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Ruminant animals use dietary crude protein (CP) less efficiently than monogastrics due in part, to ruminal 
nitrogen (N) metabolism. The real CP needs of dairy cows are amino acids (AA), and thus feeding rations 
that meet the AA requirements of dairy cattle should reduce wastage of dietary protein and increase the 
efficiency of utilization of protein for milk synthesis. In ruminants, dietary protein is divided into rumen 
degradable (RDP) and undegradable protein (RUP) with RDP composed of non-protein and true-protein 
N. True protein is degraded to peptides and AA, and eventually deaminated into ammonia-N or 
incorporated into microbial protein. Non-protein N is composed of N present in DNA, RNA, ammonia, 
AA, and small peptides with the N from peptides, AA, and ammonia being utilized for microbial growth. 
Rumen output consists of ammonia-N, undegraded protein (dietary or endogenous), and microbial 
protein. When dietary RDP is in excess of the amount required by ruminal microorganisms, protein is 
degraded to ammonia-N, which is absorbed from the rumen and then metabolized to urea in the liver, and 
lost in the urine. Not all RDP, however, will be either converted into microbial protein or into ammonia
N, as there is a small fraction of the RDP that will leave the rumen undegraded due to passage rate and 
contribute to the duodenal AA and peptide flow (Choi et al., 2002). 
One of the goals of any profitable dairy enterprise should be to maximizing profit margins by increasing 
the conversion efficiency of dietary nutrients ( energy and AA) into milk using means that are acceptable 
to consumers. Protein represents a major fraction of dairy rations and therefore optimizing its utilization 
should have important economical consequences. Dietary protein utilization improves when the essential 
AA profile absorbed closely meets an animal's essential AA requirement (NRC, 2001 ). The NRC (2001) 
model assumes a constant efficiency of 65% for utilization of absorbed protein for milk protein synthesis. 
Therefore, the only apparent way to increase efficiency of utilization of the absorbed protein would be to 
increase protein yield to dilute the amount of protein utilized for maintenance. However, Dinn et al. 
(1998) showed that efficiency of dietary protein utilization for milk protein secretion (milk protein 
yield/crude protein intake) increased from 26 to 33% when comparing an 18% CP diet with a 15% CP 
diet supplemented with ruminally protected AA. This increase in efficiency resulted in similar milk 
protein yield between treatments and lower fecal and urinary nitrogen excretion with the 15% CP diet 
than the 18% CP diet. 

This article will review key aspects of protein metabolism in the rumen and post-ruminally with an 
emphasis on improving the efficiency of protein utilization in dairy cattle. 

NITROGEN METABOLISM IN THE RUMEN 
Protein degradation in the rumen begins with attachment of bacteria to feed particles, followed by 

activity of cell-bound microbial proteases (Brock et al., 1982). Products resulting from this process are 
peptides and AA, which are then transported inside microbial cells. Peptides can be further degraded by 
peptidases into AA, and the latter can be incorporated into microbial protein or further deaminated to 
volatile fatty acids (VFA), carbon dioxide (CO2), and ammonia (Tamminga, 1979). The fate of absorbed 
peptides and AA once inside the microbial cell will depend on the availability of energy (carbohydrates). 
If energy is available, AA will be transaminated or used directly for microbial protein synthesis. 
However, if energy is limiting, AA will be deaminated and their carbon skeleton fermented into VF A. 
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Protein degradation in the rumen depends on various factors including the type of protein, dilution rate, 
ruminal pH, and nutrient interactions. Solubility of proteins is a key factor determining their susceptibility 
to microbial proteases, and thus their degradability. The type of peptide bond and the presence of bonds 
within and between protein chains (tertiary and quaternary structure) also play an important role in 
determining the degree of protein degradation. In addition, specific peptide bonds are more resistant to_ 
ruminal degradation than others. According to Kopecy and Wallace (1983), the optimal pH for rumen 
proteolytic enzymes ranges from 5.5 to 7.0 and although amylolytic bacteria tend to be more proteolytic 
than cellulolytic bacteria (Siddons and Paradine, 1981; Wallace et al., 1997), protein degradation has been 
shown to be consistently lower when high-concentrate rations provide substrate to microbes, regardless of 
pH (Cardozo et al., 2000, 2002). Protein degradation in the rumen requires the presence of several 
proteolytic and non-proteolytic enzymes, and the combination of several microbial and enzymatic 
activities are required for maximum protein degradation. This fact was clearly illustrated in a study by 
Endres and Stern (1993) who observed a reduction in CP and NDF digestion when pH decreased from 6.3 
to 5.9. Interestingly, in this study proteolytic bacteria counts were not affected by pH, but cellulolytic 
bacteria counts were reduced by approximately 50%. 

Optimization of microbial protein synthesis 
Bacteria can utilize carbohydrate (CHO) and proteins as energy sources. Carbohydrates are the main 
energy source for bacteria, although they can also be used as carbon skeletons for protein synthesis in 
combination with ammonia. Ruminal microbial protein synthesis depends on supply of adequate amounts 
and type of CHO as an energy source for the synthesis of peptide bonds. Readily fermentable CHO such 
as starch or sugars are more effective than other CHO sources (such as cellulose) in promoting microbial 
growth (Stern and Hoover, 1979). Several in vitro (Stem et al., 1978; Henning et al., 1991) and in vivo 
(Casper and Schingoethe, 1989; Cameron et al., 1991) studies demonstrated that infusions of increasing 
amounts of readily fermentable CHO decreased ammonia-N concentrations due to improved N uptake by 
ruminal microbes. However, when rate of protein degradation exceeds the rate of CHO fermentation, 
large quantities of N can be lost as ammonia, and conversely when the rate of CHO fermentation exceeds 
protein degradation rate, microbial protein synthesis can decrease (Nocek and Russell, 1988). Hoover and 
Stokes (1991) suggested that in pH-controlled continuous culture fermenters, maximum microbial growth 
is attained with a 2: 1 NFC:RDP ratio, implying that in rations with 40% NFC the amount of RDP should 
be close to 20%. Unfortunately, this ratio is not feasible under practical conditions, and although it may 
maximize microbial yield in vitro, it may not translate into more milk production in vivo, a point that will 
be discussed later. 

It is generally assumed that microbes that degrade structural carbohydrates ( cellulolytic) have low 
maintenance requirements, grow slowly, and use ammonia-N as their main N source. In contrast, 
microorganisms that degrade non-structural carbohydrates (amylolytic) have higher maintenance 
requirements, grow rapidly, and use ammonia, peptides, and AA as N sources (Russell et al., 1992). 
However, bacterial growth has been shown to increase with addition of AA and/or peptides in cellulolytic 
and amylolytic bacteria (Kemick, 1991). Similarly, fiber digestion was reported to increase with the 
supply of AA (Griswold et al., 1996; Carro and Miller, 1999) and peptides (Cruz Soto et al., 1994) to .pure 
cellulolytic bacteria. Atasoglu et al. (2001) used pure cultures of cellulolytic bacteria to demonstrate that 
the incorporation of ammonia-N into microbial cell-N decreased as the proportion of AA increased in the 
medium, suggesting that cellulolytic bacteria would use AA if available. Similar findings were reported 
with increasing concentrations of peptides, although Atasoglu et al. (2001) reported a greater preference 
of cellulolytic bacteria for incorporating AA-N compared with peptide-N into their cell-N. Nevertheless, 
at typical ruminal peptide and AA concentrations, about 80% of cell-N is derived from ammonia-N. The 
increase in microbial growth observed with addition of AA and/or peptides, may be due to direct 
incorporation of AA into microbial protein and/or an increase in availability of carbon skeletons (from 
AA deamination) which can be used for energy production or as carbon skeletons for new microbial AA 
(Bryant, 1973). These responses in microbial growth when more AA and peptides are supplied may help 
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explain the results by Hoover and Stokes (1991) that suggested inclusions of RDP greater than 15% of 
DM to maximize microbial growth. However, the optimum concentration of peptides in the rumen that is 
required to maximize microbial protein synthesis has not been determined (NRC, 1996). 

Assuming bacteria transform available peptides into microbial protein with an efficiency of 80% (Russell 
et al., 1983), and that NFC-fermenting bacteria may use up to 66% of the available N in the form of 
peptides, it could be concluded that to maximize microbial protein synthesis, bacteria would need 1.2 g of 
peptide-N per kg of OM fermented in the rumen. Atasoglu et al. (1999) reported that the proportion of 
bacterial N derived from ammonia decreased as the ratio of ammonia-N:total available N decreased. 
Therefore, the proportion of bacterial N derived from ammonia-N is not a fixed value, and the proposed 
value of 1.2 g of peptide-N per kg of OM fermented may not apply to all rations. Atasoglu et al. (2004) 
studied the fate ofN and carbons from AA in ruminal mixed microorganisms. Results showed that several 
AA were synthesized by rumen microorganisms with greater difficulty than others. In general, it is 
believed that rumen microbes do not have an absolute requirement for any AA; however, Atasoglu et al. 
(2004) suggested that some AA may be limiting growth. Additional CP is often included in rations to 
ensure there is adequate RDP to provide sufficient AA and peptides for maximizing microbial protein 
synthesis and rumen microbial fermentation (NRC, 2001). If the actual AA and peptide requirements of 
rumen microorganisms were known, total CP inclusions could be lowered without impairing milk 
production. 

The ultimate goal of proper rumen nutrition is to maximize microbial growth by efficiently capturing 
RDP into rumen microbial cells. Maximizing the capture of degradable N not only improves the supply of 
AA to the small intestine, but also decreases N losses. The most common assessment of efficiency of 
microbial growth is the determination of g of microbial N per unit of rumen available energy, usually 
expressed as true OM or CHO fermented. Efficiency of microbial protein synthesis (EMPS) is a useful 
indication of how much energy is directed towards N deposition in microbes, however EMPS (g of 
microbial N/kg OM fermented in the rumen) is unable to predict how much available N is actually being 
utilized by microbes. In fact, a meta-analysis by Bach et al. (2005) showed that EMPS is insensitive to 
ruminal ammonia-N concentrations. Several authors have suggested alternative methods to measure 
efficiency of N utilization in the rumen. Griswold et al. (2003) calculated rumen N efficiency as the 
proportion of N intake converted into microbial N, and Bach et al. (1999) proposed to express efficiency 
ofN utilization (ENU) by ruminal microbes as: 

grams of bacterial N 
efficiency of N utilization = -------- x 100 

grams of available N 

with "available N" representing N that could potentially be used by rumen bacteria (rumen degradable 
protein and endogenous protein). The meta-analysis by Bach et al. (2005) also showed that as ENU 
increased, ammonia-N accumulation in the fermenters decreased (R2 = 0.78, P ·< 0.001), supporting the 
ability of ENU to effectively describe efficiency of N capture by rumen microbes. Therefore, EMPS and 
ENU are complementary measurements of efficiency of microbial nutrient utilization, with EMPS as a 
reliable indicator of energy utilization and ENU as a reliable indicator of N utilization. The plot of EMPS 
vs. ENU (Figure 1) demonstrates a quadratic relationship with an optimum efficiency of growth obtained 
with an EMPS of 29 g of microbial N/kg of FOM and an ENU of 69 g of microbial N/100 g of rumen 
available N. This implies that under optimal conditions (maximum efficiency of energy and N utilization) 
bacteria will capture 69% of available N, and produce 29 g of microbial N per kg of OM fermented. 
Therefore, a reasonable goal would be to ensure the supply of 42 (29/0.69) g of rumen available N per kg 
of OM truly fermented in the rumen. The NRC (2001) assumes a fixed efficiency of N utilization from 
RDP by rumen bacteria of 85%, which implies a need for rumen degradable N of 1.18 x RDP x microbial 
N. Using the data from Bach et al. (2005), N requirements would be calculated as 1.31 x rumen available 
N x microbial N. The second equation does result in slightly higher estimated N requirements, due to the 
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fact that available N accounts for N recycled, whereas RDP does not. However, assuming that urea N 
transfer from plasma to the rumen is between 8 and 10% (NRC, 2001 ), these values are very similar 
(1.18/.9 = 1.31). Therefore, only under optimal conditions (EMPS = 29 and ENU =69) will the NRC 
(2001) estimate rumen degradable N requirements correctly. For example, when EMPS is 40 g of 
bacterial N/kg of OM fermented, efficiency of utilization of rumen available N would be around 60% 
(Figure 1 ), and thus the need for available N to sustain bacterial growth would increase to 1.4 x rumen 
available N x microbial N. 

Figure 1. Relationship between efficiency of microbial protein synthesis (EMPS) and efficiency of N 
utilization (ENU in continuous culture fermenters Ada ted from Bach et al., 2005). 
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PROTEIN METABOLISM IN THE DAIRY COW 

As opposed to CHO or fats that can be stored in the animal's body, mammals have a limited capacity to 
store AA supplied by the diet, and excess AA needs to be deaminated and the resulting N is excreted in 
the urine. Thus, in theory, all AA supplied above the protein synthesis rate dictated by the limiting AA 
will have to be deaminated. Schwab et al. (1976) first proposed that AA were limiting for milk production 
in ruminants, and suggested Lys and Met to be the first co-limiting AA. However, the concept of limiting 
AA is not inherent to any single AA. The definition of limiting AA is dynamic and therefore cannot be 
generalized. For example, one cannot define Met as a universally limiting AA, because depending on the 
basal diet, Met may or may not limit performance. This idea was supported by Rulquin and Verite (1993) 
who suggested that protein reaching the intestine in high-concentrate diets usually has a greater content of 
lysine (Lys), arginine (Arg), methionine (Met), and histidine (His) and a lower content of branched-chain 
AA and Phe than the protein from high-forage diets. In addition to diet, the type and level of production 
can also affect which AA are limiting. Interestingly, however, not all research supports the traditional idea 
of limiting AA. New evidence from the University of Guelph (Weekes et al., 2006) shows the ability of 
the mammary gland to overcome AA deficiencies. In this study, the authors reported no changes in milk 
protein yield when complexes deficient in His, Met, or Lys were infused in the bloodstream; according to 
the law of limiting AA, one AA should have limited production and the other two should have increased 
production to the level of the second limiting AA. They did report a tendency for lower protein yield 
when His was deficient; however it is interesting to note that plasma His concentrations did not decrease 
because of a greater incorporation of His in milk but because of its usage by tissues elsewhere. This 
observation emphasizes the importance, but relatively unknown, inter-connections between different 
tissues that participate in protein metabolism. Changes in insulin and IGF-I in response to AA imbalances 
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are probably responsible for facilitating the mammary gland to maintain milk protein yield at higher 
levels than would otherwise be expected from deficiency responses. 

Optimization of milk protein synthesis 

In general, a ruminant nutritionists goal is to formulate rations that meet the animal requirements by 
providing sufficient amounts of all nutrients. However, this approach can often lead to an excessive 
supply of some nutrients. Among the nutrients that are more likely to be in excess are those AA required 
in relatively small amounts by the animal, but are relatively abundant in the feeds used to balance rations, 
such as asparagine (Asp). Due to the complexity of factors that contribute to determining the supply of 
AA to the dairy cow coupled with the great ability of the mammary gland to modulate blood flow to 
compensate for AA imbalances (Bequette et al., 2000; Weekes et al., 2006), there is uncertainty as to the 
actual supply of AA by any given diet. Thus, it is rather difficult to know whether a change in the protein 
supply of the diet has corrected or actually induced an AA imbalance. An excess of certain AA may have 
negative repercussions on the performance or even in the health of cows, because all AA are potentially 
toxic. Excess dietary AA stimulates protein synthesis in the liver (Rogers, 1976) and the catabolism of the 
most limiting AA (Yuan et al., 2000) which results in a lower proportion of the limiting AA than what 
was originally available to the animal. This decrease in the proportion of a limiting AA will be signaled 
by the anterior piriform cortex of the brain and intake will be depressed (Gietzen, 1993). In fact, in dairy 
cattle there have been some reports of DMI depression of about 2 kg/d when supplementing rations with 
protected Met (Robinson et al., 2000). 

Figure 2. Relationship between dietary crude protein concentration and milk yield along with the 
relationship between milk yield and milk protein content. 
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The NRC (2001) acknowledged that there is a modest positive relationship for greater milk yield as the 
CP content of the diet increases, with about 12% of the variation observed in milk yield being attributed 
to CP content. We conducted a meta-analysis using a data set with 131 studies from the Journal of Dairy 
Science (primarily from 2000 to 2006) and found a similar weak positive relationship (R2 = 0.17; P < 
0.001) between these two parameters (Figure 2). Also, a similar relationship was found between CP 
content of the diet and milk protein yield (R2= 0.16; P < 0.001 ). The relationship between dietary CP 
content and milk yield has probably stimulated the use of high-CP rations to improve milk production. 
However, as milk yield increases (Figure 2), milk protein content decreases (r = -0.61; P < 0.001), 
suggesting that as milk yield increases, milk protein synthesis may lag behind. As a result, the efficiency 
of protein utilization (EPU) is negatively associated (R2 = 0.81; P < 0.001) with the level of CP in the diet 
(Figure 3). This negative relationship was expected, attributed in part, to the mathematical equation used 
to calculate EPU, where CP intake is the denominator. Nevertheless, when evaluating a mixed-effects 
model that included CP intake and milk protein yield, to account for the mathematical dependence 
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between CP intake and EPU, plus the dietary CP content as dependent variables, dietary CP content was 
still negatively correlated with EPU and accounted for 13% of variation explained by the model. This 
observation indicates that as CP content of the diet increases, protein is used less efficiently. Because 
EPU is positively correlated with milk production (r=0.65), it would seem possible to produce high 
amounts of milk with high milk protein efficiencies. Similar to what occurred with level of CP in the diet,. 
this positive relationship was expected due to the fact that milk yield enters into the numerator in the 
equation to calculate CP efficiency. 

Figure 3. Relationship between dietary crude protein content and efficiency of protein utilization for milk 
roduction and rotein ield. 
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A common approach used to meet the protein needs of dairy cows is to supply large amounts of CP in the 
diet. But the AA requirements in dairy cattle are not only dependent on energy intake, but also on the type 
of energy that the cow is receiving. Oke and Loerch (1992) and Tamminga (1992) stressed the importance 
of the ratio between absorbed protein and net energy in order to maximize the efficiency of nutrient 
utilization for milk protein production or protein accretion. Tamminga (1992) concluded that increasing 
the ratio between absorbed protein and net energy rapidly decreased the efficiency of transfer of absorbed 
protein to milk protein in early lactation. Van Straalen et al. (1994) indicated that energy status of the 
animal plays an important role in determining the response to absorbed protein. These authors found a 
strong negative correlation between the ratio of absorbed protein:energy intake and EPU. Similarly, in our 
meta-analysis we also found a strong relationship between the dietary protein:energy ratio (where protein 
is a percentage of CP divided by 10 to transform its units close to those of NE1, and energy is expressed as 
Meal/kg of NEl) and EPU (R2 = 0.85; P < 0.001). Again, this relationship was inflated by the fact that 
dietary CP content is mathematically linked to EPU. To remove this mathematical dependence, a model 
including dietary CP consumption (kg/d) and the linear and quadratic effects of protein:energy ratio was 
run (Figure 4). The relationship that was found (R2 = 0.44; P < 0.001) indicates that to maximize EPU, 
the ratio between CP/10 and net energy concentration should be as close to 0.8 as possible. In other 
words, for a diet with an energy density of 1. 7 Meal/kg, the optimum CP content to maximize EPU 
should be about 13.6%. 

Our meta-analysis also indicates that to maximize milk protein yield the optimum protein:energy ratio 
should be about 1.1 (Figure 4.) or a 1.7 Meal/kg energy dense diet should contain 18.7% CP. However, 
this optimum may not coincide with the maximum profit. Figure 5 shows the evolution of milk protein 
yield, gross income from milk, protein costs associated with the level of milk protein yield, and net profit 
( considering only protein costs) as affected by the protein:energy ratio. Milk income was calculated 
assuming a milk value of 0.27 $/kg, and the cost associated with milk protein production was estimated 
assuming that milk protein was constant at 3.2%, and that the cost of a common protein source such as 
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soybean meal (SBM) was $146/metric ton, which would yield a cost of $0.34/kg of protein from SBM 
(assuming a moisture content in SBM of 10% and a protein content of 48% in a DM basis). From this 
analysis, it can be concluded that the optimum dietary protein:energy ratio to maximize profit, not yield, 
would be about 1.0. 

Figure 4. Relationship between the ratio of protein to energy intake and efficiency of milk protein 
synthesis and milk protein yield. 
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Figure 5. Expected evolution of milk protein yield, gross income from milk, protein costs associated with 
the level of milk protein yield, and net profit ( considering only protein costs) as affected by the 
protein to energy ratio. 
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Interestingly, there was no relationship between protein 10:energy ratio and efficiency of energy-corrected 
milk/dry matter intake (MPE), but consistent with the need to maximize the supply of energy for every 
unit of protein provided, the dietary content ofNFC was positively related (R2 = 0.11, P < 0.001) to EPU, 
although the increase was fairly modest (0.21 percentage unit improvement in EPU for every percentage 
unit change in NFC in the diet). The relationship between NFC:RDP and EPU (Figure 6) was positive (R

2 

= 0.76; P < 0.001) and similar to the relationship found between EPU and protein 10:energy ratio. Hoover 
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and Stokes (1991) suggested that with a lower NFC:RDP ratio there was a greater microbial flow from 
continuous culture fermenters. They concluded that the optimum ratio for maximizing microbial yield 
would be 2: 1 (NFC:RDP). While this may be the case in continuous culture fermenters, this finding may 
not translate into a better EPU because feeding rations with low NFC:RDP ratios can result in excessive 
N consumption by the cow. Furthermore, in the data set that we used, there was no relationship between 
dietary CP content or NFC/RDP ratio and MPE. Therefore, it appears safe to reduce the amount of CP 
and to increase the ratio of NFC:RDP in the diet as no loss of overall MPE would be expected. 

Figure 6. Relationship between the NFC to RDP ratio and efficiency of protein utilization and milk 
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In an attempt to increase the supply of AA post-ruminally, another common practice is to supplement the 
diet with RUP sources. However, several reviews (Akayezu, 1997; Santos et al. , 1998; Ipharraguerre and 
Clark, 2005) have shown that supplementation of RUP does not consistently improve milk yield or milk 
protein yield. Santos et al. ( 1998) and Ipharraguerre and Clark (2005) summarized data illustrating that 
increasing the content of RUP in the diets at the expense of removing SBM often had little effect on 
metabolizable protein supply to the host because of depressed ruminal synthesis of microbial protein. To 
address the use of RUP in the diet, we used meta-analysis between concentration of RUP (as a% of CP) 
and milk protein yield with data from 51 studies from the Journal of Dairy Science (n= 236). Results 
showed a weak tendency (P = 0.10) for RUP inclusion to modestly improve milk protein yield. For every 
percentage unit increase in RUP, milk protein yield would increase 2.8 g/d. This relatively poor response 
to feeding RUP can be explained by the following factors: 

1. Feeding excessive amounts of RUP has been associated with a decrease in microbial growth in the 
rumen and a consequent decrease in high quality protein flow to the duodenum (Ipharraguerre and Clark, 
2005). 

2. Low intestinal digestion of the dietary protein leaving the rumen undegraded. Howie et al. (1996) 
showed that there is considerable variation in intestinal digestion among RUP sources. Although feeding 
RUP may result in a greater flow of dietary AA to the duodenum, these AA might not be absorbed by the 
animal. 

3. The AA profile of the RUP source might not match the AA profile required by the animal. 

4. Inconsistency in numerical RUP value assigned to the RUP source.· Bach et al. (1998) showed that in 
spite of using the same technique (in situ) to determine RUP, the RUP value assigned to different RUP 
sources varied depending on the mathematical model used to describe the kinetics of ruminal 
degradation. 
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As mentioned, a challenge that nutritionists face when balancing rations for protein and AA for dairy 
cattle, is that the mammary gland has great flexibility and ability to sustain milk protein synthesis despite 
AA imbalances, making it difficult to assess whether nutritional changes that are applied are effective. In 
a study by Kim et al. (2001 ), the addition of several AA to a His-deficient diet decreased protein and 
increased milk fat content of milk. The authors concluded that the protein:fat ratio in milk could be a 
good indicator of His imbalance of diets. Recently, a study by Weekes et al. (2006) demonstrated that Lys 
deficiency can also increase milk fat content and decrease the protein:fat ratio in milk. Applying a meta
analysis to a dataset of 50 research studies (n=233), we found a positive relationship (R2 = 0.19; p < 
0.001) between efficiency of milk protein synthesis (corrected for the metabolizable protein needs for 
maintenance) and the protein:fat ratio in milk (Figure 7), suggesting that improvements in efficiency of 
milk protein synthesis may be affected by AA imbalances. 

Figure 7. Relationship between efficiency of milk protein synthesis (corrected for maintenance needs) 
and the ratio between milk rotein and milk fat. 
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A potential advantage in balancing ruminant rations for AA or maximizing EPU is the reduction in blood 
urea concentrations. Dinn et al. (1998) reported a decrease in blood urea concentrations from 16 to 10 
mg/dl, when comparing a 18% CP diet unbalanced for AA and a 15% CP diet balanced for AA. Excessive 
levels of urea in blood have been associated with poor reproductive performance, possibly due to 
alterations of the vaginal pH as a consequence of ammonia accumulation (Canfield et al., 1990). 
Furthermore, urea production in the liver from ammonia has an energetic cost, which may result in a 
lower availability of energy to sustain milk production. In the meta-analysis we conducted, the efficiency 
of milk protein synthesis ( corrected for metabolizable protein needs for maintenance) was highly 
correlated (Figure 8) with milk urea nitrogen (MUN) (R2 = 0.54; P < 0.001). This observation clearly 
suggests that the decrease in EPU observed with increasing levels of dietary CP is a consequence of either 
an excessive or an imbalanced supply of protein that is ultimately converted into urea by the liver. 
Because no relationship was found between MUN and RDP or RUP, it can be concluded that excess 
protein, whether RDP or RUP, will elevate blood urea nitrogen and thus MUN, because any CP excess 
from the rumen or post-ruminally will be converted by the liver into urea. In fact, Broderick et al. (1997) 
conducted a review of the factors contributing to MUN levels and found that more than 80% of the 
observed variation in MUN could be explained by the CP content of the diet. More recently, Godden et al. 
(2001) reported that factors with the greatest influence on MUN were dietary CP content, the dietary 
forage:concentrate ratio, and the dietary content of NFC, however, RDP or RUP did not provide any 
additional explanation to the variation observed in MUN. 
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Figure 8. Relationship between efficiency of milk protein synthesis ( corrected for metabolizable protein 
needs for maintenance) and milk urea nitrogen in milk. 
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Using the relationship described by Jonker et al. (2002) between MUN and urine N, we estimated the 
excretion of urine N and regressed it against EPU and dietary CP content (Figure 9) and found a strong 
relationship between these two factors and urinary N excretion (R2 = 0.38; P < =0.001 and R2 = 0.63 ; P < 
0.001 , respectively). These observations clearly illustrate the importance of optimizing EPU and 
minimizing the CP concentration of diets in order to minimize N losses to the environment. 

Figure 9. Relationship between milk urea nitrogen in milk and efficiency of protein utilization and 
dieta crude rotein content. 
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Protein degradation in the rumen depends on type of protein, dilution rate, ruminal pH, and nutrient 
interactions. Although previous research indicated cellulolytic bacteria grew using ammonia-N as their 
main N source, there is new evidence that the availability of AA and peptides may be beneficial to 
microbial growth in rumen. 
Supplying large amounts of NFC as a fermentable energy source and sufficient amounts of RDP as a 
source of AA and peptides for ruminal microbes should result in the greatest yield of microbial protein 
flow to the duodenum. Optimal ruminal microbial growth is achieved when bacteria are provided with 42 
g of rumen available N per kg of OM truly fermented in the rumen. 

Maximizing the capture of degradable N not only improves the supply of AA to the small intestine, but 
also decreases N losses. The EPU is negatively associated with the level of CP in the diet, despite the fact 
that this negative relationship is, partially, the result of the mathematical equation used to calculate EPU. 
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Excess protein, whether RDP or RUP, will elevate MUN, because any CP excess from the rumen or post
ruminally will be converted by the liver into urea. The optimum dietary protein:energy (%CP/l 0/Mcal/kg 
of NE1) ratio to maximize profit would be about 1.0. 
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