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ABSTRACT - Sustainable production of adequate quantities of food to support a growing human population is a world-
wide goal. Under current feeding conditions in the United States, dairy cattle convert dietary nitrogen to milk nitrogen with
25% efficiency. The remaining 75% is excreted, which contributes to air and water quality problems and reduces economic
performance of the industry. Efficiency could be improved to 29% if protein was given to just meet current NRC requirements.
Additional improvements may be achievable, but only with improved knowledge of amino acid (AA) requirements. The
current metabolizable protein requirement model overestimates true requirements due to lack of knowledge of AA supply and
requirements and to intrinsic limitations in system data and assumptions. Existing protein supply models based on passage
and degradation rates are biased, which undermines predictions of AA supply. The use of an equation driven solely by protein
solubility of each ingredient in the diet with no consideration of the effects of passage rate yielded unbiased predictions with
significant improvements in precision. However, this still leaves a problem in predicting the AA composition of the ruminally
undegraded protein (RUP). Current models generally assume that RUP AA composition equals the parent ingredient composition,
but assessments of RUP AA composition indicate that this is false. Thus, bias is being introduced into predictions of the
absorbed AA supply, which hampers derivation of estimates of AA digestion and absorption from the small intestine. Emerging
isotope-based methods hold promise in allowing assessment of AA availability from individual ingredients in vivo, which will
allow construction of a database of true ingredient AA bioavailabilities. These efforts will eventually allow development of
more robust predictions of AA supply. On the AA requirement side, numerous data indicate that the efficiency of metabolizable
protein use for lactation is variable and maximally 45%, whereas most models assume an efficiency of 65% or greater. The
efficiencies of individual AA are centered on the protein efficiency value with those lower in efficiency, likely being provided
in large excess. A better representation of the use efficiency of individual AA would allow improvements in overall animal N
efficiency. Variable efficiency is driven by regulatory mechanisms that control protein synthesis in response to the supply of
energy and individual AA and circulating concentrations of hormones and these drivers act independently and additively. Under
this theory, protein synthesis can respond to nutrients other than the one identified as most limiting. Reflecting this regulation
in our requirement models will allow better prediction of AA efficiency and enable construction of diets that minimize excess
of individual AA by optimizing the energy and hormonal signals to improve N efficiency. Models of such an interacting system
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have been developed and shown to be superior in performance to models based on current paradigms.
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Introduction

Providing sufficient high-quality protein for the future
is a global challenge. Global population is projected to
exceed nine billion people by 2050 (U.S. Census Bureau,
2008), with substantial increases in demand for food energy
and protein. Animal protein will play a role in meeting food
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demand (Delgado, 2003) and continued animal nutrition
research is vital to maximize the efficiency and minimize
the environmental footprint of animal protein production.
Food production resources are already limited (Rockstrém
et al., 2009; Hertel, 2011) and livestock feed conversion
efficiency must be improved to help meet future food
demand while minimizing environmental impact.

Protein, which is the source of N waste and the
associated environmental pollution, is an expensive dietary
nutrient (Table 1), representing approximately 42% of
the cost of a lactating cow ration (St-Pierre, 2012). The
reduction of dietary protein levels could potentially result
in decreased demand for high-protein ingredients, reduced
price of those ingredients, and the diversion of acreage to
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higher yielding crops, such as maize, instead of growing
oilseeds.

In a survey carried out on 103 large scale dairies across
the US (61346 cows; 34.5+0.3 kg of milk per cow per
day), nutritionists reported feeding diets with 17.8+0.1%
crude protein (CP) (Caraviello et al., 2006). A meta-analysis
of 846 experimental diets showed a similar mean diet CP
content and identified that conversion efficiencies for dietary
and metabolizable N (based on NRC, 2001) to milk protein
averaged 24.6 and 42.6 %, respectively (Hristov et al.,
2004). Assuming the same dietary conditions (22.1 kg/day
dry matter intake (DMI) and 17.8% CP) over a 10-month
lactation, the nine million dairy cattle in the US (Livestock,
Dairy, and Poultry Outlook: August 2012, LDPM-218,
Dairy Economic Research Service, USDA) would excrete
1.3 million metric tons (mmt) of N per year. Efficiency
could be increased to approximately 29% if animals were
fed according to NRC (2001) requirements (~16% CP). If
a dietary protein conversion efficiency of 35% could be
achieved with no change in milk protein output, excreted
N would be reduced 39% to 0.51 mmt. Additionally, White
(2016) estimated that a 5% improvement in protein use
efficiency would reduce land use, water use, and greenhouse
gases by 8% compared with US average production.

Dietary protein is used to support microbial growth
in the rumen. The combination of microbial protein flow
from the rumen and ruminally undegraded dietary protein
(RUP) is used for maintenance and productive functions,
such as milk protein synthesis, and represents the majority
of the metabolizable protein (MP) supply to the animal.
Several models, such as the NRC Nutrient Requirement
models (NRC, 1989, 2001), estimate ruminal and animal
N requirements and dietary supply of ruminally degradable
protein (RDP) and RUP, allowing users to match supply
to animal requirements. These systems are commonly used
in ration-balancing software. Because the NRC model is
widely used, it is a primary determinant of protein use in
dairy diets, particularly in the US. Regardless of the model
used, it is important that the model be precise and accurate
if N efficiency is to be optimized.

Metabolizable protein supply and requirement
predictions

Although we commonly state animal N requirements
in terms of MP, the true requirements are for the specific
amino acids (AA) resident in that protein. Because there is
diversity of AA composition in the absorbed protein, stating
the requirements in MP units inherently forces a certain
level of over-prediction of requirements to compensate for
variation in AA composition of that protein. This is perhaps
most apparent when feeding diets constructed largely from
maize products which are inherently low in lysine. Such a
diet could be created to meet MP requirements, but animals
may still respond to the addition of a protected lysine
source or more protein that also provides lysine to the
ration. When these types of data are mixed with all other
experiments in the literature and subjected to statistical
analyses to derive MP requirements, the loss in production
associated with a specific amino acid deficiency forces the
statistical algorithm to solve to a higher MP requirement
than would be necessary if the diet contained a perfect mix
of amino acids. For example, pigs can achieve efficiencies
of absorbed protein deposition in muscle protein of 85%
when fed a diet perfectly matched to their AA requirements
(Baker, 1996) as compared with 43% efficiency of
conversion of MP to milk protein in lactating cows (Hristov
et al., 2004). Therefore, it is known that MP requirements
are greater than needed to compensate for variable AA
supply. Thus, animals could successfully be fed a lower MP
diet if the AA composition of that diet was better matched
to AA requirements as demonstrated by Haque et al. (2012)
using diets with less than 13% CP. As the cost of RUP is
generally two to three-fold greater than the cost of RDP
(Knapp, 2009), being able to reduce dietary RUP is of great
economic interest.

Aside from the question of balancing for AA to achieve
greater efficiency, there are additional problems with the
NRC (2001) MP requirement system equations. Obviously,
one would expect the model to predict requirements at all
levels of production with the same precision. For example,

Table 1 - Nutrient values based on central Ohio ingredient prices. Adapted from St-Pierre and Knapp'.

Nutrient 09/2008 08/2009 09/2011 09/2012 11/2012
NEL ($/Mcal) 0.145 0.103 0.166 0.194 0.115
MP ($/kg) 0.643 1.026 0.617 1.097 1.401
neNDF ($/kg) —0.430 —0.566 —0.159 —0.181 -0.267 —0.090
eNDF ($/kg) —0.163 —0.099 —0.002 0.178 —0.024 0.130

! www.dairy.osu.edu/bdnews.

NE, - Net energy of lactation; MP - metabolizable protein; NDF - neutral detergent fiber; neNDF - non-effective NDF; eNDF - effective NDF.
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if the precision of the system at 25 L of milk/day is plus or
minus 15%, then one should expect similar precision at 35
and 40 L of milk. Unfortunately, this is not the case. The
model overpredicts the amount of MP allowable milk at
high levels of production, while predicting more accurately
at lower levels (Figure 1). Thus, when using the model, one
may need to balance for slightly greater amounts of MP in
the diet if working with high-producing cows assuming that
requirements for maintenance and gestation are correct.
The errors in predicting milk yield responses to
varying MP supply are driven in part by poor predictions
of MP supply (Figure 2) (Roman-Garcia et al., 2016;
White et al., 2016a; White et al., 2017a; White et al.,
2017b). The model overpredicts RUP flow on average by
40 g N/day for a typical animal and the error increases
as RUP flow increases (Figure 2), indicating fundamental
problems in model structure, which contributes to the
observed bias in predicting milk production. Bateman
et al. (2005) and Broderick et al. (2010) observed similar
problems. Correlation analyses indicated the problem was
associated with passage rate (Kp) estimates. The Kp
equations used by the NRC (2001) were biased compared
with Kp measurements from studies using indigestible
neutral detergent fiber (NDF) as a marker (Krizsan et al.,
2010). A recent study of Kp on forage-based diets also
supports bias in prediction of particulate Kp (Gregorini
et al., 2015). Attempts to address the problem by refitting
the Kp equation or bias adjusting in situ determined Kd
estimates failed to generate any substantial gains in
model performance (White et al., 2017a). As a point of
comparison, a simple model predicting non-ammonia,
non-microbial nitrogen from N intake using a single slope
and intercept had a lower root mean square error (RMSE)
than the NRC (2001) model even after re-derivation of
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Figure 1 - Residual errors (Obs — Pred) associated with predictions
of metabolizable protein (MP) allowable milk yields by
the NRC (2001) model. Adapted from NRC (2001).

model parameters. However such a simple representation
would fail to capture known effects of ingredients that are
particularly susceptible or resistant to ruminal degradation
(Cecava et al., 1988; Erasmus et al., 1992; Cunningham
et al., 1993; Erasmus et al., 1994; Abreu et al., 2004) and,
thus, do not help to achieve our end goals. Despite the clear
limitations in the ABC/Kd system used by the NRC, there
does seem to be value in the fractionation scheme. Fitting
digestion coefficients for each fraction within fairly broad
feed categories, grasses, legumes, energy concentrates,
plant protein sources, animal protein sources, etc. yielded a
system that performed considerably better than the existing
NRC system (Figure 2) (White et al., 2017a).

A portion of the problem in predicting MP responses
is also driven by the model assumption that the conversion
of MP to milk protein, after subtraction of maintenance
use, is a constant 65%. In a summary of literature data,
Lapierre et al. (2007) found that the highest efficiency was
43% and it declined from there as milk protein output (and
MP supply) increased. Hanigan et al. (1998) summarized
publications reporting responses to post-ruminally infused
casein and found a similar maximal efficiency of conversion
of about 45% with an average conversion efficiency of
22%. Whitelaw et al. (1986) abomasally infused casein at
three different levels and observed responses at each level
with conversion efficiencies ranging from 40, for the first
increment, to 15%, for the last increment. If the model were
altered to reduce the efficiency of MP use for milk protein
synthesis, this could address the slope bias problem (in
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Figure 2 - Prediction errors for ruminal outflow of non-ammonia,
non-microbial N by the NRC 2001 model. The NRC
model (NRC, 2001) refit to literature data (refit NRC),
a simple linear model with a constant digestion
coefficient (Simple linear), or a model using static
digestion coefficients for each of the A, B, and C
protein fractions that were defined by feed category
(ABC DC). Adapted from White et al. (2017a).
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Figure 1), in which each unit increase in MP supply results
in an overprediction of the change in milk protein output.
It may also introduce bias at the lower MP supply levels
as the model predicts production at the lower input levels
without bias. Introduction of mean bias associated with the
change in MP efficiency would be indicative of a problem
with estimates of the maintenance requirement.

Although not apparent (Figure 1), there is also nonlinear
bias present in the system (Lapierre et al., 2007). Several
efforts are in progress to address this variable efficiency
problem. White et al. (2016b) demonstrated a substantial
improvement in model performance when the efficiency of
conversion of absorbed MP to milk protein was represented
using a mono-molecular equation form with each of the
essential AA and energy supply as substrates in the equation.
This approach had the advantage of addressing both the
nonlinear responses and the effects of individual AA on
the efficiency of production (discussed further below). The
limitation with this approach is that it is highly empirical
and slopes on individual AA may be misrepresented outside
the range of available data.

Amino acid requirements

The challenge of predicting AA supply and requirements
for ruminants is much greater than for monogastric
species. Flow of AA from the rumen is a function of the
AA content of undigested feed protein, microbial protein,
and sloughed digestive tract cells and secretions (NRC,
2001). Additionally, a portion of the protein and amino
acids catabolized in the rumen and the body can be
recaptured in amino acids and protein by ruminal microbes
due to significant return of blood urea nitrogen to the
rumen (Reynolds and Kristensen, 2008). The difficulty of
predicting each of these entities has greatly hampered our
ability to derive AA requirements based on performance
data as it is done with swine and poultry.

We have recently adapted an approach used by Maxin
et al. (2013) to assess the absorbed supply of each AA
from individual dietary ingredients. The method makes
use of a 2-h constant infusion of a *C labelled amino acid
mixture derived from enriched algae to assess the entry
rate of each AA. Data are interpreted using a 2-pool model
representing slow and fast turnover pools. Fitting the model
to the observed rise and fall of isotopic enrichment allows
derivation of the turnover rate of each AA in both pools and
thus the entry rates of each AA into the blood pool. The entry
rate is the absorption rate for essential AA and absorption
plus synthesis for non-essential and semi-essential AA
(example of plots after model fitting in Figure 3). By diet

substitution or regression, one can derive the rate of entry
associated with an individual ingredient, provided it can be
fed at a large enough inclusion rate to avoid propagation
of errors (example of raw data in Figure 3). The infusate
is introduced into the jugular vein and blood collection
for isotope enrichment determinations occurs upstream
from the infusate line or in the contralateral jugular vein.
Thus, the measurements can be made with minimal animal
preparation. Preliminary work indicates that entry rate
errors of measurement are approximately 10%. Application
of this method should allow the generation of a table of AA
bioavailabilities for all ingredients comparable to energy
or CP tables. Such a table would greatly improve our
knowledge of AA supply from RUP and avoid the current
in situ challenges with assigning AA composition to the
residue proteins.

Most of the progress that has been made in defining
AA requirements for ruminants has occurred through the
use of catheterized and cannulated animals, allowing
the provision of AA post-ruminally (for example Haque
et al., 2012). However, this is very intensive and expensive
work. To date, we have amassed most information on
methionine and lysine with histidine results appearing
more recently (Rulquin et al., 1993; Korhonen et al., 2000;
Noftsger and St-Pierre, 2003). For the remaining essential
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The model contained a split cellular AA pool to represent slow and fast turnover
which yields the curvature to the enrichment as it approaches plateau. Model
simulations of the data are reflected by the solid red line after the model was fitted
to the data. Amino acid entry rates for isoleucine, leucine, lysine, methionine,
histidine, phenylalanine, threonine, and value derived from model fits to a single
animal subjected to 3 treatments are presented in the table. The data are not adjusted
for differences in DMI or for diet substitutions that occurred. +Casein and +I,L,M
treatments were abomasal infusions of casein and a mix of isoleucine, leucine, and
methionine, respectively which were substituted for soybean meal in the control diet.
The control diet was 34% maize silage, 34% grass hay diet (DM basis) supplemented
with soybean meal and vitamins and minerals with 23% CP. Animals were fed every
2 h for 18 h before and throughout the blood sampling period.

Figure 3 - Blood enrichment of isoleucine and methionine during
the course of an isotope infusion experiment.
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AA, we are far from the level of understanding that swine
and poultry nutritionists have achieved and are unlikely to
achieve that level of understanding in the near future.

Because AA requirements are expressed as a percentage
of MP supply, any problems with estimating MP efficiency
are partially propagated in existing AA requirement
equations and are likely contributing to the lack of accuracy
and precision in those equations (NRC, 2001). Work at the
tissue level, using multi-catheterized animals, has shown
that liver and gut tissues appear to remove a constant
fraction of AA from blood presented in each pass by that
tissue. Because mammary tissue does not generally remove
more than half of the AA presented to it, there is significant
recycling to the gut and liver, resulting in additional
removal. This is magnified as AA supply increases relative
to energy supply, as the mammary tissue has the ability to
change its removal of AA to meet its needs (Bequette et
al., 2000). Therefore, if mammary tissue is presented with
a good energy supply, it will be able to produce milk near
its maximum potential and will increase its AA extraction
efficiency to achieve this. The same will happen if energy
is held constant and AA supply is reduced. Conversely, if
the mammary tissue is presented with inadequate energy, it
will reduce its use of AA and reduce extraction from blood
(Hanigan et al., 2000). In the former case, AA extraction
efficiency is increased, fewer AA are recycled to the liver
and gut, and fewer are catabolized. In the latter case,
mammary AA extraction efficiency decreases, more AA are
recycled, and catabolism increases. Therefore, assuming
a constant efficiency of post-absorptive AA use for milk
protein synthesis is clearly wrong.

Work to define the mechanisms controlling mammary
AA uptake and use for milk protein has progressed
considerably over the past 15 years to the point where fairly
robust mechanistic models of mammary metabolism have
been constructed (Hanigan et al., 2000; Hanigan et al., 2001;
Hanigan et al., 2002; Castro et al., 2016), which capture
the independent and additive effects of key essential AA,
energy supply, and insulin. Important concepts in these
mechanistic models have been leveraged in preliminary
work to develop an equation to describe variable MP
efficiency for use in field application models such as the
NRC (Hanigan et al., 2018). Surprisingly, all 10 essential
AA were significant determinants of MP efficiency when
the model was fitted to a large production data set and
the prediction errors for milk yield were reduced from
an RMSE of approximately 20% to less than 10%. Such
a reduction in error prediction is surprising and clearly
emphasizes the message that there is no single limiting
AA for lactation.

A key component of the mammary responses to
substrate supply and hormonal signals is the intracellular
regulation of protein synthesis through intracellular
signaling pathways such as the mTOR, Akt, and AMPK
pathways. This signaling integrates information regarding
the intracellular supply of several key AA (Appuhamy
et al., 2011; Appuhamy et al., 2012), the supply of energy
in the cell (Appuhamy et al., 2009), and hormonal signals
indicating overall animal status, i.e., insulin (Appuhamy
etal., 2011) and probably IGF-1 (Figure 4). These signaling
pathways ultimately regulate protein synthesis, thus tying
rates of protein synthesis to substrate supply and energy
state in the animal.

As AA uptake is a function of supply to the tissue and
intracellular demand, any signals that increase protein
synthesis will also stimulate AA uptake through increased
affinity for the needed AA (Hanigan et al., 2000; Hanigan
et al.,, 2001; Hanigan et al., 2002; Castro et al., 2016).
However, AA transport is quite complicated with more than
25 different AA transporters expressed in epithelial cells
and many interactions among AA (Calvert and Shennan,
1996; Calvert et al., 1998; Broer, 2008; Shennan et al.,
1997). Therefore, although the primary driving force may
be the balance of supply and demand, those forcings can be
modified by the relative supply of other AA. For example,
glutamine concentrations in blood are at least partially
determined by metabolism in other tissues and its transport
into mammary tissue is Na-dependent and, thus, can be
concentrated within the cell where it can be exchanged for
other AA that are not Na-dependent, including a number
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TCA - tricarboxylic acid cycle.

Figure 4 - Partial schematic of the regulation of protein synthesis
by mammalian target of rapamycin (mTOR) and
associated pathways.
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of the essential AA. It also may play a role in maintenance
of cell volume, which has been linked to rates of protein
synthesis (Meijer and Dubbelhius, 2004). Therefore, the
interactive influence of glutamine or other non-essential
AA on transport of essential AA could be quite varied. It
remains to be determined how large these influences are.

Because the tissue can adapt its AA extraction capacity
to meet intracellular AA demand, the overall rate of protein
synthesis and postabsorptive AA use efficiency are functions
of a combination of these regulators rather than dictated by
the most limiting one.

We are currently focusing on a mechanist representation
of the postabsorptive system (Myers et al., 2016). The
approach utilizes tissue clearance rates for each AA, which
can be calculated from arteriovenous difference data for
those tissues that can be catheterized and by the difference
for the remaining tissues. An initial effort using this
approach was described by Hanigan et al. (1998). Such a
system should provide the basis for a more robust model of
postabsorptive AA metabolism that can be used for future
field application development.

First limiting nutrient paradigm

The first limiting nutrient and AA concept is based on
a hypothesis which has become known as the Law of the
Minimum. Sprengel (1828) formulated this concept based
on plant growth responses to soil minerals. However, the
original thesis stated that a nutrient can limit plant growth
and, when limiting, growth will be proportional to supply,
which is clearly supported by volumes of data over the past
175 years. Von Liebig [see Paris (1992) for a translation]
subsequently restated the hypothesis in stronger terms,
indicating that if a nutrient was limiting for growth,
responses to other nutrients could not occur (von Liebig,
1862). Mitchell and Block (1946) used von Liebig’s
extension of Sprengel’s thesis to develop the concept of the
order of limiting AA, which is commonly described using
the analogy of a water barrel with broken staves. Based on
this formulation, if any nutrient is limiting milk production,
then only the addition of that nutrient to the diet will result
in a positive milk yield response, e.g., the single limiting
nutrient paradigm.

To determine which nutrient is most limiting, one must
be able to calculate the allowable milk yield from that
nutrient. That calculation is quite simple if one assumes a
constant transfer efficiency, as is the case in the NRC model.
However, as discussed above, transfer efficiency of AA is
not fixed. Because AA removal from blood is regulated in

concert with needs for milk protein synthesis (Bequette
et al., 2000), the efficiency of AA transfer from the gut
to milk protein is variable, thus complicating application
of the calculations and perhaps bending the underlying
assumptions somewhat. However, additive integration
of signals arising from several AA, energy supply in the
mammary cells, and hormonal concentrations at the cell
surface to set rates of milk protein synthesis clearly violates
the assumption that only one nutrient can limit production.
If provision of more of one nutrient or hormone can offset
the loss or deficiency of another, there is almost an infinite
number of combinations of AA, energy substrates, and
hormonal concentrations that will result in the very same
amount of milk. This concept is demonstrated in vivo by the
work of Rius et al. (2010) (Figure 5). More of any one AA,
while all others are held constant, will push milk protein
synthesis higher regardless of which is perceived to be
“first limiting” (Clark et al., 1978; Hanigan et al., 2000).
The recent report of Liu et al. (2017) clearly demonstrates
the lack of validity of the Law of the Minimum when
applied to lactational responses to amino acids. Therefore,
current protein and AA requirement models for lactation
inappropriately represent the underlying biology, which
leads to inflated prediction errors.

The core message of this discussion is that rations can
be balanced at levels well below 15% CP, probably even
below 13%, if we are able to reliably match AA supply
with true animal needs. Nevertheless, current models of AA
requirements used in field application programs appear to
be incompatible with making such predictions. We are in

45 4 mLELP SLE-HP OHE-LP SHE-HP

Milk

Protein (P) P<0.08
Energy (E) P<0.01
ExP P=0.64

Efficiency

Energy (E) P<0.001
Protein (P) P<0.001
ExP P=053

Milk Yield, kg/d

MP Efficiency, %

MP - metabolizable protein; LE - low metabolizabel energy; HE - high metabolizable
energy; LP - low MP; HP - high MP.

Figure 5 - Milk yield and metabolizable protein efficiency of
conversion to milk protein in response to varying
energy and ruminally undegraded protein supply.
Adapted from Rius et al. (2010). HE-HP = 1.54 Mcal/kg;
11.8% MP; HE-LP = 1.54 Mcal/kg, 9.5% MP; LE-HP =
1.45 Mcal/kg, 11.8% MP; LE-LP = 1.45 Mcal/kg,
9.5% MP.
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the process of devising a new prediction scheme that will
be a better representation of the biology and, thus, should
provide much greater accuracy, allowing us to achieve N
efficiencies of 35% or greater in lactating cattle.
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