential and branch chain amino acid concentrations increased with 

NRCT and BT. The expected increase in milk protein yields and content in response to 

amino acid infusion did not occur. Rather, amino acid infusion harmed production, 

presumably because infusion induced an amino acid imbalance, increasing the 

catabolism of the truly limiting amino acid and reducing milk protein synthesis. 
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1 A Review of Amino Acid Nutrition in Dairy Cows and 
Prediction of the Limiting Amino Acids 

1.1 Introduction 

Modern-day dairy cows can produce extraordinary volumes of milk. The economic 

value of milk is primarily determined by fat and protein content. Therefore, producers 

and their nutritionists formulate diets with the goal of maximizing milk protein production; 

this is achieved by feeding high-protein diets. Unfortunately, cows are inefficient at 

converting dietary nitrogen (N) into milk N, typically between 25 and 30% under normal 

conditions (Ariola Apelo et al, 2014). However, marginal N efficiency declines as the 

animal nears and exceeds their protein requirement. N not utilized for milk protein will 

primarily be released as urinary N which is both an environmental contaminant and an 

economic loss to the producer. Rumen-protected amino acids (RPAAs) offer a means to 

reduce the amount of protein fed without compromising production as demonstrated in 

pigs where crude protein (CP) can be reduced by 20% with AA supplementation 

(Tuitoek et al, 1997).   

1.2 Protein Synthesis in the Mammary Gland 

The mammary gland can produce large amounts of protein. Mammary cells 

function similarly to other mammalian cells, with respect to protein synthesis; proteins 

are synthesized at the rough endoplasmic reticulum before accumulating in the Golgi 

apparatus and being released into the milk (Linzell and Peaker, 1971). AAs required for 

protein synthesis are delivered to the mammary gland primarily in free form via the 

mammary artery. They are taken up by their respective transporters, as evidenced by 
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the large difference in AA concentrations observed in the arterial versus mammary 

venous blood (Verbeke and Peeters, 1965). Essential AAs (EAA) are taken up by the 

mammary gland in either parity or excess of their respective output in milk, whereas 

non-essential AAs (NEAAs) are taken up in insufficient quantities to meet their output, 

indicating the conversion of EAAs to NEAAs to meet the remaining requirements 

(Verbeke and Peeters, 1965).  

 AA transport into the mammary gland is a function of the arterial influx of AA and 

the activity of their respective transporters. The expression of transporters is regulated 

by the AA supply. Under low supply, deacylated tRNA binds with general control non-

depressible 2, which phosphorylates eIF2α, increasing the expression of AA transporter 

genes (Ariola Apelo et al, 2014). Rate of translation of milk proteins is sensitive to both 

energy and AA supply. Glucose and insulin activate the mTORC1 pathway through 

intermediates, while EAA, especially Leu, directly induces the formation of the mTORC1 

complex. mTORC1 stimulates protein synthesis through intermediates including eIF4E-

binding protein 1 (4EBP1), ribosomal protein S6 kinase 1 (S6K1), and eukaryotic 

elongation factor 2 (eEF2). mTORC1 requires activation by both endocrine (insulin) 

signalling and local nutrient availability, ensuring milk protein synthesis only occurs 

when energy requirements are met (Ariola Apelo et al, 2014). 

1.3 Historical Work in Protein Feeding 

The role of protein in milk production has been known for over a hundred years 

with rudimentary feeding standards published in 1920 by McCandish outlining the 

amount of CP and carbohydrate required to support a pound of milk production at 
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varying fat contents. Shortly thereafter, work done by Nevens (1921 a,b) to quantify the 

different fractions, including the known AAs of the time, of protein in cottonseed meal 

and compared to alfalfa, corn and, oats. An experiment using albino rats fed single 

source feeds or a combination of feedstuffs was done to determine the effect on growth 

rates and N utilization. McCandish and Weaver (1922) performed a similar study using 

lactating dairy cows to compare the feed value of coconut, peanut, soybean, and corn 

gluten meal as protein supplements. These papers demonstrate it has long been known 

the shortcomings of CP as a measurement of feed value and the importance that the 

different fractions of protein have on production.  

 Although the importance of AAs in nutrition had been known for decades, it was 

not until the discovery of threonine (Thr), known as Unknown II, by McCoy et al (1935) 

that efforts to determine the requirements of individual AAs could be made. McCoy et al 

(1935) were the first to feed a diet with purified AAs as the sole nitrogen source. 

Through the trial, they determined the newly isolated Thr was indeed essential for life 

and thus a new era in nutrition research was brought to the fore.  

 Shortly after the discovery of Thr, efforts to determine the AAs required to sustain 

life were made through series of studies where individual AAs were removed from the 

diet. In a review, Rose (1938) concluded that in rats: lysine (Lys), tryptophan (Trp), 

methionine (Met), leucine (Leu), isoleucine (Ile), valine (Val), phenylalanine (Phe), 

histidine (His), and Thr were all indispensable, or as is now known as essential. While 

arginine (Arg) was not required for survival, its exclusion resulted in substandard growth 

rates. The exclusion of the remaining AAs had no impact on growth, indicating they 
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could be synthesized in vivo and therefore were dispensable or nonessential. Shortly 

thereafter Almquist and Grau (1944) concluded that growing chicks shared the same 

EAAs as rats, albeit with some nonessentials required for optimum growth. In a series of 

papers led by William C. Rose published between 1949 and 1955 on the AA 

requirements of man, it was concluded that humans shared eight of the EAAs as rats, 

with His and Arg not required, as summarized in Rose et al (1955). Only decades later 

was His determined to be essential in humans as adverse effects only become apparent 

after long-term deficiency (Cho et al, 1984). The work across species led to the 

understanding that mammals shared common EAAs. 

 While it was becoming apparent that monogastrics required EAAs to survive, the 

case was less clear in ruminants. It has long been known that the microbes that inhabit 

the rumen synthesized protein that was subsequently available to the periphery. Rupel 

and Hart (1943) found that up to 50% of the dietary N in lactating dairy cows could be 

replaced with urea without compromising production. It was not until Black et al (1952) 

injected cows with C14 labelled carbonate and fatty acids and compared the labeling of 

AAs in casein, in which NEAA were extensively labelled whereas EAA were virtually 

unlabelled, that it could be conclusively stated that the tissues of ruminants were 

comparable to monogastrics with respect to AA synthesis. Findings like those of Black 

et al (1952) led many in the dairy science community to believe, as expressed in a 

review of nutrition by Reid (1956), that protein quality was of no importance to lactating 

cows, total N content was the only value of concern. 
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 Later work done by Virtanen (1966) demonstrated the importance that rumen 

microorganisms have in protein production. Cows were adapted to a protein-free diet 

with the only sources of N being urea and ammonium salts. Remarkably, the cows had 

only slightly lower milk production than those fed standard diets. However, the 

concentration of EAAs in blood, especially His, were notably lower. The contribution of 

microbial protein to the cow’s EAA requirements was further confirmed when the cows 

were given radiolabeled (15N) urea; all the AAs in milk were radiolabeled, but His was 

the least enriched. Based on the findings Virtanen (1966) concluded that the cow’s 

protein requirements could be met through microbial protein synthesized from non-

protein N alone and that His was a probable limiting AA (LAA). Oltjen found in a similar 

experiment (1969) that cows supplied N exclusively from non-protein sources could 

survive, reproduce, and produce milk but their milk production was limited given that a 

small addition of soy protein improved yields. Additionally, Oltjen (1969) found cows fed 

protein-free diets had depressed blood concentrations of EAAs like Virtanen’s 1966 

results. 

1.4 Early Amino Acid Infusions  

The view in the 1950s that protein quality was unimportant to production was 

challenged when evidence of AA deficiency in dairy cow diets became apparent in the 

1970s through casein infusions. Broderick et al (1970) were among the first to observe 

an increase in milk protein content and yield, 6.2 and 11.6% respectively, when infusing 

700 grams of sodium caseinate a day, as compared to an isonitrogenous/caloric urea-

glucose control. Increases in the plasma concentrations of several EAAs and total EAAs 
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were observed. Furthermore, these increases occurred despite the cows being fed a 

protein adequate diet, suggesting one or more AAs were limiting. Further evidence was 

provided by Vik-Mo et al (1974) who, in a series of trials, showed that casein infusions 

ranging between 270 and 540 grams a day increased milk protein yields between 9 and 

13% compared to a negative control in cows fed diets exceeding protein and energy 

requirements. However, it was noted in both Broderick et al (1970) and Vik-Mo et al 

(1974) that only 13-30% of the protein provided by casein was captured in milk, 

indicating most of the AAs were supplied in excess. The low N efficiency (NE) led Vik-

Mo et al (1974) to conclude that the LAA(s) needed to be identified and requirement 

quantified.  

1.5 Early Theories to Identify the Limiting Amino Acid in Lactating 
Dairy Cows 

With the realization that milk protein yields could be improved through 

supplementation of the LAA(s) and the advent of RPAAs that made it feasible, 

researchers hypothesized means by which the LAA(s) might be identified. In a study on 

Lys requirements in rats, Stockland et al (1970) observed that plasma Lys 

concentrations remained unchanged until the rat met its requirements for growth, at 

which point the concentration rapidly increased. Similarly, Mitchell et al (1968) observed 

the same pattern in growing piglets fed graded amounts of Lys, Leu, Ile, and His. Using 

this concept and observing the relative changes in AA concentrations to abomasal 

casein infusion, Derrig et al (1974) estimated the order of the three most LAAs for 
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lactating cows to be: Thr, Phe, and Met. Broderick et al (1974) estimated Met, Lys, and 

Val to be equally co-limiting by observing plasma response to increasing casein levels. 

 Another method considered was to compare the uptake of AAs by the mammary 

gland to their output in milk protein. It was assumed that AAs taken up in close 

proportion to their appearance in milk, and thus used “more efficiently”, would likely be 

the LAA. Under this assumption, Chandler and Polan (1972) estimated Met, Lys and 

Phe to be the most limiting. Using the same principle, Vik-Mo et al (1974b) estimated 

Phe and Lys to be the most limiting. Derrig et al (1974) also found Phe, Met, and Lys to 

be the most limiting under this method.  

1.6 Summary of Amino Acid Findings: 1976 – Present  

Among one of the first studies to achieve positive results supplementing single or 

a few AAs was the work of Schwab et al (1976). Through a series of trials in which cows 

were abomasally infused with different combinations of AAs, they were able to gain 

insight into the order of LAAs in lactating cows. In their first trial it was found Met and 

Lys, but not Met alone, increased protein content over the negative control, and the 

addition of Val and Ile, but not Val alone increased protein yield. Addition of His and Leu 

did not further increase protein content or yield but the further addition of Thr and Phe 

significantly increased protein yield over just Met and Lys. The addition of Arg and Trp 

to make a complete EAA mix had no further benefits. 

 In trial 2 an infusion of Met, Lys, and the branch chained amino acids (BCAA) 

increased protein content and yields over a urea control. Addition of Phe, Thr, and His 
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further increased protein content. Both infusions resulted in similar protein content and 

yield to a casein control. Trial 3 found again Met and Lys increased content and yield. 

Addition of Val to the mix improved protein content, but not yield. Further addition of Ile 

and Phe had no effect. In trial 4 it was found Lys alone improved protein yield. Addition 

of Met further improved yield and content. The addition of Val had no further benefit. In 

trial 5, Lys alone did not improve protein yield or content, but the addition of Met did 

improve yields and a numerical increase in content. The addition of Thr further improved 

protein yield through a significant increase in milk yield.  

 Through the series of trials Schwab et al (1976) concluded that responses to AA 

supplementation typically manifest more clearly in protein content over yield. It was 

noted that supplementation of an AA usually resulted in an increase to its respective 

concentration in plasma. Furthermore, supplementation of the presumed LAA did not 

result in the concentration of others decreasing. Given that Lys alone accounted for 

16% of the protein yield response observed in casein, and Lys plus Met produced 43%, 

it was concluded that Lys, if not the first limiting amino acid, was co-limiting with Met, a 

view still supported today in cows fed corn-based diets. Thr or Ile were thought to be 

potential third limiting given their additions seemed to improve protein yields. The 

remainder of this section will summarize the findings for each of the EAAs since then. 

1.6.1 Methionine 

Met has been the most extensively studied among all the EAAs after Schwab et 

al (1976) and the various methods of predicting LAAs suggested it could be the first 

LAA. Through either infusion or feeding of rumen-protected Met, Casper and 
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Schingoethe (1988), Schingoethe et al (1988) (in soybean meal group), Pisulewski et al 

(1996), and Bach et al (2000) found Met supplementation increased both milk protein 

content and yields. Casper et al (1987), Schingoethe et al (1988) (in extruded soybean 

meal group), Guinard and Rulquin (1995), and Berthiaume et al (2006) found 

supplementation improved protein content but not yield, which often was the result of a 

non-significant decrease in milk yield. A similarity in studies that observed improved 

protein content and/or yields was the use of early (<100 days in milk (DIM)) lactation 

cows fed diets with 16% or less CP, primarily supplied through soybean meal or 

similarly low-Met feeds. 

Others have found supplemental Met to have no effect on production including: 

Schingoethe et al (1988) (heat-treated soybean meal group), Munneke et al (1991), 

Overton et al (1998), Berthiaume et al (2001), and Noftsger et al (2005). A common 

conclusion in these studies was that Met was not the most-LAA, with Schingoethe et al 

(1988) and Munneke et al (1991) identifying Lys as the likely LAA. 

1.6.2 Lysine 

Despite Schwab et al (1976) suggesting that Lys was the first LAA, very few 

studied the effect of Lys supplementation alone. Of the studies that have, there has 

been little evidence of Lys being the singular LAA. In a study by Varvikko et al (1999), 

Ayrshire cows on a grass-based diet abomasally infused with Lys showed no production 

response. Similarly, addition of rumen-protected Lys to a ration high in distiller’s grains, 

a low-Lys feed, had no effect on production, which was attributed to higher than 

expected dry matter intakes (DMI) (Paz et al, 2013).  
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 King et al (1991) found Lys infusion improved protein content and yields with 

22.5 g/d of infused Lys in cows fed a primarily corn-based diet. Guinard and Rulquin 

(1994) observed an increase in milk protein content with up to 27 g/d of Lys, similarly, 

fed a primarily corn diet. They also observed greater uptake of Lys by the mammary 

gland.   

 In large scale trials in cows fed commercial diets supplemented with Lys results 

have been mixed. Inclusion of 15-21 g/d digestible Lys increased milk (50.0 vs 48.0 

kg/d) and protein yields (1430 vs 1350 g/d) in early lactation cows fed a 17% CP diet 

(Robinson et al, 2011), but 13 g/d only improved protein content (2.94 vs 2.92%) in 

cows fed a 16% CP diet (Robinson et al, 2010). Swanepoel et al (2011) observed no 

effect in early lactation cows consuming an 18% CP diet supplemented with 10 g/d 

digestible Lys and observed a negative effect on milk and protein yield and DMI in mid-

lactation cows. All this suggests that Lys may be limiting in some diets, especially when 

protein is supplied by corn-based ingredients.    

1.6.3 Methionine and Lysine  

Due to the difficulty of determining the first LAA between Met and Lys, many 

experimenters opted to supplement both. Many found that increasing post-ruminal 

supply of Met and Lys improved both protein yields and contents (Rogers et al, 1987; 

Rogers et al, 1989; Polan et al, 1991; Armetano et al, 1993; Christensen et al, 1994; 

Collin-Schoellen et al, 1995; Robinson et al, 1995). While others found improvements in 

protein content alone (Canale et al, 1990; Chow et al, 1990; Seymour et al, 1990; Polan 
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et al, 1991; Armetano et al, 1993). Few have found no effect of supplementation 

(Rogers et al 1989; Guillaume et al, 1991). 

 Common to many experiments was the use of early lactation cows near peak 

production. In their experiments both Polan et al (1991) and Armentano et al (1993) 

observed Met and Lys supplementation increased both protein yield and content in early 

(21-112 and 29-100 DIM, respectively) lactation but only increased content in mid (113-

224 and 101-200 DIM, respectively) lactation. Similarly, Schwab et al (1992) observed a 

146 g/d increase in protein yield when peak lactation (28 DIM) cows were infused with 

Met and Lys versus Met alone, matching the yields of casein infusions. They observed 

that late lactation cows (189-217 DIM) only produced modest increases in protein 

content (3.15 vs. 2.99%) when infused with both Met and Lys as compared to either 

individually and that increased content did not translate to greater yields, indicating that 

requirements become lower in later lactation.  

1.6.4 Histidine 

Another AA that has been extensively studied is His. After failing to see a 

response to Lys infusion in grass-fed cows (Varvikko et al, 1999), Vanhatalo et al (1999) 

ran another experiment infusing His. They found 6.5 g/d of His increased milk (23.6 vs 

22.9 kg/d) and protein (721 vs 695 g/d) yields over control. The addition of Met or Lys or 

both did not increase production further. Similar results were observed by others 

supplementing His in cows fed grass-silage diets (Kim et al, 1999; Korhonen et al, 2000; 

Huhtanen et al, 2002). It has become accepted knowledge that His is typically the first 

LAA in grass-based diets. 
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 Later experiments studied the potential for His to be limiting in low-protein corn-

soy diets. Lee et al (2012) found in feeding cows a 13.5% CP diet that addition of Met 

and Lys improved protein yield but the further addition of His increased milk and protein 

yields to levels nearly identical to cows fed a 15.7% CP diet. Similarly, Giallongo et al 

(2016) found the addition of rumen-protected His to a 14.1% CP diet increased protein 

content. Supplementing Met, Lys, and His together resulted in greater protein yields 

compared to the supplementation of a single AA (Giallongo et al, 2016). Therefore, His 

may be among the top three LAAs when low-protein diets are fed. 

1.6.5 Branch Chain Amino Acids 

The potential for the BCAAs (Leu, Ile, and Val) to be limiting had not been 

extensively studied until recently. Rulquin and Pisulewski (2006) observed the addition 

of 40 g/d Leu to an infusion containing the remaining EAAs increased milk protein 

content and yield but there was no further benefit at 80 and 120 g/d. Similarly, Haque et 

al (2013) found that protein content was reduced, and yield tended to reduce when Val 

was removed from a complete EAA infusion. Likewise, Doelman et al (2015a) found the 

removal of BCAAs or Leu alone from an EAA infusion in cows fed an 11.2% CP diet 

reduced protein content and yield to levels seen in the negative control. 

 Others have found that BCAAs do not appear to be limiting under normal 

situations. Korhonen et al (2002) found the deletion of Leu, Ile, or Val from an infusion 

including all three plus His did not affect the yield of milk or its components, although 

the complete infusion did not improve production over the control. Similarly, the deletion 

of BCAAs from a complete EAA infusion in cows fed a 9% CP diet did not affect 
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production, whereas the deletion of Met, Lys, or His did decrease protein production 

(Weekes et al, 2006). Others found the addition of BCAAs to adequate protein diets 

failed to improve production (Mackle et al, 1999; Appuhamy et al, 2011). 

1.6.6 Arginine, Phenylalanine, Threonine, and Tryptophan 

Among the least studied EAAs are Arg, Thr, Phe, and Trp. Arg has not been found 

to improve production when infused abomasally or intravenously (Vicini et al, 1988). Nor 

has removal of Arg from a complete EAA mixture negatively affected yields (Doepel and 

Lapierre, 2011; Haque et al, 2013). Likewise, neither the addition of supplemental Thr 

(Zhao et al, 2019) or the removal from an EAA mixture (Doepel et al, 2016) influenced 

production. The deletion of Trp has also not influenced production (Doelman et al, 

2015b; Doepel et al, 2016). The deletion of Phe has been shown to reduce protein 

yields (Doepel et al, 2016) as well as content (Doelman et al, 2015b). 

1.7 Nutritional Models and Their Limitations  

With the knowledge of how different protein quantities, qualities, and varying 

supplies of EAAs influence milk and protein production, efforts were made to quantify 

protein requirements to support a targeted level of production, as well as estimating 

EAA flows to the duodenum. The goal of such models is to give nutritionists the means 

to formulate cost-efficient diets by optimizing protein supplies to promote efficient N 

utilization. The 2001 NRC estimates metabolizable protein (MP) as the sum of MP 

provided by microbial crude protein (MCP), rumen undegradable protein (RUP), and 

endogenous protein. Briefly, the amount of MCP provided by the diet is estimated to be 

130 g/kg total digestible nutrients (discounted) when rumen degradable protein is 



 

 

14 

 

adequately supplied (1.18 times MCP), otherwise MCP is produced at 850 g/kg RDP. 

MCP is assumed to provide MP at a fixed efficiency of 0.64, assuming 80% of MCP is 

true protein (CP minus non-protein nitrogen) and 80% of the true protein is digestible. 

RUP is estimated by predicting the passage and degradation rates of feeds in the diet; 

impacted by feed type (wet or dry forage or concentrate), DMI, and the different protein 

fractions (A, B, and C). To estimate the amount of MP provided by RUP, each feedstuff 

in the NRC feed library has an estimated digestibility derived from mobile bag technique 

studies. Estimates of endogenous protein were 1.9 g N/kg DMI, or 11.8 g CP/kg DMI, 

with 40% assumed to be MP (50% true protein, 80% digestible). MP is assumed to be 

used for lactation at a constant efficiency of 0.67. 

 To estimate the EAA duodenal flows the NRC (2001) favoured a semi-

mechanistic model. AA contents were assigned to each feedstuff and it was assumed 

the RUP fraction would have the same composition. Equations to estimate what 

percentage an individual EAA made up of the total duodenal EAA content were made 

for each EAA (except Trp). An estimate of total EAA flow to the duodenum (g/d) is 

calculated from the amount of RUP multiplied by 0.863 and MCP multiplied by 0.433. 

The flow of each individual EAA is calculated by multiplying its estimated content in 

duodenal EAA by the estimated daily flow of total EAA. The EAA content of MP in the 

duodenum is estimated by determining the RUP flow for each EAA multiplied by 0.863 

plus the MCP flow for each EAA multiplied by 0.8. 

 The NRC has been found to accurately predict (within 5% of observed value) the 

flows of MCP, RUP, and total CP to the duodenum (Pacheco et al, 2012). The flows of 
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EAA to the duodenum are accurately predicted for all EAAs, except His, which is 

underpredicted (91.8% of observed value) (Pacheco et al, 2012). Additionally, 

predictions of Arg and His are underestimated to a greater degree in cows fed grass-

based diets (Pacheco et al, 2012). Overall, the NRC’s (2001) predictions of protein flow 

to the duodenum are accurate and robust.  

 The NRC (2001) improved understanding of EAA flows to the small intestine. 

However, it is insufficient with respect to identifying LAAs. By defining EAA 

requirements, for Lys and Met, as a percentage of MP, rather than grams per day, the 

NRC does not allow the user to reduce total protein fed through AA supplementation 

(Arriola Apelo et al, 2014). The limits of estimating protein production as a function of 

MP supply is demonstrated by Haque et al (2012) who found infusion of Met, Lys, His, 

and Leu increased milk and protein yield independent of the MP level of the diet (7.7 or 

9.6%). The NRC would not predict such a response.  

 Due to the assumption of a constant conversion efficiency of MP to milk protein 

of 67%, the NRC has been found to overpredict production in 82% of observed studies 

(Arriola Apelo et al, 2014). Analysis of residuals found that the true efficiency of 

conversion of MP to milk protein was 44% in the observed studies. Additionally, a 

quadradic term could be fit to the residuals indicating that efficiency of MP to milk 

protein decreased as MP supply rose (Arriola Apelo et al, 2014). Furthermore, the 

NRC’s (2001) prediction errors are larger at levels near practical MP requirements, 

increasing the economic and environmental costs as formulators overfeed protein. 
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1.8 Study Objectives 

Previous literature has clearly identified that dairy cow diets can be limiting for one 

or more AAs, which can be remedied through supplementation of RPAAs. 

Unfortunately, the ability of current approaches to identify the limiting AA(s) regularly 

and accurately are lacking. The current deficiencies in knowledge leave producers with 

little choice but to overfeed protein. We hypothesize that the plasma concentration of 

AAs will allow for more accurate identification of the limiting AA. Therefore, the purpose 

of this study was to determine whether a plasma-based method of prediction is more 

effective over the current NRC (2001) model at identifying and correcting AA 

deficiencies.  
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2 Using Plasma Amino Acid Profile to Identify Limiting 
Amino Acids in Lactating Dairy Cows 

2.1 Abstract 

The objective of the current study was to determine if the plasma amino acid (AA) 

profile could be used to identify the limiting AAs (LAAs) in lactating dairy cows. Nine 

multiparous cows at 128 ± 21 days in milk (DIM) and three primiparous cows at 190 ± 8 

DIM were used. Cows received a jugular infusion of either saline (SAL); the three most 

LAAs according to the 2001 NRC (NRCT): 32.3 g/d Lys, 25.4 g/d Val, and 17.4 g/d Thr; 

or the three most LAAs based on the cow’s blood profile (BT) in a 3 x 3 Latin square 

design with 10-d periods. All cows were fed a total mixed ration (TMR) with 15.4% crude 

protein (CP) and had free access to water. Cows were milked twice daily. Within each 

period, milk samples were collected from the afternoon milking of d 8 to the morning 

milking of d 10 for analysis. Blood samples from the coccygeal vein were taken from 

each cow on d 10 for analysis. Both NRCT and BT significantly decreased milk protein 

content (P < 0.01). Arterial branch chain amino acid (BCAA) concentrations were 

significantly increased in both NRCT and BT (P < 0.01). It was concluded that LAAs 

were not correctly identified from the blood profile. Increased circulating BCAAs may 

have stimulated AA uptake by extramammary tissues and increased catabolism to urea, 

reducing the amount of the truly LAAs available for milk protein synthesis. 

Key words: amino acids, dairy cows, milk protein, blood profile  
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2.2 Introduction 

Milk protein constitutes one of the major components of the value of milk, 

incentivizing dairy farmers to increase production. Ultimately, milk protein is the product 

of protein synthesis within the mammary gland from AAs extracted from the 

bloodstream (Verbeke and Peeters, 1965). AAs are primarily supplied from the cow’s 

diet; diets high in CP will result in greater amounts of AAs flowing to the duodenum, 

where they are absorbed into the bloodstream. A producer aiming to maximize their 

herd’s protein production will feed a high CP diet to ensure an adequate supply of AAs. 

Dairy cows prove highly inefficient at converting AA-nitrogen (N) into milk protein, 

typically capturing between 25 and 30%, and efficiency declines as greater amounts of 

CP are provided (Arriola Apelo et al, 2014). At high CP levels, more of the AA-N is 

catabolized to urea and excreted into the urine. Loss of N into the urine is both an 

economic cost to the producer, as protein is the highest cost component of the diet, and 

an environmental hazard as N can runoff into waterways and lead to eutrophication 

(Arriola Apelo et al, 2014).  

Protein content, yields, and N efficiency (NE) can be improved through supplementation 

of the limiting AA (LAA) via rumen protected AAs (RPAA). To do so requires an 

accurate and reliable method of identifying which AAs are limiting. Currently, AA flows 

to the duodenum are estimated by models, such as the NRC (2001), by predicting the 

impact of ruminal fermentation on the diet’s AA profile. Through the estimated AA flows, 

attempts can be made to identify the LAA. However, the models tend to underpredict 

production in cows producing >35 kg of milk, limiting their usefulness in predicting 
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protein requirements and the LAA for a large portion of a typical lactation (Arriola Apelo 

et al, 2014).  

It has long been hypothesized that plasma AA concentrations could be used to identify 

LAAs. Mitchell et al (1968) and Stockland et al (1970) noted that in piglets and rats, 

respectively, concentrations of LAAs remained constant until their requirement was met, 

increasing rapidly thereafter. Through this concept, Derrig et al (1974) predicted the 

three most LAAs for lactating cows were Thr, Phe, and Met, whereas Broderick et al 

(1974) predicted Met, Lys, and Val to be the most limiting. However, single or multiple 

AA supplementation studies have failed to provide a definitive order of LAAs in lactating 

cows. While Met and Lys supplementation has led to increased protein content and 

yields in some trials (Schwab et al, 1976; Rogers et al, 1989; Aremetano et al, 1993), in 

others it has had no effect (Rogers et al, 1989; Guillaume et al, 1991). Other AAs have 

been less studied, but from work that has been completed AAs including Val, Thr, and 

Ile have had limited to no effect on production under typical scenarios (Korhonen et al, 

2002; Zhao et al, 2019). 

We hypothesized that LAAs could be identified by comparing an individual cow’s 

plasma AA profile to a set of average AA concentrations derived from the literature. 

Therefore, the objective of the study was to determine the effects of a supplementation 

of the three most LAAs predicted from an individual cow’s plasma profile versus a 

supplementation of the three most LAAs predicted by the NRC (2001) on milk yield, 

protein content, and yield in lactating dairy cows. Jugular infusions of the prescribed AA 

mixtures were given to test the effects. 
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2.3 Materials and Methods 

2.3.1 Animals 

 All procedures were approved by the Animal Care Committee of the University of 

Guelph (AUP #4034). Three primiparous Holstein cows at 190 ± 8 DIM, averaging 665 ± 

24 kg of body weight (BW) and nine multiparous Holstein cows at 128 ± 21 DIM, 

averaging 780 ±14 kg BW (± SEM) were housed in tie stalls with mattresses and 

chopped straw. Cows were milked twice daily at 0430 and 1630 h. Cows were weighed 

at the beginning and end of the trial.  

2.3.2 Diet 

A TMR was fed once daily at 0800 h. The TMR consisted of 29.5% alfalfa 

haylage, 29.2% corn silage, 25.3% high moisture corn, 14.2% soy-based supplement 

and 1.8% straw (Table 1). The diet contained 15.4% CP, which was considered a 

realistic content for an on-farm diet while being low enough to result in AA deficiencies. 

The TMR included approximately 35 g/d of supplemental Met (MetaSmart, Adisseo, 

Alpharetta, GA), estimated to provide 12 g/d of metabolizable Met. Refusals were 

weighed daily at 0730 h to determine feed intake. TMR and orts were pooled weekly 

and dried for 48 hrs at 55ºC to determine dry matter intakes. Cows were fed ad libitum 

with an aim of 5% refusals. Feed offered was adjusted based on refusals from the 

previous day. 
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Table 1. Ingredients and chemical composition of TMR (DM basis) fed to lactating dairy 

cattle (n=11) i.v. infused with SAL or AAs for 4 d. 

Component % of DM 

Ingredient Composition  

 Alfalfa silage 29.5 

 Corn silage 29.2 

 High moisture corn 25.3 

 Soybean meal 10.0 

 Straw 1.8 

 Canola meal 1.1 

 Vitamins and minerals 3.1 

Chemical Composition  

 DM (% As-fed) 48.9 

 CP 15.4 

 Soluble CP (% of CP) 39.9 
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 NDF 30.7 

 ADF 20.9 

 Lignin 9.1 

 NFC1 44.7 

 Starch (% of NFC) 61.0 

 Ether extract 2.6 

 Ash 6.8 

 NEL,1 Mcal/kg 1.53 

1Calculated according to NRC (2001). 
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2.3.3 Formulating Experimental AA Treatment 

The experiment was carried out over three, 10-d periods. On d three of each 

period cows on the blood-based treatment (BT) had blood sampled from the coccygeal 

vein hourly from 1000 to 1300 h into vacuum tubes containing heparin. Samples were 

immediately put on ice and centrifuged at 2000 g and 4º C for fifteen minutes. Plasma 

was aliquoted into 1.5-ml polypropylene tubes and frozen at -20º C. Plasma samples 

were thawed on ice and analyzed for amino acid concentrations using UPLC as 

described below. Plasma EAA concentrations were averaged for each cow and 

compared to a set of reference concentrations (Table 2) obtained through an average 

from protein feeding and infusion trials in Holstein cows fed 13% or greater CP and 

producing between 0.6 and 1.6 kg/d milk protein published in Journal of Dairy Science, 

Canadian Journal of Animal Science, or Animal Feed Science and Technology between 

1996 and 2019 (Appendix 1). The three most LAAs, as a percentage deviation from the 

reference concentration, were identified. Linear equations from Martineau et al (2019) 

describing the increase in individual EAA plasma concentration to its respective flow to 

the duodenum were used (Table 2), along with the solver function in Excel (Microsoft, 

Redmond, WA), to calculate the supplementation rates for each of the three limiting 

AAs, such that all were equally corrected, and the sum of the supplementation rate 

equaled 585 mmol per day of AA (Appendix 2). BT for each cow can be found in 

Appendix 3. 
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Table 2. Target concentrations for each EAA to identify LAAs  

AA Target Concentration1 (µM) Linear Term2 (µM/g) 

His 47.5 1.53 

Arg 88.9 0.49 

Thr 96.8 0.18 

Lys 78.6 0.72 

Met 22.2 0.23 

Val 255 3.27 

Ile 117 1.40 

Leu 169 1.25 

Phe 48.3 0.21 

1Target concentrations averaged from literature review (Appendix 1) 

2 From Table 5 of Martineau et al (2019) 

 

 

 

 



 

 

25 

 

2.3.4 Catheterization 

On d six of each period each cow was fitted with a jugular catheter (14-gauge, 20 

cm, product LA1420; MILA International, Inc., Erlinger, KY). Briefly, cows were moved 

into a chute and had their heads tied to expose the jugular vein. The area around the 

jugular vein was shaved and 70% ethanol applied. Approximately 3 ml of lidocaine was 

administered subcutaneously over the vein. The area was sprayed with 70% ethanol 

and 0.5% chlorhexidine gluconate solution. Using sterile gloves, the introducing needle 

was inserted into the jugular vein; proper placement was indicated by a steady flow of 

blood. A guidewire was fed through the needle; if resistance was encountered the 

guidewire was withdrawn and the needle repositioned before attempting to feed the 

guidewire again. Once the guidewire was in place, the needle was withdrawn, and the 

catheter was fed over the guidewire into the jugular vein. Once the catheter was in 

place, the guidewire was removed. An extension set (Baxter International, Deerfield, IL) 

was secured to the catheter. Catheter patency was ensured by drawing back on a 

syringe until blood was seen. The catheter and the extension were then filled with 

approximately 10 ml of heparinized saline (20 units/ml) to prevent clotting. The catheter 

was sutured in place. In the event of catheter failure, the procedure was repeated on the 

opposite site. If the catheter could not be placed on either side, another attempt was 

made to insert the catheter at a lower site of the jugular vein.  

2.3.5 Treatments 

Cows were infused with either 0.9% saline (SAL), an AA mixture containing the 

three most LAAs based on the diet and calculated using NRC (NRCT): 32.3g/d Lys, 
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25.4g/d Val & 17.4g/d Thr (see Appendix 4), or the BT.Infusions began on the afternoon 

of d six and continued for 96 h. Cows were infused via peristaltic pump (Watson-

Marlow, Falmouth, UK) at a flow rate of 1.73 ml/min. Infusion mixtures were prepared 

daily. Mixtures containing AAs were prepared by adding 30.0 g of NaOH to 3 l of 

distilled water. Mixtures were continuously stirred via stir plate and heated to 55ºC to aid 

solubility. AAs were added individually and stirred until completely dissolved. Once the 

AAs were dissolved, the pH of the solution was adjusted to 7.4 using HCl and a pH 

meter. All solutions were transferred to 4-l polypropylene bottles and were sterilized via 

autoclave. Solutions were changed out every morning at 0700 h. Previous days’ 

solutions were weighed to monitor the flow rate.  

2.3.6 Catheter Monitoring and Maintenance 

Catheter patency was checked each morning by drawing back on the catheter 

with a syringe until blood was visible before flushing the catheter with heparinized 

saline. Connections at the pump or the catheter were regularly checked for leaks, which 

indicated an obstructed catheter. If a catheter was found to be obstructed, first an 

attempt was made to see if the obstruction could be resolved by injection of heparinized 

saline. In some cases, catheters were found to have an obstruction that prevented the 

drawback of blood but did not prevent the infusion, these catheters were left in place 

and closely monitored. Another issue was some catheters developed kinks which 

produced transient blockages depending on the position of the cow’s head, these 

catheters were left in place provided the blockages did not appear to be severe, 

indicated by large, regular leakage at connections in the tubing. If an obstruction could 
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not be resolved, or the catheter came out, a new catheter was placed in the opposing 

jugular vein immediately and infusion restarted. The time when the catheter was last 

noted to be working and when the infusion restarted were recorded in a journal.  

2.3.7 Milk Sampling 

In-line milk samples were collected during each milking from d 3 through 10 of 

each period. Milk weights were recorded by the milker and uploaded to a central 

computer. Any irregularities in milk production were noted in a journal. Milk samples 

from the four milkings between d 8 PM and d 10 AM were used to determine treatment 

effects. Samples were stored at 4º C until delivered to the laboratory (Agriculture and 

Food Laboratory, University of Guelph; Guelph, ON) for infrared analysis of milk fat, 

protein, lactose, other solids, and milk urea nitrogen.  

2.3.8 Blood Sampling, Metabolite, and Hormone Concentrations 

 On d 10 blood samples were collected from the coccygeal vein of each cow 

hourly from 1000 h to 1300 h into tubes containing heparin and EDTA. Blood samples 

were immediately put on ice and centrifuged for fifteen minutes at 2000 g and 4º C. 

Plasma was aliquoted into 1.5 ml tubes and frozen at -20º C. Plasma samples were 

later pooled by cow for each period for analysis. Infusions were discontinued after the 

final blood samples were collected and the catheters were removed. All the tubing, 

connectors and bottles were taken apart and cleaned with distilled water before being 

sterilized in sealed autoclavable pouches for the next period.     
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 Plasma AA concentrations were determined by UPLC (Waters Corporation, 

Milford, MA) according to Boogers et al. (2008). Concentrations of glucose (Sigma-

Aldrich GAGO-20), NEFA (Wako NEFA-HR(2) 999-34691), TAG (Cayman Chemical 

1001030), BHB, acetic acid (Megazyme K-ACETRM), urea (Bioassay System DIUR-

100) and insulin (Mercodia Bovine Insulin Elisa 10-1201-01) were all determined by 

spectrophotometric assay.  

2.3.9 Statistical Analysis  

One cow developed metabolic acidosis in period 2 and was removed from the 

analysis. 

The following model was performed in SAS using proc GLIMMIX: 

y
ijk

 = μ + cowi + per
j 
+ trtk + per

j 
× trtk + εijk 

where µ = overall mean, cowi = the random effect of the cow (i = 1 to 11), perj = the 

fixed effect of each 10-d period (j =1 to 3), trtk = the fixed effect of each treatment (k = 1 

to 3), perj × trtk= the interaction between period and treatment, and εijk = experimental 

error. Statistical significance was determined at P < 0.05 and statistical trends at P < 

0.15.  
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2.4 Results 

2.4.1 Dry Matter Intake, Milk Yield, and Composition 

Cows consumed an average DMI of 26.1 kg/d across all treatments. Treatment 

had no effect (P ≥ 0.3; Table 3) on DMI. Milk, fat, protein, and lactose yields were 

unaffected by treatment (P ≥ 0.26). Fat and lactose contents of milk were unaffected by 

treatment (P ≥ 0.52). BT reduced milk protein content by 0.09 percentage points 

compared to SAL (P = 0.03); NRCT reduced protein content by 0.10 percentage units 

compared to SAL (P = 0.01).  

2.4.2 Amino Acid Concentrations 

Cows receiving the BT had significantly higher arterial concentrations of Leu and 

Phe compared to both the SAL and NRCT groups (P ≤ 0.03). Val was greater in BT 

cows compared to SAL (P=0.04) but lower than NRCT (P ≤ 0.001). Concentrations of 

tyrosine were significantly higher in BT cows compared to NRCT (P ≤ 0.01) and tended 

to be higher compared to SAL (P = 0.10).  

Cows receiving the NRCT had higher plasma concentrations of Lys and Val 

compared to other treatments (P ≤ 0.03). Thr concentrations were numerically higher in 

NRCT (106 µM) cows compared to SAL (92.3 µM) but the difference was not significant 

(P = 0.49). Tryptophan tended to be lower in NRCT cows compared to other treatments 

(P ≤ 0.11).  
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Both NRCT and BT increased the concentrations of EAA and BCAA compared to 

SAL (P ≤ 0.01). Total AAs (TAA) were similar across all treatments (P ≥ 0.36). There 

were no other differences between treatments (P > 0.15).  

2.4.3 Metabolite and Hormone Concentrations 

NRCT tended to increase insulin concentrations compared to SAL (P = 0.11). 

Plasma urea was numerically higher in BT (5.20 mM) and NRCT (5.18 mM) than SAL 

(4.61 mM) but the differences were not significant (P ≥ 0.17). There were no differences 

in glucose, acetate, BHB, TAG, or NEFA between treatments (P ≥ 0.35).  
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Table 3. DMI, milk yield, and composition of lactating dairy cows (n=11) i.v. infused with 

SAL, or AAs from NRCT or BT for 4 d. 

 Treatments1 
 

 SAL NRCT BT SE P 

DMI, kg/d 26.7 25.9 25.4 0.82 0.33 

Nitrogen Efficiency2, % 29.8 28.8 29.5 1.51 0.52 

Yield       

Milk, kg/d 36.5 36.0 36.2 0.96 0.86 

Fat, g/d  1495 1484 1481 41.6 0.94 

Protein, g/d 1214 1165 1173 30.6 0.26 

Lactose, g/d 1728 1709 1705 44.9 0.86 

Content (%)      

Fat 4.16 4.20 4.18 0.098 0.90 

Protein 3.38a 3.28b 3.29b 0.031 <0.01 

Lactose 4.73 4.74 4.71 0.029 0.54 

MUN (mg/dl) 7.18 7.73 8.30 0.577 0.30 

1Data were taken from last four milkings of each period for statistical analysis 
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2Nitrogen Efficiency, % = 
Milk N

Dietary N + Infused N
×100 

a-bDifferent superscripts indicate significant differences (P < 0.05) between treatments 
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Table 4. Arterial plasma concentrations of amino acids (µM) in lactating dairy cows 

(n=11) i.v. infused with either SAL, NRCT, or BT for 4 d. 

 Treatments   

A.A. SAL NRCT BT SEM P 

Arg 73.9 78.0 75.1 4.20 0.493 

His 45.5 51.8 49.9 3.25 0.245 

Ile 101 106 103 6.94 0.696 

Leu 139a 156a 200b 13.2 0.005 

Lys 70.4a 88.6b 74.4a 4.74 0.006 

Met 20.5 16.4 20.8 2.22 0.282 

Phe 35.2a 37.5a 51.1b 2.50 <0.001 

Thr 92.3 106 105 7.74 0.465 

Trp 32.8 29.6 33.0 1.54 0.045 

Val 192a 311c 236b 15.7 <0.001 

BCAA1 429a 573b 540b 33.5 0.002 

EAA 796a 981b 949b 47.1 0.002 
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Ala 225 238 242 18.4 0.719 

Asn 49.8 47.0 47.5 2.26 0.680 

Asp 11.5 16.6 21.7 7.04 0.627 

Cys 1.02 0.976 1.02 0.149 0.970 

Gln 418 395 379 19.2 0.243 

Glu 107 94.2 94.7 9.84 0.520 

Gly 269 286 280 23.6 0.817 

Pro 94.9 83.0 83.9 5.15 0.201 

Ser 92.0 113 149 30.8 0.471 

Tyr 43.1ab 37.4a 50.4b 2.19 0.004 

NEAA2 1320 1310 1350 86.9 0.936 

TAA3 2110 2290 2300 111 0.325 

1 BCAA = Branch chain amino acids (Val, Ile, and Leu) 

2 NEAA = Non-essential amino acids  

3 TAA = EAA + NEAA 

a-cDifferent superscripts indicate significant differences (P < 0.05) between treatments 
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Table 5. Arterial concentrations of insulin and metabolites in lactating dairy cows (n=11) 

i.v. infused with either SAL, NRCT, or BT for 4 d. 

 Treatments  

Item SAL NRCT BT SEM P 

Glucose, mM 2.84 2.88 2.82 0.083 0.766 

Insulin, ng/ml 0.517 0.656† 0.592 0.086 0.129 

Urea, mM 4.61 5.18 5.21 0.229 0.142 

BHB, mM 1.42 1.47 1.42 0.075 0.889 

NEFA, µM 79.7 76.7 85.4 11.6 0.752 

TAG, µM 247 266 245 13.4 0.322 

Acetate, mM 1.37 1.49 1.35 0.084 0.414 

†Indicates a tendency (0.05 < P < 0.15) for insulin concentration to be greater in 
NRCT than SAL 
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2.5 Discussion  

Contrary to our expectations, infusions of AA determined by either the NRCT or 

BT significantly reduced milk protein content and numerically reduced protein yields. 

Addition of AAs either through the diet or infusion has been shown to negatively impact 

production in some cases. Curtis et al (2018) found that infusion of 75 g of BCAA to 

cows fed a 12.6% CP diet and infused with 1 kg/d glucose reduced protein yields 

compared to cows infused with glucose alone. Cows receiving Met and Lys at 140% of 

their estimated requirements tended to have reduced protein yields compared to 

unsupplemented cows (Robinson et al, 2000). Similarly, an unbalanced AA mixture by 

deletion of either Met, Lys, or His from a complete AA infusion reduced protein yields 

and contents (Weekes et al, 2006).  

The milk protein depressions suggest the AA treatments may have induced an 

AA imbalance. Although not significant, BT and NRCT resulted in a 4.7% and 3.0% 

decrease in DMI, respectively, like other studies where AA treatment reduced 

performance (Robinson et al, 2000; Curtis et al, 2018). AA imbalances have been 

shown to depress feed intake and growth/production across a variety of species and 

can exacerbate the LAA deficiency (Henry, 1985; Yuan et al, 2000). Robinson et al 

(2000) showed AA imbalance increases rumination time per kg DM, which is negatively 

correlated with milk and protein production (Byskov et al, 2015). Additionally, 

numerically higher levels of milk urea N (MUN) and plasma urea N in NRCT and BT 

cows suggests a greater proportion of the whole-body AA flux was directed towards 

catabolism rather than milk protein synthesis, although efficiency of dietary N capture in 
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milk was similar across all treatments. The reduced milk protein content may be due to 

a combination of reduced DM intakes and higher catabolism of AA to urea. 

Infusion of AAs led to significant increases in each of their respective 

concentrations in plasma, in most cases. For the NRCT, infusion of 32.3 g/d of Lys 

increased its plasma concentration to 88.6 µM from 70.4 µM in SAL, a 26% increase. 

Val concentration increased 62% from 192.1 µM to 310.9 µM when infused at 25.4 g/d. 

Thr concentration, though not significant, increased 14.5% to 105.7 µM from 92.3 µM in 

response to 17.4 g/d. Evaluating the effect of BT on blood AA concentrations is more 

difficult because each cow received a unique blend, but given that at least half the cows 

received Leu (n = 11), Val (n = 8) and Phe (n = 6), the relationship between each AA 

concentration and its respective infusion rate can be estimated through linear 

regression. Each gram of infused Leu, Val, and Phe increased the plasma concentration 

by 2.33, 2.31, and 1.51 µM, respectively. Compared to the estimates by Martineau et al 

(2019) of concentration change per gram of EAA absorbed from diet and casein 

infusion, blood concentrations of Leu (1.25 vs. 2.33 µM/g infused) and Phe (0.21 vs. 

1.51 µM/g) increased at greater rates whereas Val (3.27 vs. 2.31 µM/g) increased at a 

lower rate.  

Infusion of NRCT tended to increase insulin concentrations 27% over SAL. It has 

been reported in other species that elevated levels of BCAAs are associated with insulin 

resistance (Lu et al, 2013). Whether a causal relationship between BCAAs, and their 

keto acids (BCKA), and insulin resistance exists, and through what mechanisms, is an 

area of active study in humans and rodents, but largely absent in dairy. In ob/ob mice, 
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supplementing BCAAs increases BCAA and BCKA concentrations and promotes whole-

body insulin resistance (Zhou et al, 2019). It is known that BCAA have a stimulating 

effect on mTORC1 activation, which leads to the inhibitory phosphorylation of IRS-1 as 

a putative negative feedback within the insulin signaling pathway (Lu et al, 2013). 

Furthermore, it is thought that activation of protein synthesis in the muscle is more 

sensitive than the mammary glands to BCAAs (Curtis et al, 2018). Given that both BT 

and NRCT increased BCAA concentrations over SAL, it is possible that increased 

muscle uptake of other EAAs, stimulated by BCAA excess, accounts for part of the 

decreased milk protein content. 

The experimental diet contained an amount of CP typical for a commercial herd. 

It has been shown that protein yields will increase in response to increasing the CP from 

15.0 to 16.5% in cows with a similar DIM (120 ± 76 kg/d), milk yield (41 ± 6 kg/d), and 

fed a similar diet to the current experiment (Olmos Comenero & Broderick, 2006). This 

suggests the potential for AA deficiencies to exist on the experimental diet. However, 

Lee et al (2011) found that reducing the dietary CP content from 16.7 to 14.8% had no 

effect on milk protein content or yield. Barro et al (2017) estimated that late-lactation 

cows only require a diet with 15.5 and 16.2% CP to maximize milk and protein yields, 

respectively, suggesting that our diet may have been marginal in its ability to meet 

requirements. A future experiment would be advised to include an additional treatment 

group receiving an infusion containing all 10 EAAs in proportion to their concentrations 

in casein to confirm whether the basal diet contains AA deficiencies.  
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Of question is whether the cows used in the experiment were too advanced in 

lactation to positively respond to treatment. Of the 11 cows used in the analysis, 6 were 

greater than 170 DIM at the start of the experiment. It is known that feed efficiency 

declines with increasing DIM as more nutrients are drawn to support body condition and 

pregnancy (Britt et al, 2003). Schwab et al (1992) found late-lactation cows (27 – 31 

weeks post-partum) did not respond to 266 g/d of abomasally infused casein while 

being fed a 13.5% CP diet, in contrast to cows at peak, early and mid-lactation which all 

responded with higher protein content and yields, even when consuming higher protein 

diets.  

The failure of the BT to elicit the desired effect, and the fact the experiment found 

it counterproductive, raises questions about the validity of the approach. The use of 

blood results is fraught with inconsistencies and uncertainties (Adams et al, 1978). 

Blood profiles only offer a snapshot of a single pool within the animal’s metabolic 

system and provides little indication of the nutrient flux between the different 

compartments. Attempting to quantify the fluxes would require a greater number of 

samples and measurements, making the approach impractical outside of academic 

settings. One of the difficulties is that AA concentrations are differently correlated to MP 

intake; the concentration of group 2 AAs (BCAAs and Lys) is almost twice as responsive 

to changes in MP supply than group 1 AAs (His, Met and Phe), likely owing to differing 

rates of hepatic removal (Martineau et al, 2017). 

The current experiment did not prioritize EAAs for supplementation based on 

knowledge from the literature. The only criteria considered for which EAAs were 
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considered limiting was the percentage difference from the target value. Met, Lys, and 

His can often be limiting, Leu, Ile, and Thr sometimes appear to be limiting and Arg, 

Phe, and Val rarely appear to be limiting in typically fed rations. A future study should 

consider how to account for these differences when interpreting the blood profile; a 

scoring system that assigns value to each EAA based on their seeming importance may 

be necessary to improve the method’s ability to identify EAAs that are truly limiting. The 

physiological effects that supplemental AAs may exert need to be accounted for. For 

example, it is known that BCAAs can stimulate the uptake of other AAs by the muscle 

(Curtis et al, 2018). Similarly, amino acid antagonisms occur when oversupply of one 

EAA increases the requirements for another, as noted for Lys-Arg, Arg-Met, and BCAAs 

with each other (Harper et al, 1970). Taking these effects into consideration will be 

necessary to prevent over-supplementation leading to an AA imbalance, as found in the 

current experiment. 

2.6 Conclusion 

The present study failed to meet the objective of using the plasma AA profile to 

identify the LAA(s) in lactating dairy cows. The observed decrease in milk protein 

content and numerically increased MUN and BUN concentrations indicate an AA 

imbalance occurred in response to both AA infusions. Future attempts to utilize the 

plasma profile should look to utilize target ranges, taking the variance of individual EAA 

concentrations into consideration. Physiological effects and antagonistic interactions 

between AAs also need to be considered. 
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3 General Discussion 

Protein comprises one of the costliest components of modern dairy rations; it is also 

the most poorly utilized nutrient fed. Dairy cows convert dietary nitrogen (N) to milk 

protein with a total efficiency between 25 and 30% on a typical ration. Additionally, the 

marginal efficiency of utilization declines rapidly as the animal nears their requirement. 

Dietary N not utilized for milk protein will ultimately be broken down to urea and 

excreted in the urine (Ariola Apelo et al, 2014). Most Canadian dairy farms feed diets 

containing greater than 15% crude protein (CP), with 30% of farms feeding over 18% 

CP (Gee et al, 2021) where marginal efficiencies of N utilization will be below 18%. 

Excess urinary N represents both an economic loss, as dietary protein is inefficiently 

utilized, and an environmental hazard. The rate of protein synthesis and catabolism is 

influenced by amino acid (AA) supply. Excess supply of AAs will promote their 

catabolism. Similarly, insufficient supply of individual essential AAs (EAAs) will both limit 

protein synthesis and promote catabolism. Therefore, supplementing individual EAAs 

can alleviate deficiencies and allow producers to feed reduced protein diets without 

compromising production, increasing revenue, and reducing environmental impact. 

Rumen-protected AAs (RPAAs) allow nutritionists to formulate low CP rations while 

maintaining protein yields and improving N efficiency and return over feed costs. 

However, RPAAs have a mixed record of effectiveness, some have found they increase 

milk yields, protein yields, and content (Schwab et al, 1976; Vanhatalo et al, 1999; Bach 

et al, 2000), whereas others have observed either no effect or detrimental outcomes 
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(Curtis et al, 2018; Robinson et al, 2000). Effective use of RPAAs hinges on being able 

to accurately identify the limiting AAs (LAAs).  

Current nutrition models (NRC, 2001) estimate the flows of each EAA to the 

duodenum by predicting the fermentation and passage of the different protein fractions 

by the rumen. The accuracy of the predictions can be affected by inclusion of novel 

ingredients or by deviating from the alfalfa-corn based diets the NRC model is primarily 

based on. Additionally, the model only set requirements for two EAAs: Met and Lys, and 

only as proportion of metabolizable protein (MP): 2.4 and 7.2%, respectively. By 

ignoring requirements for the remaining EAAs and defining the others as a proportion of 

MP, rather than an amount, in grams per day required for production, the NRC is not 

well suited for identifying the LAA(s) of protein production. Finally, the NRC, based on 

the herd’s diet, can only be utilized to make feeding decisions for the group, rather than 

individual animals. 

The use of blood profiles to identify the LAA(s) has been proposed by previous 

studies, using metrics such as responsiveness to supplementation or mammary 

arteriovenous-venous differences as criteria. However, these types of analyses occur 

after the diet or supplement changed. The question remains, can a cow’s blood AA 

profile be used to identify the LAAs. In this study, we found the blood profile could not 

be used to identify the LAAs, in fact supplementation reduced milk protein content. 

Considering the reduced milk protein, in addition to numerically lower dry matter intakes 

and elevated urea levels, we suggest the infused AAs were not limiting and instead 

induced an AA imbalance, likely leading to increased catabolism of the truly LAA. 
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Though the current study failed to utilize the blood profile to identify the LAA, 

potential upside to the approach warrants further study. Future attempts may consider 

means to better prioritize EAAs based on order of importance, with higher priority given 

to AAs most often considered limiting Met, Lys, and His, and lower priority to those not 

typically limiting Val, Arg, and Phe. The effects certain AAs exert on others might also 

be considered when calculating supplementation rates. 

Determining if the blood AA profile can be used to identify the LAAs, and how it can 

be utilized by dairy nutritionists in formulating rations, is significant to the dairy industry. 

Accurate identification of the LAA will allow dairy farms to feed low CP diets, 

supplemented with RPAAs, without compromising production. These diets will result in 

a greater proportion of dietary nitrogen being captured in milk, rather than broken down 

to urea. This is of importance as not only will these diets be more cost effective, but they 

will also reduce the environmental impact of dairy production, maintaining social license 

between producers and the public.  
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Appendix 2. Example of BT formulation 

Cow 4763 period 3: 

Day 3 AA profile 

AA AA Profile (µM) Target Concentration 
(µM) 

% Off Target1 

Arg 73.3 88.9 -17.6 

His 44.2 47.5 -7.0 

Ile 95.9 95.9 -18.0 

Leu 102 169 -40.1 

Lys 69.3 78.6 -11.8 

Met 17.9 22.2 -19.3 

Phe 35.6 48.3 -26.4 

Thr 86.7 96.8 -10.4 

Val 179 255 -29.7 

1 % Off Target = 
AA Concentration-Target Concentration

Target Concentration
×100 

Leu, Val, and Phe are the three most LAAs. 
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Formulating AA mix using Solver: 

Set to minimize sum of squares, conditional that % off target is equal between the three 
chosen AAs and the total infusion equals 585 mmol. 

AA AA 
Profile 
(µM) 

Linear 
Term 

(µM/g) 

Infused 
AA (g) 

New EAA 
Concentration 

(µM) 

Target 
Concentration 

(µM) 

% Off 
Target 

Arg 73.3 0.49  73.3 88.9 -17.6 

His 44.2 1.53  44.2 47.5 -7.0 

Ile 95.9 1.40  95.9 95.9 -18.0 

Leu 102 1.25 37.0 148 169 -12.8 

Lys 69.3 0.72  69.3 78.6 -11.8 

Met 17.9 0.23  17.9 22.2 -19.3 

Phe 35.6 0.21 31.3 42.1 48.3 -12.8 

Thr 86.7 0.18  86.7 96.8 -10.4 

Val 179 3.27 13.2 222 255 -12.8 
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Appendix 3. BT for each cow 

Cow Period AA Treatment (g/d) 

4503 1 23.5g Arg, 37.1g Leu, 27.5g Phe 

4611 1 27.7g Met, 12.3g Leu, 50.4g Phe 

4633 1 23.3g Val, 7.3g Ile, 43.4g Leu 

4733 1 27.1g Val, 6.2g Ile, 40g Leu 

3970 2 14.5g Val, 12.7g Ile, 47.6g Leu 

4221 2 20.6g Lys, 15g Val, 41.4g Leu 

4527 2 10.4g Val, 40.5g Leu, 30.8g Phe 

4762 2 46.2g Thr, 16.9g Leu, 11.2g Phe 

4471 3 16.4g Val, 40.8g Leu, 21.9g Phe 

4763 3 13.2g Val, 37g Leu, 31.3g Phe 

959 3 55.6g Thr, 1g Val, 14.5g Leu 

920 3 39.2g Thr, 5g Val, 27.8g Leu 
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Appendix 4. NRCT calculations 

NRCT was formulated by assuming a DMI of 25.3kg/d; metabolizable protein (MP) flows 

for each EAA were estimated. Total MP for maintenance was estimated to be 107, 15, 

and 599g/d for urinary, scurf, and metabolic fecal protein, respectively. The amount of 

each EAA required for each fraction of maintenance was estimated using composition 

data (Lapierre et al, 2007) and estimated efficiencies of AA utilization (Doepel et al, 

2004).The difference between MP flows and maintenance requirements was multiplied 

by the same efficiency to determine the quantity of each EAA available for milk protein 

synthesis; this number was divided by the proportion of that EAA in milk protein to 

determine the amount of milk protein production each EAA could support. The three 

most LAAs, as determined by estimated milk protein yield allowable, wer Lys, Val, and 

Thr. Supplementation rates were set so each AA would support an equal milk protein 

yield and the sum would total 75 g/d supplemented AAs. 
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  Maintenance Pools              
(mg/g MP)1 

     

EAA MP 
Flow 
(g/d) 

Urinary Scurf Metabolic 
Fecal 

Protein 

Milk Protein 
Composition 

(g/kg) 

Efficiency2 Maintenance 
(g/d)3 

EAA-Milk 
Protein 

Allowable 
(g/d)4 

Correction 
(g/d) 

Arg 126 73 44 49 37.4 0.58 65.2 942.7  

His 57 27 12 20 29 0.76 19.8 974.9  

Ile 129 31 58 36 61.3 0.67 38.4 989.9  

Leu 229 74 116 35 103.6 0.61 50.2 1053  

Lys 170 70 37 59 87.6 0.69 62.8 843.7 32.3 

Met 71.5 22 12 14 29.9 0.66 16.5 1213  

Phe 131 39 43 38 52.2 0.57 48.4 902.1  

Thr 127 43 84 64 47 0.66 67.0 843.0 17.4 
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Val 143 44 70 50 69.3 0.66 54.1 846.6 25.4 

1 Values from Lapierre et al (2007); table 4 

2 Values from Doepel et al (2004) 

3 EAA Maintenance Requirement = 
(Total Urinary x EAA Urinary + Total Scurf x EAA Scurf + Total MFP x EAA MFP) ÷ 1000

EAA Efficiency
 

4 EAA-Milk Protein Allowable = 
(MP Flow - Maintenance)×Efficiency

Milk Protein Composition ÷1000
 


