The Pennsylvania State University
The Graduate School
College of Agricultural Sciences

IMPROVING THE EFFICIENCY OF DIETARY PROTEIN UTILIZATION IN DAIRY
COWS AND REDUCING AMMONIA EMISSIONS FROM MANURE

A Dissertation in
Animal Science
by
Chanhee Lee

 2012 Chanhee Lee

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

May 2012

The dissertation of Chanhee Lee was reviewed and approved* by the following:

Alexander N. Hristov
Associate Professor of Dairy Nutrition
Dissertation Advisor
Chair of Committee

Gabriella A. Varga
Distinguished Professor of Animal Science

Kevin J. Harvatine
Assistant Professor of Nutritional Physiology

Gary W. Feyereisen
Adjunct Associate Professor and Research Agricultural Engineer
Special Member

Curtis J. Dell
Adjunct Associate Professor of Soil Science
USDA-ARS-Pasture Systems Watershed Management

Terry D. Etherton
Distinguished Professor of Animal Nutrition
Head of the Department of Dairy and Animal Science

*Signatures are on file in the Graduate School

iii

ABSTRACT
Experiments were carried out to investigate the effects of a low-protein diet on nitrogen
(N) utilization and production in dairy cows and ammonia and greenhouse gas (GHG) emissions
from manure. The objective of the first experiment was to investigate the effects of a low-protein
diet [metabolizable protein (MP) below the requirements (NRC, 2001)] and coconut oil
supplementation on N utilization and production in lactating dairy cows. The hypothesis was that
a partial defaunation of the rumen by feeding coconut oil would increase microbial protein
synthesis in the rumen, thus compensating for potential MP deficiency. The experiment lasted for
10 wk with 36 cows in a randomized complete block design. Cows were fed a MP-adequate diet
(AMP), a MP-deficient diet (DMP), or DMP supplemented with coconut oil (DMPCO).
Supplementing with coconut oil decreased rumen protozoal counts up to 60% compared with
DMP. Milk yield was decreased by DMP compared with AMP. The DMPCO further decreased
milk yield as a consequence of depressed dry matter intake (DMI). The DMP- diets increased the
efficiency of dietary N utilization for milk protein synthesis (milk protein-N ÷ N intake) by
reducing urinary N excretion compared with AMP. Overall, the MP-deficient diets decreased N
losses, but also decreased milk production. Supplementation with coconut oil decreased feed
intake and therefore could not have a positive impact on milk production in this experiment.
The objective of the second study was to investigate the effects of feeding a low-protein
diet supplemented with rumen-protected (RP) Met on dairy cow performance and ammonia
emissions from manure. Two experiments were carried out. In experiment 1, 36 dairy cows were
fed the AMP, DMP supplemented with RPLys (DMPL), or DMPL supplemented with RPMet
(DMPLM) diets. In experiment 2, 120 Holstein cows were grouped in pens of 20 cows and were
fed AMP supplemented with RPLys (AMPL), or AMP supplemented with RPMet (AMPLM).
Each experimental period lasted for 10 wk (2 wk adaptation and 8 wk experimental periods)
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following a 2-wk covariate period. The hypothesis of the first experiment was that a MP-deficient
diet supplemented with RPMet would sustain milk production and composition similar to a MPadequate diet, provided Lys requirements were met, with the environmental benefits of reduced N
excretion. The hypothesis tested in the second experiment was that RPMet supplementation
would increase milk and milk protein yields in cows fed MP-adequate, but Met-deficient diet.
The MP-deficient diets had no effects on DMI and milk yield. Compared with AMP, DMPL
decreased milk protein content and milk protein yield, but DMPLM showed no statistical
difference in milk protein content. Urinary N losses decreased with the DMP- diets compared
with AMP. Plasma Lys and Met concentrations were not affected by treatment while His
concentration was lower for the DMP- diets compared with AMP. In Exp. 2, the AMPLM diet
resulted in lower milk yield than AMPL due to a numerical decrease in DMI while no other
production effects were observed. Overall, feeding MP-deficient diets, supplemented with RPLys
and RPMet sustained milk yield in dairy cows in this experiment. However, without RPMet
supplementation, milk protein content was decreased compared with AMP. Based on plasma
amino acids (AA) profile, we concluded that His may be limiting milk production in MPdeficient, corn silage and alfalfa haylage-based diets. There were no production benefits of
supplementing the AMP diet with RPMet.
The objective of the third experiment was to investigate the effects of a low-protein diet
supplemented with RPHis in addition to RPLys and RPMet on N utilization and cow
performance. The hypothesis of this experiment was that feeding the MP-deficient diet
supplemented with RPHis in addition to RPLys and RPMet would sustain milk production of
dairy cows similar to AMP with environmental benefits by decreasing N losses. The experiment
was conducted for 10 wk following a 2-wk covariate period with 48 lactating dairy cows fed 4
treatment diets: AMP, DMP, DMPLM and DMPLM supplemented with RPHis (DMPLMH).
Compared with AMP, DMI tended to be lower with the DMP diet but was similar for the
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DMPLM and DMPLMH diets. Milk yield was decreased by DMP, but was similar to AMP for
the DMPLM and DMPLMH diets, following the trend in DMI. Milk protein yield followed the
trend in milk yield response and was not different from AMP for the DMPLM and DMPLMH
diets. In conclusion, DMP decreased DMI and milk yield in dairy cows. Supplementating with
RPLys and RPMet diminished the difference in milk yield compared with AMP, and addition of
RPHis eliminated the difference. This experiment indicated that His is likely one of the limiting
AA in dairy cows fed MP-deficient diets.
The objective of the fourth experiment was to investigate the effects of a low-protein diet
on ammonia (NH3) and greenhouse gas (GHG; nitrous oxide, methane, and carbon dioxide)
emissions from fresh dairy cow manure incubated in controlled storage conditions (Experiment 1)
and from manure-amended soil (Experiment 2). Feces and urine were obtained from the cows fed
AMP and DMP diets. Manure was produced by mixing feces and urine (1.7:1) immediately
before incubation (Exp.1) and application to lysimeters containing soil (a Hagerstown silt loam;
fine, mixed, mesic Typic Hapludalf) (Exp. 2). In Exp. 2, manure was applied to 21 lysimeters
(including 3 blank lysimeters: without manure) at 277 kg of N/ha application rate. In Exp. 1,
cumulative emissions and emitting potential (EP) of NH3 were greater for AMP compared with
DMP manure. The EP and cumulative emissions of GHG were not different between AMP and
DMP manure. In Exp. 2, the NH3 EP was greater for lysimeters amended with AMP than with
DMP manure. The EP of methane was increased and that of carbon dioxide tended to be
increased by DMP compared with AMP manure. The cumulative carbon dioxide emission was
increased with manure from the DMP diet. Nitrous oxide emissions were low in this experiment
and did not differ between treatments. In conclusion, fresh manure from dairy cows fed a lowprotein diet had substantially lower NH3 EP, compared with manure from cows fed a high-protein
diet. The DMP manure increased soil methane EP due to a greater mass of manure added to meet
plant N requirements compared with AMP manure.
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Lastly, a series of laboratory experiments were conducted to establish the relationship
between N isotope composition of cattle manure and NH3 emissions, potential contribution of
nitrogenous gases other than NH3 to manure N volatilization losses, and to determine the relative
contribution of urinary- vs.fecal-N to NH3 emissions during the initial stage of manure storage.
Intensive NH3 volatilization losses from manure coincides with a very rapid loss of urinary urea.
The dynamics of manure- and emitted NH3-δ15N indicated that the intensive N isotope
fractionation occurred during NH3 volatilization. The experiments demonstrated that the main
source of NH3-N volatilized from cattle manure is urinary-N, representing on average 90% of the
emitted NH3-N. The contribution of fecal-N was relatively low, but gradually increased to about
10% by day 10. There appears to be substantial emissions of nitrogenous gases other than NH3,
most likely dinitrogen gas, which may account for up to 25% of N losses. This finding may be
indicative of overestimation of NH3 emissions from cattle operations by the current emissions
factors.
Key words: metabolizable protein, coconut oil, rumen protozoa, rumen-protected methionine,
rumen-protected lysine, rumen-protected histidine, NH3, greenhouse gas, NH3 volatilization,
isotope fractionation, manure, dairy cow
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Chapter 1
INTRODUCTION
Increasing dietary protein utilization efficiency has a positive impact on dairy farm
profitability, if production is not negatively affected. Reducing dietary protein concentration is a
effective strategy used to improve protein utilization efficiency by reducing nitrogen (N) losses
(Olmos Colmenero and Broderick, 2006). However, because of concerns with decreased
production (i.e. milk yield and milk protein yield), protein is often over-fed to cows on
commercial dairy farms. Another likely reason for over-feeding protein is inadequate estimation
of protein requirements by the current dairy NRC (2001) protein model. For example, Cyriac et
al. (2008) reported that reducing rumen degradable protein below requirements (NRC, 2001) did
not affect production in dairy cows. Therefore, feeding cows low-protein diets has been
investigated as a tool to reduce feed costs and N losses in intensive dairy systems. Feed cost is the
greatest expense on dairy farms, and protein ingredients are the most expensive feed source. In
addition to feed cost savings, reducing dietary protein concentration results in a considerable
reduction in N imports and surplus on a whole-farm scale. Feeding cows a low-protein diet,
however, may have a negative impact on milk and milk protein yields, if requirements of dairy
cows for metabolizable protein (MP) and amino acids (AA) considered limiting for milk
production are not met. Lee et al. (2011) reported that feeding a MP-deficient diet decreased milk
production up to 3 kg compared with a MP-adequate diet although urinary N losses were
considerably reduced. There are several opportunities to reduce N losses by lowering dietary
crude protein (CP) concentration without compromising cow productivity.
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Microbial protein synthesized in the rumen is the major source of AA for ruminant
animals (NRC, 2001). The contribution of microbial protein to total protein entering the small
intestine ranges from 40 to 70% depending on diet composition (Hristov, 2007; Owens et al.,
2009; Krizsan et al., 2010). Microbial protein also has an AA profile similar to milk and lean
tissue AA profiles (NRC, 2001). Enhancing microbial protein synthesis in the rumen offers a
great opportunity to improve dietary N utilization efficiency. Defaunation has been suggested as
an effective method for increasing microbial protein synthesis and microbial outflow from the
rumen because it reduces bacterial protein degradation by protozoa (Hristov and Jouany, 2005).
Medium-chain saturated fatty acids (such as lauric) have been successfully used to significantly
decrease ruminal protozoal counts in dairy cows (Hristov et al., 2009 and 2011). However,
research investigating the effects of ruminal defaunation on N utilization and production of dairy
cows fed MP-deficient diets is limited.
Another opportunity to improve productivity of dairy cows fed MP-deficient diets is
supplementation with rumen-protected (RP) AA. For example, Met and Lys are considered the
first co-limiting AA in typical North American diets (NRC, 2001). A number of studies examined
the effects of supplemental RPAA on production, however, the responses have been inconsistent
(Patton, 2010; Robinson, 2010). The large variability among studies has not been fully
understood, but it was reported that the production responses decreased with a gradual increase in
supplemental AA (Vyas and Erdman, 2008). Lappierre et al. (2006) also reported that excess AA
are directed toward oxidation in the gut epithelium, liver, and peripheral tissues and result in a
low AA conversion efficiency for production. However, few studies have been carried out to
examine the effects of supplemental limiting AA (i.e. Met, Lys and His) on production of cows
fed a MP-deficient diets.
Lowering dietary CP concentration also offeres an opportunity to reduce environmental
impacts of dairy farms. Ammonia emitted from animal feeding operations contributes up to 50%
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of the total anthropogenic ammonia emissions in the U.S. (NRC, 2003) and is a major air and
water pollutant affecting surface water eutrophication, aerosol formation and soil acidification
(USEPA, 2004). In addition, ammonia is involved in forming fine particulate matter (PM2.5)
which directly threatens human health even though the concentration is low in the atmosphere
(USEPA, 2004). Therefore, research efforts have been made to mitigate ammonia emissions from
manure (Ndegwa et al., 2008). Feeding a low-CP diet to cows has been recognized as one of the
most effective strategies to reduce ammonia emissions from manure (Hristov et al., 2011). There
has been extensive research showing the relationship between ammonia emissions and dietary
protein concentration. However, there has been limited research investigating ammonia emissions
from soil amended with manure from cows fed diets varying in CP concentration. In addition to
ammonia, manure also generates methane, nitrous oxide and carbon dioxide emissions, which are
major greenhouse gases (GHG) causing global warming (USEPA, 2010). Külling et al. (2001)
reported that increasing dietary CP concentration increased nitrous oxide and decreased methane
and carbon dioxide emissions from simulated manure storage. However, there is limited
information on ammonia and GHG emissions from manure of cows fed varying CP diets when
manure is applied to soil at equal N application rates.
The overall hypothesis of the proposed research in this dissertation is that feeding a diet
supplying deficient MP below NRC (2001) requirements will reduce urinary N losses and
ammonia emissions from manure. However, feeding a MP-deficient diet may compromise cow
productivity. This potential negative impact of dietary protein deficiency may be eliminated by
increasing microbial protein synthesis through partial elimination of rumen protozoa or
supplementing the diet with RPAA considered limiting milk production and milk protein
synthesis in lactating dairy cows (Lys, Met and His).
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Chapter 2
LITERATURE REVIEW

Nitrogen metabolism in the rumen
The inefficient utilization of dietary nitrogen (N) in the rumen has been of concern to
ruminant nutritionists. When dietary protein enters the rumen it is degraded to peptides and then
amino acids (AA) by rumen bacteria, which are further deaminated to form ammonia. When
dietary protein supply is abundant excessive ammonia is produced in the rumen and directly
absorbed through the rumen epithelium. The absorbed ammonia is removed in the liver as a
process of detoxification and excessive urea is synthesized, which leads to, in turn, excretion in
urine. The negative contribution of ruminants to environmental impacts such as ammonia
emission, particular matter formation, soil acidification and eutrophication, make efforts to
improve ruminal N utilization efficiency necessary.

Evaluating feed protein availability
Plants are the major feed providing N compounds to ruminant animals. Plant N is
comprised of true protein N, non-protein N (NPN) and unutilizable N (i.e. neutral and acid
detergent insoluble N). The degree of each compound depends on plant species and parts of the
plant (e.g. leaf, stem and root), which determines solubility and degradability of plant protein in
the rumen (Van Soest, 1994). Evaluating the degradability of feed protein in the rumen is
important to provide adequate but not excessive protein to the host animal. A recent version of
the protein requirements of dairy cattle (NRC, 2001) has adopted the feed protein evaluation
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method, a nylon bag technique, developed by Ørskov and McDonald (1979). Nylon bags
containing feed samples are introduced into the rumen and incubated over time. After incubation
the bags are retrieved out of the rumen. Ruminal disappearance of protein fractions and effective
degradability can be estimated from N contents retained in the bag using following equations
(Vanzant et al., 1998):
PD = a + b(1 - e-kt)
where PD is protein disappearance at time (t), a is soluble, rapidly degraded protein and NPN,
and b is potentially degradable protein with the degradation rate (k).
EPD = a + [(b × k) ÷ (k + p)]
where EPD represents potential protein degradation in the rumen, and p is the fractional rate of
passage. The difference between total CP content (%N × 6.25) and the sum of the protein
fractions, a and b, is assumed not available in the rumen (fraction c, for example, fiber-bound
protein). Another widely used model to evaluate feed protein degradability is the net carbohydrate
and protein system (CNCPS; Sniffen et al., 1992) which was adopted by the NRC of beef cattle
(1996). The representative differences between the CNCPS and the nylon bag technique are: the
CNCPS does not require ruminally cannulated cows to evaluate ruminal protein degradation of
feedstuffs which can be evaluated by laboratory chemical analyses; the fraction of true protein
assigned as b fraction in the nylon bag technique is further subdivided (B1, B2 and B3). Figure 21 is the scheme showing the protein fractions and chemical analysis of those fractions. Depending
on the proportion of each protein fraction, ruminal feed protein degradability is determined. The
proportion of protein fractions in a feed can be manipulated by physical and chemical treatments,
which leads to the modification of ruminal protein degradability and more efficient supply of feed
protein to the host animals by avoiding microbial attacks in the rumen. For example, physical
treatments such as particle sizes and heat treatment (Maulfair et al., 2011; Samadi and Yu, 2011)
and chemical treatments such as formaldehyde, polyphenolic polymers and sodium hydroxide
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(Dehghan-Banadaky et al., 2007; Patra and Saxena, 2011) have been developed to reduce ruminal
degradability of feed protein and widely used in industries. The goal of precise evaluation and
modification of protein values in individual feed ingredients is to formulate a diet to provide feed
protein meeting the requirements for both the ruminal microbes and the host animal.

The role of rumen microbes in the rumen and their importance
The rumen is an ideal habitat for the growth and activity of anaerobic microorganisms.
For example, when feed is ingested by the ruminant it provides nutrients to the microorganisms,
and end-products produced from feed fermentation, which might be toxic for microbes, are
continuously removed by absorption and bypass in the rumen. Oxygen introduced through feed
ingestion is either expelled with the gas produced from fermentation or taken up by facultative
anaerobes. Meanwhile, ruminal microorganisms also play important roles for ruminant animals.
The end-products produced from microbial fermentation are the major sources (i.e. volatile fatty
acids, ammonia and microbial protein) of nutrients for the growth, lactation, pregnancy and
maintenance of the host animals. In addition, although ruminal bacteria deaminate feed AA,
which are required for animals, to non-AA N (mostly ammonia), the unique ability of ruminants,
which is de novo synthesis of protein (microbial protein), can compensate for the deficient dietary
AA flow to the small intestine. Bacteria, protozoa and fungi are the major microorganisms in the
rumen and play crucial roles in relation to dietary protein degradation and AA supply to the small
intestine.
Bacterial breakdown of feed protein It is known from direct counts that bacterial density
is highest among the microbial organisms in the rumen (up to 1011 cells per g ruminal contents)
and accounts for a half of the total biomass. This indicates that bacteria are responsible for the
greater metabolic work in the rumen (Van Soest, 1994). Over 50 years, a number of ruminal
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bacteria have been isolated and identified as protein-degrading bacteria. The breakdown of feed
protein toward ammonia is the proteolytic cascade involving various bacterial species (Falconer
and Wallace, 1998). As the first step, the major species indentified to breakdown protein into
oligopeptides are Butyrivibrio fibrisolvens, Prevotella spp., Ruminobacter amylophilus,
Selenomonas ruminantium, Streptococcus bovis and Clostridium spp. (Wallace and Brammall,
1985). Then, tri- or dipeptides are produced as a result of the oligopeptide breakdown by
Streptococcus bovis, Ruminobacter amylophilus, and Prevotella spp. (Wallace and McKain,
1991). Dipeptides or tripeptides are further hydrolyzed into AA involving Prevotella spp.,
Megasphaera elsdenii and Fibrobacter succinogenes (Wallace et al., 1996). As the last step of the
protein breakdown, ammonia is produced from AA by bacterial deamination. Bacterial species,
Prevotella spp., Butyrivibrio fibrisolvens, Selenomonas ruminantium, Streptococcus bovis and
Megasphaera elsdenii, which involve in other steps of the feed protein breakdown, also play a
role in deaminating AA (Scheifinger et al., 1976; Rychlik et al., 2002). Among the bacteria
species described above, Prevotella spp., Butyrivibrio fibrisolvens and Streptococcus bovis are
believed to be the major bacterial species involved in protein breakdown due to the relatively
high population in the rumen (Stewart et al., 1997). These bacterial species and their proteinase
activity in the rumen can be influenced by several factors. Falconer and Wallace (1998)
investigated ruminal proteinase activities in sheep fed grass hay with or without concentrates
using a visualized SDS-PAGE technique, where the diets changed the predominant proteinase,
and the inclusion of concentrate increased the variation of proteinase between animals. In
addition, the variable rates and types of proteolytic activity have been observed according to
different strains of bacterial organisms as well. For example, some isolates of Butyrivibrio
fibrisolvens exhibited extracellular proteinase acitivty while others showed cell-associated
proteinase activity (Wallace and Brammall, 1985). In conclusion, the consideration of possible
variations of the protein breakdown might be the key to modify the rates of feed protein

11
degradation (i.e. reducing excess ammonia production and increasing the escaping rate of feed
protein degradation in the rumen). To achieve this goal, microbiologists have focused on
manipulating the population of bacterial organisms related to the step breaking oligopeptides to
dipeptides because relatively few species (see above) are involved (Wallace and McKain, 1991).
However, this is not likely the case because only a small portion of rumen bacteria is culturable.
Hence, it is doubtful that the mechanisms and actions of those organisms are representative in the
rumen (Tajima et al., 1999). Therefore, rumen bacterial population using molecular biology
techniques have been dominantly investigated in the present (Rosselló-Mora and Amman, 2001;
Zoetendal et al., 2004).
Protozoal and fungal breakdown of feed protein Rumen protozoa (104-106 per ml rumen
fluid) have been known to account for about 50% of the microbial biomass (Coleman, 1975).
Although the role of protozoa in the rumen has been considered minor compared with bacteria,
their unique roles have been discovered and investigated. Rruminal protozoa are actively
proteolytic depending on genera (Coleman, 1983). Lockwood et al. (1988) investigated the
proteolytic activity of four entodiniomorphid and two holotrich genera with several proteinase
inhibitors and concluded that their activities and inhibitor susceptibility were general-dependent.
In addition, ruminal protozoa were found to be particularly associated with insoluble protein
breakdown (for example, engulfment and digestion of bacteria and chloroplasts; Mangan and
West, 1977). Ushida and Jouany (1985) reported that the degradation of insoluble protein of
soybean meal increased up to 11% when mixed protozoa were inoculated into the rumen. This
result was confirmed in vitro by Jouany (1996) indicating that protozoal contribution to protein
degradation was decreased with increasing protein solubility. Soluble protein degradation in the
rumen by the holotrich protozoa was observed as well (Onodera and Kandatsu, 1970). Protozoa
also showed peptidase activity being greater for small protozoa (entodinia) than relatively larger
protozoa (holotrich and entodiniomorphid) in the rumen (Newbold et al., 1989). Wallace et al.
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(1990), however, reported that the protozoal dipeptidase activity was inversely related with the
peptide chain length. Protozoal deamination of AA was also found. Hino and Russell (1987)
conducted an experiment with mixed rumen microorganisms to investigate the contribution of
bacteria and protozoa to ruminal deamination in vitro, where deaminase activities were greater in
faunated than in defaunated rumen fluid In this experiment, it was concluded that the rate of AA
deamination were about three times greater for protozoa than for bacteria. However, because of
their active protein degradation shown above, it has been recognized that protozoa are the main
antagonist in efficient usage of protein in the microbial ecosystem due to N recycling within the
rumen (Kiran and Mutsvangwa, 2010; Belanche et al., 2011; see the details in Ruminal
defaunation on N utilization efficiency).
The contribution of rumen fungi to N metabolism has been less understood among
rumen microbial organisms because studies with rumen fungi have focused mainly on their
unique fiber breakdown in a physical manner (Lee et al., 2000). Their small population (103-104
cells per ml rumen fluid) also contributes to fewer spotlights in the rumen ecosystem (Jouany and
Ushida, 1999). However, it has been known that rumen fungi also possess proteolytic activity. A
number of different anaerobic fungi produced extracellular proteinases in culture (Michel et al.
1993; Yanke el al. 1993). For example, one of the dominant strains, Neocallimastix frontalis, has
been shown to produce an extracellular metalloproteinase (Wallace and Joblin 1985), and Asao et
al. (1993) also found various proteolytic enzymes produced by Neocallimastix sp. and a
Piromyces sp. in the culture medium. In addition, another strain, Orpinomyces juyonii, was able
to degrade casein (Yanke et at. 1993) whereas non-proteolytic fungi (unknown polycentric) were
also observed (Michel et al. 1993). In spite of possessing proteolytic activity, the contribution of
ruminal fungi to the whole microbial population in feed protein degradation is likely negligible
(Jouany and Ushida, 1999). However, the importance of physical and enzymatical role of rumen
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fungi in degrading the protein linked with carbohydrate has been suggested, as well (Yanke et al.,
1993).
Microbial protein synthesis Microbial protein synthesized in the rumen is the major
source of AA for host animals in concert with undigested dietary protein in the rumen (NRC,
2001). The contribution of microbial N to the total non-ammonia N entering the small intestine is
significant. Owens et al. (2009) measured microbial N flow ranging from 34% to 56% in steers
fed various forage based-diets. Krizsan et al. (2010) reported that 65% of total non-ammonia N
derived from microbial N in dairy cows fed the grass silage-based diet. Hristov (2007) estimated
that ruminal microbial N accounted for 1.7% of the DM rumen content and microbial N flow
entering the small intestine contributed to 60% of total non-ammonia N in dairy cows. In addition
to the magnitude of its contribution, the quality of microbial protein is nearly ideal compared with
feed protein. Table 2-1 shows the excellent AA profile of rumen bacteria which is closely similar
to milk and lean tissue AA composition while feed protein are deficient in several essential AA.
In addition, the enhancement of microbial protein synthesis may indicate the better dietary N
utilization in the rumen because non-protein N (mostly ammonia) produced from intensive
fermentation is incorporated into bacterial cellular protein (de novo protein synthesis; Hristov and
Broderick, 1996).Therefore, one of the goals in protein metabolism is to maximize microbial
protein synthesis to supply balanced AA to host animals. Microbial protein synthesis, however, is
influenced by various factors such as dietary protein and carbohydrate concentration, ruminal
protozoa population and urea-N recycling. Those factors will be discussed later in the other
sectors of this chapter. It is necessary to point out that the protozoal protein contribution to total
microbial protein flow has often been ignored because of the lack of appropriate protozoal
markers in spite of its significant mass in ruminal microbes. Indeed, it was reported that the
protozoal contribution to microbial protein flow was negligible compared with bacterial protein
because of their longer retention time in the rumen during which the lysis of protozoa occurred
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(Michalowski et al., 1986; Dehority, 2003; Williams and Coleman, 1992). More recently, the
development of molecular biology techniques suggested the possibility of resolving the current
problems (e.g. the lack of protozoal marker). Belanche et al. (2011) investigated the contribution
of protozoal N in lambs using the recombinant DNA sequences, where the protozoal N
contribution to the microbial N flow increased from 1.9 to 14.1% when barley grain was added to
the alfalfa hay-based diet. Sylvester et al. (2005) also reported from a study using protozoal 18S
rRNA amplification that protozoal N accounted for 5.9 and 11.9% of the duodenal microbial N
flow when cows were fed low- and high-NDF diets, respectively. Those results, however, need to
be validated with larger numbers of animals fed various diets to increase robustness of the
procedure.

Urea-N recycling to the rumen
Ruminants have an N salvage mechanism in which the urea-N synthesized in the liver
returns to the gut. Ammonia produced in the rumen is absorbed through the rumen epithelium
into the blood stream. Undigested dietary protein and microbial protein are also absorbed in the
small intestine as a form of AA. Both ammonia and AA reach the liver through the portal vein
where urea-N is synthesized through ornithine cycle and released to the blood stream. A portion
of urea-N released returns to the entire gut. Non-ruminant animals and human are also able to
recycle urea-N to the gut. For example, Lapierre and Lobley (2001) demonstrated that 39% and
15% of urea synthesized returned to the gut for human and cats, respectively. Compared with
those animals, however, ruminants were able to salvage 67, 79 and 61% of total urea-N
synthesized in the liver of dairy cows, steers and sheep, respectively. A part of the recycled N is
utilized to synthesize microbial protein which significantly affects total protein flows in the
duodenum. However, the current protein requirement system (i.e. NRC, 2001) does not consider
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the amount of N recycling in the model due to lack of data, which leads to an underestimation of
milk production in dairy cows. As an example, when dietary protein supply (13.6% CP diet) was
below the requirements, the NRC (2001) significantly underestimated milk production up to 6 kg
compared with the adequate protein supply (15.6% CP diet) (see the chapter 4). This indicates
that ruminant animals are able to take advantages from the N recycling to improve N utilization
efficiency. Therefore, understanding the magnitude of recycled N and their fates would be the key
factors to supply dietary protein balanced with the requirements.
Techniques quantifying urea transfers to the digestive tract There are two techniques
used to estimate hepatic urea-N recycling. Infusion of labeled urea (15N-urea) was developed by
Nolan and Leng, (1972). This method was later modified by using (15N15N-urea), and has been
dominantly used to quantify N recycling (Lobley et al., 2000a). Intravenous infusion of 15N15Nurea followed by isotopomer analysis of 15N15N-urea, 15N14N-urea and 14N14N-urea in urine and of
15

N and 14N in fecal samples, determines the fates of urea synthesized in the liver. For example,

the difference between total urea synthesized in the liver determined by arterial 15N15N-urea
concentration and the elimination of 15N15N-urea in urine, indicates gut entry rate of urea. The
recycled urea-N used for catabolic purposes (i.e. ornithine cycle and irreversible losses) can be
obtained from the elimination rate of 15N in feces and 15N14N-urea in urine. The recycled urea
used for anabolic purposes (e.g. microbial protein synthesis) can be calculated from the difference
between gut entry rate and the rate of urea used for catabolism. The advantages of this technique
are that it provides information about the metabolic fates of urea with simple experimental
procedures and it measures the amount of urea recycled via saliva as well as from the blood
stream. This technique, however, requires relatively long experimental period to maintain steady
state conditions of the tracer, and information of urea entry into the individual digestive tracts
(e.g. rumen, small intestine and large intestine) are not provided. Another technique is venousarterial difference measurements across the splanchnic tissues. The analysis of urea concentration
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in vein and artery as well as blood flows determines the urea metabolic fates. The disadvantage of
this technique is that it requires careful surgical procedures to place multiple catheters (e.g.
mesenteric vein and artery, portal vein, carotid artery, hepatic vein, etc). In addition, urea inflows
via saliva cannot be obtained from this technique. However, urea kinetics can be monitored
through the digestive tracts and the liver separately. Furthermore, simultaneous measurements of
other nutritional compounds (e.g. splanchnic and mammary net fluxes of AA described in
Metabolizable protein supply and fates) can be allowed. The amount of urea recycling estimated
by use of these techniques appears to be similar based on the direct comparison by Lobley et al.
(1996).
Transfer of urea-N to the gut and fates A portion of urea-N synthesized in the liver is
excreted in urine and the remainder is recycled to the gut through direct transfer from the blood
across the epithelial tissue or via saliva (Lapierre and Lobley, 2001). The urea-N released is
transferred throughout the entire gut (Siddons et al., 1985). This observation was evidenced by
the presence of urea transporters in the epithelium of gut tissues (Abdoun et al., 2007). A
significant portion of urea-N recycles to the gut in ruminants and it is influenced by several
factors (e.g. protein and energy supply). Berthiaume et al. (2006) reported 31 to 41% of N intake
returned to the whole gut, and Lapierre and Lobley (2001) demonstrated that 67% of total urea
synthesized in the liver was transferred to the gut. Among the whole gut, the site of urea entry is a
key factor for salvaging N mechanism because utilization of recycled N by bacteria (i.e. microbial
protein synthesis) and further supply of AA to the small intestine can occur when urea is
transferred only to the rumen. Kristensen et al. (2010) reported that ruminal urea extraction of
arterial urea was 4.4 fold greater than urea extraction by the portal drained viscera (PDV) when
N-deficient diet (12.9% CP) was fed to dairy cows. Røjen et al. (2011) also showed greater urea
extraction rate (3.9 fold) for rumen compared with PDV in dairy cows fed the 12.6% CP diet.
Those results indicate the differential regulation of urea extraction according to the site of the gut
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and the up-regulation of urea recycling toward the rumen compared with the post-ruminal tissues
(Kristensen et al., 2010). Despite the up-regulation to the rumen, the poststomach appeared to
account for a large proportion of total gut entry rate (Lapierre and Lobley, 2001). It has been
reported that 37 and 48% of total recycled urea entered the small intestine for cows fed the grass
silage- and dried grass-based diet, respectively, (Siddons et al., 1985) and the proportion of urea
entry to the large intestine has been inconsistent ranging from 7 to 25% depending on the type of
diets in cattle and sheep (Al-Dehneh et al., 1997; Oncuer et al., 1990). In spite of the significant
urea transfer into the poststomach, the potential contribution of the recycled urea-N to resynthesis of protein or amino acids seems less certain. Lapierre and Lobley (2001) demonstrated
that recycled urea-N utilized by bacteria in the hindgut (i.e. microbial protein synthesis) is mostly
excreted in feces or utilized only for catabolic purposes. The N compounds formed for anabolic
purpose in the small intestine is also quite small (Lapierre and Lobley, 2001). For example,
ammonia production and absorption in the small intestine are always greater than urea recycled to
the small intestine, indicating that most recycled urea goes through a catabolic process to produce
ammonia (Reynolds and Huntington, 1988). The majority of salvaging N mechanism, therefore,
takes place in the rumen. Although a large proportion of urea transfer to the rumen occurs, it is
not the true salvaging process unless recycled urea-N is reutilized by rumen bacteria (i.e.
microbial protein synthesis) so that further AA is provided to the small intestine. There are three
fates of urea recycled to the rumen. As mentioned above, urea-N recycled is utilized to synthesize
protein by being incorporated into bacteria, which may be absorbed in the small intestine as a
form of AA. A portion of bacterial protein synthesized from recycled urea which is not digested
in the small intestine, is excreted in feces (irreversible loss). The last fate of recycled urea is the
re-synthesis of urea through ornithine cycle in the liver after being catabolized to ammonia in the
rumen. To determine the fractional fates of recycled urea-N in the whole gut, the studies have
been conducted using a 15N15N-urea infusion technique. Wickersham et al. (2008a) conducted an
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experiment with steers fed hay and measured the fractional transfer of urea. Urea-N recycled to
the gut was utilized for anabolic purposes up to 70% while the proportion of urea-N returned to
the ornithine cycle was19%, and 11% of recycled urea was excreted in feces. A similar
experiment showed that 63% of recycled urea-N was utilized for anabolic purposes (Wickersham
et al., 2008b). In a study with steers fed a 10% CP diet, Brake et al. (2010) found that up to 73%
of total urea-N synthesized in the liver was recycled, and 56% of urea transferred to the gut was
utilized for anabolic purposes while 8% and 37% were excreted in feces and passed through the
ornithine cycle respectively. In dairy cows, Lapierre and Lobley (2001) reported 50 and 60% of
urea-N recycled to the gut for anabolic purpose when the grass/corn silage and silage
supplemented with urea diets were fed, respectively. Obitsu et al. (2011) found the lower
utilization of recycled urea-N for anabolism (30%) in dairy cows fed the corn silage diet (15.1%
CP). Similar results (45 to 51%) have been reported in sheep (Doranalli and Mutsvangwa, 2011).
It appeared that in most studies the largest proportion of recycled urea-N was re-utilized for
anabolism followed by ornithine cycle and fecal excretion. Lapierre and Lobley (2001) explained
the efficient reuse of the recycled urea for the anabolic purpose with multiple gut urea entry
which improved the utilization efficiency from 22% to 49% compared with single gut entry (i.e.
urea passing the ornithine cycle re-enters the gut).
Factors affecting urea-N recycling The intensive degradation of dietary protein in the
rumen leads to a loss of dietary AA supply to the host. To compensate for these losses, ruminants
have the unique ability to synthesize microbial protein from non-protein N (mostly ammonia)
produced from rumen fermentation or recycled from the blood stream which is utilized in the
small intestine as a form of AA. To improve the efficiency of dietary N utilization, a larger
proportion of recycled urea needs to be transferred to the rumen and it must be directed toward
anabolism (microbial protein). Studies over the last half century have been conducted to indentify
the factors to improve the salvage mechanisms. Ruminally-fermentable energy supply enhances
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ammonia capture and promotes greater microbial protein synthesis in the rumen (Broderick et al.
2003). Microbial capture of recycled urea-N has been observed to increase when animals were
fed with a greater fermentable energy supply. Huntington (1989) found that urea transfer to the
rumen (including saliva contribution) increased from 25 to 57% in steers fed alfalfa hay (low
fermentable) or high concentrate (high fermentable) diet, respectively. Similar results were
observed by Alio et al. (2000) where steers fed steam-flaked sorghum grain increased urea
transfer rate to the gut and PDV AA appearance (assuming greater microbial protein synthesis)
compared with dry-rolled grain. However, in a recent paper, Doranalli and Mutsvangwa, (2011)
found that supplying more fermentable carbohydrate (dry-rolled barley vs. pelleted barley) did
not affect total urea transfer to the gut and their utilization for anabolism compared with the
control. In this experiment, cows fed the pelleted barley significantly decreased ruminal pH.
Probably, bacterial urease activity in the rumen could be affected by low pH (Gozho et al., 2008),
indicating that complex factors are involved in the N salvage mechanism. Feeding a diet
supplemented with fat also can change the status of urea recycling. Feeding sunflower oil to
sheep significantly increased urea gut entry rate and their utilization for anabolism (Doranalli and
Mutsvangwa, 2011). Partial defaunation of rumen protozoa by fat supplementation likely caused
greater urea recycling to the gut by decreasing rumen ammonia concentration (Cheng and
Wallace, 1979). Altering urea recycling by environmental temperature also has been addressed
due to thermal stress in dairy cows. In a recent study, Obitsu et al. (2011) observed that urea
transfer rate tended to increase (P = 0.051) when cows were at 18°C compared with 28°C.
However, the fractional utilization of recycled urea for anabolism was not affected by
temperature. Dietary protein (especially RDP) is another major factor to alter the degree of ureaN recycling. Wickersham et al. (2008a) conducted an experiment where steers were fed lowquality hay as a control and casein was ruminally dosed at four different levels. Total urea
transfer rate to the gut was not different among treatments, but the proportion of anabolic use of
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recycled urea significantly increased when the casein dosage rate was decreased. Similar results
have been observed in dairy cows and heifers (Ruiz et al., 2002; Marini and Van Amburgh,
2003). An excellent review (Reynolds and Kristensen, 2008) clearly showed the relationship
between dietary protein supply and the amount of urea recycling to the gut and their anabolic
utilization. The dominant theory of increasing urea recycling with decreasing dietary protein
supply are that ammonia concentration is reversely associated with the urea transfer rate from the
blood stream to the gut. This reverse relationship has been widely documented (Abdoun et al.,
2007). Brake et al. (2010) compared urea-N transfer kinetics between steers fed the control diet
and the diet supplemented with urea. Ruminal ammonia concentration was significantly increased
(0.2 vs. 2.9 mmol/L) for the urea-supplemented diet compared with the control diet while a
proportion of urea transfer rate to the gut was numerically decreased (73 vs. 64%) and a fractional
proportion of recycled urea for anabolism tended to be reduced (56 vs. 45%). However, this
theory was recently called into question because feeding low-protein diets decreased ruminal
ammonia concentration and subsequently blood urea-N concentration which lowered the absolute
amount of urea-N transferred to the gut. All studies listed in Table 2-2 from Calsamiglia et al.
(2010) indicate the situation where low arterial urea-N concentration (caused by feeding lowprotein diets) is not followed by increased portal urea-N uptake. In contrast, there is a positive
correlation between N intake and urea-N transfer to the gut, which is actually opposite to the
theory of N salvage mechanism in ruminants. Sunny et al. (2007) reported that infusing
intravenous urea increased urea-N recycled from the blood to the gut. Kristensen et al. (2010)
proposed hypotheses to explain this discrepancy: 1) urea transfer to the gut is regulated by mass
action, but urea permeability with increasing N status is down-regulated; 2) the transfer capacity
is fixed for urea across the gut tissues independent of urea supply. From an experiment conducted
by Kristensen et al. (2010), dairy cows were fed either 13 or 17% CP diets and were infused with
urea intravenously for both treatments. The magnitude of urea transport to the gut was directly
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related with arterial urea concentration, indicating that urea transport to the gut was regulated by
mass action (hypothesis 1). In addition, increasing arterial urea concentration by infusion (i.e.
Low-N vs. Low-N diet with urea infusion or High-N vs. High-N diet with urea infusion) did not
affect the extraction rate of arterial urea across the PDV and rumen (i.e. fixed transfer capacity
across the gut; hypothesis 2). However, the extraction of arterial urea-N across the rumen (23 vs.
8%) and PDV (5.3 vs. 2.8% for Low N and High N, respectively) was significantly affected by N
status. Confirming the results, Røjen et al. (2011) reported that providing greater rumen available
N significantly decreased the extraction of arterial urea across the rumen and PDV (intraruminal
urea infusion in this experiment). Furthermore, it was found that the extraction of arterial urea
across the rumen was 3 times greater than that across the PDV, indicating that up-regulation of
arterial urea transfer toward the rumen rather than the post-stomach exists.

Metabolizable protein supply and fates
The Federal Milk Marketing Administration adopted the multiple components pricing
system (i.e. pricing milk yield in concert with milk fat, protein, and other solids). This system
emphasizes payment based on milk quality (AMS-USDA, 1999), which leads to the studies on
more efficient incorporation of dietary protein into milk protein as well as milk yield.
Concurrently, the environmental impacts of N wastes (e.g. ammonia emissions, soil acidification
and eutrophication) in dairy industry (USEPA, 2004) have been of increasing concern. To fulfill
those challenges, a better understanding of protein metabolism on the whole body scale is
necessary for the more efficient dietary N conversion into production. The lack of information on
splanchnic and postsplanchnic individual AA metabolism led to the current AA requirements
model (NRC, 2001) developed through a dose-response approach. Although the approach is
logical and the prediction of digestible AA flows in the small intestine has been recognized as
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reasonable (Raggio et al., 2004), understanding the partition of individual AA between
catabolism and anabolism in splanchnic and postsplanchnic tissues may help to develop a more
precise AA requirements model.

Definition of metabolizable protein and its development
Metabolizable protein (MP) is defined as the true protein that is digested postruminally
and the component AA absorbed by the small intestine (NRC, 2001). There are different origins
of protein that contribute to MP entering the small intestine: microbial protein, undigested protein
and endogenous protein (NRC, 2001). As described previously, microbial protein synthesized in
the rumen is typically a major contributor to MP followed by feed protein and endogenous
protein. In the latest version of the protein requirements model, NRC (2001), the passage of
microbial protein was estimated using TDN intake (discounted), the passage of undigested feed
protein was calculated for individual feedstuffs using a nylon bag technique (Ørskov and
McDonald, 1979), and endogenous protein passage was determined based on DMI. The following
equation was used to estimate total MP supply from the estimated passages of each protein
source:
MP (g/d) = [Microbial protein (g/d) × 0.8 (true protein content) × 0.8(digestibility)] +
[undigested feed protein (g/d) × 1 × (0.5 to 1)] + [endogenous protein (g/d) × 0.5 × 0.8]
where the digestibility of undigested feed protein (0.5 to 1) in the small intestine vary from 50 to
100% (NRC, 2001). Based on these estimates, the goal of the system is to supply dietary protein
closely balanced with protein requirements for cows. Therefore, the NRC (2001) predicted MP
requirements for lactating dairy cows as following:
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MP requirement (g/d) = maintenance (g/d; endogenous urinary protein + metabolic fecal
protein + scurf protein ) + lactation (g/d; milk true protein yield ÷ 0.67).
where the conversion coefficient of MP into milk true protein was assumed to be 67%.
Metabolizable protein in the model is the foundation of protein requirements system, and
it was an improvement to prediction schemes from previous versions (CP-based systems; NRC
1989). However, it is likely that eventually each AA needs to be used to estimate and predict
protein supply and requirements in the future because each AA and its individual entity are
required to synthesize proteins and each AA has different metabolic fates (e.g. catabolism and
anabolism) when absorbed in the small intestine (Lapierre et al., 2006). Although the NRC (2001)
estimated individual digestible AA flows, only Lys and Met requirements (3:1 ratio) were
proposed based on the dose-response with the breakpoint regression because of lack of data (see
details in NRC, 2001), indicating that understanding individual AA metabolism in splanchnic and
postsplanchnic tissues is definitely a great opportunity for more precise balancing between supply
and requirements instead of using the fixed conversion efficiency (67%) of MP into milk protein.

Amino acid absorption and utilization in the gut
To be truly utilized for production, protein (i.e. microbial, feed and endogenous protein)
must be digested and absorbed in the gut as a form of AA. These AA will be partitioned to the
mammary gland to be utilized for production after competing with other tissues such as
splanchnic and peripheral tissues. Utilization of AA in the gut will be the first step facing the
determination of their fates. The portal-drained viscera (PDV) comprised of the pancreas, the
spleen and mainly gastro-intestinal tract, represents only 4 to 8% protein mass of total body
protein compared with 31% muscle protein (Lapierre et al., 1999). Although the PDV represents
a small protein mass in the body, their metabolic activities are considerably large, for example,
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about 35% of whole-body protein turnover and energy expenditure occurs (Lobley et al., 1980).
As a consequence of their large biological functions, the PDV has high requirements of AA to
synthesize gut protein (constitutive or secretions), which may reduce net AA availability for
production purposes such as milk protein synthesis. To meet the gut requirements, there are two
pathways that provide AA to the gut tissues. A greater proportion of AA (80% of essential AA) is
derived from the blood circulation, and the rest of AA needed is directly captured and utilized
during AA absorption through the intestinal epithelium (MacRae et al., 1997). There have been
few studies investigating direct AA utilization during absorption in the gut. It has been found that
non-essential AA are preferentially and actively catabolized across the gut epithelium. Gate et al.
(1999) observed a significant catabolism of glutamine in sheep using an arterial-venous
technique. In addition, Berthiaume et al. (2001) observed that most non-essential AA, especially
Asp and Glu, were utilized in the small intestine when observed from intestinal AA
disappearance and net AA fluxes in the mesenteric-drained viscera (MDV; representing the small
intestine) of dairy cows. In case of essential AA, it was believed from an earlier study (Tagari and
Berman, 1987) that most essential AA were also utilized in the gut through absorption in sheep
when the AA disappearance in the small intestine was compared with the AA appearance in the
PDV. From this study, a conclusion was made that selective and preferential utilization of
essential AA ranging from 30 to 80% in the gut tissues occurred. These results however, were
argued by MacRae et al. (1997) in terms of the concepts that generally essential AA are absorbed
only in the small intestine, but the AA appearance in the PDV are drained from the whole
digestive tract. Therefore, MacRae et al. (1997) reexamined it to compare the AA disappearance
in the small intestine with the appearance in the MDV and PDV in sheep. In this experiment, the
average ratio of essential AA appearance in the MDV to essential AA disappearance in the small
intestine was 1.06, and the ratio of essential AA appearance in the PDV to essential AA
disappearance in the small intestine was 0.62. This result was confirmed by Berthiaume et al.
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(2001) where an average of 101% of the essential AA that disappeared from the small intestine
were recovered in the MDV, but 56% of essential AA were recovered in the PDV in lactating
dairy cows. This indicates that essential AA catabolized by the intestinal tissues during absorption
is negligible. However, Bequette et al. (2003) suggested that although the recovery of essential
AA in the MDV is close to 100% in both studies, it does not indicate no catabolism of essential
AA in the small intestine tissues because the extraction and utilization of AA absorbed in the
small intestine should occur for active endogenous protein secretion (e.g. pancreas and gall
bladder). Indeed, the gut associated losses (e.g. oxidation or excretion) for Leu, Thr and Lys have
been observed (MacRae et al., 1997; Berthiaume et al., 2001; Lapierre et al., 2005). However, in
the studies above, only 56% of net AA flux appeared in the PDV compared with the AA flux in
the MDV (MacRae et al., 1997; Berthiaume et al., 2001), and more recently, Rémond et al.
(2009) confirmed the results (62% recovery of MDV essential AA in the PDV), which indicates
that there are apparent losses of AA during the flows from the MDV to PDV. Several possibilities
have been proposed to explain those losses. Bequette et al. (2003) demonstrated that as in the
small intestine, it is possible to catabolize a portion of essential AA by the other digestive tissues.
In addition, most endogenous protein secreted into the gut via saliva, abomasal juice and
sloughed epithelial cells are synthesized using absorbed AA in the small intestine (Tamminga et
al., 1995). This represents 14 to 30% N flows (including endogenous N incorporated into
microbial N) entering the small intestine based on a 15N-Leucine infusion study (Lapierre et al.,
2008). MacRae (1997) also suggested imbalance of the protein turnover process in the gut
(excluding the small intestine). For example, the sequestration rates of arterial blood essential AA
into the gut tissues may exceed the rate of AA releasing and draining into the venous.
The magnitude of AA absorption and appearance through the gut is influenced by various
factors. Dietary protein content and intake are likely the major factors determining the amount of
AA absorbed in the small intestine. Rémond et al. (2009) investigated N absorption and fluxes in
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sheep fed diets with two different RUP levels (23 vs. 40% of CP) by feeding processed pea (raw
vs. extrusion). Sheep fed the raw-pea diet significantly increased ruminal ammonia and free AA
concentration compared with sheep fed the extruded-pea diet which resulted in increased net flux
of AA in the MDV and PDV. In agreement with this result, increasing dietary protein supply (i.e.
increasing MP supply) significantly increased net fluxes of all essential AA (Raggio et al., 2004)
and of most essential and non-essential AA in the PDV (Blouin et al., 2002) in lactating dairy
cows. Lapierre et al. (2000) investigated the effect of feed intake levels (0.6, 1.0 and 1.6) on AA
fluxes in splanchnic tissues in growing steers fed a 16.7% CP diet. Both net essential and nonessential AA fluxes in the PDV were elevated with increased intake, indicating that AA absorbed
in the small intestine is positively related to dietary protein supply. Dietary energy sources also
affect absorption and net fluxes of essential AA in the small intestine. Tagari et al. (2004)
investigated the effects of corn processing on AA metabolism in dairy cows, where cows were
fed diets including either steam-flaked corn or steam-rolled corn. Cows fed the steam-flaked corn
diet significantly or numerically increased all individual AA net fluxes (total, essential and nonessential AA) up to 56% in the PDV compared with cows fed the steam-rolled corn. As a result,
in this experiment, the greater fluxes of AA in the PDV led to increased milk yield and milk CP
contents. The author concluded that increasing the flux of AA in the PDV for the steam-flaked
corn diet attributed to a more efficient capture of urea-N recycled by rumen bacteria (see the
details in Urea-N recycling). In conclusion, it is likely that the degree of AA flowing through the
PDV is closely associated with protein supply and energy availability. Indeed, Martineau et al.
(2011) recently reported a meta-analysis showing the relationship between N compounds fluxes
in the PDV and other factors. As a result, AA-N appearance in the PDV was positively influenced
by N intake and TDN, but negatively influenced by NDF intake as shown in following equation,
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PDV AA-N appearance (g/d per kg of BW) = -0.237 + [0.603 × N intake (g/d per kg of
BW)] + [0.0027 × TDN (% of diet DM)] - [0.0053 × NDF intake (g/d per kg of BW)].
It is also necessary to point out that the absorption of peptide-AA in the small intestine
and its contribution to AA pool has been reported. The general concept that AA absorbed in the
gut and released into the blood stream are only utilized to synthesize protein for production, has
become questionable. Webb et al. (1992) proposed the considerable contribution of peptide-AA
to AA delivery. Rémond et al. (2000) found that peptide-AA contributed to net flux of AA (free
AA + peptide AA) in the PDV up to 35% and dosing peptide mixture into the rumen significantly
increased the net release of peptide AA across the MDV. Rémond et al. (2009) also reported that
the peptide AA accounted for about 17% of the PDV net flux of non-protein AA, but the net flux
of peptide-AA was not different between dietary RUP levels (23 vs. 40% of CP) in sheep. Tagari
et al. (2004) also reported that the peptide-AA comprised a significant portion of total AA flux
across the PDV and was affected by feed processing (steam flaked corn vs. steam rolled corn). In
addition, AA net flux in the PDV was significantly decreased for cows fed the steam-flaked
sorghum diet compared with cows fed the steam-rolled sorghum diet because of lower DMI.
However, the peptide-AA flux in the PDV was significantly increased in cows fed the steamflaked sorghum diet (Tagari et al., 2008). The author, therefore, concluded that quantifying the
contribution of peptide-AA may improve the understanding of net supply AA to the tissues.

Amino acid metabolism in the liver
It does not mean that all AA absorbed in the small intestine and released into portal vein
is proportionally associated with AA supply to mammary gland for milk protein synthesis. Amino
acids in the PDV must face further metabolism in the liver and then ultimately reach the rest of
the body. The liver is one of the most metabolically active organs in the body. Although its mass
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represents only 2 to 3% of the body, 25% of total oxygen consumption occurs here (Huntngton
and Reynolds, 1987). In addition, Reynolds et al. (1988) reported that up to 2000 L h-1 of blood
passes through the liver. The high rate of liver metabolism is a consequence of numerous critical
functions, many of which are involved in AA metabolism (Reynolds, 2006). Bequette et al.
(2003) demonstrated that the most major roles of the liver are AA homeostasis and detoxification.
To accomplish those, there are three fates of AA faced in the liver: AA may pass through the liver
without any metabolism and be provided to peripheral tissues; AA may be utilized in the liver to
synthesize protein such as consecutive protein and plasma protein; AA may be oxidized and
utilized for urea or glucose synthesis.
The rate of individual AA removed by the liver is usually high relative to net portal AA
flux (Lobley et al., 2000b). It has been reported that the liver extracts about 45% of net total AA
fluxes (ranging from 16 to 69% between AA) across the PDV (Lapierre et al., 2005; Raggio et al.,
2004). The magnitude of the removal by the liver is relatively greater for non-essential AA.
Reynolds (2006) indicated that 67% of non-essential AA was removed in the liver on a net basis
in lactating dairy cows. Non-essential AA have been known as main precursors of the synthesis
of glucose and hepatic export proteins (Lapierre et al., 2005). For example, Ala and Gln play key
roles in ammonia detoxification and regulation of protein turnover (Lobely et al., 2000). The net
splanchnic release of some non-essential AA, such as Ala, Asn, Asp, Gln, and Glu, are usually
negative (i.e. greater liver removal than net PDV release), which reflects the contribution of
extra-hepatic tissues to liver removal (e.g. interorgan nitrogen and carbon cycling) (Hanigan et
al., 1998 and 2004). The extraction rates of essential AA by the liver, however, vary widely
among essential AA. Raggio et al. (2004) reported that the highest hepatic removal was for Phe
(52%) followed by His (42%), Met (36%) and Thr (34%) in lactating dairy cows. Reynolds
(2006) and Blouin et al. (2002) also observed greatest hepatic removal of these essential AA in
lactating dairy cows. Phenylalanine, His and Met belong to glucogenic AA so that some of them
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extracted by the liver are oxidized or transaminated, and then utilized for glucose or urea
synthesis (Lapierre and Lobley, 2001). However, a greater part of them are used to synthesize
constitute liver protein (Burrin et al., 1990) or plasma proteins (Connell et al., 1997). Raggio et al.
(2007) found using a 2H-Phe infusion study that considerable extraction of Phe by the liver was
used to synthesize the export plasma proteins and consecutive protein in lactating dairy cows. In
contrast, branched-chain AA (BCAA; Leu, Ile and Val) and Lys have exhibited limited hepatic
removal or even additional release in the liver. Lapierre et al. (2005) reported from combined data
that the removal rates of BCAA and Lys were less than 10% of net fluxes across the PDV.
Similarly, no hepatic extraction of BCAA and Lys in dairy cows fed the 14.7% CP diet has been
observed by Roggio et al. (2004). In a 13C-Leu infusion study by Lapierre et al. (2002), there was
no difference in hepatic extraction of Leu in lactating dairy cows fed either the high- or low- MP
diet, indicating that more Leu was available in the peripheral tissues of cows fed the High-MP
diet. Catabolizing branched-chain AA requires two enzymes: transaminase which is usually found
in non-hepatic tissues, and oxoacid-dehydrogenase, found mainly in the liver (Bequette et al.,
2003). Lobley (1992), therefore, proposed that BCAA may act as a signal on AA adequacy in
peripheral tissues. In an infusion study (Lapierre et al., 2008), the hepatic Lys removal had
limited independence to the amount of Lys supply (i.e. most AA were proportionally removed
with increasing the supply to the liver; Reynolds, 2006). In that study, a part of the explanation of
the limited Lys extraction by the liver was supporting non-essential AA in milk protein which are
typically taken up by the mammary gland less than that in milk. Therefore, Lys, in addition to
BCAA, may play a role in signaling of AA deficiency in the peripheral tissues. The significant
amounts of other essential AA (i.e. except BCAA and Lys) are usually extracted by the liver and
the degree of hepatic responses to AA is affected by various factors. Reynolds (2006) clearly
showed the liver extraction altered the response to the amounts of AA supplied to the liver (i.e.
greater amounts of AA were removed with an increased supply of AA to the liver). Intake levels
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also increased the hepatic extractions of all AA in growing beef steers (Lapierre et al., 2000).
Larsen and Kristensen (2009) also reported different hepatic responses to physiological status of
dairy cows, where the removal of essential AA was significantly decreased for lactating dairy
cows at 29 DIM compared with cows prepartum and postpartum at 4 DIM and 15 DIM. The
author concluded that net hepatic AA flux (i.e. less extraction) increased when demand for AA
(e.g. milk protein synthesis) increased. In addition, it has been proposed that additional glucose
supply to the liver may diminish the hepatic removal of AA due to limiting the pathway toward
gluconeogenesis from AA when cows were fed a steam flaked- or steam rolled-corn based diet
(Tagari et al., 2004). However, the hepatic AA removal was not affected by abomasal infusion of
glucose in transition lactating cows (Larsen and Kristensen, 2009). The regulation of hepatic AA
removal is not well understood. However, in terms of the hepatic responses to various
circumstances as described above, it is obvious that the liver is a crucial organ to distribute AA to
peripheral tissues including the mammary gland to synthesize protein. The dominant hypothesis,
therefore, is that the liver is able to control hepatic AA fluxes to produce AA for the peripheral
tissues where AA are deficient and to remove them when AA are in excess to avoid toxicity (e.g.
hyperaminoacidaemia).

Amino acid metabolism in the mammary gland
A greater proportion of AA released from the liver is extracted and utilized in the
mammary gland due to considerable demands from milk protein synthesis (Deopel and Lapierre,
2010). As occurred in the liver, the consistent patterns of mammary AA uptake exist depending
on AA. Mepham (1982) categorized essential AA into two groups according to their
stoichiometric transfer from blood to milk: Group 1 AA, the ratio of the mammary extraction to
milk output is close to 1; Group 2 AA, the ratio of the mammary extraction to milk output is
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greater than 1. This grouping has been confirmed by a number of studies using an arterial-venous
technique. Lapierre et al. (2005) and Bequette et al. (2003) summarized that His, Met, Phe, Thr
and Trp are consistently extracted and quantitatively secreted in milk (Group 1). In contrast,
BCAA and Lys are always taken up in excess by the mammary gland compared with milk output
(Group 2; Raggio et al., 2004; Tagari et al., 2004). When compared with net liver flux, the
amount of Group 1 AA uptake by the mammary gland is also closely matched, indicating that an
adequate supply of those AA might be critical for milk protein synthesis (Lapierre et al., 2005).
One may expect to supply an additional one of those AA to induce its greater incorporation in
milk. However, this does not seem to occur. From a study of Berthiaume et al. (2002), lactating
cows were fed the protein-deficient diet and continuously infused with saline (control) or
essential AA (treatment) through the jugular vein, where the liver intensively removed the
amount of His, Met and Phe that was provided by the infusion instead of incorporation into milk.
This indicates that there is a regulatory relationship between the liver and peripheral tissues,
which as previously stated, is not well understood. In addition, when the supply of the Group 1
AA is deficient (e.g. feeding a low-protein diet), the regulation to maintain the amount of those
AA that the mammary gland requires, likely exists as well. Bequette et al. (2000) conducted an
experiment with lactating goats fed a protein-deficient diet and subjected to abomasal infusion of
AA mixture or AA mixture without His. In this study, arterial plasma His concentration was
significantly decreased from 73 to 8 µM, but the capacity of mammary His uptake was elevated
by increasing mammary blood flow by 33% and uptake capacity of the gland up to 43 times when
His supply was limiting.
In contrast to Group 1 AA, BCAA and Lys (Group 2) were not extensively removed by
the liver and always extracted by the mammary gland in excess (i.e. the ratio of uptake to milk
output is greater than 1). However, when the amount of those AA in milk output is compared
with net fluxes from the liver (Raggio et al., 2004; Tagari et al., 2004), about 60% of net liver
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fluxes of those AA were secreted in milk and the rest was catabolized in non-mammary tissues in
the body. Lapierre et al. (2005) indicated a high correlation (r > 0.90, P < 0.001) between
peripheral tissue use and splanchnic flux of Group 2 AA. Nevertheless, those AA are still
extracted by the mammary gland greater than the need for milk output. The ratio of mammary
uptake to milk output for Ile, Leu, Lys and Val was 1.3 from the studies by Raggio et al. (2004)
and Tagari et al. (2004). At this point, a question arises about Group 2 AA why these AA are
always taken up by the mammary gland greater than that in milk output. It has been reported that
Leu, Ileu and Val are excellent sources of transamination and reamination in the mammary gland
along pathways found in other tissues through which carbon skeletons are used to yield nonessential AA and CO2 (Roets et al., 1974,1979 and 1983). Catabolism of Lys extracted by the
mammary gland in excess also occurs as of BCAA. Bequette et al. (1998) demonstrated that
increasing Lys oxidation (from 16 to 30%) was observed in the mammary gland when Lys was
infused intravenously. More recently, using an isotope dilution technique, Lapierre et al. (2009)
found that excessive Lys extraction by the mammary gland was catabolized and 12% of Lys
taken up by the mammary gland was utilized to synthesize non-essential AA (e.g. Glx, Asx, Ser
and Ala). Therefore, a part of the role of Group 2 AA in the mammary gland is to support nonessential AA which will be subsequently used for milk protein synthesis. It is quite reasonable
based on the pattern of non-essential AA uptake by the mammary gland. Doepel and Lapierre
(2010) reported that the mammary gland always extracted non-essential AA less than milk output
(AA uptake : milk output, 0.78; P < 0.05) in lactating cows. Interestingly, in spite of the infusion
of non-essential AA into the abomasum, the ratio was even significantly decreased (0.78 vs. 0.67;
P < 0.05) compared with the control. Therefore, to compensate for the deficient uptake of nonessential AA, de novo synthesis must occur and the N sources needed for the synthesis would be
provided from the Group 2 AA.
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Arginine, one of the essential AA, is not categorized in both Group 1 and 2 because it has
unique metabolism in the mammary gland. Indeed, in dairy cows, the ratio of uptake to milk
output is 2 to 3 although Arg concentration (3.4%) in milk is relatively low (Bequette et al.,
1998). A portion of excessive Arg extracted is catabolized to synthesize spermidine and
spermine, and Arg acts as a precursor of nitric oxide which is involved in mammary plasma flow
regulation (Bequette et al., 1998). Arginine is also catabolized to synthesize non-essential AA
(e.g. Glu, Ala, and Ser). However, a recent study showed that the AA supply deficient in Arg had
minimal effects on milk and milk protein yields, indicating that transferring into non-essential AA
is not likely obligatory (Doepel and Lapierre, 2011).

Opportunities to improve dietary protein utilization efficiency
Ruminants inherently utilize N inefficiently compared with non-ruminants. Overall, the
average conversion efficiency of dietary N into milk protein-N is 25 to 30% (Huhtanen and
Hristov, 2009). To maximize dietary N utilization, the accurate prediction of protein requirements
is critically important because dietary protein ingested in excess will be excreted in urine. As
described above (See the details in Metabolizable protein supply and fates), understanding the
metabolism of protein in splanchnic and post-splanchnic tissues is key to achieve the accurate
prediction of the requirements. The rumen, especially, among the splanchnic tissues has been
identified as a major player determining dietary N utilization efficiency because of intensive
microbial modification of feed protein. Therefore, manipulating rumen environment has been a
focus to modify dietary protein catabolism and microbial protein synthesis. In addition,
decreasing N losses (fecal and urinary N) is the ultimate goal to improve dietary N utilization. To
achieve the goal, one of the opportunities could be to maximize urea-N recycling to the rumen as
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already described above (See the details in Nitrogen metabolism in the rumen). Therefore, it
would not be discussed in this section.

Improving microbial protein synthesis
Peptides, AA and ammonia produced from dietary protein breakdown are taken up by
rumen bacteria as major sources for microbial growth (Cotta and Russell, 1982; Russell et al.,
1992). Ammonia is a main source of N for rumen bacteria, especially fibrolytic bacteria which
utilize only ammonia as a N source (Russell et al., 1992). Koenig et al. (2000) reported that 70 to
80% of bacterial N originated from rumen ammonia-N. In addition, the NRC (2001) assumed that
non-protein N such as urea (which is rapidly hydrolyzed to ammonia in the rumen) is an effective
RDP source to stimulate microbial protein synthesis in the rumen. Early studies, therefore, were
conducted to estimate ruminal ammonia concentration for maximum microbial protein synthesis.
Hume et al. (1970) determined that 6.2 mmol/L of ammonia-N was needed in the rumen to
maximize microbial protein synthesis in sheep fed the protein free-diet. However, Slyter et al.
(1979) found a lower level of ammonia-N (1.6 mmol/L) needed for maximal microbial protein
synthesis in the rumen where there was no further increase in microbial protein content with
increasing ammonia-N beyond 1.6 mmol/L. Kang-Meznarich and Broderick (1981) concluded
that a medium level (6.0 mmol/L) of ammonia-N for maximum microbial protein formation was
required compared with the levels above. It is true that ammonia-N in the rumen is necessary to
synthesize microbial protein, but the requirements have been inconsistent (average 5 to 11
mmol/L). However, it seems also obvious that ammonia concentration greater than that needed
for rumen microorganisms may negatively affect microbial protein synthesis. For example,
Schwab et al. (2005) demonstrated that there was a strong negative relationship between rumen
ammonia-N concentration and rumen N balance (R2 = 0.85), but strong positive relationship
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between rumen ammonia-N concentration and N losses (R2 = 0.85). Furthermore, the efficiency
of microbial protein synthesis also tended to decrease with increasing ammonia-N concentration
in the rumen. More recently, microbial non-ammonia-N flows from the rumen were shown to
decreased linearly up to 22% (ammonia-N 8.2 to 10.7 mg/dL in the rumen) with increasing a
proportion of urea in place of SBM in the diet (Broderick and Reynal, 2009). These results
indicate that ammonia in excess is not necessarily beneficial for microbial protein synthesis and
replacing true-protein ingredient in the diet with urea depresses microbial protein formation. It
could be explained by various N forms required for rumen bacteria. Amino acids and peptides are
the key metabolites in rumen N metabolism, which has stimulatory effects on bacterial growth.
There have been a number of studies showing increased microbial growth and formation when
AA and peptides as RDP sources were supplied in vitro and in vivo. Carro and Miller (1999)
concluded that rumen microbes utilized AA and peptides preferentially compared with ammonia
in RUSITEC. In an in vivo experiment, supplementing a diet with casein increased microbial
protein entering the small intestine compared with the diet supplemented with urea when
estimated using urinary purine derivatives in sheep (Chikunya et al., 1996). Argyle and Baldwin
(1989) concluded from several in vitro experiments that both peptides and AA had stimulatory
effects on rumen bacteria among which peptides were most effective followed by AA and
ammonia. Therefore, supplying adequate RDP as a form of fermentable true protein may increase
microbial protein synthesis. However, supplying excessive true proteins as RDP sources also lead
to increased ammonia concentration in the rumen, which results in depressing microbial protein
synthesis. Olmos Colmenero and Broderick (2006b) fed diets containing 13.5 to 19.4% CP
corresponding to 9.3 to 12.7% RDP (of DM) where rumen ammonia concentration were
significantly increased with increasing dietary CP concentrations from 6.1 to 12.8 mg/dL.
However, the proportion of bacterial N of total N outflow was significantly decreased with
increasing dietary CP levels although the absolute quantity of microbial N flows were linearly
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increased. As mentioned above, the high concentration of ammonia in the rumen decreases the
efficiency of microbial protein synthesis because of the deficiency of relatively rapidly-utilizable
peptides and AA for rumen bacteria. The other explanation could be lower energy availability
relative to N availability for rumen bacteria. It has been known that carbohydrate availability is
the major factor to determine the rate of microbial growth and the efficiency of rumen ammonia
utilization. Russell et al. (1983) reported from in vitro study that the growth rates of mixed rumen
microbes were decreased when casein was fed as a sole source, but when carbohydrate was fed
with casein, the cell growth rates doubled. In addition, when energy was limiting, feed protein
breakdown and ammonia uptake by rumen microbes were depressed (Nocek and Russell, 1988).
Energy availability in the rumen is determined mostly by the type of carbohydrate in diets
(e.g. degradability). Providing non-structural carbohydrate increases ammonia utilization by
rumen bacteria compared with structural carbohydrate. Hristov et al. (2005) introduced four
different carbohydrate sources (dextrose, starch, NDF and mixture of carbohydrate) into the
rumen to investigate the effect of type of carbohydrate on ruminal ammonia utilization. The
authors observed that supplying readily fermentable carbohydrate decreased ruminal ammonia
concentration, and the flow of microbial N formed from ammonia was increased compared with
structural carbohydrate. In a continuous culture experiment, alfalfa containing different nonstructural carbohydrates concentrations (17.9 vs. 7.4%), which were obtained from early and late
harvest time, respectively, was investigated on microbial protein synthesis. Microbial N flow and
bacterial N efficiency were significantly increased (263 vs. 230 mg/d and 41.1 vs. 29.6%,
respectively) for the alfalfa containing the high non-structural carbohydrates compared with the
alfalfa containing the low non-structural carbohydrate (Berthiaume et al., 2010). Merry et al.
(2006) also examined the effect of grass silages different in sugar content on N utilization in vivo.
The high-sugar grass silage decreased rumen ammonia concentration up to 19% and increased
microbial N flows to the duodenum up to 52% and efficiency of microbial protein synthesis by
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39% compared with the control grass silage. In agreement, Hristov and Jouany (2005) concluded
that providing readily fermentable carbohydrates (sugars or starch) most likely reduced rumen
ammonia concentration and increased microbial protein synthesis. In summary, the amount of
RDP and carbohydrate introduced and their degradation rates in the rumen are most likely the
factors influencing microbial protein synthesis. At this point, the synchrony theory was
addressed. Synchrony refers to simultaneous degradation of energy and N to yield substrates
required for rumen microbes. It is logical to expect that maximizing N utilization efficiency and
microbial protein synthesis in the rumen occurs by synchronizing protein and energy degradation
rates. However, the summary of literature by Hristov and Jouany (2005) and Reynolds and
Kristensen (2008) concluded that there were no consistent effects of feeding synchronized diets
on microbial protein synthesis and consequently production. The reasonable explanation on the
failure of the synchrony concept is most likely recycling urea-N which enables rumen microbes to
overcome any short-term effects of asynchrony (Cabrita et al., 2006).

Ruminal defaunation on N utilization efficiency
Another strategy to improve N utilization, in addition to maximizing microbial protein
synthesis, is to limit the degradation of microbial and dietary protein in the rumen. Protozoa
account for 40 to 50% of total microbial biomass but cannot synthesize AA de novo. To form
their cellular proteins, protozoa are required to assimilate pre-formed AA as a N source which is
obtained from rumen bacteria. It has been reported that a single protozoon can engulf 102-104
bacterial cells hourly in in vitro study, which can renew entire rumen bacteria in a short period
assuming protozoal population is 104-105 cells/ml (Coleman, 1975). Leng and Nolan (1984)
demonstrated that a considerable proportion (up to 50%) of microbial protein synthesized in the
rumen is re-degraded into ammonia. Assuming microbial protein contributes to the considerable
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proportion of proteins entering the small intestine (40 to 90%; See the details in Microbial protein
synthesis) and mostly they originate from bacterial protein while the contribution of protozoal
protein is negligible (Jouany, 1996), reducing protozoal population might be a great opportunity
to improve ruminal N utilization efficiency. There have been a number of studies investigating
the effects of ruminal defaunation on microbial protein synthesis and N utilization efficiency.
Koenig et al. (2000) measured ammonia concentration and microbial N flows where sheep were
sequentially subjected to faunation followed by defaunation and then refaunation. Ammonia
concentration was decreased by 47% when sheep was defaunated compared with faunated.
Defaunation significantly increased microbial N flow up to 58% compared with the faunated and
refaunated sheep. In addition, the efficiency of microbial protein synthesis was considerably
greater (about 27%) when the rumen was defaunated compared with faunated. More recently,
Doranalli and Mutsvangwa (2011) observed that a partial elimination of ruminal protozoa by
introducing sunflower oil (rich in linoleic acid) into the rumen decreased ammonia concentration
(3.4 vs. 5.1 mmol/L) and increased microbial protein flow (14.6 vs. 10.9 g/d) compared with the
control. In this experiment, N retention was significantly increased for defaunated sheep as well.
In agreement, Fujihara et al. (2003) observed that allantoin excretion (representing a microbial
origin) was significantly greater (879 vs. 585 µmol/d/kg metabolic BW) for defaunated goats
compared with faunated goats. Furthermore, it was suggested from growing sheep subjected to
partial defaunation that a part of the mechanism of improved N utilization in defaunated
ruminants was an increase in urea-N recycling to the gut (Kiran and Mutsvangwa, 2010).
Belanche et al. (2011) measured bacterial population with or without protozoa in the rumen using
a technique of recombinant DNA sequences (18S rDNA for protozoal specific marker) where the
presence of protozoa decreased the bacterial N flow entering the abomasum up to 33% in sheep.
Ruminal defaunation has been achieved by use of various agents. Early studies used
surfactant to defaunate, however this agent also decreased bacterial growth (Bird and Leng, 1978;
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Orpin, 1977). Lipid supplementation has been widely used as an effective agent. From an in vitro
study, Hristov et al. (2004) ranked the effectiveness of fatty acids on defaunation with capric acid,
lauric acid and linolenic acid being complete defaunation agents followed by linoleic acid,
myristic acid and oleic acid. Hristov et al. (2009) also observed an 80% removal of protozoa
when lauric acid and coconut oil (40% lauric acid of total fat) were dosed intraruminally in dairy
cow. In a follow-up study, intraruminal administration of lauric acid reduced protozoal counts by
96%, but there was no effect of myristic acid on protozoa populations (Hristov et al. 2011a).

Reducing N excretion to improve N utilization efficiency
Dietary N ingested by dairy cows is either utilized for maintenance and lactation (milk
and milk protein yield) or excreted in urine and feces. In a study using 30 multiparous dairy cows
fed 30 different diets, Kebreab et al. (2002) observed that dietary N was utilized for milk protein
up to 28%. Urinary excretion accounted for 35% of ingested N with fecal excretion of 34%.
Therefore, it is likely that reducing excreta-N loss is a critical key in elevating dietary N
utilization efficiency for milk and milk protein yield. Dietary protein supply is closely associated
with the degree of N excretion. A meta-analysis (Huhtanen and Hristov, 2009) concluded from
218 feeding trial conducted in North America that CP intake and dietary CP concentration are the
most important dietary factors influencing milk protein yield and milk N efficiency (milk N ÷ N
intake). Kebreab et al. (2002) also reported an exponential response of urinary N excretion and a
weaker linear response of milk N secretion and fecal N excretion to increasing N intake. It
indicates that dietary N utilization efficiency can be driven by reducing urinary N excretion,
which is achieved by decreasing dietary protein supply. Olmos Colmenero and Broderick (2006a)
conducted an experiment with 40 lactating dairy cows fed the CP diets ranging 13.5 to 19.4%. In
this experiment, there were no significant differences in milk and milk protein yield among
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treatments, but milk N efficiency was considerably elevated (36.5 vs. 25.4% for cows fed the 13.5
and 19.4% CP diet, respectively) by reducing dietary CP concentration. In this experiment, fecal
N excretion was not affected (210vs. 196 g/d), but urinary N and urinary urea N were
significantly reduced up to 56 and 70%, respectively, by decreasing dietary CP concentration
from 19.4 to 13.5%. Cyriac et al. (2008) also investigated the effect of dietary RDP levels varying
7.6 to 11.3% of DM (corresponding to 13.6 to 18.4 CP of DM) on production and milk N
efficiency. Milk N efficiency was increased from 27.7% on the high CP diet to 38.6% on the low
CP diet while milk protein content and yield were not affected. In this experiment, however, milk
yield tended to decrease (P = 0.09) with reducing the dietary RDP level. More recently, Chen et
al. (2011) reported that a decrease in 1%-unit of dietary CP did not affect milk, milk protein yield
and fecal N excretion. However, total urinary N and urinary urea N excretion significantly or
tended to decrease with reducing dietary CP concentration. As a result, milk N efficiency was
also increased with lowering dietary CP concentration. Therefore, it is likely that there is no
advantage of increasing dietary CP on the milk N efficiency. Huhtanen and Hristov (2009)
reported no beneficial effects of increasing CP concentration in diets on the efficiency of milk N
based on examination of 31 publications, where only 7 out of 31 publications showed greater
milk protein yield with increasing dietary CP concentration, but increased milk protein yield in 5
of those 7 studies were apparently caused by increased DMI.
Another opportunity to reduce N losses is to provide sufficient energy. Huhtanen and
Hristov (2009) demonstrated that the prediction model of milk N efficiency was improved by
inclusion of TDN intake in addition to dietary CP concentration. As described above, there have
been a number of studies showing beneficial effects of energy supply on ruminal N utilization
efficiency that may eventually increase N utilization for production (i.e. milk N efficiency). For
example, Agle et al. (2010) fed a high and low concentrate diet (29.6 vs. 21.3 % starch of DM) to
lactating dairy cows and found that milk N efficiency tended to be affected (24.5 and 27.5% for
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the low and high concentrate, respectively) even though urinary N excretion was not affected.
However, the contrary results also have been reported. Castillo et al. (2001) reported that milk N
efficiency was numerically decreased by 3% for a high digestible starch-containing diet compared
with a low digestible starch-containing diet, which was caused by a significant increase in urinary
N excretion for the high digestible starch-containing diet. The author explained that providing
more rapidly-fermentable starch to the rumen might increase microbial protein synthesis and AA
absorption in the small intestine. It likely caused increased deamination of AA in the liver and
consequently more N excretion in urine. Although it was not significantly different, Hristov and
Ropp (2003) also observed a numerical increase in urinary N excretion (279 vs. 233 g/d) and
decrease in milk N efficiency (18.3 vs. 23.1%) for cows fed a high fermentable- compared with
cows fed a less fermentable non-structural fiber diet.

Effects of amino acid deficiencies on production in dairy cows
The major function of AA is in the synthesis of proteins which are vitally needed for
maintenance, growth, reproduction and especially lactation in dairy cows. To optimize milk and
milk protein yield, AA have to be considered to meet their requirements individually because
each AA has remarkably different biochemical properties and functions (Wu, 2009). However,
the current protein requirements system (NRC, 2001) has proposed only Lys and Met
requirements using an empirical approach because the information on the roles of each AA in
dairy cows is limited compared with that in non-ruminant animals. Therefore, in this section, the
studies to examine the effects of AA supplementation on production in dairy cows will be
discussed.
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Non-essential amino acids
There are few studies investigating the effects of non-essential AA (NEAA) on
production in dairy cows. However, despite the limited studies, the response of production to
NEAA is likely obvious. As described earlier (see Amino acids metabolism in the mammary
gland), NEAA are typically taken up by mammary gland less than those in milk output and the
deficient uptake is compensated for by Group 2 AA (BCAA and Lys) (Bequette et al., 1998;
Raggio et al., 2004; Lapierre et al., 2005; Lapierre et al., 2009). Therefore, it was proposed that
an additional provision of NEAA might alleviate the need of their synthesis from the Group 2
AA, which might lead to more efficient utilization of essential AA (EAA) to synthesize milk
protein. However, this hypothesis was not supported by several studies. In an earlier study,
duodenal infusion of gelatin comprising 25% EAA and 75% NEAA was compared with
isonitrogenous infusion of casein (56% EAA and 44% NEAA) in dairy cows, where milk and
milk protein yield were not affected by gelatin infusion while casein infusion significantly
increased milk and milk protein yield compared with the control (urea infusion) (Rulquin, 1986).
Metcalf et al. (1996) also carried out an experiment where cows fed the grass silage-based diet,
were infused either EAA + NEAA (similar composition to milk protein) or EAA. The supply of
NEAA in addition to EAA showed similar milk protein content (3.24 vs. 3.50%) and milk protein
yield (852 vs. 869 g/d) compared with the diet infused only with EAA. More recently, Doepel
and Lapierre (2010) confirmed in dairy cows fed a low-MP diet meeting 72% of the requirements
that abomasal infusion of NEAA did not affect milk or milk protein yield while EAA infusion
significantly increased milk and milk CP yield. In this experiment, the author concluded that
NEAA were not a limiting factor in terms of milk and milk protein yield. Instead, non-essential
AA are preferentially utilized by other tissues rather than mammary gland. For example, greater
gut utilization (Berthiaume et al., 2001) and involvement in interorgan N and carbon cycling

43
(Hanigan et al., 1998 and 2004) for NEAA have been reported. Furthermore, NEAA possibly
stimulate gluconeogenesis which lead to greater uptake of glucose by the mammary gland
(Doepel and Lappierre, 2010).

Essential amino acids
It has been consistently reported that milk and milk protein yield can be stimulated by
additional supply of casein or AA mixture simulating milk protein. In an early study, Rulquin
(1986) observed a clear increase in milk (23.9 vs. 21.9 kg/d) and milk yield (759 vs. 677 g/d)
when casein was post-ruminally infused compared with urea infusion. Metcalf et al. (1996) also
reported that jugular infusion of total AA mixture simulating milk protein AA significantly
increased milk protein content and yield compared with the saline infusion. In addition, studies by
Choung and Chamberlain (1992, 1993) confirmed that casein was effective in stimulating milk
and milk protein yield when post-ruminally infused. Abramson et al. (2002) found a linear
increase in milk yield (numerical), milk protein content (significant) and yield (trend) with
increasing casein infusion in dairy cows fed the corn silage/barley- based diet. More recently,
Galindo et al. (2011) observed in dairy cows fed the grass hay/barley-based diet that elevating the
abomasal infusion of AA mixture simulating casein AA composition, linearly increased milk ,
milk CP, milk true protein and milk casein yield significantly. It has been hypothesized that the
degree of EAA in casein and AA mixture is the key factor stimulating milk and milk protein
yields in terms of no effects of NEAA on milk and milk protein yield (see the previous section).
There is evidence to support this hypothesis. In early work, Rulquin (1986) increased the postruminal infusion rate of EAA by infusing urea (control), gelatin, soy protein or casein in dairy
cows, where milk and milk protein yields were gradually increased with increasing the proportion
of EAA in the infusion compound. Lapierre et al. (2010) performed an experiment with dairy
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cows that were abomasally infused with water (control), EAA (simulating the EAA composition
of casein) or total AA (simulating casein). They found that there was no difference between EAA
and total AA in production responses while the infusion of both EAA and total AA significantly
increased milk and milk protein yields compared with the control. These results indicate that
EAA in total AA mixture and casein functioned primarily to stimulate production in dairy cows.
Attempts to identify the most limiting AA among EAA also have been made. For
example, Lys and Met have been extensively investigated because those are considered first colimiting when corn and soybean meal-based diets are fed to dairy cows (NRC, 2001). The
challenges with supplementing limiting AA to ruminants were faced due to the extensive ruminal
modification of protein and AA. This led to technology developed to protect crystalline AA from
being degraded in the rumen. Rumen-protected (RP) AA developed for over 30 years have been
widely used, and their effectiveness in avoiding rumen microbial attacks and on absorption in the
small intestine has been documented (Gallo et al., 2010). Rumen-protected Met has been most
widely investigated. However, production responses to supplementing with RPMet have not been
consistent. A recent meta-analysis (Patton, 2010) from 75 comparisons of 1,040 cows
demonstrated that RPMet addition to diets increased milk protein yield (27 g/d) and milk protein
content (0.07%). Milk yield was slightly increased while milk fat and DMI were slightly
decreased. Rumen-protected Lys or the combination of RPLys and RPMet also has been
examined. Production responses to RPLys or RPMet + RPLys have been also largely variable. A
meta- analysis of 12 experiments performed by Robinson (2010) reported that supplementing
diets with only RPLys decreased DMI, milk yield and milk fat content while milk protein content
was slightly increased (not different from zero) compared with the control. The author, therefore,
concluded that supplementing with RPLys alone has a negative impact on production in dairy
cows. Based on the overall negative responses to RPLys alone, Swanepoel et al. (2010) and
Robinson et al. (2010) suggested that either RPLys was not supplied in sufficient quantity, or
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supplying additional Lys resulted in an imbalance or deficiency of other AA. The effect of the
combination of RPMet and RPLys was also analyzed by comparing 47 experimental results
(Robinson et al., 2010). Feeding both RPMet and RPLys increased (% change) milk yield (1.4%),
milk protein content (2.7%) and dietary feed (1.2%) and N (3.9%) utilization efficiency compared
with the control. Therefore, it was concluded in this meta-analysis that feeding the combination of
RPMet and RPLys had modest impacts on dairy cow performance. However, both reports above
(Patton, 2010; Robinson, 2010) recognized the necessity of more studies to establish clear
prediction responses to RPMet, RPLys or those combinations. The large variable responses to
RPMet and RPLys have been not fully understood, but it might be partially explained by several
aspects. Dietary protein supply might be a factor influencing the production responses to their
supplementations. Raggio et al. (2004) and Lappierre et al. (2006) demonstrated that efficiency of
dietary AA utilization for milk protein synthesis decreased with increasing AA supply due to
increased oxidation rate in the gut epithelium, liver, and peripheral tissues. It indicates that the
degree of dietary Met and Lys supply to MP could affect the responses to RPMet and RPLys. In
agreement, curvilinear responses of milk protein yields to increasing supplemental Met and Lys
were reported (Vyas and Erdman, 2009). In addition, the physiological status might be another
factor. For example, Socha et al. (2008) found that the responses were different according to DIM
of cows when Met and Lys were infused into the duodenum. In this experiment, milk protein
yield was increased in early and peak lactation but not in mid lactation (milk yield was even
decreased in mid lactation).
Histidine has been considered limiting AA in a grass/cereal-based diet (Kim et al., 1999;
Vanhatalo et al., 1999). Recently, a modeling study (Swanepoel et al., 2010) proposed His as one
of the co-limiting AA when the requirement of Lys was met. The lack of developing a protected
form of His has led to using an infusion technique through the abomasum or blood stream to
investigate the effect of additional His supply on production in dairy cows. To the best of our
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knowledge, only one study tried to use a rumen-protected product to supply additional His to
dairy cows, but the product actually contained other AA (Lys, Ileu and Val) in addition to His. In
this experiment, feeding RPAA containing His significantly or tended to increase milk yield and
milk protein yield compared with feeding RPLys alone. However, it is not clear which AA (or the
combination of AA supplied) effectively improved productivity in this experiment. Kim et al.
(1999) carried out experiments to examine the effect of His supply on production in cows fed a
grass silage/barley/feather meal-based diet by infusing AA intravenously. The infusion of the
combination of Met, Lys, His and Trp increased milk and milk protein yield compared with the
control (no AA infusion). However, supplying these AA without His decreased milk and milk
protein yield back to the levels similar to the control. In addition, a gradual replacement of feather
meal with blood meal (rich in His) increased milk and milk protein yield. Korhonen et al. (2000)
also observed a linear increase in milk (27 to 28.8 kg/d), milk protein (0.86 to 0.92 kg/d) and milk
lactose yield (1.35 to 1.46 kg/d) with increasing post-ruminal His infusion in cows fed a grass
silage diet. Huhtanen et al. (2002) also found increased milk and milk protein yields by abomasal
His infusion in cows fed a grass silage-based diet. Most recently, providing drinking water
containing His to cows fed the corn/haylage-based diet elevated milk yield (35.1 vs. 33.4 L/d) and
lactose (1.9 vs. 1.6 kg/d) significantly and tended to increase milk protein yield compared with
the control (water without His). Cant et al. (2001) investigated production responses to the
infusion of complete AA mixture and of AA mixture without His in cows fed a 56% mixed
haylage/44% concentrate diet. In this experiment, there was no significant difference in milk and
milk protein between treatments, but the infusion of complete AA mixture numerically increased
milk and milk protein yield compared with the infusion of His-lacking AA mixture. However,
Weekes et al. (2006) reported that milk and milk protein yield were not increased by the infusion
of His-lacking AA mixture compared with the control (3.0% saline) while infusing the complete
AA mixture significantly increased milk protein content and yield in cows fed the corn silage-
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based diet. Therefore, based on the literature, His is the first limiting AA in the grass-based diets,
which led to positive production responses to additional His supply. However, although more
experiments are required to judge, the responses to His is likely quite variable in cows fed the
cone silage-based diets. However, it is recently proposed that His may become one of the most
limiting AA in cows fed the corn silage-based diet when dietary protein supply is deficient (see
chapter 5) due to relatively low His contents in bacterial protein (NRC, 2001). Determination of
the amount of additional His supply might help to elevate the production responses to the
additional supply of His as well. For example, excessive His supply decreased the deposition
efficiency of supplemental His in growing steers (McCuistion et al., 2004) and decreased the
mammary extraction rate of His in lactating cows (Korhonen et al., 1999).

Effects of dietary protein concentration and ruminal degradability on the environmental
impacts of dairy operations
Animal feeding operations (AFO), creating gas emissions of ammonia (NH3), carbon
dioxide (CO2), methane (CH4) and nitrous oxide (N2O), have received increased concern over
their considerable contribution to environmental pollution. Ammonia emitted from farm animals
accounts for 50% of anthropogenic NH3 emissions in U.S. (NRC, 2003), where dairy cows
contribute 23% of total ammonia emitted from farm animals (USEPA, 2004). Ammonia emission
is a major air and water pollutant causing eutrophication and soil acidity (USEPA, 2004). In
addition, in the cool areas of the U.S., a significant proportion (up to 20%) of total PM2.5
(particular matter less than 2.5 µm in diameter) originated from NH3 emitted from livestock
operations (Hristov, 2011). Therefore, the National Academy of Sciences (2003) noted an urgent
need for research to reduce NH3 gas emissions from livestock farms.
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Carbon dioxide, CH4 and N2O are all potent greenhouse gases (GHG) that contribute to
global warming. USEPA (2011) reported that in 2009 total GHG emissions in U.S. were 6,633 Tg
(million metric tons) CO2 Eq, a 7.3% increase from 1990 to 2009, where the agriculture sector
was responsible for emissions of 419.3 Tg of CO2 Eq., or 6.3 percent of total U.S. GHG
emissions. As CH4 and N2O are the primary GHG emitted by agricultural activities, CH4 and N2O
emissions from the agricultural sector accounted for 27% (enteric fermentation and manure
management) and 75% (soil and manure management) of total U.S. CH4 and N2O emissions,
respectively. Therefore, it becomes increasingly important to voluntarily reduce GHG emissions
from the agricultural sector due to its contribution to anthropogenic GHG emissions.

Ammonia volatilization from manure and effects of dietary protein concentration
There are two processes of NH3 formation and volatilization from animal manure. The
first process begins immediately when urine and feces are excreted although NH3 concentration is
negligible. Urea-N, which is not volatile and originates from urine, comprises most nitrogenous
compounds in fresh manure (Lee et al., 2009). Bristow et al. (1992) observed 60 to 90% of total
N in urine of cattle, sheep and goat is found as urea-N. Immediately after urine and feces mingle
on the barn floor, urea in urine is rapidly hydrolyzed to NH3 + CO2 by abundant urease activity in
fecal matter (Bussink and Oenema, 1998). Lee et al. (2009) reported that up to 80% of the urea in
manure was hydrolyzed to NH3 within a day in vitro while NH3 concentration was sharply
increased to some point and decreased gradually due to NH3 volatilization. To a lesser extent,
other N compounds such as allantoin, uric acid, creatinine and hypoxanthine also contribute to
ammonia volatilization, but there is a delay of a few days until those compounds were hydrolyzed
to urea and then NH3 (Whitehead et al., 1989; Bussink and Oenema, 1998). Another slower
process of NH3 volatilization is mineralization of organic-N to NH4+. Protein originating from
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undigested feed, lysed microorganisms and fecal metabolic losses can be degraded and utilized by
microbes existing in manure during which NH4+ is excreted as an end-product (Barraclough,
1997). Excreted NH4+ is volatilized when converted to NH3 depending on environmental
conditions such as pH and temperature of manure (Li et al., 2009).
There has been extensive research to reduce NH3 volatilization from manure. Dietary
protein modification has been recognized most effective in mitigating NH3 emissions (Ndegwa et
al., 2008). As mentioned above, reducing urinary N sources (i.e. mostly urea-N) that contributes
to NH3 emissions is likely the key to mitigate NH3 volatilization from manure. Indeed, dietary
protein concentration is closely associated with urinary urea-N excretion and NH3 emissions from
manure (Burgos et al., 2007). For example, Olmos Colmenero and Broderick (2006a) observed a
linear increase in urinary total N and urea-N excretions with increasing dietary protein
concentrations, and Chen et al. (2011) reported that a decrease in a 1%-unit of dietary CP
significantly reduced urinary urea N and total urinary N excretion. In agreement, Powell et al.
(2011) obtained two different manures from cows fed a 15.5 or 16.8% CP diet which were
incubated in soil-containing chambers to monitor NH3 volatilization. In this experiment, cows fed
the 15.5% CP diet had lower urinary total N and urea-N and sequentially decreased NH3
emissions from manure up to 50% compared to manure from cows fed the 16.8% CP diet.
Improving protein utilization to reduce N excretion can be achieved by supplying rapidlyfermentable carbohydrate in diets, which consequently mitigates NH3 emissions from manure.
Burkholder et al. (2004) fed the diet containing steam-flaked or dry-ground corn to cows and
found significantly lower urinary N excretion for cows fed the steam-flaked corn diet compared
with cows fed the dry-ground corn diet. Therefore, it is likely that reducing dietary protein
concentration and improving dietary protein utilization are effective strategies to mitigate NH3
volatilization from manure.
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Greenhouse gas emissions from manure and effects of dietary protein concentration
Carbon dioxide, CH4 and N2O have different pathways through which their emissions
from manure are generated. All of those pathways are controlled by microorganisms and
environmental conditions. Carbon dioxide on dairy farms is mostly emitted through animal
respiration and organic matter decomposition in manure by microorganisms. Long-term manure
storage provides significant CO2 emissions depending on oxygen availability. The presence of
oxygen in manure stimulates decomposing manure organic matter by aerobic microbes during
which CO2 is produced through microbial respiration (Chianese et al., 2009). For example, solid
manure stored in stacks contains sufficient oxygen which enhances microbial activities and
produces greater CO2 emissions (average 72 vs. 17 kg CO2 m-3 yr-1) compared with manure slurry
(greater moisture content which blocks infiltration of oxygen) stored in a tank (Hensen et al.,
2006; Sneath et al. 2006). In addition, during the catabolism of manure organic matter by
microorganisms, CO2 is released as one of the end-products. For example, when a mole of urea is
hydrolyzed to two moles of NH3, a mole of CO2 is produced (Hristov et al., 2011b). Methane is
primarily produced through the process of anaerobic decomposition of manure organic matter.
During manure storage, metabolites produced from the process of organic matter decomposition
by microbes are provided as substrates for methanogenesis similar to the process of enteric CH4
production (Chianese et al., 2009). In contrast to CO2, it has been reported that slurry storage
(saturated with water; anaerobic condition) produced two times more CH4 than manure stored in
stacks (Sneath et al. 2006). Nitrous oxide emissions also occur through microbial actions through
two pathways: nitrification and denitrification. Moisture content determining aerobic or anaerobic
environment is the most common factor of the nitrification and denitrification process (Davidson,
1993). Nitrous oxide emissions from manure storage are typically negligible due to the lack of
nitrifying and denitrifying microorganisms in dairy feces (Dowd et al., 2008). When manure is
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applied to the crop land, nitrogen compounds in manure stimulate soil bacteria to generate the
process of nitrification and denitrification (Williams et al., 1992). The oxidative process of
nitrification dominates when manure is applied to well-aerated soil. Ammonium existing in
manure is converted into various oxidized forms, NO2-, NO3-, NO and N2O by nitrifying
microorganisms in soil. During this process, however, N2O emissions are relatively low. When
oxygen becomes limited, denitrifiers begin to reduce N compounds formed through nitrification
and then produce N2O which is further reduced to N2. The ratio of N2O to N2 emission rates are
determined by the degree of anaerobic conditions (Davidson et al., 2000; Chianese et al., 2009).
There have been few studies investigating the effects of dietary protein concentration on
GHG emissions relative to NH3 emissions in dairy manure. Külling et al. (2001) carried out an
experiment where manure collected from cows fed 12.5, 15.0 or 17.5% CP diets were incubated
in a simulated storage system. At the beginning of the incubation, total N content in manure
followed dietary CP concentration. The N2O emission rate was greatest for manure from the
17.5% CP diet (0.21, 0.20 and 0.06 µg/m2/s, respectively) followed by manure from the 15.0 and
12.5% CP diet. However, the opposite result was observed for CH4 emissions which were
decreased (3.3, 5.9 and 5.5 µg/m2/s, respectively) with increasing dietary CP concentration. Clark
et al. (2005) observed similar results from in vitro incubation of swine manure. In this
experiment, manure was obtained from pigs fed the high- or low-CP diet (16.8 vs. 13.9%), and
CO2 and CH4 emissions were increased for manure from the low-protein diet compared with the
high-protein diet. Nitrous oxide emissions were negligible during a 2-wk incubation period in this
experiment. Therefore, Külling et al. (2001) concluded that N2O emissions from manure were
highly associated with N availability in manure, and CH4 emissions were related to carbon
availability. Sommer et al. (1996) also observed that the termination of CH4 emissions occurred
with the disappearance of soluble carbon compounds (e.g. VFA) in the soil solution. The adverse
relationship between low CP contents in the diet and carbon availability in manure can be
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explained by the digestive system of ruminants. Feeding a low-CP diet typically decreases
apparent total tract fiber digestibility compared with a high-CP diet indicating more available
carbon sources in manure (Olmos Colmenero and Broderick, 2006a). In case of N2O emissions,
total N and NH4+-N contents in manure are likely a major factor but not the only factor. For
example, manure obtained from sheep fed ryegrass, lucerne or kale was incubated with the
inclusion of soil. Total N and NH4+-N were greatest for manure from lucerne followed by kale
and ryegrass. Nitrous oxide emissions, however, were greatest for manure from kale followed by
lucerne and ryegrass (Cardenas et al., 2007). Arriaga et al. (2010) also observed no difference in
N2O emissions (average 1.1 mg of N2O/m3) from manure of cows fed the 14.1, 15.9 or 16.9% CP
diet. This study is indicating that there are another factors controlling N2O emissions from
manure. De Wever et al. (2002) suggested that soluble carbon availability (e.g. VFA) is also one
of the major factors in addition to N availability influencing N2O emissions. The provision of
soluble carbon stimulates N2O consumption of denitrifiers so that N2 gas is dominantly emitted
rather than N2O gas (de Wever et al., 2002).
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Table 2-1. The essential amino acid composition (% of CP) of milk, rumen bacterial and some
common feeds (Schwab et al., 2005).
Item
Lean tissue
Milk
Bacteria
Alfalfa silage
Corn silage
Corn
Soybean meal

Arg
6.6
3.4
5.1
3.9
2.0
4.6
7.3

His
2.5
2.7
2.0
1.7
1.8
3.1
2.8

Ile
2.8
5.8
5.7
3.9
3.3
3.3
4.6

Leu
6.7
9.2
8.1
6.4
8.6
11.2
7.8

Lys
6.4
7.6
7.9
4.4
2.5
2.8
6.3

Met
2.0
2.7
2.6
1.4
1.5
2.1
1.4

Phe
3.5
4.8
5.1
4.2
3.8
4.6
5.3

Thr
3.9
3.7
5.8
3.8
3.2
3.6
4.0

Trp
0.6
1.5
0.9
0.4
0.7
1.3

Val
4.0
5.9
6.2
5.0
4.5
4.0
4.6

75
Table 2-2. Mean arterial urea-N concentrations (MAUN), minimum and maximum treatment
means for net portal-drained viscera (PDV) uptake of arterial urea-N relative to N intake (%,
PDVU). Data sorted according to arterial urea-N concentration. Data from lactating dairy cows
(Calsamiglia et al., 2010).
Experiment MAU (mmol N/L)
1
2
2
4
3
6
4
7
5
9
6
9
7
10
8
10
9
10
10
10
11
11
12
12
13
NA1
1
NA, not analyzed

Min PDVU (% N intake)
14
18
20
32
6
31
6
13
21
26
22
21
25

Max PDVU (% N intake)
18
32
26
41
11
41
14
15
28
29
29
36
30
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Figure 2-1. System of protein characterization used by the Cornell Net Carbohydrate Protein
System (Sniffen et al., 1992).

Chapter 3
EFFECTS OF DIETARY PROTEIN CONCENTRATION AND COCONUT
OIL SUPPLEMENTATION ON NITROGEN UTILIZATION AND
PRODUCTION IN DAIRY COWS
Jounal of Dairy Science Vol. 94, No. 11, 5544-5557, 2011
Lee, C., A. N. Hristov, K. S. Heyler, T. W. Cassidy, M. Long, B. A. Corl, and S. K. R. Karnati

Abstract
The objective of this study was to investigate the effect of metabolizable protein (MP)
deficiency and coconut oil supplementation on N utilization and production in lactating dairy
cows. The hypothesis of the study was that a decrease in ruminal protozoal counts with coconut
oil would increase microbial protein synthesis in the rumen, thus compensating for potential MP
deficiency. The experiment was conducted for 10 wk with 36 cows (13 primiparous and 23
multiparous), including 6 ruminally cannulated cows. The experimental period, 6 wk, was
preceded by 2-wk adaptation and 2-wk covariate periods. Cows were blocked by parity, days in
milk, milk yield, and rumen cannulation and randomly assigned to one of the following diets: a
diet with a positive MP balance (+44 g/d) and 16.7% dietary crude protein (CP) concentration
(AMP); a diet deficient in MP (−156 g/d) and 14.8% CP concentration (DMP); or DMP
supplemented with approximately 500 g of coconut oil/head per day (DMPCO). Ruminal
ammonia tended to be greater and plasma urea N (20.1, 12.8, and 13.1 mg/dL, for AMP, DMP,
and DMPCO diets, respectively) and milk urea N (12.5, 8.3, and 9.5 mg/dL, respectively) were
greater for AMP compared with DMP and DMPCO. The DMPCO diet decreased total protozoa
counts (by 60%) compared with DMP, but had no effect on the methanogens profile in the rumen.
Total tract apparent digestibility of dry matter and CP was decreased by DMP compared with
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AMP. Fiber digestibility was lower for both DMP and DMPCO compared with AMP. Urinary N
excretion was decreased (by 37%) by both DMP and DMPCO compared with AMP. The DMP
and DMPCO diets resulted in greater milk N efficiency compared with AMP (32.0 and 35.1 vs.
27.6%, respectively). Milk yield was decreased by both DMP and DMPCO compared with AMP
(36.2, 34.4, and 39.3 kg/d, respectively) and coconut oil supplementation suppressed feed intake
and caused milk fat depression. Coconut oil supplementation decreased short-chain fatty acid
(C4:0, C6:0, and C8:0) concentration and increased medium-chain (C12:0 and C14:0) and total
trans fatty acids in milk. Overall, the MP-deficient diets decreased N losses, but could not sustain
milk production in this study. Coconut oil decreased feed intake and similar to DMP, suppressed
fiber digestibility. Despite decreased protozoal counts, coconut oil had no effect on the
methanogen population in the rumen.
Key words: metabolizable protein, coconut oil, rumen protozoa, dairy cow

Introduction
Providing dietary protein to meet protein requirements is one of the critical factors in
dairy nutrition necessary to maximize production and minimize protein input and manure N
output. Protein feeds are among the most expensive ingredients in animal diets and accumulation
of manure N is a primary concern in terms of environmental impact of animal production, such as
surface water eutrophication, aerosol formation (specifically, particles with aerodynamic diameter
less than or equal to 2.5 μm; i.e., PM2.5), and soil acidification (USEPA, 2004). In spite of these
concerns, however, protein is often overfed to lactating cows. For example, the average CP
content of the lactating cow diets in high-producing western dairy herds was 17.6% (Hristov et
al., 2006). A recent meta-analysis suggested deficiencies in the current NRC (2001) protein
model, potentially leading to overfeeding of dietary protein (Huhtanen and Hristov, 2009). Cyriac
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et al. (2008) concluded that ruminal microbial RDP requirements could be met with RDP levels
below those recommended in the current NRC (2001). Recently, Agle et al. (2010) reported that
lower dietary RDP concentration (7.1 vs. 10.3%) decreased urinary N excretion and ammonia
emission from manure without affecting milk production. The main reason for over-estimation of
RDP requirements in the current NRC (2001) might be the lack of provision for hepatic urea N
recycling. A review by Reynolds and Kristensen (2008) indicated that total urea production that is
being returned to the gut decreases with increasing dietary CP concentration. Thus, low-CP diets
may stimulate urea recycling and provide additional RDP to the rumen microbes when dietary
RDP supply is low. Feeding diets deficient in MP and RDP, however, may result in decreased
milk and milk protein yields (Cressman et al., 1980; Wu and Satter, 2000; Frank and Swensson,
2002). Therefore, the environmental and economic benefits of decreased dietary N input have to
be balanced against potential negative effect on cow productivity and farm profitability.
Another opportunity to optimize N efficiency is to maximize microbial protein synthesis
(MPS) in the rumen and microbial MP supply to the small intestine. Defaunation has been
suggested as an effective method for increasing MPS and microbial outflow from the rumen
(Hristov and Jouany, 2005). It was reported that a single protozoon is able to engulf 102 to 104
bacteria hourly in vitro (Coleman, 1975). Although the magnitude of bacterial predation by
protozoa in vivo is less than that in vitro (Coleman and Sandford, 1979), the reported increase in
MPS in defaunated animals (Eugene et al., 2004) is logical. Medium-chain saturated fatty acids
(MCSFA) are potent antiprotozoal agents. Dohme et al. (2000) reported that coconut oil
(composed of about 45% C12:0 and 20% C14:0) eliminated about 93% of ciliate protozoa in
vitro. In vitro and in vivo experiments (Hristov et al., 2004a,b, 2009a, 2011) demonstrated strong
antiprotozoal properties of C12:0 and coconut oil. In addition, defaunation has resulted in
elimination of specific rumen methanogens due to the endosymbiotic relationship between
protozoa and methanogens (Dohme et al., 1999; Karnati et al., 2009), which may contribute to
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improved efficiency of feed energy utilization and decreased methane emissions from ruminants.
Therefore, the objective of this study was to test the production effects of diets supplying MP
below NRC (2001) requirements with or without supplementation of an antiprotozoal agent,
coconut oil. We hypothesized that a decrease in ruminal protozoal counts would increase
microbial protein outflow from the rumen, thus compensating for dietary MP deficiency.

Materials and Methods
Animals involved in this study were cared for according to the guidelines of the
Pennsylvania State University Animal Care and Use Committee. The committee reviewed and
approved the experiment and all procedures carried out in the study.

Animals and Experimental Design
Thirteen primiparous and 23 multiparous Holstein cows including 6 ruminally cannulated
(10-cm cannulas; Bar Diamond Inc., Parma, ID); average parity, 2.1 lactations (SD = 1.0); BW,
618 kg (SD = 84); 132 DIM (SD = 7); and milk yield of 44 kg/d (SD = 9.6) at the beginning of
the trial, were blocked into 12 blocks of 3 cows each by parity, DIM, milk production, and rumen
cannulation. Cows within each block were randomly assigned to one of the following diets fed as
TMR: (1) a diet with positive MP balance (AMP; NRC, 2001); (2) a diet deficient in MP (DMP);
or (3) the DMP diet supplemented with approximately 500 g of coconut oil/head per day
(DMPCO; Table 3-1). The feeding level of coconut oil (containing 46 g of C12:0 and 20 g of
C14:0/100 g; GloryBee Foods Inc., Eugene, OR) was chosen based on previous studies (Hristov
et al., 2009a). Although C12:0 and C14:0 were the major fatty acids (FA) in coconut oil, some
other minor FA, such as C10:0 (see Table 3-1 footnote) possess strong antiprotozoal properties
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(Hristov et al., 2004b) and may have contributed to the effect of coconut oil in this experiment.
The duration of the experiment was 10 wk, with the first 2 wk being a covariate period and the
second 2 wk an adaptation period. Data were collected from wks 5 through 10 (i.e., 42 d). Cows
were fed the control (AMP) diet during the covariate period. The diets in this experiment were
formulated to meet the nutrient requirements, except MP, of a lactating Holstein cow yielding 43
kg/d of milk with 3.6% milk fat and 3.02% milk true protein at 25 kg of DMI/d (NRC, 2001).
According to NRC (2001), the AMP diet met the MP requirements of the cows (at actual DMI
and milk yield) and the DMP and DMPCO diets were deficient in MP. All diets supplied NEL in
excess of requirements: +2.2, +3.2, and +2.3 Mcal/d for AMP, DMP, and DMPCO, respectively.
The TMR were mixed (model 1050 TMR mixer; I. H. Rissler Mfg. LLC, Mohnton, PA) every
morning and fed to the cows twice daily (at 0800 and 1500 h, approximately one-third in the
morning and two-thirds in the afternoon). Coconut oil (solid at room temperature) was placed in
an oven at 50°C to melt for at least 12 h before feeding. The liquid coconut oil was mixed with
the morning portion of the TMR only. All diets were fed ad libitum, targeting about 5 to 10%
refusals. Because of the ad libitum feeding and depression of DMI with the DMPCO diet, the
actual inclusion level of coconut oil was lower than planned and varied during the trial and
between individual cows. The average coconut oil intake throughout the trial was 499 g/head per
day (n = 516; SD = 88.5, minimum = 138, and maximum = 748 g/head per day). Coconut oil
inclusion rate was more consistent and averaged 2.3% (dietary DM basis) with standard deviation
= 0.12, minimum = 2.1%, and maximum = 2.6%. Cows were housed in a tie-stall barn during the
trial and were exercised for 1.5-h periods before each milking, which was twice daily. Cows had
free access to fresh water and received recombinant bST (Posilac; Elanco Co., Greenfield, IN;
500 mg, i.m.) every other week. As all cows were treated with bST at the same intervals during
the trial, we assumed our results were not affected by this treatment.
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Sampling and Measurements
Feed intake was monitored and recorded daily. Averaged individual cow intake and milk
yield data from wks 5 through 10 (i.e., average of 42 d) were used for the statistical analysis and
to calculate feed efficiency (milk yield ÷ DMI). Individual forage and concentrate ingredients
samples were collected once weekly and TMR and refusal samples were collected twice weekly.
Samples were composited (equal weight basis), dried to a constant weight at 65°C in a forced-air
oven for 48 h, ground in a Wiley Mill (A. H. Thomas Co., Philadelphia, PA) through a 1-mm
sieve, and submitted to Cumberland Valley Analytical Services (Maugansville, MD) for wet
chemistry analyses of CP, NDF, ADF, ether extract, Ca, and P and estimated NEL. Samples were
analyzed for total nonstructural carbohydrates (TNC) according to Smith (1981, except
ferriccyanide was used as a colorimetric indicator; see Hristov et al., 1999).
Fecal and urine samples were collected twice during the experiment, at wk 5 and 7. Fecal
samples (400 g per sampling) were collected from the rectum during the first 2 d of each
sampling week at 0700 and 1500 (d 1) and 1100 h (d 2). Samples were dried at 65°C in a forcedair oven for 48 h, composited per animal and sampling period, and then ground in a Wiley mill
through a 1-mm sieve. Samples were analyzed for DM, OM (AOAC, 2000), CP, and NDF and
ADF (Ankom A200 fiber analyzer; Ankom Technology, Macedon, NY, and Van Soest et al.,
1991). Amylase and sodium sulfide were used in the NDF analysis. Samples were analyzed for
TNC with the same procedures as described for the TMR. Samples were pulverized using a Mixer
Mill MM 200 (Retsch GmbH, Haan, Germany) for N analysis. Nitrogen was analyzed on a
Costech ECS 4010 C/N/S elemental analyzer (Costech Analytical Technologies Inc., Valencia,
CA) and multiplied by 6.25 to obtain CP. Indigestible NDF was used as an intrinsic digestibility
marker and was analyzed as described by Huhtanen et al. (1994), except 25-μm pore size filter
bags (Ankom Technology) were used for the ruminal incubation. Fecal and TMR samples
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collected during the sampling weeks were analyzed for indigestible NDF and digestibility was
calculated separately for each sampling week. Digestibility data for wk 5 and 7 were averaged for
the statistical analysis.
Spot urine samples (300 mL per sampling) were collected at the time of fecal collections
(wk 5 and 7) by massaging the vulva. Urine samples were acidified with 2M H2SO4 to a pH
<3.0, diluted 1:10 with distilled water, and stored frozen (−20°C) for later analysis of allantoin
(Chen et al., 1992), uric acid (Stanbio Uric Acid Kit 1045; Stanbio Laboratory Inc., San Antonio,
TX), urea N (UUN; Stanbio Urea Nitrogen Kit 580; Stanbio Laboratory Inc.), and creatinine
(Stanbio Creatinine Kit 0400; Stanbio Laboratory Inc.). Total N concentration in urine was
analyzed as in feces. Daily urine volume and excretion of UUN and total N were estimated from
urinary creatinine concentration, assuming a creatinine excretion rate of 29 mg/kg of BW
(Hristov et al., 2011). Urinary purine derivative (allantoin and uric acid) excretion was used to
estimate duodenal microbial N flow, as described in Hristov et al. (2009a). A ratio of purine N to
total N in rumen microorganisms of 0.134 was assumed based on the data of Valadares et al.
(1999). Urine samples were analyzed separately for each sampling week. Urine data for wk 5 and
7 were averaged for the statistical analysis.
Whole ruminal contents were collected at 2, 4, and 6 h after the morning feeding from the
ruminally cannulated cows (2 cows per treatment) in 2 consecutive days during each sampling
week (wk 5 and 7). Ruminal samples were collected from 4 locations in the rumen and the
reticulum (1 sample from the ventral sac, 2 samples from the feed mat, and 1 sample from the
reticulum; approximately 250 g each). Sample processing and analyses [pH, ammonia, total free
amino acids (TFAA), VFA, protozoal counts, and polysaccharidedegrading enzyme activities
(PSDA)] were as described elsewhere (Hristov et al., 2011). Time samples were analyzed
individually for pH, ammonia, and VFA; composited per-cow and sampling-week samples (equal
weight or volume basis) were analyzed for PSDA, protozoal counts, and TFAA. The effect of diet
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on ruminal methanogen populations was analyzed using denaturing gradient gel electrophoresis
(DGGE) analysis. Rumen samples were composited per cow (equal weight basis) and used for
DNA extraction using the repeated bead beating plus column (RBB+C) method (Yu and Morrison,
2004), and PCR thermoprofiles; DGGE conditions and cluster analysis of the banding patterns

were as explained before (Hristov et al., 2009a). The DGGE banding patterns were then used for
cluster analysis and dendrogram construction. Blood samples from the tail vein or artery were
collected 2 h after the morning feeding on 2 consecutive days during each sampling week (wk 5
and 7). Samples were centrifuged at 1,500 × g for 20 min at 4°C and frozen at −40°C for later
analysis of BUN (Stanbio Urea Nitrogen Kit 580; Stanbio laboratory Inc.) and glucose (Stanbio
Glucose kit 1075; Stanbio Laboratory Inc.). Milk yield was recorded daily. Data from wks 5
through 10 (i.e., 42 d) were averaged per cow and used in the statistical analysis and to calculate
feed efficiency. Milk samples for analysis of milk fat, true protein, lactose, and MUN
(Pennsylvania DHIA, University Park, PA) and milk FA composition (Hristov et al., 2010) were
collected at 2 consecutive milkings (p.m. and a.m.), twice per week during each sampling week
(wk 5 and 7). Consecutive milking samples were composited according to milk yield and
analyzed individually for milk composition (i.e., 4 samples per cow). Data were averaged for the
statistical analysis. Milk samples were composited per cow (equal volume basis) and one sample
was analyzed for FA.
Body weight was recorded throughout the duration of the trial. Cows were weighed using
the AfiFarm 3.04E scale system (S.A.E. Afikim, Rehovot, Israel) while exiting the milk parlor.
Averaged BW data from wks 5 through 10 (i.e., 42 d) were used in the statistical analysis.
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Statistical Analysis
All data were analyzed using PROC MIXED of SAS (SAS Institute, 2003; SAS Inst. Inc.,
Cary, NC). All data, except protozoal counts, were normally distributed (Shapiro-Wilk test from
the UNIVARIATE procedure of SAS; W ≥0.90). Milk yield, DMI, feed efficiency, and BW data
were collected from wks 5 through 10 of the experiment (i.e., 42 d), averaged, and the average
values were used in the statistical analysis. Nutrient intake and digestibility, urine excretion, and
milk composition data collected during the 2 sampling periods (wk 5 and 7) were first analyzed
with sampling week and sampling week × treatment interaction in the model. The effect of
sampling week and interaction were not significant for any of the variables and were, therefore,
removed from the final model; data were averaged per cow and the average values were used in
the statistical analysis. All data, except rumen pH, ammonia, and VFA were analyzed using the
following model:

Yijk = μ + Bi + C(B)ij + τk + eijk,

where Yijk is the dependent variable, μ is the overall mean, Bi is the block, C(B)ij is the cow
within block, and τk is the kth treatment, with the error term eijk assumed to be normally
distributed with mean = 0 and constant variance. Block and cow within block were random
effects, whereas all other factors were fixed. The DMI, milk yield, and milk composition models
included a term for the covariate measurement.
Rumen pH, ammonia, and VFA data were analyzed as repeated measures assuming an
ar(1) covariance structure. The following model was used:

Yijk = μ + Bi + τj + Bτij + Dk + τDjk + eijk,
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where Yijk is the dependent variable, μ is the overall mean, Bi is the block, τj is the
treatment, Bτij is the block × treatment interaction, Dk is the time of sampling effect, and τDjk is
the treatment × time of sampling interaction, with the error term eijk assumed to be normally
distributed with mean = 0 and constant variance. Block and block × treatment interactions were
random effects, whereas all other factors were fixed. The effect of sampling week and the week ×
treatment interaction were not significant for any of the rumen variables and were, therefore, not
included in the final model.
All models used the Kenward-Roger-method to calculate degrees of freedom. Significant
differences were declared at P ≤ 0.05. Differences at P ≤ 0.10 were considered a trend toward
significance. Means are presented as least squares means. When the main effect of treatment was
significant, means were separated by pairwise t-test (diff option of PROC MIXED).

Results
The nutrient composition of the diets (Table 3-1) was calculated based on the chemical
analyses of the individual feed ingredients and known inclusion rate in the TMR. Intake and
balance of the protein fractions and NEL were calculated based on actual DMI, milk yield, and
milk composition and calculated TMR composition. Both DMP and DMPCO were estimated to
be deficient in MP, RDP, and RUP, whereas AMP slightly exceeded the MP requirements of the
cows (NRC, 2001). All diets supplied NEL in excess of requirements (NRC, 2001).
Concentrations of fiber fractions and ether extract were similar among diets, but DMP and
DMPCO had slightly higher TNC content compared with AMP. Due to the inclusion of Megalac,
AMP and DMP diets had higher Ca content compared with the DMPCO diet, but all diets
supplied Ca in excess of requirements (from +14 to +68 g/d).
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The 2 MP-deficient diets increased (P = 0.007) rumen pH and tended to decrease (P =
0.09) ammonia concentration in ruminal fluid compared with the AMP diet (Table 3-2).
Ammonia concentration decreased (P = 0.04) with time after feeding and was consistently lower
for the MP-deficient diets throughout the sampling period (Figure 3-1). No effect of time (P =
0.22) on ruminal pH was observed. No treatment × time of sampling interaction existed for pH
and ammonia concentration (P = 0.50 and 0.48, respectively). Concentrations of TFAA did not
differ among treatments. The DMPCO diet decreased (P = 0.02) the proportion of acetate
compared with the AMP and DMP diets and increased (P = 0.05) the proportion of propionate in
the total VFA compared with the AMP diet. As a consequence, the acetate:propionate ratio was
decreased (P = 0.04) by DMPCO compared with the control. No other effects of treatment on
rumen VFA were observed. The concentration of VFA decreased (P = 0.08 to 0.007; data not
shown) with time after feeding and no treatment × time of sampling interaction (P = 0.14 to 0.69)
was observed for VFA. The DMPCO diet decreased (P = 0.05) total protozoal and Entodinium
spp. counts compared with the DMP diet, but not compared with the AMP diet. Carboxyl methyl
cellulose, xylanase, and amylase activities of ruminal contents were not affected by treatment.
Blood plasma glucose concentration was not affected by treatments, but BUN was decreased (P <
0.001) by the DMP and DMPCO diets compared with the AMP diet. Urinary allantoin, uric acid,
and total purine derivative excretion and the estimated microbial N flow were not different among
treatments.
The effect of MP supply and coconut oil supplementation on the methanogen population
in the rumen was analyzed using DGGE. About 12 to 13 bands were amplified from composited
samples (Figure 3-2). No effect of treatment on the clustering of the DGGE banding patterns was
found in the dendrogram. The addition of coconut oil did not affect the number or relative
abundance of bands in the DGGE gel.
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Intake of CP during the sampling periods (wk 5 and 7) was lower (P = 0.001) for the
DMP and DMPCO diets compared with the AMP diet (Table 3-3). Intake of DM, NDF, and ADF
tended (P = 0.09 to 0.10) to be lower for the DMP diet and particularly for the DMPCO diet
compared with the AMP diet. Intake of TNC tended to be higher (P = 0.10) for the DMP diet
compared with the DMPCO and AMP diets. Apparent total tract digestibility of DM was
decreased (P = 0.04) by the DMP diet compared with the AMP diet. Digestibility of CP was
lower (P = 0.01) for both the DMP and DMPCO diets compared with the AMP diet. Digestibility
of NDF and ADF was decreased (P < 0.001) by the DMP and DMPCO diets compared with the
AMP diet. Digestibility of TNC was not affected by treatment.
As indicated earlier, N (or CP) intake was greater (P = 0.001) for the AMP diet compared
with the DMP and DMPCO diets (Table 3-4). No differences in milk N secretion occurred among
treatments. Urinary N and UUN excretions were higher (P < 0.001) for cows fed the AMP diet
compared with cows fed the DMP and DMPCO diets, with no difference between the DMP and
DMPCO diets. As a proportion of total urinary N, UUN concentration was the highest (P <
0.001) for the AMP diet, followed by the DMPCO and DMP diets. Fecal N excretion was lower
(P = 0.01) for the DMPCO diet compared with the AMP and DMP diets. Nitrogen excreted with
feces and urine was lower (P < 0.001) for the DMP and DMPCO diets compared with the AMP
diet. As a proportion of N intake, milk N secretion was increased (P = 0.001) by the MP-deficient
diets compared with the AMP diet. Urine N excretion as a proportion of N intake was the highest
(P < 0.001) for the AMP diet, followed by the DMPCO and DMP diets. The AMP diet had lower
(P = 0.002) fecal N excretion as a proportion of N intake compared with the DMP and DMPCO
diets. Total excreta N losses and N recovered in excreta and milk as a proportion of N intake were
similar among diets.
Dry matter intake during the experimental period (wks 5 through 10) was similar between
the AMP and DMP diets (only numerically lower for the DMP diet), but was decreased (P =
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0.002) by the DMPCO diet (Table 3-5). Milk yield was decreased (P = 0.01) by both the DMP
and DMPCO diets compared with the AMP diet. Milk fat concentration and yield and 4% FCM
were lower (P = 0.01 to 0.001) for the DMPCO diet than the AMP and DMP diets. Milk urea N
concentration was decreased (P < 0.001) by both the DMP and DMPCO diets compared with the
AMP diet. Feed efficiency (milk yield ÷ DMI), milk true protein concentration and yield, lactose
concentration, milk NEL and NEL efficiency (milk NEL ÷ NEL intake), BW, and BW change
were not affected by treatment.
Few changes in milk FA composition were observed when MP supply was below NRC
(2001) requirements, but C18:1, cis-9 and C18:2,cis-9,cis-12 were reduced (P < 0.001) by the
DMP diet compared with the AMP diet (Table 3-6). As expected, dietary addition of C12:0 and
C14:0 from coconut oil significantly increased (P < 0.001) their content in milk fat. Fatty acids
<C10:0 were generally decreased (P = 0.05 to <0.001) by the DMPCO diet compared with the
DMP diet. Additionally, C18:1, cis-9 and C18:2,cis-9,cis-12 contents were decreased (P < 0.001)
with inclusion of coconut oil. In contrast, most trans FA were increased (P = 0.03 to <0.001) by
the DMPCO diet compared with the DMP diet, with the exception of C18:1 trans-11, which was
decreased (P = 0.001). Cis-9,trans-11 CLA was not influenced by dietary treatment, but trans10,cis-12 CLA was increased (P < 0.001) to detectable levels with the DMPCO diet compared
with the DMP and AMP diets.

Discussion
The reduction in MP supply with the MP-deficient diets was achieved mostly by
replacing the whole soybeans (and some of the canola meal) in the AMP diet with corn grain.
This resulted in slightly higher TNC concentration in the MP-deficient diets. This difference may
have resulted in a higher concentration of ruminally available energy with the MP-deficient diets.
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It is unlikely, however, that dietary energy was limiting microbial protein synthesis or production
in this study, as NEL supply exceeded requirements (according to NRC, 2001) for all diets.
The ruminal effects reported in this study have to be interpreted with caution due to the
very low number of experimental units (2 ruminally cannulated cows per treatment). One of the
significant effects of coconut oil in this experiment was on rumen protozoa. In previous studies,
intraruminal administration of 530 g of coconut oil eliminated approximately 83% of ruminal
protozoa (Hristov et al., 2009a). A similar dose of coconut oil decreased protozoal counts by only
38% (compared with the control diet, AMP) in the present experiment. As discussed previously
(Hristov et al., 2009a), this discrepancy is likely due to the application method of coconut oil
(intraruminal vs. TMR). In the current experiment, coconut oil would have been introduced into
the rumen gradually through the TMR consumed, resulting in a lower ruminal concentration of
C12:0 (and other coconut oil FA) throughout the feeding cycle. As coconut oil was delivered with
the morning portion of the TMR, however, it is likely that ruminal concentrations of coconut oil
FA might have been slightly higher for a portion of the feeding cycle compared with mixing the
oil with the entire TMR. A similar effect of lauric acid application mode was suggested by
Faciola et al. (2008).
The concept of this experiment was that the potential decrease in MP supply when cows
are fed a decreased- CP diet may be compensated for by increased microbial protein production
and outflow from the rumen due to the defaunating effect of coconut oil (Hristov and Jouany,
2005; Hristov et al., 2009a). In this experiment, we did not directly determine the effect of diet on
bacterial population in the rumen, but pH, acetate:propionate ratio, and some numerical
differences in PSDA could be interpreted as signs of depressed rumen bacterial activities by the
DMP diet. Coconut oil supplementation seemed to further depress rumen fermentation, based on
the numerical decreases in total VFA and acetate proportion, which is in agreement with the
literature (Dong et al., 1997; Hristov et al., 2009a). In spite of the decrease in protozoal counts in
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the DMPCO diet, microbial N flow was not different among treatments. Lauric acid numerically
(Hristov et al., 2004a; 2009a), or significantly (Hristov et al., 2011) decreased microbial N flow
in our previous experiments, but no such effect was observed for coconut oil (Hristov et al.,
2009a).
The DGGE analysis showed no specific effect of addition of coconut oil on the
methanogen populations in the rumen. Methane-suppression effects of coconut oil have been
reported both in vitro (Dong et al., 1997; Machmuller et al., 1998; Dohme et al., 2004) and in
vivo (Machmuller and Kreuzer, 1999; Hollmann et al., 2009; Hristov et al., 2009a). Based on dotblot analyses, it was previously proposed that association with protozoa accounted for 90% of the
total ruminal methanogen population (Sharp et al., 1998). Therefore, elimination of ruminal
protozoa had been proposed as a strategy to decrease methane production in the rumen. However,
more recent studies have revealed that ruminal methanogens are much more diverse than
previously thought, whether assessed by a procedure similar to DGGE (Nicholson et al., 2007) or
by a more complete analysis based on clone libraries (Wright et al., 2007).
The effect of the MP-deficient diets and coconut oil supplementation on total tract fiber
digestibility was substantial. This depression in digestibility is likely a reflection of RDP
deficiency and depressed ruminal microbial activities. The numerical trend for decreased total
VFA concentration, particularly with the DMP diet, is indicative of depressed carbohydrate
fermentation in the rumen. The numerically decreased ammonia concentration with the MPdeficient diets is also indicative of potential RDP deficiency. These trends did not reach statistical
significance due to the very low number of experimental units for the ruminal fermentation data.
Ruminal cellulolytic bacteria such as Fibrobacter succinogenes, Ruminococcus albus, and R.
flavefaciens require a certain level of degradable N (especially ammonia N) to effectively ferment
carbohydrates in the rumen (Atasoglu et al., 2001). Therefore, the tendency for lower ammonia
concentration in the DMP and DMPCO diets may be responsible for the depressed total tract fiber
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digestibility with these diets. Requirements for ammonia of the fibrolytic species and ruminal
carbohydrate availability may be interrelated. Erdman et al. (1986), for example, demonstrated
that the minimum ammonia concentrations required to maximize digestion depended on feed
fermentability; if readily degradable carbohydrates were available, higher rumen ammonia N
concentration was needed for maximum digestion. The MP-deficient diets in this experiment
contained a slightly higher concentration of TNC and may have required greater ammonia
concentration for maximum ruminal digestion compared with the AMP diet. Broderick (2003)
and Olmos Colmenero and Broderick (2006) also reported linear increases in NDF and ADF
digestion with increasing dietary CP levels. The greater apparent CP digestibility with the AMP
diet can be explained by dilution of metabolic fecal N and more digestible CP content of the
adequate- versus MP-deficient diets (Broderick, 2003; Hristov et al., 2004a). Coconut oil
supplementation did not decrease fiber digestibility compared with the DMP diet. Others have
reported decreased fiber digestibility with coconut oil supplementation both in vitro (Dong et al.,
1997; Dohme et al., 2000) and in vivo (Sutton et al., 1983; Machmuller and Kreuzer, 1999).
Rumen protozoa play an important role in fiber degradation in the rumen (Williams and Coleman,
1985) and decreased protozoal population was perhaps the reason for the lowered total tract fiber
digestibility in these studies. This effect, however, is not consistent, and in some studies, a drastic
decrease in protozoal population due to coconut oil or C12:0 supplementation did not result in
depressed fiber digestibility, suggesting perhaps a significant compensatory digestion of dietary
fiber in the lower tract (Hristov et al., 2004a, 2009a).
Due to overall depression in DMI and lower dietary CP concentration, N intake was
decreased by the MP-deficient diets. Depression of DMI with C12:0 or coconut oil was reported
by Faciola et al. (2005, 2008), Hristov et al. (2011), Machmuller and Kreuzer (1999), Hollmann
and Beede (2008), and Hollmann et al. (2009). In other studies, however, C12:0 and coconut oil
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had no effect on DMI (Hristov et al., 2009a). Again, the application method (feeding with the
TMR vs. intraruminal administration) is the likely explanation for these different responses.
Urinary N losses are more responsive to N intake than fecal N losses, or milk N secretion
(Kebreab et al., 2002). The reduction in fecal N losses with the DMPCO diet resulted from
reduced DM and N intakes. Similar to the current study, Olmos Colmenero and Broderick (2006)
also observed gradual increases of urinary N and urea N excretion with increasing dietary CP
concentrations. Urinary urea is the main precursor for ammonia emitted from manure (Hristov et
al., 2009b) and it was expected that DMP-diet manure would have lower ammonia emission than
AMP-diet manure. Indeed, our companion study showed that cumulative ammonia emissions
from manure were decreased 45% (P < 0.001) by the DMP diet compared with the AMP diet
(Lee et al., 2010). Ammonia produced by protein breakdown, microbial lysis, tissue protein
metabolism, or from recycled and unutilized urea in the rumen is primarily excreted in urine
(Muck, 1982; Reynolds and Kristensen, 2008). Reynolds and Kristensen (2008) showed that the
amount of N recycled back to the rumen is inversely related to the amount of dietary N
consumed. Apparently, compared with the AMP diet, the MP-deficient diets resulted in lowered
N intake, a more efficient utilization of dietary protein, and likely lowered ruminal ammonia
production, which led to lower urinary N losses and greater milk N efficiency. More efficient
utilization of dietary N with decreasing dietary CP concentration was also reported by Cyriac et
al. (2008).
The effects of dietary CP concentration on dairy cow performance have been well
documented. In some studies (Leonardi et al., 2003; Olmos Colmenero and Broderick, 2006),
relatively low CP diets ranging from 13.2 to 15.1% CP, did not affect production compared with
diets ranging in CP from 16 to 18%. In other studies, however, decreased dietary CP
concentration decreased milk production or milk protein content (Cressman et al., 1980; Wu and
Satter, 2000). In the present experiment, the DMP diet decreased milk yield by about 3 kg
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compared with the AMP diet. A similar effect of lowering dietary CP was reported by Cyriac et
al. (2008). The numerical decrease in DMI with the DMP diet (about 1 kg/d) was partially
responsible for the decreased milk yield in the current experiment because DMI is one of the most
important factors in controlling milk yield (Hristov et al., 2004c). Further decreases of milk
(numerical) and 4% FCM yields caused by the DMPCO diet can be also explained by the
significant decrease in DMI. Diet palatability may be partially responsible for the decreased DMI
with the DMPCO diet, but depressed rumen fermentation also can cause decreased feed intake
(Firkins et al., 1986; Allen, 2000). It is worth pointing out that NRC (2001) predicted, based on
actual nutrient intake and milk composition, MP-allowable milk yields of 38.8 ± 5.9, 29.6 ± 4.8,
and 26.2 ± 4.5 kg/d for AMP, DMP, and DMPCO diets, respectively. This represented
underestimation of the actual milk yield of the cows by 0.8, 7.1, and 8.5 kg/d, respectively.
Although the model apparently predicted closely milk yield of the cows on the AMP diet, the
underprediction for the MP-deficient diets was large. This confirms previous discussions about
deficiencies of the NRC (2001) protein model, particularly when dietary protein (or MP) intake is
below requirements. Inaccurate estimation of feed RDP, and perhaps overestimation of RDP
requirements, in addition to unaccounted physiological mechanisms such as urea recycling
(Huhtanen and Hristov, 2009), are likely responsible for the gross underprediction of milk yield
for the MP-deficient diets in this experiment.
Milk urea N concentration was decreased with the MP-deficient diets in this experiment.
Milk urea N has been extensively studied as a tool to predict feed N utilization efficiency and
losses in dairy cows (Kauffman and St. Pierre, 2001) and is clearly related to dietary CP
concentration (Olmos Colmenero and Broderick, 2006). In agreement with Agle et al. (2010) and
Olmos Colmenero and Broderick (2006), milk protein content and yield were not altered by
treatments.
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The DMPCO diet significantly depressed milk fat percentage and yields compared with
the other diets. The milk fat depressing effect of MCSFA has been consistently reported. Hristov
et al. (2009a) and Faciola et al. (2008) observed numerical or statistically significant decreases in
milk fat yield caused by C12:0 or coconut oil. Myristic acid, the other major MCSFA in coconut
oil, has no effect on milk fat content (Hristov et al., 2011) and it is apparent that the milk fat
depression observed in the current experiment was caused by the C12:0 in coconut oil. Much
larger quantities (710 g/d) of C14:0 may also cause milk fat depression (Odongo et al., 2007).
Other ruminal mechanisms, however, cannot be excluded. Shingfield and Griinari (2007), for
example, demonstrated that milk fat depression can be caused by (1) depressed fiber digestion
with low acetic acid production, thus limiting precursors for de novo synthesis of shorter-chain
milk FA, and (2) incomplete biohydrogenation in the rumen and enhanced rumen production of
some CLA isomers causing milk fat depression. Bauman and Griinari (2003) and Baumgard et al.
(2001) reported that biohydrogenation intermediates such as trans-10,cis-12 CLA are potent
inhibitors of milk fat synthesis. In the present experiment, both decreased fiber digestion and
significant increase in trans-10 C18:1 and trans-10,cis-12 CLA in milk were observed for the
cows fed the DMPCO diet.
Changes in dietary protein had minimal influence on milk FA composition. Total
polyunsaturated FA concentration was greater with the AMP diet compared with the DMP diet
and this could be related to the inclusion of whole, heat-treated soybeans. The additional fat
contained in this feed ingredient and its minimal processing would facilitate increased C18:1, cis9 and C18:2, cis-9,cis-12 for absorption (Solomon et al., 2000). Addition of coconut oil increased
the fat content of the diet and increased milk fat content of C12:0 and C14:0, the major FA
constituents of the oil. Alterations in biohydrogenation are also evident from increases in the
concentrations of trans FA and the presence of trans-10,cis-12 CLA in the milk fat of cows fed
the DMPCO diet. Reductions in de novo short-chain FA synthesis were detected and would be
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related to the milk fat depression observed with coconut oil inclusion and production of
biohydrogenation intermediates known to inhibit milk fat synthesis by mammary epithelial cells.

Conclusions
In this experiment, MP-deficient diets depressed fiber digestibility and decreased milk
production compared with an MP-adequate diet. The NRC (2001) model severely underpredicted
(7 to 8 kg/d) milk yield on the MP-deficient diets. Lowering the MP supply and dietary CP
considerably decreased urinary N and total excreta N losses and increased milk N efficiency.
Supplementing the MP-deficient diet with coconut oil decreased ruminal protozoal counts, but
depressed DMI and cow productivity. In addition, coconut oil caused milk fat depression.
Coconut oil supplementation had no effect on the methanogen population in the rumen. As
expected, coconut oil supplementation increased milk C12:0 and C14:0 content.
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Table 3-1. Ingredient and chemical composition (% of DM) of the diets fed in the trial
Diet1
DMP

Item
AMP
DMPCO
Ingredient
Corn silage2
26.0
25.1
25.2
Alfalfa haylage3
18.8
18.8
18.8
Grass hay4
5.0
5.0
5.0
Forages
49.8
48.9
49.0
Corn grain, ground
14.3
19.5
19.9
Bakery byproduct meal5
7.3
7.3
7.3
Canola meal (solvent extracted)
11.9
11.2
11.0
Cotton seed, hulls
5.3
6.2
6.1
Soybean seeds, whole, heated6
4.5
0
0
Megalac7
2.6
2.6
0
8
Coconut oil
0
0
2.3
Corn dry distiller’s grain with
1.5
1.5
1.5
solubles
Molasses9
1.5
1.5
1.5
Minerals and vitamins premix10
1.5
1.5
1.5
Composition, % of DM11
CP
16.7
14.8
14.7
RDP, %12
10.6
9.8
9.9
RUP, %12
6.1
4.9
4.8
MP, %12
10.8
9.7
9.5
RDP balance, g/d12
141
-42
-35
RUP balance, g/d12
56
-206
-381
MP balance, g/d12
44
-156
-288
NDF
31.7
31.9
31.8
ADF
21.1
21.2
21.1
NEL, Mcal/kg
1.64
1.64
1.64
NEL balance, Mcal/d12
2.2
3.2
2.3
TNC13
27.4
30.5
29.6
Ether extract
5.8
5.7
5.8
Ca
1.06
1.04
0.81
P
0.45
0.42
0.42
1
AMP = diet containing 16.7% CP; DMP = diet containing 14.8% CP; DMPCO = diet containing
14.7% CP supplemented with coconut oil.
2
Corn silage was 34.1% DM and (% of DM): 39.1% NDF and 8.3% CP.
3
Alfalfa haylage was 44.5% DM and (% of DM): 35.1% NDF and 20.5% CP.
4
Grass hay contained (% of DM): 76.8% NDF and 5.0% CP.
5
Bakery byproduct meal (Bakery Feeds, Honey Brook, PA) contained (% of DM): 13.5% CP, 8.3%
ether extract, and 13.8% NDF.
6
Contained (% of DM) 46.9% CP.
7
Megalac (Church and Dwight, Princeton NJ) contained 85% fat.
8
Coconut oil (GloryBee Foods inc., Eugene, OR) contained 46 g of lauric acid and 20 g of
myristic acid/100 g. Other major fatty acids (FA) in coconut oil were (per 100 g of FA): C16:0,
11 g; monounsaturated FA, 7 g; C8:0, 6.1 g; C10:0, 5.5 g; C18:0, 3 g; and polyunsaturated FA
(PUFA), 2 g.
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9

Molasses (Westway Feed Products, Tomball, TX) contained (% of DM): 3.9% CP and 66% total
sugar.
10
The premix contained (%, as-is basis): trace mineral mix, 0.88; MgO (54% Mg), 8.3; NaCl, 6.4;
vitamin ADE premix, 1.73; limestone, 35.8; selenium premix, 1.09; and dry corn distillers grains
with soluble, 45.8. Composition: Ca, 14.9%; P, 0.37%; Mg, 4.84%; K, 0.44%; S, 0.32%; Se, 7.04
mg/kg; Cu, 377 mg/kg; Zn, 1,146 mg/kg; Fe, 191 mg/kg; Se, 6.67 mg/kg; Co, 5.4mg/kg; vitamin
A, 125,875 IU/kg; vitamin D, 31,418 IU/kg; and vitamin E, 946 IU/kg.
11
Calculated from analyzed composition of individual feed ingredients (Cumberland Valley
Analytical Services, Maugansville, MD).
12
RDP, RUP, MP, and NEL percentages and balances (supply - requirement) were estimated
using NRC (2001) and individual cow DMI, BW, milk yield, and composition.
13
Total nonstructural carbohydrates; composite TMR samples were analyzed for TNC (see
Materials and Methods).
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Table 3-2. Effect of MP supply and coconut oil on rumen fermentation, blood metabolites and
microbial protein synthesis in dairy cows
Item
Rumen
pH
Ammonia, mM
TFAA, mM3
Total VFA,4 mM
Acetate
Propionate5
Butyrate
Iso-butyrate
Valerate
Iso-valerate
Acetate:propionate6
Total protozoa,7 × 104/mL
Entodinium spp.

AMP

Diet1,2
DMP

DMPCO

SEM

P - value

6.20b
9.70
3.04
163.6
104.0
32.7
20.3
1.34
3.14
2.12
3.16a
94.2
(5.96ab)
81.2
(5.90ab)
1.0
1.9
3.5
0.4a
6.2a

6.45a
4.08
2.36
142.1
90.3
30.0
15.5
1.41
2.96
2.04
2.98b
144.5
(6.16a)
141.9
(6.15a)
0.4
0.6
ND
NDb
1.5a

6.58a
4.11
1.41
125.5
75.8
29.4
13.6
1.43
3.11
2.36
2.61c
58.6
(5.71b)
57.4
(5.70b)
0.5
0.2
ND
NDb
0.5b

0.064
0.931
0.542
8.96
5.48
1.77
1.82
0.013
0.264
0.152
0.265
16.70
(0.123)
16.51
(0.123)
0.49
0.13
1.96
0.14
2.75

0.02
0.10
0.25
0.12
0.06
0.36
0.13
0.16
0.91
0.53
0.01
0.05
0.05
0.39
0.07
0.15
0.05
0.002

Isotricha spp.
Dasytricha spp.
Epidinium spp.
Ophryoscolex spp.
Diplodinium spp.
PSDA8
CMCase9
244.6
254.8
192.2
57.21
0.73
Xylanase
318.3
291.9
254.5
41.98
0.61
Amylase
66.2
75.9
83.5
9.56
0.52
Blood plasma, mg/dL
PUN
20.1a
12.8b
13.1b
0.79
< 0.001
Glucose
60.2
60.8
60.0
1.57
0.93
Urinary PD10, mmol/d
Allantoin
522.2
558.2
511.3
35.93
0.62
Uric acid
48.5
50.8
42.7
3.73
0.28
Total PD
570.8
609.1
553.9
38.61
0.58
Microbial N flow,11 g/d
386.1
414.6
373.7
28.11
0.58
a,bWithin a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; n = 36 for rumen pH, ammonia, and VFA data; n = 12 for rumen TFAA,
protozoa,
and PSDA data; n = 72 for blood plasma and urinary purine derivative (PD) data; n represents
number of
observations used in the statistical analysis.
2
AMP = diet adequate in MP, containing 16.7% CP; DMP = diet deficient in MP, containing 14.8%
CP;
DMPCO = the DMP diet, supplemented with coconut oil.
3
Total free amino acids.
4
AMP versus DMPCO, P = 0.02.
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AMP versus DMP, P = 0.06.
DMP versus DMPCO, P = 0.10.
7
Actual protozoal counts were log10 transformed for the statistical analysis. The standard errors
of the means for the log10-transformed data are given in parentheses. ND = not detected
(assumed 0).
8
Polysaccharide-degrading activities (expressed as nmol of reducing sugars as glucose released
per milliliter of ruminal fluid per minute).
9
Carboxymethylcellulase.
10
Excretion of urinary PD.
11
Estimated microbial N outflow from the rumen (based on urinary PD excretion).
6
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Table 3-3. Effect of MP supply and coconut oil on intake of nutrients and total tract apparent
digestibility in dairy cows
Diet1,2
DMP

Item
AMP
DMPCO
SEM
P - value
Intake, kg/d3
DM
24.0
23.4
20.8
1.07
0.09
OM
22.1
21.7
19.3
0.98
0.11
CP
4.0a
3.5b
3.1b
0.16
0.001
NDF
7.6
7.5
6.6
0.34
0.10
ADF
5.1
5.0
4.4
0.23
0.09
TNC4
6.6
7.1
6.2
0.32
0.10
Apparent digestibility, %
DM
69.7a
68.4b
69.0ab
0.37
0.04
OM
70.8
69.4
69.6
0.41
0.06
a
b
a
CP
66.8
63.6
65.6
0.63
0.01
NDF
54.0a
49.2b
48.1b
0.68
< 0.001
ADF
48.7a
41.5b
41.6b
0.98
< 0.001
TNC
85.7
87.3
87.5
0.66
0.11
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; n = 36; n represents number of observations used in the statistical analysis.
2
AMP = diet adequate in MP, containing 16.7% CP; DMP = diet deficient in MP, containing 14.8%
CP; DMPCO = the DMP diet, supplemented with coconut oil.
3
Intake during sampling weeks.
4
Total nonstructural carbohydrates.
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Table 3-4. Effect of MP supply and coconut oil on milk N secretion and urinary and fecal N
losses in dairy cows
Diet1,2
DMP
554.6b

Item
AMP
DMPCO SEM P - value
3
a
N intake, g/d
640.7
488.9b
25.93 0.001
N secretion and excretion, g/d
Milk N
175.0
174.3 169.8
6.22
0.81
Urine N
194.1a
122.2b 123.2b
8.88 < 0.001
UUN,4 g/d
153.3a
69.2b
80.7b
5.17 < 0.001
a
c
b
UUN ÷ total urinary N, %
80.5
56.5
66.3
2.42 < 0.001
a
a
b
Fecal N
213.2
206.9 172.7
9.52
0.01
Total excreta N losses5
407.3a
329.2b 299.8b
17.00 < 0.001
As proportion of N intake, %
Milk N
27.6b
32.0a
35.1a
1.36
0.001
a
c
b
Urine N
30.1
22.4
25.1
1.06 < 0.001
Fecal N
33.2b
37.9a
35.7a
0.83
0.002
Total excreta N losses
63.3
60.3
61.3
1.55
0.37
6
Total N recovered in excreta and milk
92.2
94.2
95.3
2.22
0.52
a-c
Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; n = 36; n represents number of observations used in the statistical analysis.
2
AMP = diet adequate in MP, containing 16.7% CP; DMP = diet deficient in MP, containing 14.8%
CP;
DMPCO = the DMP diet, supplemented with coconut oil.
3
Crude protein intake during sampling weeks ÷ 6.25.
4
Urinary urea nitrogen.
5
Total excreta N losses = urine N + fecal N.
6
Total N recovered in excreta and milk = urine N + fecal N + milk N.
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Table 3-5. Effect of MP supply and coconut oil on milk yield and composition in dairy cows
Diet1,2
Item
AMP
DMP
DMPCO
SEM
P - value
3
a
a
b
DM intake, kg/d
24.7
23.8
21.6
0.60
0.002
Milk yield,3 kg/d
39.3a
36.2b
34.4b
1.06
0.01
Milk ÷ DMI
1.61
1.56
1.61
0.04
0.60
Milk fat, %
3.61a
3.73a
3.05b
0.11
0.001
Yield, kg/d
1.40a
1.33a
1.08b
0.06
0.001
a
a
b
4%-FCM, kg/d
36.7
34.4
30.3
1.25
0.01
Milk true protein, %
2.97
3.03
3.04
0.04
0.38
Yield, kg/d
1.11
1.13
1.07
0.05
0.82
Milk lactose, %
4.72
4.71
4.73
0.03
0.93
Milk NEL,4 Mcal/d
25.4
25.2
22.1
1.35
0.17
Milk NEL as % of intake
65.4
63.2
62.0
2.82
0.63
a
b
b
MUN, mg/dL
12.5
8.3
9.5
0.34
< 0.001
BW, kg
648
640
649
4.9
0.27
BW change, kg
18.2
19.6
22.2
8.68
0.90
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; n = 36; n represents number of observations used in the statistical analysis.
2
AMP = diet adequate in MP, containing 16.7% CP; DMP = diet deficient in MP, containing 14.8%
CP;
DMPCO = the DMP diet, supplemented with coconut oil.
3
Averaged DMI and milk yield for the experimental period (42 d).
4
Milk NEL (Mcal/d) = kg of milk × (0.0929 × % fat + 0.0563 × % true protein + 0.0395 × %
lactose) (NRC, 2001).
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Table 3-6. Effect of MP supply and coconut oil on milk fatty acid composition (g/100 g of total
fatty acids) in dairy cows
Diet1,2
Fatty acid
AMP
DMP
DMPCO
SEM
P - value
4:0
4.16a
3.83a
2.88b
0.214 < 0.001
6:0
1.82a
1.87a
1.36b
0.121
0.01
ab
a
8:0
0.88
0.97
0.73b
0.067
0.05
10:0
1.74
2.04
1.77
0.146
0.27
12:0
1.96c
2.46b
7.25a
0.156 < 0.001
14:0
6.91c
7.99b
11.54a
0.183 < 0.001
b
b
14:1
0.71
0.99
1.66a
0.115 < 0.001
15:0
0.56b
0.62b
0.73a
0.021 < 0.001
16:0
26.47b
27.74a
25.56b
0.350 < 0.001
b
b
a
16:1
1.45
1.82
2.43
0.154 < 0.001
17:0
0.34a
0.32a
0.29b
0.007 < 0.001
18:0
9.82a
8.67a
6.46b
0.468 < 0.001
18:1, trans 6-8
0.74b
0.75b
1.01a
0.076
0.03
18:1, trans 9
0.52b
0.53b
0.71a
0.049
0.02
b
b
a
18:1, trans 10
0.89
1.29
5.55
0.635 < 0.001
18:1, trans 11
1.76a
1.50a
1.05b
0.124
0.001
18:1, trans 12
0.88
0.91
0.84
0.036
0.39
18:1, cis 9
30.27a
28.38b
21.38c
0.580 < 0.001
18:2, cis 9, cis 12
4.23a
3.36b
2.59c
0.104 < 0.001
a
a
b
20:0
0.16
0.15
0.11
0.006 < 0.001
18:3
0.35
0.31
0.27
0.035
0.25
CLA- cis 9, trans 11
0.81
0.80
0.68
0.067
0.38
CLA- trans 10, cis 12
0.00b
0.00b
0.04a
0.004 < 0.001
Ʃ unidentified
2.58b
2.69b
3.14a
0.090 < 0.001
3
Ʃ saturated fatty acids
54.82
56.68
58.65
1.086
0.05
b
b
a
Ʃ trans fatty acids
5.59
5.77
9.86
0.778
0.001
Ʃ MUFA4
37.21
36.16
34.63
0.936
0.15
Ʃ PUFA4
4.58a
3.67b
2.85c
0.117 < 0.001
a-c
Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; n = 36; n represents number of observations used in the statistical analysis;
ND = not detected.
2
AMP = diet adequate in MP, containing 16.7% CP; DMP = diet deficient in MP, containing 14.8%
CP;
DMPCO = the DMP diet, supplemented with coconut oil.
3
AMP versus DMPCO, P = 0.02.
4
MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids.
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Figure 3-1. Effect of MP supply and coconut oil on ruminal ammonia concentration in dairy cows
(means ± SE; effect of treatment, P = 0.09; effect of time of sampling, P = 0.006; treatment time
interaction, P = 0.32). AMP = diet adequate in MP, containing 16.7% CP; DMP = diet deficient
in MP, containing 14.8% CP; DMPCO = the DMP diet, supplemented with coconut oil.
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Figure 3-2. Denaturing gradient gel electrophoresis profiles of methanogens produced from
community DNA samples from whole ruminal contents from cows fed: AMP = diet containing
16.7% CP; DMP = diet deficient in MP, containing 14.8% CP; DMPCO = the DMP diet
supplemented with coconut oil. The lanes are labeled with the cow number, period number, and
treatment (P represents sampling week, wk 5 and 7). The calculated similarity coefficients
determined using Bionumerics software are shown on the top left-hand side.

Chapter 4
EFFECT OF METABOLIZABLE PROTEIN SUPPLY AND AMINO ACID
SUPPLEMENTATION ON NITROGEN UTILIZATION, MILK
PRODUCTION AND AMMONIA EMISSIONS FROM MANURE IN
DAIRY COWS

Abstract
Two experiments were conducted with the objectives of investigating the effects of
rumen-protected Met (RPMet) supplementation of metabolizable protein (MP)-deficient or MPadequate diets on dairy cow performance. Experiment 1 utilized 36 Holstein dairy cows blocked
in 12 blocks of 3 cows each. Cows within block were assigned to one of the following dietary
treatments: (1) MP-adequate diet [AMP; positive MP balance according to NRC (2001)]; (2) a
MP-deficient diet (DMP) supplemented with 100 g of rumen-protected Lys (RPLys)/cow per day
(DMPL); and (3) DMPL supplemented with 24 g of RPMet/cow per day (DMPLM). Experiment
2 utilized 120 Holstein cows assigned to 6 pens of 20 cows each. Pens (3 per treatment) were
assigned to one of the following dietary treatments: (1) AMP diet supplemented with 76 g
RPLys/head per day (AMPL); and (2) AMPL (74 g RPLys/head per day) supplemented with 24 g
RPMet/head per day (AMPLM). Each experiment lasted for 10 wk (2 wk adaptation and 8 wk
experimental periods) following a 2-wk covariate period (i.e. a total 12 wks). In Exp. 1, the MPdeficient diets decreased apparent total tract nutrient digestibility but had no statistical effect on
dry matter intake (DMI), milk yield, and milk fat percentage and yield. Compared with AMP, the
MP-deficient diets decreased milk protein content (except DMPLM) and milk protein yield.
Urinary N losses and milk urea-N concentration were decreased by the MP-deficient diets
compared with AMP. The ammonia emitting potential of manure from the MP-deficient diets was
dramatically decreased compared with AMP manure. Plasma Lys and Met concentrations were
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not affected by treatment, but His, Thr, and Val concentrations were lower for the MP-deficient
diets compared with AMP. In Exp. 2, the AMPLM diet had lower milk yield than AMPL due to
numerically lower DMI; no other production effects were observed in Exp. 2. In conclusion,
feeding MP-deficient diets, supplemented with RPLys and RPMet did not statistically decrease
milk yield in dairy cows in these experiments. However, without RPMet supplementation, milk
protein content was significantly decreased compared with the MP-adequate diet. Data suggest
that other amino acids, especially His may be limiting milk production in MP-deficient, corn/corn
silage-based diets. A summary of 97 individual cow data suggested the NRC (2001) model underpredicts milk yield in cows fed MP-deficient diets (MP balance of - 20 to - 666 g/d) in a linear
manner: milk yield under-prediction [NRC (2001) MP-allowable milk yield, kg/d – actual milk
yield, kg/d] = 0.0991 (± 0.0905) + 0.0230 (± 0.0003) × MP balance, g/d (R2 = 0.99, P < 0.001).
Key words: metabolizable protein, rumen-protected methionine, rumen-protected lysine, dairy
cow

Introduction
Reducing dietary CP concentration for lactating dairy cows has received increased
consideration due to rising feed cost and environmental impacts of dairy operations. According to
the U.S. Environment Protection Agency (USEPA, 2004), ammonia emitted from animal feeding
operations accounts for about 50% of the total anthropogenic ammonia emissions causing
eutrophication, soil acidification, and impaired visibility. Furthermore, ammonia in the
atmosphere is a major source of PM2.5 (particulate matter ≤ 2.5 µm in diameter) posing risk to
human health (USEPA, 2004). Recently, Hristov (2011a) estimated that ammonia emitted from
livestock operations may contribute up to 20% of atmospheric PM2.5 in certain areas of the U.S.
(Northcentral, cool weather). Reducing dietary CP concentration has been recognized as a

116
powerful strategy to reduce N excretion, through a marked reduction of urinary urea excretion
(Raggio et al., 2004; Agle et al., 2010) and consequently ammonia emissions from dairy manure
(van der Stelt et al., 2008; Agle et al., 2010). However, lowering dietary CP concentration may
result in MP supply below requirements (e.g. NRC, 2001) and compromise cow productivity by
decreasing milk and milk protein yields (Lee et al., 2011b; Cabrita et al., 2011).
In addition to total MP supply, the supply of individual AA may also affect cow
productivity. Methionine has been estimated to be the first limiting AA in typical North American
diets (NRC, 2001), and therefore supplementation with rumen-protected Met (RPMet) has been
proposed to improve production in dairy cows fed such diets. However, performance results with
RPMet supplementation have been inconsistent (Patton, 2010; Robinson, 2010). Positive
production responses (milk yield, milk fat, and milk protein) to RPMet supplementation have
been reported (Samuelson et al., 2001; Leonardi et al., 2003; Berthiaume et al., 2006), whereas no
response or even negative results have been published as well (Davison et al., 2008; Socha et al.,
2005; Benefield et al., 2009). These discrepancies among studies have not been fully understood,
but the level of dietary protein supply may be a factor. For example, protein supply in excess of
requirements increased oxidation rates of some essential AA in the gut epithelium, liver, and
peripheral tissues resulting in low conversion efficiency for production (Lapierre et al. 2006).
Thus, supplemental RPMet could be more effective when cows are fed low-protein diets.
However, most of the research on supplemental RPMet has been conducted with protein-adequate
diets usually considered deficient in Met (Patton, 2010). Very few studies have investigated the
effect of RPMet supplementation of protein-deficient diets (e.g. Piepenbrink et al., 1996;
Broderick et al., 2008).
The hypothesis of the first experiment presented here was that RPMet supplementation of
a MP-deficient diet would maintain milk production and composition similar to a MP-adequate
diet, provided that Lys requirements were met, with the environmental benefits of reduced N
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excretion and ammonia emission from manure. The hypothesis tested in the second experiment
was that RPMet supplementation would increase milk and milk protein yields in cows fed MPadequate, but Met-deficient diet. The specific objectives of the experiments were to investigate
the effects of supplementation of MP-deficient or MP-adequate diets with RPMet and rumenprotected Lys (RPLys) on milk production and composition, N utilization, and ammonia emitting
potential (AEP) of manure in dairy cows.

Materials and Methods
Animals involved in these experiments were cared for according to the guidelines of the
Pennsylvania State University Animal Care and Use Committee. The committee reviewed and
approved the experiments and all procedures carried out in the study.

Animals and experimental design
Experiment 1. This experiment utilized 36 Holstein dairy cows (21 primiparous and 15
multiparous): parity, 1.8 lactations (SD = 1.1); BW, 605 kg (SD = 73); DIM, 126 d (SD = 37);
and milk yield at the beginning of the trial, 42 kg/d (SD = 6.9). Cows were blocked by DIM,
lactation, and milk yield (i.e. 12 blocks of 3 cows each), and cows within block were randomly
assigned to one of the following treatments: (1) MP-adequate diet [AMP; slightly positive MP
balance (+26 g MP/d) according to NRC (2001) and based on actual feed intake and milk
production and composition throughout the trial, see Table 4-1]; (2) a MP-deficient diet (DMP)
providing 89% of MP requirements of the cows supplemented with 100 g of RPLys/cow per day
(DMPL); and (3) DMPL supplemented with 24 g of RPMet/cow per day (DMPLM).
AminoShure-L (Balchem Corporation, New Hampton, NY) and Mepron (Evonik Industries AG,
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Hanau, Germany) were used as sources of RPLys and RPMet, respectively. The application rates
of RPLys (100 g/head per day) and RPMet (24 g/head per day) were designed to meet the
requirements of digestible Lys (dLys) and Met (dMet) for cows fed the DMPL and DMPLM
diet, respectively. Digestible Lys and dMet requirement were assumed as 6.6% and 2.2% of the
MP requirements, respectively (Schwab et al., 2005). The supply of dLys and dMet from
AminoShure-L and Mepron were estimated at 24 and 15 g/cow per day using the manufacturers'
data (AminoShure-L, 38% Lys and 64% bioavailability; Mepron, 85% Met and 72%
bioavailability). The diets were formulated using NRC (2001) to meet the nutrient requirements,
except MP, of a lactating Holstein cow yielding 42 kg/d of milk with 3.6% milk fat and 3.05%
milk true protein at 27 kg of DMI/d and 635 kg of BW. Protein supplies and AA balances (Table
4-1) were estimated using NRC (2001) with actual individual cow information (DMI, milk yield,
milk composition and BW) and based on actual AA contents of individual feed ingredients.
The experiment lasted for 10 wk (2 wk adaptation and 8 wk experimental periods)
following a 2-wk covariate period (i.e. a total 12 wk). The diets were fed as TMR once daily at
08:00 h targeting 10% refusals. The TMR were mixed every morning using a Kuhn Knight Model
3142 Reel Auggie Mixer Wagon (Broadhead, WI). The RPLys and RPMet were top-dressed,
mixed with a small portion of the diet, immediately after cows had access to the TMR.
Experiment 2. One hundred twenty lactating Holstein dairy cows (74 multiparous and 46
primiparous) were utilized in this experiment. Cows were assigned to 6 pens of 20 cows each,
based on parity (average ± SD; 2.2 lactations ± 1.3), DIM (107 d ± 68) and milk yield (42 kg/d ±
8) at the beginning of the trial. Pens (3 per treatment) were assigned to one of the following
treatments (Table 4-2): (1) AMP diet supplemented with 76 g RPLys/head per day (AMPL); and
(2) AMPL (74 g RPLys/head per day) supplemented with 24 g RPMet/head per day (AMPLM).
As in Exp. 1, AminoShure-L and Mepron were used to provide RPLys and RPMet. The diets
were formulated to meet the nutrient requirements of a lactating Holstein cow yielding 42 kg/d of
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milk, with 3.6% milk fat and 3.10% milk true protein at 28 kg of DMI/d and 635 kg of BW
(NRC, 2001). Metabolizable protein and dLys and dMet supplies and balances were estimated
with actual DMI, milk yield, milk composition, BW and AA contents of individual feed
ingredients using NRC (2001). The diets were fed as TMR (Kuhn Knight Mixer Wagon) ad
libitum once daily at 07:00 h targeting 10% refusals. The RPMet and RPLys were mixed with the
mineral and vitamin premix (Cargill Animal Nutrition, Martinsburg, PA) and fed to cows with the
TMR.
This experiment lasted for 10 wk including 2 wk adaptation and 8 wk experimental
periods following a 2-wk covariate period.

Sampling and Measurements
Experiment 1. During the entire experiment, TMR offered and refusals were monitored
and recorded daily. Total mixed ration and refusal samples were collected twice weekly and
composited (equal weight basis) by wk and treatment. Samples were dried for 48 h at 65°C in a
forced-air oven and ground in a Wiley Mill (A. H. Thomas Co., Philadelphia, PA) through a 1mm sieve. Samples were submitted to Cumberland Valley Analytical Services (Maugansville,
MD) for wet chemistry analyses of CP, NDF, ADF, Ca, and P and estimated NEL (details
at: http://www.foragelab.com/pdf/CVAS_Proceedure_References.pdf, accessed Jan 16, 2012).
Individual feed ingredients were analyzed for AA profile (AOAC, 1995; European Commission,
2009) by Evonik Industries AG. Cows were milked twice daily (05:00 and 17:00 h) and milk
yields of individual cows were recorded daily. Feed efficiency was calculated by dividing milk
yield by DMI. Milk yield, DMI, and feed efficiency data for 48 d (experimental wk 4 through 10)
were used for the statistical analysis. Individual forage and concentrate feed ingredients were
sampled weekly and frozen at -20°C.
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Spot fecal samples (about 500 g per sampling) were collected 8 times during the first 3 d
of experimental wk 7 and 9 (10:00, 16:00 and 22:00 h on d 1, 04:00, 13:00 and 19:00 h on d 2
and 01:00 and 08:00 h on d 3) from the rectum or from the ground when fresh. About 400 g of
each fecal sample were dried at 65°C in a forced-air oven for 48 h and then composited (equal
dry weight basis) by cow and wk. The composite fecal samples were analyzed for DM, OM, CP,
NDF and ADF. Aliquots of the fresh fecal samples (about 100 g/sample) were composited (equal
wet weight basis) by cow and treatment and immediately frozen at -20°C until used for analyzing
AEP of manure. Dry matter and OM of feces were determined following the procedure of AOAC
(2000) and NDF and ADF were analyzed using Ankom’s A200 fiber analyzer (Ankom
Technology, Macedon, NY) based on the procedure described by Van Soest (1991) with amylase
and sodium sulfide used in the NDF analysis. Aliquots of the composite fecal samples were
pulverized using a Mixer Mill MM 200 (Retsch GmbH, Haan, Germany) for N analysis using a
Costech ECS 4010 C/N/S elemental analyzer (Costech Analytical Technologies Inc., Valencia,
CA), and CP was calculated by multiplying by 6.25. Indigestible NDF was used as an intrinsic
digestibility marker and analyzed according to Huhtanen et al. (1994), except 25-μm pore size
filter bags (Ankom Technology) were used for the ruminal incubation. Fecal and TMR samples
collected during the sampling wk were analyzed for indigestible NDF, and total tract apparent
digestibility was calculated based on indigestible NDF concentration in TMR and feces
(Schneider and Flatt, 1975).
Spot urine samples (about 300 mL per sampling) were collected during wk 7 and 9 at the
same times as for the fecal samples by massaging the vulva. Aliquots of the urine samples were
immediately acidified with 2M H2SO4 to a pH < 3.0, diluted 1:10 with distilled water and stored
frozen at -20°C. Aliquots of unacidified urine samples were immediately frozen at −20°C for
determining AEP of manure. Acidified urine samples were thawed, composited by cow, wk, and
treatment and analyzed for allantoin (Chen et al., 1992), uric acid (Stanbio Uric Acid Kit 1045;
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Stanbio Laboratory Inc., San Antonio, TX), urea-N (UUN; Stanbio Urea Nitrogen Kit 580;
Stanbio Laboratory Inc.), and creatinine (Stanbio Creatinine Kit 0400; Stanbio Laboratory Inc.).
Aliquots (80 µL) of the acidified urine samples were freeze-dried, and total N concentration was
determined using Costech ECS 4010 C/N/S elemental analyzer. Urinary creatinine concentration
was used to estimate daily urine volume, assuming a creatinine excretion rate of 29 mg/kg of BW
(Hristov et al., 2010). Estimated urine output was used to calculate daily total N, UUN and purine
derivatives (PD; allantoin and uric acid) excretions.
The AEP of manure was analyzed using a steady-state flux chamber system as described
by Hristov et al. (2011a).
Blood samples were collected from the tail vein or artery 4 times for 2 consecutive d (at
11:00 and 16:00 h on d 1 and 14:00 and 20:00 h on d 2) during each sampling wk (wk 7 and 9).
Samples were immediately processed to collect plasma by centrifugation at 1,500 × g for 15 min
and plasma was frozen at −20°C. Aliquots of the individual plasma samples were analyzed for
urea-N (Stanbio Urea Nitrogen Kit 580; Stanbio Laboratory Inc.). Aliquots of the plasma samples
were composited by cow and sampling wk and analyzed for plasma AA (AOAC, 1995; European
Commission, 2009)
Milk samples were collected at 2 consecutive milkings (p.m. and a.m.) during wk 2 of the
covariate period and wk 4, 6, 8 and 10 of the experimental period. Samples were placed in tubes
containing 2-bromo-2-nitropropane-1,3-diol for analysis of milk fat, true protein, lactose, and
MUN (Pennsylvania DHIA, University Park, PA) using infrared spectroscopy (MilkoScan 4000;
Foss Electric, Hillerød, Denmark). Milk composition data of consecutive milking samples were
averaged according to milk weights and the average values were used in the statistical analysis
(i.e. 4 observations per cow).
Cow BW were recorded throughout the trial using AfiFarm 3.04E scale system (S.A.E.
Afikim, Rehovot, Israel) while exiting the milk parlor. Body weight data for experimental wk 4
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through 10 (i.e. 48 d) were used in the statistical analysis. Body weight change was calculated for
individual cows by the difference between average BW during the first 2 wk and average BW for
the last wk of the experimental period. Body condition scores were evaluated and recorded by one
trained person twice throughout the trial (covariate period and wk 9) on a 1-to-5 scale [1 =
emaciated, 5 = extremely fat; NRC (2001)].
Experiment 2. Total mixed ration offered and refusals were monitored and recorded 3
times per wk on a pen basis. Samples of TMR and refusal were collected twice weekly and
composited (equal weight basis) by pen and wk. Samples were dried for 48 h at 65°C in a forcedair oven, and ground in a Wiley Mill through a 1-mm sieve. The dried samples were analyzed
using wet chemistry for CP, NDF, ADF, Ca, P and estimated NEL (Cumberland Valley Analytical
Services). Individual feed ingredients were analyzed for AA profile (AOAC, 1995; European
Commission, 2009). Cows were milked twice daily (05:00 and 17:00 h) and individual milk
yields were recorded daily. Individual milk yield and DMI data were composited by pen and wk
(i.e. wk 3 to 10) and feed efficiency was calculated as milk yield ÷ DMI.
Milk samples were collected from individual cows as in Exp. 1 and analyzed for milk fat,
true protein, lactose, MUN, SCC, and total solids by Pennsylvania DHIA. Milk composition data
of consecutive milkings were averaged according to milk weights and individual cow data were
averaged by pen and sampling wk for the statistical analysis (i.e. 4 observations per pen).
Body weight of individual cows was recorded daily as in Exp 1. Data were composited
by pen and wk for the statistical analysis. Body condition scores were recorded as in Exp 1.

Statistical analysis
All data were analyzed using PROC MIXED of SAS (SAS, 2003).
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Experiment 1. Dry matter intake, milk yield, feed efficiency, BW, and milk composition
data were analyzed as repeated measures assuming an ar(1) covariance structure. The following
model was used:
Yijk = µ + Bi + τj + Bτij + Dk + τDjk + eijk
where Yijk is the dependent variable, µ is the overall mean, Bi is the block, τj is the jth
treatment, Bτij is the block × treatment interaction, Dk is the day, and τDjk is the treatment × day
interaction with the error term eijk assumed to be normally distributed with mean = 0 and constant
variance. Block and block × treatment effects were random while all others were fixed.
Urinary PD excretion, nutrient intakes, total tract apparent digestibility, urinary and fecal
N losses, PUN, and plasma AA data were analyzed using the following model;
Yijk = µ + Bi + τj + Bτij + Wk + τWjk + eijk
where Yijk is the dependent variable, µ is the overall mean, Bi is the block, τj is the jth
treatment, Bτij is the block × treatment interaction, Wk is the sampling wk, and τWjk is the
treatment × wk interaction with the error term eijk assumed to be normally distributed with mean =
0 and constant variance. Block and block × treatment were random effects while all others were
fixed. Body weight change, BCS, and AEP data were analyzed with the same model without
sampling wk and treatment × wk interaction.
Experiment 2. In Exp. 2 pen was the experimental unit. Dry matter intake, milk yield and
composition, feed efficiency, and BW data were analyzed as repeated measures assuming an ar(1)
covariance structure. The following model was used:
Yijk = µ + Pi + τj + Pτij + Wk + τWjk + eijk
where Yijk is the dependent variable, µ is the overall mean, Pi is the pen, τj is the jth
treatment, Pτij is the pen × treatment interaction, Wk is the wk, and τWjk is the treatment × wk
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interaction with the error term eijk assumed to be normally distributed with mean = 0 and constant
variance. Pen and pen × treatment were random effects while all others were fixed.
All models used the Kenward-Roger-method to calculate degrees of freedom. Significant
differences were declared at P ≤ 0.05. Differences at 0.05 < P ≤ 0.10 were considered as a trend
toward significance. When the main effect of treatment was significant, means were separated by
pairwise t-test (pdiff option of PROC MIXED).

Results
The nutrient compositions of the diets fed in Exp. 1 and 2 are presented in Table 4-1 and
4-2. In Exp. 1, the AMP diet provided adequate MP to the cows, while DMPL and DMPLM were
about 12% MP-deficient. Digestible Lys balance was close to zero for DMPL and slightly below
NRC (2001) requirements for AMP (-2%) and DMPLM (-3%). The DMPLM diet was balanced
on dMet, while AMP and DMPL were about 19 and 27% dMet deficient, respectively. Cows in
Exp. 1 consumed about 2 kg dietary DM less than expected. In Exp. 2, as intended, both diets
were adequate in MP and dLys supply was slightly below NRC (2001) requirements (-5%).
RPMet supplied about 10 g/d dMet in the AMPLM diet. As in Exp. 1, dLys supply was slightly
below NRC (2001) requirements (about 95% of requirements) because actual milk yield was
about 3 kg greater than expected. Digestible Met supply was 76% of requirements for AMPL and
92% for AMPLM. All diets (Exp. 1 and 2) supplied NEL in excess of requirements (NRC, 2001),
but the NEL balance was greater for the MP-adequate than the MP-deficient diets.
Experiment 1. The MP-deficient diets decreased or tended to decrease (P < 0.001 to
0.06) intakes of DM, OM, NDF, ADF and CP compared with AMP (Table 4-3). Nutrient intakes
were similar between DMPL and DMPLM. Total tract apparent digestibilities of all nutrients
were decreased (P < 0.001) by DMPL and DMPLM compared with AMP. Digestibilities were
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not different between DMPL and DMPLM. There were significant (P < 0.001 to 0.05) treatment
× sampling wk interactions for NDF and ADF intakes and total tract apparent digestibility of all
nutrients. Examination of the data, however, showed similar trends for decreased nutrient intakes
and total tract digestibilities with DMPL and DMPLM vs. AMP for both sampling wk and no
differences between the 2 MP-deficient diets.
Compared with AMP, the MP-deficient diets decreased (P < 0.001) N intake, urinary N
and UUN excretion, and the proportion of UUN in urinary N (Table 4-4). Total excreta N losses
were also deceased (P = 0.002) by the MP-deficient diets. Milk N secretion and fecal N excretion
were not affected by treatment. As a proportion of N intake, milk N secreted was greater (P =
0.02) for DMPLM compared with AMP. As proportion of N intake, urinary N excretion was
decreased (P = 0.002) and fecal N excretion was increased (P < 0.001) with the MP-deficient
diets, compared with AMP. As a result, total excreta N as a proportion of N intake were similar
among diets. The recovery of N was close to 100% with the MP-deficient diets and was greater
(P < 0.001) than for AMP. Urine output tended to be decreased (P = 0.06) for the MP-deficient
diets, compared with AMP and so was total urinary PD excretion (P = 0.09). Plasma urea-N
concentration was also decreased (P = 0.006) by the MP-deficient diets, compared with AMP.
Dry matter intake, milk, 4% FCM, and ECM yields, feed efficiency, and milk fat and
lactose concentrations and yields were not affected by diet (Table 4-5). Milk true protein content
was decreased (P = 0.046) by DMPL, but not DMPLM, compared with AMP. Milk protein yield
was lower (P = 0.047) for the MP-deficient diets, compared with AMP. Milk urea N content
tended to decrease (15 to 16%; P = 0.10) with the MP-deficient diets, compared with AMP. Body
weight and BCS of the cows were not affected by diet, but cows fed the MP-deficient diets gained
less (P = 0.008) during the trial compared with cows fed the AMP diet.
Plasma Lys and Met concentrations were not affected by diet (Table 4-6). Concentrations
of Thr, Arg, Val, His, Phe, Gln, EAA (minus Lys and Met; EAA-LM), and EAA were decreased
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or tended to be decreased (P = 0.001 to 0.09) by the MP-deficient diets, compared with AMP.
Most other AA (except Gly and Glu) were numerically decreased with the MP-deficient diets.
There were no differences in plasma AA profile between DMPL and DMPLM. There were
treatment × sampling wk interactions for some AA (His and Tyr, P = 0.02 and 0.03,
respectively), but examination of the data showed similar trends for both sampling wk.
The rate of ammonia volatilization from manure was decreased by the MP-deficient diets,
compared with AMP: 7.0 and 7.8 vs. 11.8 mg/kg per h, respectively (P < 0.001; Figure 4-1A).
The 24-h, cumulative AEP of manure was also dramatically decreased (67 and 75 vs. 113 mg/d, P
< 0.001) by DMPL and DMPLM, compared with AMP (Figure 4-1B). There was no difference in
the AEP of manure between DMPL and DMPLM.
Experiment 2. Dry matter intake did not differ statistically between treatments in Exp. 2,
but was numerically lower (by 1 kg/d) for AMPLM, compared with the AMPL diet, which likely
resulted in lower (P = 0.02) milk yield, but numerically greater FCM and ECM feed efficiency
with the former diet (Table 4-7). Fat-corrected (4%) milk yield, ECM, milk composition, and cow
BW and BCS were not different between diets.

Discussion
Dietary protein is the main factor determining milk N efficiency and N losses in dairy
cows (Huhtanen and Hristov, 2009). If MP supply is reduced below requirements, however, the
cow may not be able to sustain long-term milk production and may reduce milk protein
concentration and output. Our previous experiments (Lee et al., 2011b) indicated that a diet
deficient in MP (14.8% CP; -156 g/d MP balance) significantly decreased milk yield compared
with a MP-adequate diet (16.7% CP; +44 g/d of MP balance). Cabrita et al. (2011) also reported
depressed milk and 4% FCM yields and milk protein yield when cows were fed a 14.3% CP diet
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compared with a 15.7% CP diet, despite an effort to balance absorbable AA. In other cases,
however, supplementation of lower CP diets with rumen-protected AA successfully maintained
milk and milk protein yields (Broderick et al., 2008, 2009).
Ruminally degradable protein deficiency may suppress microbial activities, which in turn
may cause decreased feed intake (Weigel et al., 1997; Allen, 2000). In agreement with this, feed
intake was decreased with the MP-deficient diets during the digestibility measurements in Exp. 1.
Covariate-adjusted DMI throughout the trial was similar between diets, but actual intake was
numerically lower for the MP-deficient diets compared with the control (see Table 4-5 footnotes).
This is consistent with previous reports (Lee et al., 2011b; Cabrita et al., 2011), although Olmos
Colmenero and Broderick (2006) did not observe decreased intake with dietary CP as low as
13.5%, or DMI was decreased only numerically by a 12.5% CP diet (Kröeber et al., 2000a).
Likely a result of depressed ruminal microbial activities, total tract digestibility of all nutrients
was decreased with the MP-deficient diets. Lee et al. (2011b) and Broderick et al. (2008) also
reported depressed nutrient digestibility (especially fiber) when lowering dietary CP
concentrations. Fiber digestibility was decreased the most by the MP-deficient diets in the current
experiment, which is a clear indication of RDP deficiency. As reported by Russell et al. (1992),
ruminal fibrolytic bacteria are most sensitive to RDP deficiency. Another factor likely negatively
affecting ruminal microbial activities with the MP-deficient diets was the lower DMI.
Fermentable energy is the primary factor driving microbial fermentation in the rumen (NRC,
2001) and a 1.5 to 2 kg drop in DMI (as in Exp. 1) would likely impair microbial fermentation
and protein synthesis. Indeed, urinary excretion of purine derivatives was between 10 and 13%
lower for the MP-deficient diets, which was close to the NRC (2001)-predicted decrease in
microbial protein flow compared with the AMP diet (1,879 vs. 2,178 g/d, respectively).
Supplementation with RPMet was not expected to affect nutrient intakes or digestibility and this
lack of effect is in agreement with most of the literature (e.g., Broderick et al., 2009; Chen et al.,
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2011), although in some cases increased nutrient digestibility was reported for RPMetsupplemented diets (Noftsger et al., 2005).
As expected, urinary N and UUN excretion were most responsive (31% and 51%
reduction, respectively) to the decreased N intake with the MP-deficient diets in Exp. 1. Similar
to previous reports (Broderick et al., 2009; Chen et al., 2011), RPMet supplementation alone had
no effect on N excretion. Milk N secretion was only numerically lower for the MP-deficient diets.
Similar to our results, Olmos Colmenero and Broderick (2006) reported that milk protein N
output was not affected by dietary CP concentrations ranging from 13.5 to 19.5%, but fecal and
urinary N and UUN were linearly or quadratically decreased with decreasing dietary CP. Kebreab
et al. (2002) also reported an exponential response of urinary N excretion and a weaker linear
response of milk N secretion and fecal N excretion to increasing N intake. As milk N efficiency is
primarily driven by feed N intake (Huhtanen and Hristov, 2009), cows fed the MP-deficient diets
had a greater proportion of feed N secreted as milk protein-N, although the difference over the
AMP diet reached statistical significance only with the RPMet-supplemented diet. Similar results
were reported by Olmos Colmenero and Broderick (2006), Cyriac et al. (2008), and Lee et al.
(2011b). As suggested by Raggio et al. (2004) and Lapierre et al. (2006), efficiency of dietary AA
utilization for milk protein synthesis decreases with increasing AA supply due to increased
oxidation rate in the gut epithelium, liver, and peripheral tissues.
Production responses to RPMet have been inconsistent (Patton, 2010; Robinson, 2010).
Overall, RPMet supplementation appears to slightly increase milk yield and milk protein
concentration and yield (Patton, 2010; a meta-analysis of 36 studies). Diet composition is likely
an important factor determining response to RPMet. Energy deficiency may cause AA
partitioning toward oxidation for energy generation rather than milk protein synthesis (Lapierre et
al., 2006). All diets in the current trials were supplying NEL in excess of the requirements of the
cows (according to NRC, 2001). Deficiencies of other AA may also play a role in the response to
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RPMet. Schwab et al. (1992) and Broderick et al. (2009) demonstrated, for example, that
adequate dLys supply is required for production response to RPMet. In the current trials, the
RPMet diets were also supplemented with RPLys to supply dLys to the level of the control diets.
Research on the effects of RPMet supplementation of low-CP, MP-deficient diets have been
limited (Piepenbrink et al., 1996; Broderick et al., 2008). Indeed, a meta-analysis (Patton, 2010)
reported that research on RPMet has been primarily conducted with diets adequate in MP (+ 9.2 ±
32 g/d) with average dietary CP of 17%. Unlike our previous data (Lee et al., 2011b), we did not
observe a significant decrease in milk yield with the MP-deficient diets in Exp. 1 (although milk
yield decreased numerically by about 1 kg/d). Piepenbrink et al., (1996) reported that decreasing
dietary CP concentration (18 vs. 14% CP) significantly decreased DMI, milk yield, and 3.5%
FCM. Olmos Colmenero and Broderick (2006), however, observed no significant effect of CP
ranging from 13.5 to 19.5% on milk yield, although there was a tendency for linear decrease in
FCM and a numerical trend for decreased milk yield with the 13.5% diet. This may also indicate
that using solely CP as an indicator of protein supply might be misleading. In Exp. 1, NRC
(2001) predicted about 7 kg lower milk yield for cows fed the MP-deficient diets compared with
cows fed the AMP diet (i.e. predicted milk yield for DMPL and DMPLM was 31 kg/d). Similar to
our previous observations (see discussion in Lee et al., 2011b), it appears that NRC (2001)
significantly under-predicts milk yield of cows fed MP-deficient diets (the model predicted well,
within 0.3 kg/d, milk production of the AMP diet in Exp. 1). The reasons for this under-prediction
are complex and have been previously discussed (Huhtanen and Hristov, 2009; Lee et al., 2011b).
It also indicates that the use a fixed factor of efficiency of conversion of MP for metabolic
functions should be replaced by a variable efficiency (Doepel et al., 2004). We constructed a
dataset from experiments, in which MP-deficient diets were fed (Lee et al., 2011b; current Exp. 1,
and Lee et al., unpublished) to investigate the relationship between the extent of milk yield underprediction by NRC (2001) and MP-balance. The data contained a total of 120 individual cow
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observations, 97 of which were determined to be MP-deficient (average MP balance of – 297 ±
15.3 g/d; min = - 20 g/d and max = - 666 g/d). The relationship between milk yield underprediction [NRC (2001) MP-allowable milk yield, kg/d – actual milk yield, kg/d] and NRC
(2001)-predicted MP balance was linear (Fig. 2; milk yield under-prediction, kg/d = 0.0991 (±
0.0905) + 0.0230 (± 0.0003) × MP balance, g/d; R2 = 0.99, P < 0.001). These data clearly show
that the NRC (2001) model under-predicts milk yield in dairy cows when MP balance is negative.
The equation in Fig. 2 can be used to correct NRC (2001)-predicted MP-allowable milk in cows
fed diets similar to the ones used to create the dataset; the relationship may not be valid in other
dietary and level of production conditions.
In Exp. 1, cows fed the DMPL diet had significantly decreased milk protein content
compared with cows fed the AMP diet, whereas RPMet supplementation resulted in no statistical
difference when compared with the control diet. Chen et al. (2011) also observed increased milk
protein content in cows fed a 15.5% CP diet supplemented with RPMet compared with cows fed
a 16.8% CP diet. Opposite effects have been reported as well (Broderick et al. 2008; Broderick
and Muck, 2009; Davidson et al., 2008). Overall, however, it appears milk protein concentration
is increased with RPMet supplementation of the diet (Schwab et al., 2005; Patton, 2010). In Exp.
2, there was no effect on milk protein due to RPMet supplementation. The decrease in milk yield
with the AMPLM diet in Exp. 2 was solely a result of the numerical decrease (1 kg/d) in DMI.
On the other hand, feed efficiency was numerically increased with AMPLM. A recent metaanalysis (Patton, 2010) reported a slight decrease in DMI with slight increased production when
diets were supplemented with RPMet.
In Exp. 1, the MP-deficient diets decreased (significantly or numerically) plasma
concentrations of individual EAA, except Lys and Met (in DMPLM) indicating that rumenprotected AA supplementation of the MP-deficient diets was, at least to some point, effective in
supplying the desired digestible AA. The numerical trend for increased Met with DMPLM
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appeared logical (Piepenbrink et al., 1996; Berthiaume et al., 2006; Preynat et al., 2009; Cabrita
et al., 2011). Overall, a positive effect of increased protein supply on plasma concentrations of
EAA is generally observed (e.g. Piepenbrink et al. 1996; Raggio et al., 2004). Assuming plasma
AA profile is an indicator of AA supply to the mammary gland and non-essential AA does not
affect milk yield and milk protein synthesis (Doepel and Lapierre, 2010), the AA showing the
most drastic decrease, His, Val, and Thr, might have had an inadequate supply with the MPdeficient diets.
However, Thr was likely not limiting milk production (NRC, 2001; referring to Rulquin,
1987) and no effects of dietary supplementation (or jugular infusion) with a ruminally-protected
AA mix including Val on milk production have been observed (Appuhamy et al., 2011; Robinson
et al., 2010). Histidine has been considered an AA limiting milk production in diets based on
glass silage, barley, and rapeseed meal (Huhtanen et al., 2002). Kröeber et al. (2000a) also
reported a significant (45%) drop in plasma His concentration (along with other AA, Val, Ile,
Leu, and Lys) in cows fed a 12.5% grass and corn silage-based diet vs. the control (17.5% CP).
Further research is warranted to investigate the effect of His in addition to RPLys and RPMet on
milk production and composition in corn silage/corn grain-based diets. According to Schwab et
al. (2005), His concentration in bacterial protein is considerably lower than in milk protein (2.0
vs. 2.7% of CP, respectively) compared with Lys or Met concentrations (7.9 vs. 7.6 and 2.6 vs.
2.7 %, respectively). Earlier studies have also shown about 50% lower His than Met
concentration in small and large ruminal bacteria (Czerkawski, 1976) while some protein models
assume similar closer Met:His ratio (NRC, 2001), or even lower Met than His concentration in
microbial protein (Patton et al., 2006). In RUP-deficient diets, when microbial protein is the main
source of MP (NRC, 2001), it is possible that His may become an AA co-limiting milk
production in corn silage, corn grain-based diets. Indeed, our most recent experiments seemed to
confirm this hypothesis (Hristov, 2011b).
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The greater excretion of UUN with the AMP diet determined the higher rate of AEP of
manure with this diet compared with the MP-deficient diets. Urinary urea excretion is considered
the main source of ammonia emission from manure (Hristov et al., 2011b). We have
demonstrated, for example, that urinary N accounted for 87% of ammonia N emitted from dairy
manure (Lee et al., 2011a). Therefore, the significant decrease of the rate of AEP of DMPL and
DMPLM manure was expected. As a result, the cumulative AEP of AMP manure was 40%
greater than that of DMPL and DMPLM manures. Increased UUN excretion and ammonia
emission from manure with increasing dietary CP concentrations have been reported by others
(Kröeber et al., 2000b; Olmos Colmenero and Broderick, 2006) and are in line with our previous
observations (Lee et al., 2011b). Similar to our findings, Chen et al. (2011) and Broderick et al.
(2008) did not report effects of RPMet supplementation on urinary N excretion.

Conclusions
Feeding MP-deficient diets, supplemented with RPLys and RPMet did not statistically
decrease milk yield in dairy cows in these experiments. However, without RPMet
supplementation, milk protein content was significantly decreased by the MP-deficient diet
compared with the MP-adequate diet. Due to RDP deficiency, the MP-deficient diets depressed
total tract nutrient digestibilities and tended to decrease urinary excretion of purine derivatives,
both indicative of impaired ruminal fermentation. Reducing dietary CP concentration profoundly
decreased urinary N losses and subsequently the ammonia-emitting potential of manure compared
with the MP-adequate diet. Our data also suggest that His may be an important AA co-limiting
milk production in MP-deficient, corn/corn silage-based diets. A summary of 97 individual cow
data suggested the NRC (2001) model under-predicts milk yield in cows fed MP-deficient diets
(MP balance of - 20 to - 666 g/d) in a linear manner: milk yield under-prediction [NRC (2001)
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MP-allowable milk yield, kg/d – actual milk yield, kg/d] = 0.0991 (± 0.0905) + 0.0230 (± 0.0003)
× MP balance, g/d (R2 = 0.99, P < 0.001).
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Table 4-1. Ingredient and chemical composition of the diets fed in Exp. 1
Item
AMP
Ingredients, % of DM
Corn silage2
32.7
Alfalfa haylage3
14.8
4
Grass hay
5.0
Cottonseed, hulls
2.5
Forage
55.0
Corn grain, ground
14.4
5
Bakery byproduct meal
8.4
6
Soybean seeds, whole, heated
8.4
7
Soybean meal (solvent extracted)
5.3
Molasses8
4.7
9
Minerals and vitamins premix
3.6
10
Optigen
0.2
11
Rumen-protected Lys (RPLys), g/d
Rumen-protected Met (RPMet),12 g/d
Composition, % of DM
CP
15.6
13
RDP
10.0
RUP13
5.5
NDF
35.0
ADF
22.6
13
NEL, Mcal/kg
1.59
NEL balance,13 Mcal/d
4.2
NFC
41.9
Ca
0.88
P
0.37
Protein supply,13 g/d
RDP supply
2,600
RDP balance
27
RUP supply
1,439
RUP balance
33
MP supply
2,671
MP requirements
2,645
MP balance
26
Digestible Lys (dLys) and Met (dMet) balance,
g/d
dLys requirements
175
dLys from dietary protein
171

Diets1
DMPL

DMPLM

31.7
15.5
5.2
2.7
55.0
18.1
8.8
7.5
1.7
5.0
3.7
0.2
100
-

31.7
15.5
5.2
2.7
55.0
18.1
8.8
7.5
1.7
5.0
3.7
0.2
100
24

14.0
9.1
4.9
33.1
21.3
1.58
2.3
44
0.98
0.37

14.0
9.1
4.9
33.1
21.3
1.57
2.7
44
0.98
0.37

2,191
-203
1,171
-374
2,208
2,496
-288

2,205
-204
1,196
-439
2,236
2,575
-338

165
139

170
141

142
dLys from AminoShure-L
0
24
24
dLys balance
-4
-1
-5
dMet requirements
58
55
57
dMet from dietary protein
47
40
40
dMet from Mepron
0
0
15
dMet balance
-11
-15
-2
1
AMP = diet adequate in metabolizable protein (MP); DMPL = diet deficient in MP
supplemented with RPLys (AminoShure-L); DMPLM = diet deficient in MP supplemented with
AminoShure-L and RPMet (Mepron).
2
Corn silage was 37.5% DM and (DM basis): 41.7% NDF and 8.1% CP.
3
Alfalfa haylage was 35.1% DM and (DM basis): 44.4% NDF and 18.6% CP.
4
Grass hay contained (DM basis): 75.5% NDF and 7.5% CP.
5
From Bakery Feeds Inc., Honey Brook, PA; contained (DM basis): 14.1% CP and 13.5% NDF.
6
Contained 46.9% CP (DM basis).
7
Contained 53.8% CP (DM basis).
8
From Westway Feed Products, Tomball, TX; contained (DM basis): 3.9% CP and 66% total
sugar.
9
The premix contained (%, as-is basis): trace mineral mix, 0.86; MgO (56% Mg), 8.0; NaCl, 6.4;
vitamin ADE premix, 0.48; limestone, 37.2; selenium premix, 0.07; and dry corn distillers grains
with solubles, 46.7. Ca, 14.1%; P, 0.39%; Mg, 4.59%; K, 0.44%; S, 0.39%; Se, 6.91 mg/kg; Cu,
362 mg/kg; Zn, 1085 mg/kg; Fe, 186 mg/kg, vitamin A, 276,717 IU/kg; vitamin D, 75,000 IU/kg
and vitamin E, 1,983 IU/kg.
10
Slow-release urea (Alltech, Inc., Nicholasville, Kentucky).
11
AminoShure-L is RPLys (Balchem Corporation, New Hampton, NY).
12
Mepron is RPMet (Evonik Industries AG, Hanau, Germany).
13
All values were estimated using NRC (2001) based on actual DMI, milk yield, milk
composition, and BW of the cows throughout the trial; dLys and dMet supply from the diets were
estimated using NRC (2001); dLys and dMet from AminoShure-L and Mepron were estimated
from Lys and Met content and bioavailability data provided by the manufacturer: 38% Lys, 64%
bioavailability and 85% Met, 72% bioavailability (respectively). Requirements of dLys and dMet
were calculated as 6.6 and 2.2% (respectively) of MP requirements.
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Table 4-2. Ingredient and chemical composition of the diets fed in Exp. 2
Diets1
Item
Ingredients, % of DM
Corn silage2
Alfalfa haylage3
Grass hay4
Cottonseed, hulls
Forage
Corn grain, ground
Bakery byproduct meal5
Soybean seeds, whole, heated6
Canola meal (solvent extracted)
Molasses7
Minerals and vitamins premix8
Optigen9
Rumen-protected Lys (RPLys),10 g/d
Rumen-protected Met (RPMet),11 g/d
Composition, % of DM
CP
RDP12
RUP12
NDF
ADF
NEL,12 Mcal/kg
NEL balance,12 Mcal/d
NFC
Ca
P
Protein supply,12 g/d
RDP supply
RDP balance
RUP supply
RUP balance
MP supply
MP requirement
MP balance
Lys and Met balance,13 g/d
dLys requirement
dLys from dietary protein
dLys from AminoShure-L

AMPL

AMPLM

38.6
15.8
5.6
4.3
64.3
9.1
7.1
7.0
5.4
4.0
2.7
0.5
76
-

38.6
15.8
5.6
4.3
64.3
9.1
7.1
7.0
5.4
4.0
2.7
0.5
74
24

15.2
9.4
5.8
34.4
23.4
1.53
3.3
46.4
0.99
0.37

15.3
9.5
5.8
34.4
23.1
1.53
2.7
46.4
0.98
0.36

2,767
-55
1,685
45
3,016
2,979
37

2,696
-57
1,634
13
2,931
2,920
11

197
173
15

193
168
15

144
Lys balance
-9
-10
dMet requirement
66
64
dMet from dietary protein
50
49
dMet from Mepron
0
10
Met balance
-16
-5
1
AMPL = diet adequate in metabolizable protein (MP) supplemented with RPLys (AminoShureL); AMPLM = diet adequate in MP supplemented with AminoShure-L and RPMet (Mepron).
2
Corn silage was 48.9% DM and (DM basis): 34.0% NDF and 7.0% CP.
3
Alfalfa haylage was 40.2% DM and (DM basis): 34.3% NDF and 23.2% CP.
4
Grass hay contained (DM basis): 75.5% NDF and 7.5% CP.
5
From Bakery Feeds Inc., Honey Brook, PA; contained (DM basis): 12.9% CP and 13.5% NDF.
6
Contained 40.1% CP (DM basis).
7
Slow-release urea (Alltech, Inc., Nicholasville, Kentucky).
8
From Westway Feed Products, Tomball, TX); contained (DM basis): 3.9% CP and 66% total
sugar.
9
The premix contained (%, as-is basis): trace mineral mix, 0.86; MgO (56% Mg), 8.0; NaCl, 6.4;
vitamin ADE premix, 0.48; limestone, 37.2; selenium premix, 0.07; and dry corn distillers grains
with solubles, 46.7. Ca, 14.1%; P, 0.39%; Mg, 4.59%; K, 0.44%; S, 0.39%; Se, 6.91 mg/kg; Cu,
362 mg/kg; Zn, 1085 mg/kg; Fe, 186 mg/kg, vitamin A, 276,717 IU/kg; vitamin D, 75,000 IU/kg
and vitamin E, 1983 IU/kg.
10
AminoShure-L is RPLys (Balchem Corporation, New Hampton, NY).
11
Mepron is RPMet (Evonik Industries AG, Hanau, Germany).
12
All values were estimated using NRC (2001) based on actual DMI, milk yield, milk
composition, and BW of the cows throughout the trial; digestible Lys and Met (dLys and dMet)
supply from the diets were estimated using NRC (2001); dLys and dMet from AminoShure-L and
Mepron were estimated from Lys and Met content and bioavailability data provided by the
manufacturer: 38% Lys, 64% bioavailability and 85% Met, 72% bioavailability (respectively).
Requirements of Lys and Met were calculated as 6.6 and 2.2% (respectively) of MP
requirements.
13
Actual balances were calculated with availability provided by the manufacturer and actual
lysine and methionine concentration in the minerals and vitamins premix [Lys, 2.96% (SD =
0.04) and 3.04% (SD = 0.15) of the premix for AMPL and AMPLM, respectively; Met, 1.78%
(SD = 0.36) for AMPLM].
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Table 4-3. Effect of metabolizable protein supply and ruminally-protected amino acid
supplementation on nutrient intake and total tract apparent digestibility in dairy cows (Exp. 1)
Diets1,2
DMPL

Item
AMP
DMPLM
SEM
P-value
3
Nutrient intake, kg/d
DM4
25.9
23.8
23.8
0.88
0.054
4
24.1
22.1
22.2
0.82
0.056
OM
7.9b
7.9b
0.30
0.001
NDF
9.1a
a
b
b
5.1
5.1
1.91
0.007
ADF
5.8
a
b
b
3.3
3.3
0.13
<0.001
CP
4.0
3
Apparent digestibility, %
DM
60.9a
56.6b
56.2b
0.41
<0.001
a
b
b
57.7
57.1
0.41
<0.001
OM
61.8
a
b
b
34.1
32.9
0.89
<0.001
NDF
42.8
a
b
b
32.7
30.5
1.06
<0.001
ADF
41.0
52.6b
53.0b
0.71
<0.001
CP
60.0a
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; n = 72; n represents number of observations used in the statistical analysis.
2
AMP = diet adequate in metabolizable protein (MP); DMPL = diet deficient in MP
supplemented with RPLys; DMPLM = diet deficient in MP supplemented with RPLys and
RPMet.
3
Intake and digestibility during sampling wk 7 and 9.
4
DM: AMP vs. DMPL, P = 0.033; AMP vs. DMPLM, P = 0.039; OM: AMP vs. DMPL, P =
0.034; AMP vs. DMPLM, P = 0.040.
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Table 4-4. Effect of metabolizable protein supply and ruminally-protected amino acid
supplementation on milk N secretion, N excretions, urinary purine derivatives (PD) excretion and
plasma urea-N concentration in dairy cows (Exp. 1)
Diets1,2
DMPL
532b

Item
AMP
DMPLM SEM
P - value
N intake, g/d
646a
534b
20.5
< 0.001
N secretion and excretion, g/d
Milk N
187
166
174
7.1
0.11
Urine N
155a
107b
106b
7.0
< 0.001
Urinary urea-N (UUN), g/d
84.8a
41.2b
41.7b
5.43 < 0.001
a
b
b
UUN ÷ total urinary N, %
53.9
38.3
39.4
1.98 < 0.001
Fecal N
259
253
250
10.4
0.81
Total excreta N
414a
360b
357b
15.0
0.002
As proportion of N intake, %
Milk N
29.1b
31.4ab
32.8a
0.88
0.02
a
b
b
Urine N
24.1
20.1
19.8
0.98
0.002
Fecal N
40.0b
47.4a
47.0a
0.71 < 0.001
Total excreta N
64.1
67.5
66.8
1.17
0.11
b
a
a
Total N in excreta and milk
91.9
98.9
99.6
1.00 < 0.001
Urinary PD excretion, mmol/d
Urine output, kg/d
18.5
16.1
15.8
0.91
0.06
Allantoin
406
355
371
18.0
0.11
Uric acid
42.9
35.6
40.5
2.66
0.12
Total PD
448
391
411
20.0
0.09
Plasma urea-N, mg/dL
10.3a
8.7b
8.2b
0.44
0.006
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; n = 72; n represents number of observations used in the statistical analysis.
AMP = diet adequate in metabolizable protein (MP); DMPL = diet deficient in MP supplemented
with RPLys; DMPLM = diet deficient in MP supplemented with RPLys and RPMet.
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Table 4-5. Effect of metabolizable protein supply and ruminally-protected amino acid
supplementation on milk yield and composition in dairy cows (Exp. 1)
Diets1,2,3
Item
AMP
DMPL
DMPLM
SEM
P-value
DMI,4 kg/d
24.9
24.6
24.8
0.40
0.87
Milk yield,4 kg/d
39.2
38.1
38.1
0.77
0.52
Milk ÷ DMI
1.58
1.57
1.55
0.030
0.74
4% FCM, kg
36.2
34.6
34.0
1.11
0.36
4% FCM ÷ DMI
1.43
1.45
1.39
0.039
0.47
ECM, kg
39.1
37.1
36.7
1.12
0.27
ECM ÷ DMI
1.54
1.56
1.50
0.038
0.55
Milk fat, %
3.53
3.45
3.26
0.129
0.32
Yield, kg
1.35
1.30
1.24
0.053
0.30
Milk true protein,5 %
3.04a
2.92b
2.95ab
0.038
0.046
a
b
b
Yield, kg/d
1.19
1.12
1.12
0.025
0.047
Milk lactose, %
4.87
4.86
4.88
0.034
0.85
Yield, kg/d
1.95
1.87
1.86
0.049
0.41
Milk NEL,6 Mcal/d
26.6
25.7
25.5
0.61
0.38
MUN, mg/dL
9.97
8.36
8.52
0.565
0.10
Average BW, kg
654
612
600
20.1
0.17
4
a
b
b
BW change, kg
36.0
6.4
13.7
7.40
0.008
BCS
3.05
3.13
3.15
0.10
0.78
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
DMI, n = 1,719; milk yield, n = 1,486; milk yield ÷ DMI, n = 1,482; BW, n = 1,718; BW
difference and BCS, n = 36; others, n = 144; n represents number of observations used in the
statistical analysis.
2
AMP = diet adequate in metabolizable protein (MP); DMPL = diet deficient in MP
supplemented with RPLys; DMPLM = diet deficient in MP supplemented with RPLys and
RPMet.
3
Covariate-adjusted means for DMI, milk yield, and milk composition and yields: actual DMI,
25.9, 24.0 and 24.4 kg/d; actual milk yield, 38.3, 37.8 and 38.8 kg/d; actual milk fat %, 3.52, 3.49
and 3.22%; actual milk fat yield, 1.35, 1.31 and 1.24 kg/d; actual milk true protein %, 3.06, 2.90
and 2.95%; and actual milk true protein yield, 1.18, 1.10 and 1.15 kg/d for AMP, DMPL and
DMPLM respectively.
4
Averaged DMI, milk yield, BW, and BW change for the experimental period (48 d).
5
AMP vs. DMPLM, P = 0.07.
6
Milk NEL (Mcal/d) = kg of milk × (0.0929 × % fat + 0.0563 × % true protein + 0.0395 × %
lactose) (NRC, 2001).
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Table 4-6. Effect of metabolizable protein supply and ruminally-protected amino acid
supplementation on blood plasma amino acids concentrations (mg/100 mL) in dairy cows (Exp.
1)
Diets1,2
Item
AMP
DMPL
DMPLM
SEM
P-value
Met
0.19
0.17
0.20
0.019
0.38
Lys
0.89
0.75
0.77
0.065
0.26
a
b
b
Thr
1.02
0.85
0.86
0.066
0.049
Arg
1.13
0.92
0.99
0.063
0.08
Ile
1.41
1.25
1.22
0.082
0.18
Leu
1.62
1.41
1.41
0.095
0.14
Val
2.27a
1.77b
1.79b
0.141
0.016
His3
0.57a
0.35b
0.31b
0.053
0.001
Phe
0.64
0.53
0.56
0.036
0.09
Tyr3
0.87
0.73
0.74
0.051
0.101
Gly
1.74
1.89
1.73
0.127
0.45
Ser
0.74
0.69
0.68
0.056
0.65
Ala
1.93
1.73
1.75
0.142
0.42
Tau
0.39
0.33
0.38
0.027
0.23
Glu
0.70
0.71
0.78
0.055
0.50
Asn
0.47
0.42
0.42
0.032
0.46
Gln
2.91a
2.42b
2.35b
0.170
0.044
EAA4
9.71
8.01
8.09
0.572
0.06
EAA-LM5
8.64a
7.10b
7.13b
0.497
0.038
NEAA6
9.71
8.95
8.83
0.564
0.45
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
All variables; n = 72; n represents number of observations used in the statistical analysis.
2
AMP = diet adequate in metabolizable protein (MP); DMPL = diet deficient in MP
supplemented with RPLys; DMPLM = diet deficient in MP supplemented with RPLys and
RPMet.
3
Interaction treatment × sampling wk, P = 0.02 and 0.03 for His and Tyr respectively.
4
Essential amino acid analyzed (without Trp).
5
EAA – (Lys + Met). AMP vs. DMPL, P = 0.034; AMP vs. DMPLM, P = 0.040.
6
Non-essential amino acid (total AA analyzed – EAA).
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Table 4-7. Effect of ruminally-protected amino acid supplementation on milk yield and
composition in dairy cows (Exp. 2)
Diets1,2,3
Items
AMPL
AMPLM
SEM
P-value
DMI, kg
29.2
28.3
0.62
0.40
Milk yield, kg
42.0
41.3
0.16
0.02
Milk ÷ DMI
1.45
1.46
0.033
0.80
4% FCM, kg
40.8
40.7
0.29
0.76
4% FCM ÷ DMI
1.41
1.46
0.028
0.36
ECM, kg
44.0
43.7
0.27
0.62
ECM ÷ DMI
1.52
1.57
0.030
0.39
Milk fat, %
3.82
3.86
0.046
0.59
Yield, kg
1.59
1.58
0.018
0.78
Milk true protein, %
3.14
3.14
0.017
0.90
Yield, kg
1.32
1.30
0.009
0.24
Milk lactose, %
4.84
4.83
0.022
0.80
Yield, kg
2.03
2.01
0.020
0.53
MUN, mg/dl
9.25
9.48
0.387
0.72
SCC
110
198
65.6
0.45
Total solids, %
12.8
12.8
0.05
0.72
BW, kg
662
655
5.0
0.37
BCS
3.01
3.04
0.044
0.67
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
DMI, milk yield, Milk ÷ DMI and BW, n = 48; BCS, n = 99; others, n = 24; n represents number
of observations used in the statistical analysis.
2
AMPL = diet adequate in metabolizable protein (MP) supplemented with RPLys; AMPLM =
diet adequate in MP supplemented with RPLys and RPMet.
3
Covariate-adjusted means for DMI, milk yield, and milk composition and yields: actual DMI,
29.3 and 28.3 kg/d; milk yield, 42.2 and 41.1 kg/d; actual milk fat %, 3.84 and 3.83%; actual milk
fat yield, 1.60 and 1.56 kg/d; actual milk true protein %, 3.15 and 3.13%; and actual milk true
protein yield, 1.30 and 1.32 kg/d for AMPL and AMPLM respectively.
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Figure 4-1. Effect of metabolizable protein supply and ruminally-protected amino acid
supplementation on ammonia emission rate (A) and cumulative (B) emitting potential of manure
from dairy cows in Exp 1 (bars represent means ± SE). A: Rate of ammonia emission from
manure (11.8, 7.0, and 7.8 mg/kg per h for AMP, DMPL, and DMPLM, respectively; n = 36; P <
0.001); a,b Means without a common superscript letter differ (P < 0.05); bars represent SE. B:
Cumulative ammonia-emitting potential of manure (113, 67, and 75 mg/d for AMP, DMPL, and
DMPLM, respectively; n = 36; P < 0.001). AMP = diet adequate in metabolizable protein (MP);
DMPL = diet deficient in MP supplemented with RPLys; DMPLM = diet deficient in MP
supplemented with RPLys and RPMet.
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Figure 4-2. Relationship of metabolizable protein balance (NRC, 2001) and under-prediction of
milk yield [NRC (2001) MP-allowable milk yield, kg/d – actual milk yield, kg/d] in dairy cows:
milk yield under-prediction, kg/d = 0.0991 (± 0.0905) + 0.0230 (± 0.0003) × MP balance (g/d); n
= 97 (MP balance, min = - 20 g/d and max = - 666 g/d), R2 = 0.99, P < 0.001.

Chapter 5
RUMEN-PROTECTED LYSINE, METHIONINE, AND HISTIDINE
INCREASE MILK YIELD AND PROTEIN YIELD IN DAIRY COWS FED
METABOLIZABLE PROTEIN-DEFICIENT DIET

Abstract
The objective of this experiment was to evaluate the effect of supplementing a
metabolizable protein (MP)-deficient diet with rumen-protected (RP) Lys, Met, and specifically
His on dairy cow performance. The experiment was conducted for 12 wk with 48 Holstein cows.
Following a 2-wk covariate period, cows were blocked by DIM and milk yield and randomly
assigned to one of 4 diets, based on corn silage and alfalfa haylage: control, MP-adequate diet
(AMP; MP balance: +9 g/d); MP-deficient diet (DMP; MP balance: -317 g/d); DMP
supplemented with RPLys (AminoShure®-L) and RPMet (Mepron®; DMPLM); and DMPLM
supplemented with RPHis (DMPLMH). Analyzed crude protein content of the AMP and DMP
diets was 15.7 and 13.5 to 13.6%, respectively. Apparent total tract digestibility of all measured
nutrients, plasma urea-N, and urinary-N excretion were decreased by the DMP diets compared
with AMP. Milk N secretion as a proportion of N intake was greater for the DMP diets compared
with AMP. Compared with AMP, dry matter intake (DMI) tended to be lower (P = 0.06) for
DMP, but was similar for DMPLM and DMPLMH (24.5, 23.0, 23.7, and 24.3 kg/d, respectively).
Milk yield was decreased by DMP (35.2 kg/d), but was similar to AMP (38.8 kg/d) for DMPLM
and DMPLMH (36.9 and 38.5 kg/d, respectively), paralleling the trend in DMI. The NRC (2001)
model underpredicted milk yield of the DMP cows by an average of 10.3 ± 0.75 kg/d. Milk fat
and true protein content did not differ among treatments, but milk protein yield was increased by
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DMPLM and DMPLMH compared with DMP and was not different from AMP. Plasma essential
AA, Lys, and His were lower for DMP compared with AMP. Supplementation of the DMP diets
with RPAA increased plasma Lys, Met, and His. In conclusion, MP-deficiency, approximately
15% below NRC (2001) requirements, decreased DMI and milk yield in dairy cows.
Supplementation of the MP-deficient diet with RPLys and RPMet diminished the difference in
DMI and milk yield compared with AMP and additional supplementation with RPHis eliminated
it. As total tract fiber digestibility was decreased with the DMP diets, but DMI tended to increase
with RPAA supplementation, we propose that, similar to monogastric species, AA play a role in
DMI regulation in dairy cows. Our data implicate His as a limiting AA in high-producing dairy
cows fed corn silage and alfalfa haylage-based diets, deficient in MP. The MP-deficient diets
clearly increased milk N efficiency and decreased dramatically urinary N losses.
Key words: metabolizable protein, rumen-protected lysine, rumen-protected methionine, rumenprotected histidine, dairy cow

Introduction
The U.S. dairy industry is under increasing pressure to more efficiently utilize resources
and reduce environmental emissions of N, P, greenhouse gases, and volatile organic compounds
(Place and Mitloehner, 2010). Nitrogen is one of the pollutants from animal operations,
contributing to ground water nitrate, surface water eutrophication, and atmospheric ammonia and
nitrous oxide emissions (USEPA, 2011). Diet manipulation is a critical mitigation strategy that
can not only reduce N emissions, but can also be economically feasible for the producer (Hristov
et al., 2011b; 2012). Reduction in urinary N excretion and manure ammonia emission is
commonly reported for cows fed diets with reduced protein concentration (Külling et al., 2001;
Olmos Colmenero and Broderick, 2006; Agle et al., 2010). In some studies, reduction in dietary
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CP had no effect on milk production (Leonardi et al., 2003; Olmos Colmenero and Broderick,
2006), but in others, milk production (Cyriac et al., 2008; Lee et al., 2011a) or milk protein
concentration were reduced (Lee et al., 2012a). In such cases, supplementation with ruminallyprotected (RP) AA may be a successful strategy for alleviating the possible negative production
effects of decreased dietary protein concentration (Broderick et al., 2008). Indeed, recent metaanalyses have shown small but consistent increases in milk production and DMI with dietary
addition of RPAA, particularly of RPMet when AA balance was positive (Patton, 2010;
Robinson, 2010). The majority of the diets used in these analyses, however, appeared to be
supplying MP in excess of requirements for the level of production of the cows (average CP from
16 to about 17% for average milk production of 31 to 33 kg/d), in which case production effects
of the supplemental RPAA are unlikely.
Lee et al. (2012a) proposed that in situations when ruminally-synthesized microbial
protein provides the majority of MP supply to the small intestine, i.e. when RUP supply is low,
His may limit milk production in dairy cows fed corn silage and alfalfa haylage-based diets.
Histidine has been identified as first limiting AA in cows fed grass silage-based diets with low
inclusion of plant protein supplements (Vanhatalo et al., 1999; Kim et al., 1999), but there is very
little information on the importance of His in typical North American diets (Doelman et al.,
2008). Lee et al. (2012a) reported a sharp decrease in plasma His concentrations in cows fed MPdeficient diets, which, in combination with the low concentration of His in microbial protein, led
us to the conclusion that His may be a limiting AA in corn silage and alfalfa haylage-based diets
that are MP- and RUP-deficient.
Therefore, our goal with this experiment was to investigate the effect of RPHis
supplementation on milk production and composition of dairy cows fed a MP-deficient diet
balanced for Lys and Met. We hypothesized that in dietary situations, in which microbial protein
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synthesized in the rumen is the main source of MP, His may limit milk production and milk
protein synthesis in high-producing dairy cows fed diets based on corn silage and alfalfa haylage.

Materials and Methods
Animals involved in this experiment were cared for according to the guidelines of The
Pennsylvania State University Animal Care and Use Committee (IACUC # 35630). The
committee reviewed and approved the experiment and all procedures carried out in the study.

Animals and experimental design
The experiment was carried out at The Pennsylvania State University’s Dairy Center as a
randomized complete block design. Due to cow availability, the experiment was separated into 2
phases. Phase 1 (May to July 2011), involved 24 lactating Holstein cows (8 primiparous and 16
multiparous; average ± SD at the beginning of the trial: parity, 2 ± 1.0 lactations; milk yield, 40 ±
7.2 kg/d; DIM, 95 ± 40.3 d; BW, 605 ± 76 kg) blocked by parity, DIM, and milk yield into 6
blocks of 4 cows each (blocks 1 to 6). Phase 2 (August to November 2011) involved another
group of 24 cows (11 primiparous and 13 multiparous; average ± SD at the beginning of the trial:
parity, 2 ± 1.1 lactations; milk yield, 40 ± 7.2 kg/d; DIM, 54 ± 23.5 d; BW, 583 ± 66.3 kg)
blocked as in Phase 1 into 6 blocks of 4 cows each (blocks 7 to 12). In both phases, cows within
block were randomly allocated to one of the following experimental diets: (1) MP-adequate diet
(AMP) meeting MP requirements of the cows according to NRC (2001); (2) MP-deficient diet
(DMP) providing 87% of MP requirements according to NRC (2001); (3) DMP supplemented
with 100 g/cow per d of RPLys and 50 g/cow per d of RPMet (DMPLM) providing 85% of MP
requirements; (4) DMP supplemented with RPLys, RPMet and 50 g/cow per d of RPHis
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(DMPLMH) providing 85% of MP requirements. Diets (Table 5-1) were formulated to meet the
nutrient requirements, except MP for the DMP diets, of a lactating Holstein cow yielding 40 kg/d
of milk with 3.60% milk fat and 3.10% true protein at 26 kg of DMI/d and 635 kg of BW (NRC,
2001). Sources of supplemental RPLys, RPMet, and RPHis were AminoShure®-L (Balchem
Corp., New Hampton, NY), Mepron® (Evonik Industries AG, Hanau, Germany), and an
experimental RPHis product (Balchem Corp.), respectively. Based on manufacturer
specifications, the supplemental RPAA were expected to provide: 24.3, 30.6, and 11.5 g/cow per
d digestible (d) Lys, dMet, and dHis, respectively (see Table 5-2, footnote). The application rates
of RPLys and RPMet were determined assuming dLys and dMet requirements of 6.6% and 2.2%
of MP (Schwab et al., 2005). The application rate of RPHis was estimated with the objective to
match dHis supply with the AMP diet (based on NRC, 2001). The supply of protein fractions and
AA balances (Table 5-2) were estimated using NRC (2001) with individual cow information
(actual DMI, milk yield, milk composition, and BW) during the experiment. Dietary composition
was slightly modified in Phase 2 of the trial (Table 5-1), mainly due to lower CP content of the
alfalfa haylage (19.5 vs. 21.7% of DM, Phase 2 and 1, respectively), to meet or exceed the MP
requirements of cows receiving the AMP diet. Hence, the proportion of SoyPLUS® (West
Central®, Ralston, IA) was increased by 1%-unit for Phase 2 of the trial, replacing corn silage.
The duration of the experiment was 12 wk, including a 2-wk covariate period, 2 wk of
adaptation to the diets, and 8 wk of data collection (in wk 8, data were collected in only 4 d, i.e., a
total of 53 d data collection). During the covariate period, all cows were fed the main herd diet,
which contained similar feed ingredients to the AMP and DMP diets, except SoyPLUS. Thus, the
covariate period diet contained (% of DM): corn silage, 39.7; alfalfa haylage, 16.6; grass hay, 8.7;
corn grain, ground, 7.6; bakery byproduct meal, 7.4; soybean seeds, whole, heated, 6.8; canola
meal, mechanically extracted, 5.7; molasses, 4.2; Optigen (Alltech, Inc., Nicholasville, KY), 0.4;
and mineral and vitamin premix, 2.8. The diet contained (% of DM): CP, 16.0; NDF, 32.8; and
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ether extract, 5.0. The experimental diets were fed as TMR, once daily at 08:30 h ad libitum
targeting 10% refusals. The rations were mixed every morning using a Kuhn Knight Model 3142
Reel Auggie Mixer Wagon (Broadhead, WI). Immediately after the diets were delivered in the
feed bunks, RPLys, RPMet, and RPHis were top-dressed and mixed with a small portion of the
diet. Visual observation confirmed that the RPAA were completely consumed.

Sampling and Measurements
Feed intake of individual cows (TMR offered and refused) was monitored daily during
the entire experiment. Samples of TMR and refusals from each diet were collected twice weekly
and composited (equal weight basis) by wk and treatment. Samples were dried for 48 h at 65°C in
a forced-air oven and ground in a Wiley Mill (A. H. Thomas Co., Philadelphia, PA) through a 1mm sieve. Composited TMR samples were submitted to Cumberland Valley Analytical Services
(Maugansville, MD) for wet chemistry analyses of CP, NDF, ADF, Ca, and P and estimated NEL
(details at: http://www.foragelab.com/pdf/CVAS_Proceedure_References.pdf, accessed March 5,
2012). Individual forage and concentrate ingredients were sampled biweekly and stored frozen at
-20°C until analyzed. Crude protein content of the diets was estimated from N analysis of
individual feed ingredients. Cows were milked twice daily at 05:00 and 17:00 h and milk yield of
individual cows was recorded. Feed efficiency was calculated by dividing milk yield by DMI.
Milk yield, DMI, and feed efficiency data for 53 d (wk 5 through 11, plus 4 d of wk 12) were
used in the statistical analysis.
Spot fecal (about 500 g) and urine (about 300 mL per sampling) samples were collected 7
times at 10:00 and 16:00 on d 1, 04:00, 13:00 and 19:00 on d 2, and 01:00 and 08:00 on d 3 of
experimental wk 9 and 11 from the rectum and by massaging the vulva, respectively. About 400 g
fecal sample was dried at 65°C in a forced-air oven for 48 h and then composited (equal dry
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weight basis) by cow and wk. The composite fecal samples were analyzed for DM, OM, CP,
NDF and ADF. Dry matter and OM of feces were determined following the procedure of AOAC
(2000), and NDF and ADF were analyzed using Ankom’s A200 fiber analyzer (Ankom
Technology, Macedon, NY) based on Van Soest (1991), using amylase and sodium sulfide in the
NDF analysis. A portion of each composite fecal sample was pulverized using a Mixer Mill MM
200 (Retsch GmbH, Haan, Germany) and analyzed for N using a Costech ECS 4010 C/N/S
elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA); CP was calculated as
N × 6.25. Fecal and TMR samples were analyzed for indigestible NDF (as an intrinsic
digestibility marker) according to Huhtanen et al. (1994), except 25-μm pore size filter bags
(Ankom Technology) were used for the ruminal incubation. Total tract apparent digestibility was
calculated based on indigestible NDF concentration in TMR and feces (Schneider and Flatt,
1975). Aliquots of the urine samples were immediately acidified with 2M H2SO4 to a pH < 3.0,
diluted 1:10 with distilled water and stored frozen at -20°C. These samples were composited by
cow and wk and analyzed for allantoin (Chen et al., 1992), uric acid (Stanbio Uric Acid Kit 1045;
Stanbio Laboratory Inc., San Antonio, TX), urea-N (UUN; Stanbio Urea Nitrogen Kit 580;
Stanbio Laboratory Inc.), and creatinine (Stanbio Creatinine Kit 0400; Stanbio Laboratory Inc.).
Another aliquot (80 µL) of the composited urine samples was freeze-dried and analyzed for N
using Costech ECS 4010 C/N/S elemental analyzer. Daily volume of excreted urine was
estimated based on urinary creatinine concentration, assuming creatinine excretion rate of 29
mg/kg of BW (determined based on total urine collection samples from Hristov et al., 2011a).
Estimated urine output was used to calculate daily total N, UUN and purine derivatives (PD;
allantoin and uric acid) excretions. Urinary PD excretion was used to estimate duodenal microbial
N flow as described in Hristov et al. (2009). A ratio of purine N to total N in rumen
microorganisms of 0.134 was assumed based on the data of Valadares et al. (1999).
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Blood samples were collected from the tail vein or artery at 14:00, 18:00 and 22:00 h on
d 5 of wk 9 and 11. Blood plasma was immediately separated by centrifugation at 1,500 × g for
15 min and frozen at −20°C until analyzed. Plasma samples were composited per cow and
sampling wk and analyzed for urea-N (Stanbio Urea Nitrogen Kit 580; Stanbio Laboratory Inc.).
Aliquots of individual cow plasma samples were composited by cow and submitted for plasma
AA analysis to the University of Missouri-Columbia, Agricultural Experiment Station Chemical
Laboratory (ESCL, Columbia, MO; following the procedures of Deyl et al., 1986 and Fekkes,
1996).
Samples of whole ruminal contents from multiple sampling events from 2 previous
experiments (Tekippe et al., 2011 and Lee et al., 2011b) were composited (equal DM basis) per
individual cow (n = 14) and used to analyze AA composition of bacterial protein. Bacterial
pellets were isolated from whole ruminal contents through differential centrifugations as
described elsewhere (Hristov and Broderick, 1996). This procedure recovers liquid-associated
and loosely-associated with feed particles bacteria. Amino acid analysis of the samples was
performed by the ESCL (Columbia, MO) using acid hydrolysis.
Milk samples were collected at 2 consecutive milkings (p.m. and a.m.) in wk 2 of the
covariate period and wk 6, 8, 10, and 12 of the data collection period. Milk samples were directly
collected in tubes containing 2-bromo-2-nitropropane-1,3-diol and submitted to DairyOne
laboratory (Pennsylvania DHIA, University Park, PA) for analysis of milk fat, true protein,
lactose, and MUN using infrared spectroscopy (MilkoScan 4000; Foss Electric, Hillerød,
Denmark). Milk composition data of consecutive milking samples were averaged according to
milk weights and the average values were used in the statistical analysis (i.e. 4 observations per
cow).
Cow BW was recorded throughout the entire experiment using AfiFarm 3.04E scale
system (S.A.E. Afikim, Rehovot, Israel) while exiting the milk parlor. For the statistical analysis,
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BW data collected during the data collection period (wk 5 to 12) were used. Body weight change
was calculated by the difference between average BW during the first 2 wk and the last wk (wk
12) of the data collection period.

In situ disappearance of RPHis
Ruminal disappearance of the experimental RPHis product was tested using a standard in
situ procedure (IACUC approval # 34821) with 4 ruminally-cannulated (10-cm rumen cannulae;
Bar Diamond, Parma, ID) Holstein cows (average ± SD: DIM, 96 ± 37 d; BW, 728 ± 59 kg; DMI,
24 ± 1.8; milk yield, 48 ± 6 kg/d) fed the covariate diet (see Animals and experimental design
section). Eight grams of RPHis were weighed into 5 cm × 10 cm, 50 µm porosity polyester bags
(ANKOM Technology) and incubated in the rumen of the cows for 0 (washed but not incubated
in the rumen), 6, 12, and 24 h. Bags were incubated in triplicate for each time-period and cow and
were inserted into the rumen simultaneously and removed sequentially. Incubation was repeated
twice using different cows. Bags were washed by hand with cold tap water until the wash water
was clear and dried in an oven at 50°C for 48 h. Bag residues were analyzed for His as specified
in the previous sections (ESCL, Columbia, MO). Rate of ruminal disappearance of His from
RPHis was derived by plotting natural logarithm of His disappearance (%) over time and fitting
the data to a linear regression model (SigmaPlot 10.0, Systat Software Inc., San Jose, CA;
average R2 = 0.85± 0.054). Ruminal escape of His was estimated from His analysis of the original
product and in situ bag residues, based on NRC (2001) protein degradability equations as: 100 –
degradable His; and degradable His, % = 100 × [rate of His disappearance ÷ (rate of His
disappearance + ruminal passage rate)]. Passage rates were estimated individually for each cow
based on actual DMI and BW of the cows using the NRC (2001) equation for estimating passage
rate of concentrate feeds and ranged from 5.68 to 6.65 %/h.
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Statistical analysis
All data were analyzed using PROC MIXED of SAS (SAS, 2003). Dry matter intake,
milk yield, feed efficiency, BW, and milk composition data were analyzed with day as repeated
measure assuming an ar(1) covariance structure. The following model was used:

Yijkl = µ + Bi + τj + Bτij + Dk + τDjk + Tl + τTjl + eijkl

where Yijkl is the dependent variable, µ is the overall mean, Bi is the block, τj is the jth treatment
(diet), Bτij is the block × treatment interaction, Dk is the day, τDjk is the treatment × day
interaction, Tl is the trial phase (Phase 1 and 2), and τTjl is the treatment × phase interaction with
the error term eijkl assumed to be normally distributed with mean = 0 and constant variance. Block
and block × treatment effects were random while all others were fixed.
Urinary PD excretion, microbial N flow, nutrient intakes, total tract apparent digestibility,
urinary and fecal N losses, and PUN data were analyzed using the following model;

Yijkl = µ + Bi + τj + Bτij + Wk + τWjk + Tl + τTjl + eijkl

where Yijkl is the dependent variable, µ is the overall mean, Bi is the block, τj is the jth treatment,
Bτij is the block × treatment interaction, Wk is the sampling wk (wk 9 and 11), and τWjk is the
treatment × wk interaction, Tl is the trial phase (Phase 1 and 2), and τTjl is the treatment × phase
interaction with the error term eijkl assumed to be normally distributed with mean = 0 and constant
variance. Block and block × treatment were random effects while all others were fixed. Body
weight change and plasma AA composition data were analyzed with the same model excluding
sampling wk and treatment × wk interaction.

162
All data are presented as least squares means. Significant interactions are published in
tables’ footnotes. All models used the Kenward-Roger-method to calculate degrees of freedom.
Significant differences among treatments were declared at P ≤ 0.05. Differences at 0.05 < P ≤
0.10 were considered a trend toward significance. When the main effect of treatment was
significant, means were separated by pairwise t-test (pdiff option of PROC MIXED).

Results
The slight adjustment in feed ingredients during Phase 2 of the experiment did not
significantly affect chemical composition of the diets (Table 5-1). As planned, the DMP diets had
lower CP and slightly higher NFC content compared with the AMP diets (both experimental
phases). All diets provided NEL in excess of cow requirements.
Ruminal escape of His from the RPHis product was estimated (in situ) at 72 ± 5.9%. This
escape was used to calculate dHis supply in this experiment (see Table 5-2, footnote). It is worth
noting that RPHis escape varied between experimental cows. Two of the cows (one in each of the
2 incubation events) had considerably greater in situ disappearance of RPHis, which resulted in
His escape of about 61% (both cows had a similar DMI as percent of BW). The other 2 cows (one
in each incubation) had slower rate of in situ disappearance of RPHis, which resulted (again with
similar DMI on a BW basis) in greater estimated escape of His (80 to 83%). This difference
emphasizes animal-to-animal variability and the need for replication to derive accurate data with
the in situ procedure.
Since it was estimated that protein and AA supply was similar between Phase 1 and 2 of
the trial, data were combined and average data are presented in Table 5-2. On average, DMP diets
were estimated to be about 197 and 447 g/d deficient in RDP and RUP, respectively. The
estimated RDP and RUP supply with the AMP diet was close to requirements. Estimated supply
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of MP was adequate for the AMP diet and on average 357 g below requirements for the DMP
diets. Assuming the milk production potential of the DMP cows was similar to that of the AMP
cows (i.e., their MP requirements would be similar), the DMP and DMPLM diets would be 568
and 495 g/d deficient in MP (based on the actual DMI of the cows, which was significantly or
numerically decreased by both diets compared with AMP). For DMPLMH, the potential MP
deficiency would be about 16% greater than the estimated deficiency based on actual milk
production. According to NRC (2001), the unsupplemented diets were estimated to be 9 (AMP)
to 15% (DMP) dLys deficient, while the diets supplemented with RPLys were on average about
3% dLys deficient. The AMP and DMP diets were about 24% deficient in dMet; the dMetsupplemented diets were supplying adequate amounts of dMet. Digestible His requirements were
assumed to be similar to dMet requirements, i.e. 2.2% of MP (Schwab et al., 2005). This
assumption was based on the similar concentration of His and Met in milk protein (5.5% of total
EAA; NRC, 2001). Based on this assumption, the AMP diet was estimated to be about 9%
deficient and the DMP and DMPLM diets were about 18% deficient in dHis. Supplementation
with RPHis resulted in slight excess of dHis over estimated requirements for the DMPLMH diet.
Nutrient intakes and digestibility during sampling weeks (wk 9 and 11) are shown in
Table 5-3. As expected, CP intake (including N from supplemental RPAA) was lower (P = 0.005)
for the DMP diets vs. AMP. Intake of DM, OM, NDF, and ADF were similar among diets during
the sampling weeks. Digestibility of all nutrients was decreased (P < 0.001) by the DMP diets
compared with AMP. The difference varied from about 4 to 5% for DM and OM to about 10 to
11% for NDF and CP. There was experimental phase × diet interaction for NDF and ADF
digestibility (P = 0.03 and < 0.001, respectively). In Phase 1, NDF digestibility was numerically
lower (P = 0.14 and 0.54) for DMP and DMPLMH, respectively, and lower (P = 0.02) for
DMPLM compared with AMP (40.5, 41.9, 39.0, and 42.8%, respectively). In Phase 2, NDF
digestibility was decreased (P = 0.001 to < 0.001) for all DMP diets compared with AMP (34.6,
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32.6, 33.5, and 40.6%, respectively). Total tract digestibility of ADF was 39.5, 38.8, 35.8, and
40.3% in Phase 1 and 37.7, 30.9, 30.5, and 29.0% in Phase 2 for AMP, DMP, DMPLM, and
DMPLMH, respectively. In Phase 1, ADF digestibility was lower (P = 0.01) for DMPLM
compared with all other diets (DMP and DMPLMH were not different from AMP; P = 0.63 and
0.60). In Phase 2, ADF digestibility was decreased (P < 0.001) by all DMP diets compared with
AMP. The reason for the large difference in ADF digestibility for the DMPLMH diet between
Phase 1 and 2 could not be determined and appeared to be a result of natural variability.
Milk true protein N secretion was not affected by diet, but was increased (16%; P =
0.003) as proportion of N intake for all DMP diets compared with AMP (Table 5-4). Urinary N
excretion was on average 36% lower (P < 0.001) and was decreased (P < 0.001) to about 17 to
19% of N intake for the DMP diets vs. AMP, which was 23% of N intake. Excretion of UUN was
also reduced (P < 0.001) by the DMP diets compared with AMP. There was experimental phase ×
diet interaction for UUN excretion as proportion of N intake (P = 0.04). Urinary urea N excretion
as proportion of N intake was 67.2, 52.4, 51.6, and 54.2% in Phase 1 and 77.1, 46.4, 40.7, and
43.4% in Phase 2 for AMP, DMP, DMPLM, and DMPLMH, respectively. In both experimental
phases, this variable was decreased by the DMP diets compared with AMP (P = 0.01 to 0.006 in
Phase 1 and P < 0.001 in Phase 2). Fecal N excretion was not affected by diet, but as proportion
of N intake was increased (P < 0.001) by the DMP diets. Total N losses with feces and urine were
lower (P = 0.01) for DMP and DMPLM vs. AMP, but similar between DMPLMH and AMP.
Recovery of ingested N in excreta and milk true protein was greater (P = 0.033) for DMP and
DMPLMH compared with AMP. Urine output tended to be lower (P = 0.09) for the DMP diets,
except for DMPLMH vs. AMP. Urinary excretion of allantoin, uric acid, total PD, and the
estimated microbial protein outflow from the rumen were not affected by diet. Blood plasma urea
N was on average 35% lower (P < 0.001) for the DMP diets compared with AMP. There was
sampling wk × diet interaction (P = 0.04) for PUN. Plasma urea N concentrations were 10.9, 6.7,
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7.5, and 6.6 mg/dL in wk 9 and 12.1, 6.9, 7.8, and 9.4 mg/dL in wk 11 for AMP, DMP, DMPLM,
and DMPLMH, respectively. In both sampling weeks, the DMP diets had lower (P = 0.001 to <
0.001) PUN concentrations compared with AMP.
Dry matter intake over the entire data collection period (53 d) tended to be decreased (P =
0.06) by DMP, compared with AMP and DMPLMH (mean comparisons: P = 0.014 and 0.036,
respectively) (Table 5-5). These trends were in the same direction as the numerical trends in DMI
observed for sampling wk 9 and 11 (Table 5-3). The DMP diet decreased (P = 0.004) milk
production compared with AMP and DMPLMH, most likely resulting from the decreased DMI
with the former diet. Milk yield of the cows fed DMPLM tended to be lower (P = 0.07) than
AMP cows and higher (P = 0.10) than DMP cows. Feed efficiency, FCM feed efficiency, energycorrected milk yield, and milk fat percentage were not affected by diet, but milk fat yield tended
to be lower (P = 0.10) for the DMP diets compared with AMP. Fat-corrected (3.5%) milk yield
was decreased (P = 0.029) by DMP and DMPLM compared with AMP and DMPLMH. Milk true
protein content was not affected by diet, but protein yield followed the trend (P = 0.002) in milk
yield: lower for DMP compared with the other diets and similar between AMP, DMPLM, and
DMPLMH. Lactose yield followed the trend (P = 0.014) in milk yield. Milk NEL was decreased
(P = 0.026) by DMP and DMPLM compared with AMP. All DMP diets decreased (P < 0.001)
MUN compared with AMP. Concentration of MUN was numerically greater (P = 0.12), or tended
to be greater (P = 0.05) for DMPLMH compared with DMP and DMPLM, respectively. Body
weight or average BW change of the cows was not affected by diet. Although not statistically
significant, it appeared cows fed the DMP diet were losing BW, while cows on the other diets
were gaining weight during the trial.
Blood plasma Met concentration was increased (P < 0.001) by RPMet supplementation
(DMPLM and DMPLMH) compared with AMP and DMP (Table 5-6). Plasma Lys concentration
was decreased (P = 0.032) by DMP vs. AMP, but supplementation with RPLys eliminated this
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effect and plasma Lys for DMPLM and DMPLMH was not different from AMP. Rumenprotected His supplementation increased (P < 0.001) plasma His concentration of DMPLMH
cows compared with the other DMP diets, but still tended to be lower (P = 0.06) than AMP cows.
Blood plasma concentrations of several other EAA, namely Ile, Leu, Val, and Phe, and
concentration of EAA-LMH were also decreased (P = 0.018 to < 0.001) by DMP compared with
AMP. Concentration of total EAA was decreased (P < 0.001) by all DMP diets, compared with
AMP. Plasma concentrations of Gly and Ser were increased (P = 0.004 and 0.011, respectively)
by DMP and DMPLM, but not by DMPLMH (P = 0.10 and 0.36, respectively), compared with
AMP.

Discussion
One of the notable effects in this study was the trend for depressed DMI with the DMP
diet (on average 1.5 kg/d, throughout the 53 d of data collection). This and the apparent reduction
in total tract digestibility, particularly fiber, suggest impaired rumen function due to RDP and
ammonia deficiency. We have observed similar trends with low-CP, MP-deficient diets in our
previous studies (Lee et al., 2011a; 2012a). In both of these studies, total tract NDF digestibility
and DMI were decreased by the MP-deficient diets and in Lee et al. (2012a), urinary purine
derivatives excretion tended to be also decreased, similar to the numerical trend observed in the
current experiment. Weigel et al. (1997) and Allen (2000) have suggested that RDP deficiency
may depress DMI through inhibition of rumen function, although no statistical effect on DMI of
dietary CP concentrations as low as 12 to 13% was observed by Olmos Colmenero and Broderick
(2006) and Kröber et al. (2000).
Addition of RPLys and RPMet tended to increase DMI by 0.7 kg/d and the
supplementation of all 3 RPAA (Lys, Met, His) further increased it to the extent of being equal to
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DMI of the AMP cows. The increase in DMI was in spite of the apparent RDP deficiency with
the DMP diets and indicates a potential physiological effect of AA on feed intake. In his
discussion of DMI regulation, Allen (2000) concluded that there is little evidence that improved
AA supply can affect DMI in dairy cows. Allen (2000) pointed out that AA deficiency has been
shown to depress feed intake in non-ruminant species (Harper et al., 1970), but that was unlikely
in ruminants because AA composition of microbial protein synthesized in the rumen is relatively
constant. Feed intake depression with protein- and AA-deficient diets is a well-known
phenomenon in pigs and poultry (Henry, 1985; Picard et al., 1993), although some reports
suggested short-term DMI depression in dairy cows as well (Weekes et al., 2006). In a literature
review, Henry (1985) stated that feed intake and growth performance of pigs were depressed both
by a severe deficiency in dietary limiting AA and by an excessive supply of total protein or some
essential AA. Growing pigs fed a 14% CP diet containing supplemental Lys (0.73% Lys) had
feed intake and growth performance similar to pigs fed a 16% protein diet (0.77% Lys) (Baker et
al., 1975). Analogous results were reported by Yen and Veum (1982) who observed feed intake
and ADG with growing pigs fed a protein deficient (13% CP) diet supplemented with Lys and
Trp similar to pigs fed a 16% CP diet. Serotonin concentration in the posterior hypothalamus and
dietary imbalance between Trp and less-limiting EAA have been suggested as contributing
factors for the decreased feed intake in growing pigs (Henry et al., 1992). On the other hand,
there is sufficient evidence that elevated blood plasma concentrations of AA that cannot be used
for protein synthesis may depress feed intake in rats and monogastric farm species (Peng and
Harper, 1970; Henry, 1985).
Two recent meta-analyses have examined the effect of RPLys and RPMet
supplementation on feed intake (and production) in lactating dairy cows. Patton (2010) observed
a negative effect of RPMet supplementation on DMI (-0.23 kg/d) when the diet was not deficient
in AA and a 0.16 kg/d increase in DMI when the diet was deficient in Lys, Met, or Lys, Met, and
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another AA. The average CP of the diets included in this analysis was 17%, and the average MP
supply was 2,263 g/d, which was similar to the calculated 2,262 g/d MP requirement (NRC,
2001) for the reported average cow BW and production parameters. A meta-analysis by
Robinson (2010) reported a slight, 0.3% increase in DMI with RPMet and a 0.2% increase with
both RPMet and RPLys supplementation. In the latter analysis, similar to the one by Patton
(2010), the diets did not appear to be deficient in MP as the average dietary CP content was 17.2,
17.0, and 16.2% (RPMet, RPLys, and the combination of both AA, respectively) for an average
milk production of 31 to 33 kg/d (and milk protein content of 3.01 to 3.15%) reported for the
database.
The assumption of a constant AA composition of rumen microbes (Allen, 2000) is not
correct as variability in bacteria and protozoa AA content has been reported (Czerkawski, 1976;
Storm and Ørskov, 1983; Korhonen et al., 2002; and this study, see Table 5-7). Analysis of
bacterial pellets isolated through differential centrifugations from whole ruminal contents samples
from previous experiments with cows fed diets similar to the diet fed in the current experiment
showed about 27% lower concentration of His vs. Met (Table 5-7). Similarly, Schwab et al.
(2005) and Huhtanen et al. (2002) reported about 25 to 30% lower His than Met concentration in
bacterial protein and even lower His concentrations were reported by Czerkawski (1976; 50%
lower than Met). The NRC (2001) protein model uses 2 studies compiling literature data (by
Storm and Ørskov, 1983 and Clark et al., 1992) reporting Met:His ratios in ruminal bacteria of
1.30 and 1.14, respectively. In contrast, Patton et al. (2006) assumed Met:His ratio in microbial
protein of 0.96 (i.e., 1.68% Met and 1.75% His in microbial CP). According to NRC (2001),
concentration of both Met and His in milk protein EAA is 5.5%. Based on this, we assumed MP
should contain 2.2% His (similar to the recommended concentration of Met in MP; Schwab et al.,
2005). Lapierre et al. (2008) suggested that His requirements should be similar to Met
requirements, but they also pointed out that the large variability in the recommended
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requirements for His (from 2.4 to 3.2 % of MP) may be related to the potential contribution of
carnosine, a dipeptide containing His, as a source of His. Based on these data we concluded that
diets deficient in RUP, i.e., when microbial protein is the most important (more so than with
RUP-adequate diets) source of MP for the cow (NRC, 2001), may not be supplying sufficient
amounts of dHis due to the relatively low concentration of His, compared with Met (and Lys) in
microbial protein.
In the current study, increased postruminal supply of Lys, Met, and His (DMPLM and
DMPLMH diets) tended to gradually increase DMI, which resulted in increased milk yield (either
a trend or statistically significant). Milk protein yield was also increased, compared with the DMP
diet, by both RPLys plus RPMet and by additional RPHis supplementation. The important role of
His as a limiting AA in dairy cows fed grass silage-based diets has been demonstrated (Vanhatalo
et al., 1999; Kim et al., 1999; Huhtanen et al., 2002). Earlier studies with corn grain and corn
silage diets that had implicated Met as first limiting AA in dairy cows did not find any effect of
intravenous infusion of His on milk production (Fisher, 1972). Later, Vanhatalo et al. (1999),
Kim et al. (1999), and Rulquin and Pisulewski (2000) confirmed the status of His as the most
important AA limiting milk production and milk protein synthesis in diets based on grass silage
with low supplementation of protein feeds and low RUP content. Rulquin and Pisulewski (2000)
proposed optimum concentration of dietary His between 3.4 and 5.6% dHis in protein truly
digested in the small intestine. Later studies by the Hannah group (Kim et al., 2000; 2001) were
not conclusive regarding the role of His as first limiting AA, but in spite of some discrepancies, it
can be assumed based on the existing literature that His is the first limiting AA in diets comprised
of grass silage providing relatively low RUP supply (Korhonen et al., 2000; Huhtanen et al.,
2002). Attempts to investigate His as a first limiting AA in dairy cows fed corn and alfalfa (silage
and hay)–based diets had a limited success (Doelman et al., 2008; Aines et al., 2010). In both of
these experiments, however, dietary CP was relatively high (17.6 and 17.0%, respectively) and
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His was unlikely candidate for limiting milk or milk protein production. Data from the current
study confirmed that His is an important and potentially limiting AA in dairy cows under dietary
conditions, in which RUP supply is limited and the role of microbial protein synthesized in the
rumen as the primary source of MP is increased. An important difference between the current
study and previous experiments investigating His supplementation is the duration of treatment.
Most of the European data were derived from Latin square design post-ruminal infusion
experiments and the studies of Doelman et al. (2008) and Aines et al. (2010) were also relatively
short-termed (7-d and 28-d, respectively). Histidine deficiency may not become apparent in shortterm trials. The carnosine mechanism (Lapierre et al., 2008; see earlier discussion) may be
sufficient to maintain His supplies in short, Latin square or crossover experimental periods. In
contrast to data from the current experiment and that of Lee et al. (2012a), plasma His
concentrations were not different in cows fed AMP and DMP diets in a Latin square design trial
with 21-d experimental periods (0.58 and 0.63 mg/100 mL, respectively, P = 0.89; Lee et al.,
2011b). In addition, urea recycling may have a significant impact on rumen function is a shortterm study, but, to the best of our knowledge, its contribution to ruminal N supply in a long-term
experiments has not been investigated.
The increased plasma Lys and particularly Met concentration with DMPLM was
expected and similar results have been reported for RPMet (Piepenbrink et al., 1996; Berthiaume
et al., 2006; Preynat et al., 2009; Cabrita et al., 2011) and RPLys (Piepenbrink et al., 1996),
although we did not find a significant increase in plasma Met or Lys with the same RPMet and
RPLys products in our previous study (Lee et al., 2012a). Similar to Lee et al. (2012a), however,
the DMP diet resulted in a significant drop in plasma concentrations of several EAA, most
notably His, Leu, Val, and Phe and total EAA (excluding supplemental Lys, Met, and His). The
magnitude of reduction in His in this experiment, 47%, was similar to the 43% reduction
observed by Lee et al. (2012a). Similar reduction in plasma His, among other AA such as Arg,
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Ile, Leu, Lys, Val, and Phe, with low-protein diets have been reported by others (18 vs. 14% CP,
corn silage and alfalfa haylage-based diets, Piepenbrink et al., 1996; and 12.5 vs. 17.5% CP grass
and corn silage-based diets, Kröeber et al., 2000). The response will depend on various factors,
mainly diet composition and milk protein yield of the cows and has not been consistently reported
(e.g., Cabrita et al., 2011). As discussed by Lapierre et al. (2008), His may be unique among the
EAA by having labile pools that provide a source of stored His during short periods of deficiency,
i.e. intramuscular carnosine and circulating hemoglobin. Lapierre et al. (2008) estimated that the
total body content of carnosine in a dairy cow would be approximately 420 g of His, which could
contribute substantially to His supply, especially in studies with short experimental periods. By
the time plasma samples were collected in the current experiment, however, i.e. experimental wk
9 and 11, carnosine storage depots may have been depleted and carnosine concentration of
composited plasma samples was not different among diets. Interestingly, the DMP diets, except
DMPLMH, resulted in generally increased plasma concentration of the non-EAA, Gly and Ser.
This effect was not observed in our previous experiment (Lee et al., 2012a), but similar trends, at
least for Gly, were reported for low-protein diets by others (Piepenbrink et al., 1996; Kim et al.,
2000). The mechanism (or mechanisms) responsible for the increased plasma concentrations of
these 2 AA with the DMP diets is not clear. Decreased oxidation of Met was associated with
increased plasma Gly and Ser concentrations (Preynat et al., 2009) likely related to the
combination of Ser to homocysteine in the Met oxidative pathway and such a decreased oxidation
of Met may have occurred in the DMP diets. Alternatively, as both AA are involved in the
synthesis of purine and pyrimidine bases (Wu, 2009), their increased concentration with the DMP
diets may indicate decreased tissue nucleotide synthesis.
Dietary N input is the primary factor determining milk N efficiency (Huhtanen and
Hristov, 2009) and cows fed the MP-deficient diets had enhanced milk N efficiency in the current
study. The NRC (2001) protein model severely underpredicts milk response in cows fed MP-
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deficient diets (see Lee et al., 2012a). The current experiment was not an exception: milk yield
for the DMP diets was underpredicted on average by 10.3 ± 0.75 kg/d (MP-allowable milk yield
= 27.5 ± 1.03 kg/d; actual milk yield = 37.8 ± 1.36 kg/d). The dramatic reduction in urinary N
and urea-N excretion with the DMP diets was expected based on our previous experience (Lee et
al., 2011a, 2012a) and has been commonly reported in the literature for low-protein diets
(Kebreab et al., 2002; Olmos Colmenero and Broderick, 2006; Cyriac et al., 2008). There was an
apparent increase in the relative proportion of fecal N vs. urinary N, decreasing the latter to less
than 19% of the total excreta N. These trends are again commonly reported when dietary CP
concentration is decreased (Lee et al., 2012a). The important implication of this shift in the route
of N excretion is that manure ammonia emissions will also be expected to decrease due to the fact
that urinary urea is the primary source of ammonium and consequently ammonia in cattle manure
(Hristov et al., 2011b). The mitigating effect of decreasing dietary CP on ammonia emissions
from manure has been clearly demonstrated by our group in experimental (Lee et al., 2012b) and
field conditions (Hristov et al., 2012) and by others (Külling et al., 2001; van der Stelt et al.,
2008). Our previous work also indicated that decreasing urinary N excretion, through a reduction
in dietary CP concentration, can potentially have a mitigating effect on nitrous oxide, a potent
greenhouse gas, emitted from manure-amended soil (Lee et al., 2012b).

Conclusions
We observed a trend for increased DMI with RPAA supplementation, particularly when
all 3 RPAA, Lys, Met, and His were supplemented to a dairy cow diet predicted to be about 15%
deficient in MP. All RPAA products had sufficient rumen protection to supply AA postruminally
and intestinal digestibility to allow absorption, which was evident by the increased plasma Lys,
Met, and His concentrations, compared with the unsupplemented diet. The increased DMI
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triggered milk and milk protein yield responses, particularly evident when all 3 RPAA were
supplemented. As total tract fiber digestibility was suppressed with all diets, we propose that,
similar to monogastric species, AA play a role in DMI regulation in dairy cows. Analysis of
rumen bacterial samples indicated about 27% lower His than Met concentration in bacterial
protein. Microbial protein is an increasingly important source of AA for the cow when MPdeficient diets are fed and this report indicates that His may be a limiting AA in high-producing
dairy cows fed corn silage and alfalfa haylage-based diets, deficient in MP. Our analysis indicates
that the proportion of His in MP should be similar to that of Met, which for practical purposes is
suggested to be 2.2%. The MP-deficient diets clearly increased milk N efficiency and decreased
dramatically urinary N losses, which, based on previous observations, is expected to reduce
manure ammonia and nitrous oxide emissions. Thus, the combination of RPAA (Met, Lys, His)
has the potential to reduce these emissions whilst maintaining milk production and milk protein
yield in dairy cows.
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Table 5-1. Ingredient and chemical composition of the basal diets fed in the trial
Diets1
Phase 1
AMP

Phase 2
AMP

Item
DMP
DMP
Ingredients, % of DM
Corn silage2
40.7
40.7
39.7
39.7
Alfalfa haylage3
16.7
16.6
16.7
16.6
4
Grass hay
5.8
5.8
5.8
5.8
Cottonseed, hulls
1.1
1.1
1.1
1.1
Forage
64.3
64.2
63.3
63.2
Corn grain, ground
5.7
11.7
5.7
11.7
5
Bakery byproduct meal
7.4
7.4
7.4
7.4
6
Soybean seeds, whole, heated
5.5
6.6
5.5
6.6
7
Canola meal, mech. extracted
5.0
3.0
5.0
3.0
SoyPLUS8
5.0
0.0
6.0
1.0
9
Molasses
4.2
4.2
4.2
4.2
10
Minerals and vitamins premix
2.9
2.8
2.9
2.9
Composition, % of DM
CP
15.7
13.6
15.7
13.5
11
RDP
9.8
9.1
9.8
9.0
11
RUP
5.9
4.4
5.9
4.5
NDF
29.5
30.0
29.3
29.0
ADF
19.0
19.4
20.4
19.5
EE
4.8
4.7
4.1
4.5
11
NEL, Mcal/kg
1.56
1.57
1.56
1.56
11
NEL balance, Mcal/d
2
3
2
2
NFC
44.6
45.8
46.0
48.4
Ca
1.03
1.06
0.98
0.93
P
0.40
0.35
0.36
0.32
1
AMP = diet adequate in MP; DMP = diet deficient in MP; DMPLM = diet deficient in MP
supplemented with RPLys (AminoShure-L) and RPMet (Mepron); DMPLMH = diet deficient in
MP supplemented with AminoShure, Mepron, and RPHis.
2
Corn silage was 30.7 and 42.9% DM and (DM basis): 7.8 and 7.6% CP and 42.1 and 35.5%
NDF, Phase 1 and 2, respectively.
3
Alfalfa haylage was 49.4 and 45.4% DM and (DM basis): 21.7 and 19.5% CP and 41.4 and
43.0% NDF, Phase 1 and 2, respectively.
4
Grass hay contained (DM basis): 8.6 and 6.6% CP and 64 and 66% NDF, Phase 1 and 2,
respectively.
5
Bakery byproduct meal (Bakery Feeds Inc., Honey Brook, PA) contained (DM basis): 13.3 and
11.7% CP, and 13.5% NDF, Phase 1 and 2, respectively.
6
Contained (DM basis): 40.2 and 40.1% CP, Phases 1 and 2, respectively.
7
Contained (DM basis): 39.2 and 43.3% CP, Phases 1 and 2, respectively.
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8

SoyPLUS® (West Central®, Ralston, IA) contained (DM basis): 44.9 and 45.3% CP, Phases 1
and 2, respectively.
9
Molasses (Westway Feed Products, Tomball, TX) contained (DM basis): 3.9% CP and 66% total
sugar.
10
The premix contained (%, as-is basis): trace mineral mix, 0.86; MgO (56% Mg), 8.0; NaCl, 6.4;
vitamin ADE premix, 0.48; limestone, 37.2; selenium premix, 0.07; and dry corn distillers grains
with solubles, 46.7. Ca, 14.1%; P, 0.39%; Mg, 4.59%; K, 0.44%; S, 0.39%; Se, 6.91 mg/kg; Cu,
362 mg/kg; Zn, 1085 mg/kg; Fe, 186 mg/kg, vitamin A, 276,717 IU/kg; vitamin D, 75,000 IU/kg
and vitamin E, 1,983 IU/kg.
11
Estimated based on NRC (2001) using actual DMI, milk yield, milk composition, and BW of
the cows throughout the trial.
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Table 5-2. Rumen-protected amino acid supplementation and protein and amino acid balance
during the trial
Diet1
DMP

Item
AMP
DMPLM
DMPLMH
Supplementation of the basal diets, g/d
AminoShure-L
100
100
Mepron
50
50
RPHis
50
2,3
Protein and amino acid supply, g/d
RDP and RUP
RDP supply
2,420
2,108
2,166
2,219
RDP balance
-17
-192
-199
-199
RUP supply
1,490
1,034
1,081
1,100
RUP balance
12
-396
-464
-482
MP
Requirements
2,647
2,395
2,522
2,583
Supply
2,656
2,079
2,152
2,198
Balance
9
-317
-370
-385
dLys
Requirements3
175
158
166
170
Supply from the diet
160
134
138
141
4
Supply from AminoShure
24
24
Balance
-15
-24
-5
-4
dMet
Requirements3
58
53
55
57
Supply from the diet
45
39
40
41
4
Supply from the Mepron
18
18
Balance
-13
-14
3
2
dHis
Requirements3
58
53
55
57
Supply from the diet
54
44
46
47
Supply from RPHis3
11
Balance
-5
-9
-10
1
AMP = diet adequate in MP; DMP = diet deficient in MP; DMPLM = diet deficient in MP
supplemented with RPLys (AminoShure-L) and RPMet (Mepron); DMPLMH = diet deficient in
MP supplemented with AminoShure, Mepron, and RPHis.
2
All values were estimated using NRC (2001) based on actual DMI, milk yield, milk
composition, and BW of the cows throughout the trial; dLys, dMet, dHis = digestible Lys, Met,
and His, respectively.
3
Requirements of dLys and dMet were calculated as 6.6 and 2.2% (respectively) of MP
requirements. Requirements of dHis were assumed as 2.2% of MP requirements (see Results).
4
Digestible Lys, Met, and His from AminoShure-L, Mepron and RPHis, respectively, were
estimated from Lys, Met and His content and bioavailability data provided by the manufacturer:
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38% Lys and 64% bioavailability (AminoShure-L), 85% Met and 72% bioavailability (Mepron),
and 50% His and 44% bioavailability (RPHis). Requirements of dLys, dMet, and dHis were
calculated as 6.6, 2.2, and 2.2% (respectively; see Results) of MP requirements.
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Table 5-3. Effect of metabolizable protein supply and ruminally-protected amino acid
supplementation on nutrients and total tract apparent digestibility in dairy cows
Diet1,2
DMP

Item
AMP
DMPLM DMPLMH
SEM P-value
Nutrient intake, kg/d
24.2
DM
24.9
22.9
23.6
1.18
0.59
22.7
1.11
0.63
OM
23.3
21.5
22.1
7.14
0.350 0.63
NDF
7.32
6.75
6.96
4.71
0.231 0.48
ADF
4.90
4.45
4.59
b
3
a
b
b
3.37
3.90
3.09
3.24
0.165 0.005
CP
Apparent digestibility, %
63.7c
DM
67.2a
65.1b
64.1bc
0.45
<0.001
c
a
b
bc
65.0
66.2
65.2
0.44
<0.001
OM
68.3
b
4
a
b
b
37.2
41.7
37.6
36.3
0.76
<0.001
NDF
b
5
a
b
b
34.7
38.6
34.9
33.1
0.74
<0.001
ADF
CP
62.5a
57.2b
56.8b
55.3b
0.79
<0.001
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; n = 94 (n represents number of observations used in the statistical
analysis).
AMP = diet adequate in MP; DMP = diet deficient in MP; DMPLM = diet deficient in MP
supplemented with RPLys (AminoShure-L) and RPMet (Mepron); DMPLMH = diet deficient in
MP supplemented with AminoShure, Mepron, and RPHis.
3
Includes N from supplemental RPAA.
4
Experimental phase × diet interaction, P = 0.03.
5
Experimental phase × diet interaction, P < 0.001.
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Table 5-4. Effect of metabolizable protein supply and ruminally-protected amino acid
supplementation on milk N secretion, urinary and fecal N losses, urine purine derivatives (PD)
excretion and plasma urea-N concentration in dairy cows
Diet1,2
DMP DMPLM
494b
518b

Item
AMP
DMPLMH SEM P - value
a
N intake, g/d
623
539b
26.4
0.005
N secretion and excretion, g/d
Milk TPN3
183
167
177
178
8.3
0.47
Urinary N
143a
92b
87b
97b
5.7
<0.001
Urinary urea N (UUN), g/d
104a
47b
41b
49b
5.8
<0.001
4
a
b
b
b
UUN ÷ total urinary N, %
72.2
49.4
46.1
48.8
2.68 <0.001
Fecal N
233
213
224
241
12.0
0.35
Total excreta N
376a
305b
311b
338ab
15.9
0.01
Total N in excreta and milk 559a
472b
489b
516ab
22.9
0.04
As proportion of N intake, %
Milk TPN
29.4b
34.2a
34.4a
33.6a
0.99
0.003
a
b
b
b
Urine N
23.1
19.0
16.9
18.2
0.83 <0.001
Fecal N
37.6b
42.9a
43.3a
44.7a
0.79 <0.001
Total excreta N
60.6
61.9
60.3
62.9
1.09
0.29
Total N in excreta and milk
90.0b
96.2a
94.7ab
96.5a
1.59
0.033
Urinary PD excretion
Urine output,5 kg/d
14.5
12.1
12.0
13.4
0.73
0.09
Allantoin, mmol/d
520
462
473
513
25.1
0.19
Uric acid, mmol/d
43.3
41.5
37.2
44.3
2.76
0.26
Total PD, mmol/d
563
504
510
557
27.3
0.20
Microbial N flow, g/d
383
338
343
377
19.7
0.19
6
a
b
b
b
PUN, mg/dL
11.5
6.8
7.6
8.0
0.52 <0.001
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; n = 94 (n represents number of observations used in the statistical
analysis).
2
AMP = diet adequate in MP; DMP = diet deficient in MP; DMPLM = diet deficient in MP
supplemented with RPLys (AminoShure-L) and RPMet (Mepron); DMPLMH = diet deficient in
MP supplemented with AminoShure, Mepron, and RPHis.
3
Milk true protein N (milk true ÷ protein 6.38).
4
Experimental phase × diet interaction, P = 0.04.
5
AMP vs. DMP, P = 0.03; AMP vs. DMPLM, P = 0.03.
6
Sampling wk × Diet interaction, P = 0.04.
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Table 5-5. Effect of metabolizable protein supply and ruminally-protected amino acids
supplementation on milk yield and composition in dairy cows
Diet1,2
Item
AMP
DMP
DMPLM DMPLMH SEM
P-value
DMI,3,4 kg/d
24.5
23.0
23.7
24.3
0.43
0.06
Milk yield,3 kg/d
38.8a
35.2b
36.9ab
38.5a
0.74
0.004
Milk ÷ DMI
1.59
1.56
1.57
1.59
0.032
0.89
Milk Fat, %
3.50
3.51
3.32
3.30
0.117
0.44
5
Yield, kg
1.34
1.20
1.21
1.23
0.045
0.10
3.5% FCM, kg
35.5a
32.0b
32.8b
33.5ab
0.86
0.036
3.5% FCM ÷ DMI
1.46
1.40
1.41
1.39
0.032
0.45
ECM, kg
38.1a
34.3b
35.5b
36.4ab
0.88
0.029
ECM ÷ DMI
1.57
1.50
1.53
1.51
0.032
0.50
Milk true protein, %
2.98
2.94
2.99
3.03
0.030
0.23
a
b
a
a
Yield, kg/d
1.13
1.01
1.10
1.14
0.025
0.002
Milk Lactose, %
4.89
4.85
4.86
4.88
0.028
0.71
Yield, kg/d
1.87a
1.67b
1.78ab
1.84a
0.045
0.014
Milk NEL,6 Mcal/d
26.2a
23.6b
24.4b
25.1ab
0.61
0.026
MUN, mg/dL
13.0a
10.3bc
10.1c
11.1b
0.37
< 0.001
BW, kg
599
591
602
597
5.0
0.43
BW change, kg
2.8
-4.8
9.1
1.5
6.16
0.46
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; DMI, n = 2,258; milk yield, n = 2,106; milk yield ÷ DMI, n = 2,097; BW,
n = 2,241; BW change, n = 48; all others, n = 168 (n represents number of observations used in
the statistical analysis).
2
AMP = diet adequate in MP; DMP = diet deficient in MP; DMPLM = diet deficient in MP
supplemented with RPLys (AminoShure-L) and RPMet (Mepron); DMPLMH = diet deficient in
MP supplemented with AminoShure, Mepron, and RPHis.
3
Averaged DMI and milk yield for the experimental period (53 d);
4
AMP vs. DMP, P = 0.014; DMP vs. DMPLMH, P = 0.036.
5
AMP vs. DMP, P = 0.03; AMP vs. DMPLM, P = 0.04; AMP vs. DMPLMH, P = 0.08.
6
Milk NEL (Mcal/d) = kg of milk × (0.0929 × % fat + 0.0563 × % true protein + 0.0395 × %
lactose) (NRC, 2001).
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Table 5-6. Effect of metabolizable protein supply and ruminally-protected amino acid
supplementation on blood plasma amino acid composition (mg/100 mL) in dairy cows
Diet1,2
Item
AMP
DMP
DMPLM
DMPLMH
SEM
P-value
Met
0.25b
0.27b
0.39a
0.36a
0.013
<0.001
Lys
1.03a
0.86b
0.92ab
0.99a
0.039
0.032
Thr
1.02
1.01
1.12
1.18
0.069
0.25
a
b
b
b
Arg
1.33
1.04
1.13
1.15
0.047
0.001
Ile
1.70a
1.33b
1.41b
1.45b
0.072
0.005
Leu
1.88a
1.45b
1.47b
1.57b
0.067
<0.001
Val
2.91a
2.24b
2.32b
2.43b
0.102
<0.001
His3
0.75a
0.40b
0.40b
0.64a
0.042
<0.001
Phe
0.77a
0.70b
0.66b
0.69b
0.023
0.018
Pro
0.94
0.82
0.91
0.89
0.037
0.14
Trp
0.81
0.77
0.77
0.72
0.041
0.50
Tyr
0.80
0.81
0.79
0.78
0.027
0.80
Gly
1.80c
2.16ab
2.39a
2.05bc
0.106
0.004
Ser
0.78c
0.88ab
0.91a
0.81bc
0.032
0.011
Ala
2.22
2.25
2.33
2.47
0.113
0.40
Tau
0.46
0.42
0.46
0.49
0.037
0.61
4
Glu
0.77
0.88
0.81
0.79
0.030
0.10
Gln
2.91
2.77
2.79
2.83
0.080
0.62
Asn
0.52
0.49
0.53
0.54
0.023
0.42
Asp
0.09
0.08
0.07
0.08
0.005
0.47
Carnosine5
0.31
0.29
0.31
0.33
0.024
0.68
EAA6
12.5a
10.1c
10.6bc
11.2b
0.37
<0.001
7
a
b
b
b
EAA–LMH
10.4
8.5
8.9
9.2
0.32
0.001
Non-EAA
10.8
11.1
11.5
11.2
0.32
0.47
a,b
Within a row, means without a common superscript letter differ (P < 0.05).
1
Least squares means; n = 48 (n represents number of observations used in the statistical
analysis).
2
AMP = diet adequate in MP; DMP = diet deficient in MP; DMPLM = diet deficient in MP
supplemented with RPLys (AminoShure-L) and RPMet (Mepron); DMPLMH = diet deficient in
MP supplemented with AminoShure, Mepron, and RPHis.
3
AMP vs. DMPLMH, P = 0.06.
4
AMP vs. DMP, P = 0.02; DMP vs. DMPLMH, P = 0.06.
5
Dipeptide (β-alanyl-L-histidine); anserine, another dipeptide (β-alanyl-N-methylhistidine), was
not detected.
6
Essential amino acids.
7
EAA – (Lys + Met + His).
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Table 5-7. Crude protein concentration (% of DM) and individual amino acids composition (% of
CP) of fluid-associated ruminal bacteria isolated from lactating Holstein dairy cows1 (n = 14)
Mean
SD
CP
40.5
3.70
Met
1.38
0.072
Lys
3.86
0.213
Thr
4.05
0.139
Arg
3.40
0.304
Ile
4.24
0.231
Leu
5.75
0.242
Val
4.73
0.296
His
1.01
0.291
Phe
3.45
0.232
Pro
2.45
0.120
Trp
ND2
ND
Tyr
0.13
0.020
Gly
4.23
0.208
Ser
2.84
0.163
Ala
5.72
0.208
Tau
0.08
0.042
Glu
9.10
0.497
Asn
8.77
0.332
Asp
0.80
0.061
Hydroxylysine
0.10
0.018
Ornithine
0.09
0.024
Total
66.2
3.08
1
Bacterial pellets from whole rumininal contents samples from 14 cows (Tekippe et al., 2011 and
Lee et al., 2011b).
2
Not detected

Chapter 6
EFFECTS OF DIETARY PROTEIN CONCENTRATION ON AMMONIA
AND GREENHOUSE GAS EMISSIONS FROM DAIRY MANURE
Journal of Dairy Science Vol. 95, No. 4, 1930-1941, 2012
Lee, C., A. N. Hristov, C. J. Dell, G. W. Feyereisen, J. Kaye, and D. Beegle

Abstract
Two experiments were conducted to investigate the effect of dietary crude protein (CP)
concentration on ammonia (NH3) and greenhouse gas (GHG; nitrous oxide, methane, and carbon
dioxide) emissions from fresh dairy cow manure incubated in a controlled environment
(experiment 1) and from manure-amended soil (experiment 2). Manure was prepared from feces
and urine collected from lactating Holstein cows fed diets with 16.7% (DM basis; MP-adequate
diet, AMP) or 14.8% CP (MP-deficient diet, DMP). Manure from cows fed the AMP diet had
higher N content and proportion of NH3- and urea-N in total manure N than DMP manure (DM
basis: 4.4 vs. 2.8% and 51.4 vs. 30.5%, respectively). In experiment 1, NH3 emitting potential
(EP) was greater for AMP compared with DMP manure (9.20 vs. 4.88 mg/m2 per min,
respectively). The 122-h cumulative NH3 emission tended to be decreased 47% (P = 0.09) using
DMP compared with AMP manure. The EP and cumulative emissions of GHG were not different
between AMP and DMP manure. In experiment 2, urine and feces from cows fed DMP or AMP
diets were mixed and immediately applied to lysimeters (61 × 61 × 61cm; Hagerstown silt loam;
fine, mixed, mesic Typic Hapludalf) at 277 kg of N/ha application rate. The average NH3 EP
(1.53 vs. 1.03 mg/m2 per min, respectively) and the area under the EP curve were greater for

192
lysimeters amended with AMP than with DMP manure. The largest difference in the NH3 EP
occurred approximately 24 h after manure application (approximately 3.5 times greater for AMP
than DMP manure). The 100-h cumulative NH3 emission was 98% greater for AMP compared
with DMP manure (7,415 vs. 3,745 mg/m2, respectively). The EP of methane was increased and
that of carbon dioxide tended to be increased by DMP compared with AMP manure. The
cumulative methane emission was not different between treatments, whereas the cumulative
carbon dioxide emission was increased with manure from the DMP diet. Nitrous oxide emissions
were low in this experiment and did not differ between treatments. In the conditions of these
experiments, fresh manure from dairy cows fed a DMP diet had substantially lower NH3 EP,
compared with manure from cows fed a AMP diet. The DMP manure increased soil methane EP
due to a larger mass of manure added to meet plant N requirements compared with AMP manure.
These results represent effects of dietary protein on NH3 and GHG EP of manure in controlled
laboratory conditions and do not account for environmental factors affecting gaseous emissions
from manure on the farm.
Key words: ammonia, greenhouse gas, dairy manure

Introduction
Ammonia (NH3) emitted from cattle manure has environmental and human health effects,
including eutrophication of surface waters, acidification of ecosystems, and fine particulate
matter formation in the atmosphere (US EPA, 2004). Livestock operations are considered to be
the largest contributor to anthropogenic NH3 emissions in the United States (50%; US EPA,
2004). Therefore, research efforts have been directed toward mitigating NH3 emission from
animal operations (Ndegwa et al., 2008). Decreasing dietary CP is one of the most effective
strategies to decrease NH3 emission from animal manure (Ndegwa et al., 2008; Hristov et al.,
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2011a). Studies have demonstrated substantial reductions of NH3 emitted from dairy manure
during simulated storage (Misselbrook et al., 2005; Agle et al., 2010) and from the barn floor (Li
et al., 2009) with decreasing dietary CP concentration. Research investigating NH3 emission from
soil amended with manure from cows fed varying CP diets is limited. Manure application rates
are usually nutrient (N or P)-based, thus avoiding over-application above crop requirements and
the resulting water pollution this can create (Beegle, 2000). It is possible, however, that, at equal
N application rates, type of manure N (urinary vs. fecal) may affect NH3 emissions from soil.
Manure N composition depends, among other factors, on dietary CP supply (Külling et al., 2001).
As excess dietary CP is primarily excreted as urinary urea (Hristov et al., 2011a) and urea is the
main source of NH3 emission from manure (Lee et al., 2011a), it is likely that dietary CP has a
major effect on NH3 emissions from manure amended soil.
Methane (CH4), nitrous oxide (N2O) and carbon dioxide (CO2) are important greenhouse
gases (GHG), of which cattle manure is a significant source (US EPA, 2010). Although the
effects of manure storage conditions and type of feed on GHG emissions have been investigated
(Jungbluth et al., 2001; Adviento-Borbe et al., 2010), studies on the specific effect of dietary CP
are limited (Kulling et al., 2001). Methane and CO2 gases are generated in manure through
microbial decomposition of fecal OM (Smith and Conen, 2004), a process that may be stimulated
by organic or inorganic N sources along with available carbon. Ammonia, for example, is a
critical N source for methanogens in various environments (Bryant, 1974) and its availability in
manure may affect archaeal growth. Nitrous oxide can be directly produced from manureamended soil through microbial nitrification and denitrification processes, or indirectly when N is
lost through volatilization as NH3, nitric oxide, and nitrogen dioxide (NOx), or run-off and
leaching (US EPA, 2010). It is assumed that the indirect contribution of volatilized NH3 and NOx
occurs through redeposition of these N compounds onto the soil in the form of particulate
ammonium, nitric acid, and NOx, which may enter the nitrification and denitrification cycle. On
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the other hand, volatilization losses of N will decrease the availability of N for nitrification and
denitrification processes and consequently, N2O formation (US EPA, 2010). In both cases, dietary
CP concentration determines to a large extent manure N concentration and can have a significant
effect on N2O emissions (Cardenas et al., 2007). Therefore, manure N (specifically readily
available urinary urea N) might play an important role in promoting GHG emissions from
manure-amended soil.
Manure NH3 and GHG emissions from the barn floor or manure storage are influenced by
several important factors, including manure composition, environmental factors, and type of barn
or manure storage facility (Ndegwa et al., 2008; Hristov et al., 2011a). Thus, if dietary effects on
gaseous manure emissions are investigated investigated, a good chance exists that results will be
confounded by environmental and manure management factors, which make comparisons
between studies and even within a study difficult. A recent review reported NH3 flux rate from
dairy farms varying from 0.03 to 17 g/m2 per h; NH3 flux rates from beef feedlots ranged from
0.09 (winter) to 0.25 (summer) g/m2 per hour (Hristov et al., 2011a). With this large variability, it
is difficult, or practically impossible, to categorize the effect of diet on manure emissions.
Therefore, we proposed that investigating NH3 (or GHG) emissions of fresh manure in a
controlled environment [i.e., NH3 (or GHG) emitting potential (EP) of manure], would provide a
better understanding of the specific effect of diet on manure composition (mainly the relative
proportions of urinary urea and fecal N) and the potential of a dietary treatment to affect gaseous
manure emissions, providing environmental and manure management factors are equal (Hristov
et al., 2009; Weiss et al., 2009; Agle et al., 2010).
Therefore, the objective of these experiments was to investigate the effects of dietary CP
concentration on NH3 and GHG EP of fresh dairy manure in a controlled environment, or
following soil application. We hypothesized that fresh manure from cows fed a AMP diet would
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emit more NH3 and N2O, and that GHG emissions may also be increased due to increased
availability of N to fecal and soil microorganisms.

Materials and Methods
Animals involved in these studies were cared for according to the guidelines of the
Pennsylvania State University Animal Care and Use Committee (PA). The committee reviewed
and approved all procedures involving animals.

Experiment 1
This experiment was part of a companion experiment (Lee et al., 2011c) and was
designed to examine the effect of dietary CP on the NH3 and GHG EP of fresh manure in a
controlled environment. In the companion experiment, 36 Holstein cows (average parity, 2.1 ±
1.0 lactations; BW, 618 ± 84 kg; DIM, 132 ± 7 d; milk yield, 44 ± 9.6 kg/d at the beginning of the
trial) were fed 2 diets (Table 6-1): High-CP [adequate metabolizable (MP) protein supply; AMP,
16.7% CP] and Low-CP (deficient-MP supply; DMP, 14.8% CP). Diets were fed as TMR and the
AMP diet was formulated to meet the nutrient requirements of a lactating Holstein cow
consuming 25 kg of feed DM/d and yielding 43.1 kg of milk/d with 3.6% milk fat and 3.0% true
milk protein (NRC, 2001). The DMP diet was MP deficient (−156 g/d; based on NRC, 2001).
Fresh feces and urine samples were collected for the current experiment from individual
cows (i.e., 12 cows fed the AMP diet and 12 cows fed the DMP diet) at wk 5 and 7 of the
companion experiment (which was 10 wk in duration). During each sampling week, feces
(approximately 200 g per sampling) were collected from the rectum of each cow twice on d 1 (at
0700 and 1500 h) and once on d 2 (at 1800 h). Individual urine samples (approximately 200 g per
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sampling) were collected at the same times as the fecal collections by massaging the vulva.
Samples were stored frozen at −20°C until analyzed. Fecal samples from the individual samplings
were composited by equal weight within treatment to prepare one AMP and one DMP fecal
sample. Urine was processed in a similar way. Thus, 72 individual fecal or urine samples were
combined to make 1 composite AMP fecal or urine sample and 1 DMP fecal or urine sample.
The gas EP of manure was defined as the rate of gas emission (mg or μg/m2 per minute)
from cattle feces and urine mixed in a 1.7:1 (wt/wt, as-is basis) ratio incubated for 100 to 122 h in
simulated storage under a controlled environment (room temperature, 25°C, and continuous air
influx of 2 L/min), or after application to soil in a greenhouse under controlled temperature (20 to
26°C). The composited fecal and urine samples were thawed and mixed 1.7:1 (252 g of feces and
148 g of urine; ratio based on Hristov et al., 2011b) to produce AMP and DMP manure. In this
experiment, NH3, CO2, CH4, and N2O EP of manure were analyzed using a steady-state flux
chamber system (Wheeler et al., 2007). Briefly, the chambers (glass jars; surface area, 161.14
cm2) were equipped with a lid consisting of 2 inlets, which were connected with a circular
diffusion Teflon tube inside the chamber through which continuous-sweep airflow (2 L/min) was
provided. The chamber outlets were attached to a multi-value switching apparatus, which allowed
for automated, sequential gas measurements from each jar by an INNOVA 1412 photoacoustic
gas monitor (AirTech Instruments A/S, Ballerup, Denmark). Emission data were collected
approximately every 30 min; measurements were converted on a per-minute basis and these data
were used in the statistical analysis. Manure (400 g) was placed in the chambers immediately
before the beginning of the incubation, thus representing manure processes occurring on the barn
floor immediately following excretion and mixing of feces and urine. Treatments were replicated
twice and incubations were carried out at 25°C for 122 h.

197
Experiment 2
This experiment was conducted to investigate the effect of dietary CP level on the gas EP
of fresh manure following soil (lysimeter) application. Separate sets of fecal and urine samples
were collected from cows in the companion experiment (Lee et al., 2011c). Approximately 5 kg
of feces and urine was collected from 2 cows fed the AMP diet and from 2 cows fed the DMP
diet, at wk 5 and 7 of the companion experiment. Feces and urine were collected during 3
sampling events in 2 d of each sampling week. Each sampling event lasted for 3 h: from 0700 to
1000 and from 1500 to 1800 h (d 1) and from 1100 to 1400 h (d 2). Collected fecal and urine
samples were immediately frozen at −20°C. After thawing, aliquots of the fecal and urine
samples were composited on an equal-weight basis by cow and treatment (i.e., AMP or DMP
diet), and week (wk 5 and 7) for chemical analyses (4 urine and 4 fecal composited samples per
diet). Aliquots of the composited samples were freeze dried and analyzed for total N (Costech
ECS 4010 C/N/S elemental analyzer; Costech Analytical Technologies Inc., Valencia, CA). Feces
and urine were further composited by week to form 2 composite samples per treatment (i.e., AMP
or DMP diet) and divided into 18 subsamples for lysimeter application.
Feces and urine within each of the 18 subsamples were mixed in a 1.7:1 ratio (as in
experiment 1) and blended using a blender (Waring Products Division, Dynamics Corp., New
Hartford, CT) for 30 s to prepare homogenous manure for lysimeter application. Aliquots of the
freshly prepared manure (18 samples) were immediately frozen at −20°C and later freeze dried
(VirTis Ultra 35 XL-70 freeze dryer; SP Industries Inc.) and analyzed for total N, NH3-N
(Chaney and Marbach, 1962), and urea-N (Stanbio Urea Nitrogen Kit 580; Stanbio laboratory
Inc., San Antonio, TX) concentrations.
Manure was immediately applied after mixing feces and urine at a uniform rate of
thickness to soil contained in a lysimeter system (Feyereisen and Folmar, 2009). In this
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experiment, 21 lysimeters were used (9 AMP manure, 9 DMP manure, and 3 with no added
manure). The lysimeters were collected from the Pennsylvania State University’s Russell E.
Larson Agricultural Research Center; the soil was a Hagerstown silt loam (fine, mixed, mesic
Typic Hapludalf) with average surface (0 to 5-cm depth) moisture content of 31.4 ± 0.19%. A
brief description of the lysimeters and collection process follows. Steel cube-shaped casings open
at the top and bottom (61 × 61 × 61 cm) were driven into the soil with a 1.1-Mg drop hammer.
The soil-filled assembly was excavated and secured in a rollover device that allowed them to be
flipped 180°. The bottom of the lysimeter was filled with 1 to 2 cm of dry sand to level the soil
and then covered with a perforated polyvinyl chloride (PVC) bottom. The lysimeters were flipped
upright and transported to the US Department of Agriculture-Agricultural Research Service
Pasture Systems and Watershed Management Research Unit’s greenhouse facility on the
Pennsylvania State University’s University Park campus. Lysimeters were arranged in the
greenhouse in a 3-row by 7-column pattern with 0.9 m between rows and 1.2 m between columns
and blocked by location in 3 blocks of 7. Air temperatures were maintained from 20 to 26°C
throughout the experiment with exhaust fans. This experiment was part of a companion
experiment studying 15N-labeled manure N movement in soil and plant uptake. The companion
experiment had 7 treatments, including blank (no added manure; 3 lysimeters), unlabeled AMP
and DMP manure (3 of each, for a total of 6 lysimeters), 15Nlabeled feces AMP and DMP manure
(6 lysimeters), and 15N-labeled urine AMP and DMP manure (6 lysimeters). Lysimeters within a
block were randomly assigned to 1 of the 7 treatments. The companion experiment was a
randomized complete block design, split plot in time. For the purpose of experiment 2, all 9
lysimeters within manure type (i.e., AMP or DMP manure) were treated as replicates. The 9
lysimeters within manure type were 3 lysimeters with unlabeled manure and 6 with manure
containing 15N-labeled feces or urine. As N isotope fractionation naturally occurs during NH3
volatilization from manure (see Hristov et al., 2009), experiment 2 data were also analyzed with
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the effect of 15N-labeling of manure included in the statistical model. No difference was observed
in the rate of NH3 emission due to 15N-labeling (1.28, 1.32, and 1.23 mg/m2 per minute for
manure containing 15N-labeled feces, manure containing 15N-labeled urine, and unlabeled
manure, respectively; P = 0.75; SEM = 0.079). No interaction of 15N-labeling × treatment (i.e.,
manure type; P = 0.69) was observed.
The planned manure application rate was 11.25 g of N/lysimeter (corresponding to 335
kg of N/ha), assuming an N availability factor of 0.3 (Pennsylvania State University, 2011; spring
application of manure and soil incorporation within 5 to 7 d). At this application rate, N supply to
a subsequent corn crop would be 101 kg/ha. The amount of mixed feces and urine needed to
achieve this application rate was estimated based on N analyses of freeze-dried fecal and urine
samples. Manure analysis indicated that the actual application rate was 9.3 g of N/lysimeter, or
277 kg of N/ha. The discrepancy between estimated and actual N application rates was probably a
result of ammonia volatilization losses during application and handling of manure samples for
analysis and variability in the N assay procedure. Because of the higher N concentration of AMP
manure, a greater amount of DMP manure was applied to lysimeters to achieve equal N
application rates (Table 6-2).
Emissions of NH3, CO2, CH4, and N2O were measured from the manure-soil surface at 3,
8, 23, 28, 54, and 100 h after manure application. Manure remained on the soil surface for the
duration of gas measurements. Measurements were made using an INNOVA 1412 photoacoustic
gas monitor (AirTech Instruments A/S) connected to a vented chamber. The chamber diameter
was 25 cm, the height was 10 cm, and it was constructed from PVC pipe. To minimize NH3
interaction with surfaces, the interior of the chamber was lined with Teflon tape and Teflon
tubing was used to connect the chamber to the gas monitor. Chamber bases (25-cm diameter × 8
cm high) were also constructed from PVC and were inserted into the soil in each lysimeter shortly
after manure application. The upper edge of the bases and lower edge of chambers had
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interlocking lips fitted with rubber gaskets to provide an airtight seal between the base and
chamber. Each time the chamber was deployed, the gas monitor withdrew air samples and
analyzed gas concentrations every minute for a 6-min period. The gas measurements were
conducted in the same order across lysimeters for all time points. Gasemission rates were
determined by regression of the change in gas concentration versus time. Two different
calibration models were used because the emission rate curves had different shapes for NH3 and
GHG. Emissions curves for all gases were initially fit to both quadratic and linear models. A
quadratic model provided the best fit for NH3 and a linear model provided the best fit for the
GHG. No significant emissions of NH3, CH4, and N2O occurred from the blank, unmanured
lysimeters (i.e., no significant change in the concentration of these gases above ambient).
Therefore, it was assumed that emissions of these gases measured from the manured lysimeters
were a response to manure application. Emission of CO2 from the blank lysimeters was low but
detectable and is, therefore, presented here for comparison (see footnote, Table 6-3).

Statistical Analysis
Ammonia and GHG EP data (experiments 1 and 2) were analyzed with the MIXED
procedure of SAS (SAS Institute, 2003) as repeated measures assuming an autoregressive(1)
covariance structure with overall mean, treatment, time, treatment × time, and error term in the
model for experiment 1 and overall mean, treatment, time, treatment × time, block, block ×
treatment, and error term in the model for experiment 2. In the experiment 2 model, blocks and
block × treatment interaction were random effects, whereas all other factors were fixed. The
Kenward-Roger-method was used to calculate degrees of freedom.
Feces and urine composition data, before being composited for lysimeter application
(experiment 2; fecal and urine samples were not analyzed for experiment 1), were analyzed using
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the MIXED procedure of SAS with overall mean, cow, sampling week, treatment, and error term
included in the model. Cow was a random effect, whereas all other factors were fixed. Manure
composition and application data in experiment 2 were analyzed using the EP model, except that
time and treatment × time terms were omitted. The Kenward-Roger-method was used to calculate
degrees of freedom.
Ammonia and GHG cumulative emissions in experiment 1 were estimated based on
actual EP measurements. Emitting potential data from experiment 2 were fitted to various
regression models (SigmaPlot 10.0; Systat Software Inc., San Jose, CA; NH3, R2 = 0.95 ± 0.020;
CH4, 0.88 ± 0.064; N2O, 0.79 ± 0.076; and CO2: 0.92 ± 0.037, respectively) to estimate EP and
cumulative emissions over the time period of emission measurements. Cumulative emissions data
were analyzed using the EP models, except that the time and treatment × time terms were
omitted.
The NH3 EP curves from experiment 2 were fitted to various nonlinear models
(SigmaPlot 10.0; average R2 = 0.95 ± 0.014) to estimate the area under the EP curves (AUC;
AREA.XFM transform, SigmaPlot 10.0). Areas under the curve data were analyzed as the
cumulative emissions data above.
In all models, the error term was assumed to be normally distributed with mean = 0 and
constant variance. Statistical differences were declared at P < 0.05. Differences between
treatments at 0.05 < P < 0.10 were considered a trend toward significance.
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Results and Discussion

Manure Composition
The composition of feces and urine from cows fed AMP and DMP diets used in
experiment 2 is shown in Table 6-2. The composition of feces, urine, and manure used in
experiment 1 was not analyzed. Cows used to obtain feces and urine for experiment 1 were on the
same companion experiment and fed the same diets as in experiment 2 and it is likely that feces
and urine compositionm(and consequently manure) were similar between the 2 experiments.
Fecal and urine DM contents were not different between diets. The concentration of N in feces
and urine was greater (trend at P = 0.09 and P = 0.02, respectively) for AMP compared with
DMP diets. As a result, manure from the AMP diet had 53% greater (P < 0.001) N concentration
compared with DMP manure. Kebreab et al. (2002) reported an exponential response in urinary N
output to increasing dietary CP concentration. Olmos Colmenero and Broderick (2006) also
reported that urinary, but not fecal N, excretion increased with increasing CP concentration of the
ration. In experiment 2, similar amounts of N from AMP and DMP manure were applied to the
lysimeters (Table 6-2). Due to lower N concentration, the amount of manure DM applied was
greater (P < 0.001) for DMP manure compared with AMP manure. The different N concentration
in urine and similar N concentration in feces altered the proportions of urinary and fecal N in
AMP and DMP manure. The proportion of fecal N was greater and that of urinary N was lower
for DMP compared with AMP manure. As a result, the amount of urea- and NH3-N added to the
lysimeters was substantially greater (P < 0.001) for AMP than for DMP manure. As urinary urea
is the main source of NH3 emission from manure (Burgos et al., 2007; Lee et al., 2011a), the
different proportion of urinary N in AMP versus DMP manure was expected to have a major
effect on NH3 emissions.
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Experiment 1
The average NH3 EP of fresh manure was about 89% greater (P = 0.02) for AMP than
DMP (Table 6-3). Peak EP was recorded at 6 h for DMP manure and at around 18 h for AMP
manure (Figure 6-1; effect of time, P < 0.001; treatment × time interaction, P = 0.24). As a result
of this greater EP, the cumulative NH3 emission tended to be greater (P = 0.09) for AMP
compared with DMP manure. Based on these cumulative losses and manure composition data
(Table 6-2), an estimated 39 (AMP) and 30% (DMP) of the manure N was lost as NH3 over the
122-h incubation period in this experiment. Decreased manure N concentration and NH3 losses
have been consistently reported as a result of decreased dietary CP concentration in dairy cattle
(Misselbrook et al., 2005; van der Stelt et al., 2008; Agle et al., 2010). Swensson (2003) also
found a linear relationship (R2 = 0.92) between NH3 release rate from manure and dietary CP
concentration. The diet used to produce the DMP manure for the current experiment was not
meeting the requirements of cows for MP according to NRC (2001). However, as discussed
elsewhere (Huhtanen and Hristov, 2009), it is likely that the current NRC (2001) protein model
overestimates the MP requirements of dairy cows. For example, based on actual nutrient intake
and milk composition, NRC (2001) predicted MP-allowable milk yields of 38.8 ± 5.9 and 29.6 ±
4.8 kg/d for AMP and DMP in the companion experiment (Lee et al., 2011c). This represented an
underestimation of the actual milk yield of the DMP group of 7.1 kg/d. In a subsequent trial, Lee
et al. (2011b) were able to maintain milk production similar to the control (16% CP diet) of 38 to
39 kg/d with a 14% CP diet supplemented with ruminally protected AA. Thus, significant
potential exists for decreasing the NH3 EP of manure and, consequently, ammonia emissions
from animal operations by decreasing dietary protein concentration without negatively affecting
cow performance. It is expected that the magnitude of reduction in NH3 EP observed in the
current experiment would be even greater if dietary CP were decreased from the current industry
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standard of around 17 to 18% (Hristov et al., 2006). Ammonia EP data from this experiment,
however, have to be interpreted with caution, as environmental factors, housing, and manure
management all greatly affect on-farm emissions and these factors are not accounted for in our
experimental setting.
The CH4 and CO2 EP and cumulative emissions were not affected by treatment in
experiment 1 (Table 6-3). Peak CH4 EP was recorded at 21 and 33 h for DMP and AMP manure,
respectively (Figure 6-1; effect of time, P < 0.001). A significant treatment × time interaction (P
< 0.001) was observed for CH4. In effect, CH4 EP was greater for DMP than for AMP manure
from 10 to 24 h (very low emissions were observed before 10 h) and then EP was greater for
AMP up to 60 h when CH4 emissions effectively ceased. Carbon dioxide EP increased rapidly
from 0 to 30 h (effect of time, P < 0.001) and then plateaued for the AMP manure, but continued
to slightly increase for the DMP manure (Figure 6-1), which resulted in a significant treatment ×
time interaction (P = 0.001). Although feces are the main source of CO2 emissions from manure,
urea hydrolysis per se can also be a source of CO2. We did not make an attempt to distinguish
sources of CO2, but it is unlikely that the difference in urea concentration between DMP and
AMP manure would have significantly affected the CO2 emission data in this experiment. It was
expected that higher N concentration in manure could increase CH4 and CO2 emissions as a result
of greater availability of N for microbial growth. Results showed that our hypothesis was likely
incorrect and N is not limiting the growth of manure microorganisms, particularly in these shortterm experimental conditions.
Nitrous oxide was not detected in manure gas in experiment 1. Nitrous oxide emission is
negligible on the barn floor (Adviento-Borbe et al., 2010; Arriaga et al., 2010) due to the lack of
nitrifying and denitrifying microorganisms in cattle feces (Dowd et al., 2008). In addition, longerterm measurements of N2O emission are necessary. For example, Kulling et al. (2001) observed a
significant decrease in N2O from slurry with lower dietary CP concentration during a 3-wk
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manure storage experiment. Others have also reported low N2O emissions during storage of dairy
(Amon et al., 2006), swine (Park et al., 2006), and poultry manure (Li and Xin, 2010).
As discussed earlier, gaseous emissions from manure on the farm are influenced by a
multitude of factors (temperature, wind, type of building, and manurehandling system; Ndegwa et
al., 2008; Hristov et al., 2011a), confounding the effect of diet and CP intake. Analyzing
emissions in a controlled environment (i.e., the EP of manure) is a more appropriate procedure for
quantifying the effect of dietary factors. For example, in a current on-farm project with 12
commercial Pennsylvania dairy farms, we monitored barn floor NH3 emissions in the spring and
fall of yr 1 and then again in yr 2 of the project, after dietary CP concentrations were decreased
by about 1 percentage unit (A. N. Hristov, V. Ishler, K. Griswold, G. Schurman, S. Dinh, and E.
F. Wheeler, Pennsylvania State University, University Park, PA 16802, unpublished data). On
average, barn floor NH3 emissions for the farms, in which the dietary CP reduction was
documented by regular TMR sampling, decreased by about 65% (445 vs. 156, mg/m2 per hour).
However, average air temperatures during the emission measurements were 14 and 5°C (yr 1 and
2, respectively). Thus, in this particular project it was impossible to distinguish the effect of diet
from the effect of environment. Manure samples from the same farms (feces and urine, collected
separately, stored frozen, and later combined in the laboratory, as in the current experiments)
were analyzed for NH3 EP and showed unequivocally a decrease in emissions by about 36% for
the low-CP period compared with the control, high-CP feeding period. This field study in
progress demonstrates the potential of using EP as a tool for evaluating effect of diet and manure
composition on NH3 (and GHG) emissions from dairy farms.
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Experiment 2
The decision to apply manure to the lysimeters immediately after mixing feces and urine
was based on data from Lee et al. (2011a). In that trial, urea hydrolysis occurred very rapidly in
manure with over 80% of the urea being hydrolyzed in 24 h (Lee et al., 2011a). As the difference
in NH3 emissions between the diets in the current experiment was expected to result from
differences in urinary urea excretion, it was decided that manure should be applied to soil
immediately following mixing of feces and urine. Thus, data from experiment 2 would be
representative of situations where manure is applied to soil within 24 h after excretion (i.e., daily
haul) and would not be representative of longer manure storage management systems.
The average NH3 EP of manure following soil application was about 49% greater (P <
0.001) for AMP compared with DMP manure (Table 6-3). Ammonia EP remained relatively
steady during the first 24 h after AMP manure application and decreased thereafter (Figure 6-2;
effect of time, P < 0.001). A significant treatment × time interaction (P < 0.001) was observed.
The EP for DMP manure sharply decreased during the first 24 h of manure application and at 23
h was, on average, 0.56 mg of NH3/m2 per minute compared with 1.92 mg of NH3/m2 per minute
for the AMP manure. The average NH3 EP during this period (23 and 28 h after manure
application) was approximately 3.5 times greater for AMP than for DMP manure. The difference
between the 2 manures remained large at 50 h (1.15 vs. 0.43 mg of NH3/m2 per minute,
respectively) and disappeared by 100 h. As a result, the area under the NH3 EP curves was
consistently larger (P < 0.001) for AMP than DMP throughout the 100-h monitoring period (see
Figure 6-2 caption). This resulted in about 98% greater (P < 0.001) cumulative NH3 emission
from AMP compared with DMP manure-amended soil (Table 6-3). Based on these data and
manure composition (Table 6-2), an estimated 23% of the AMP manure N and 12% of the DMP
manure N applied to lysimeters were lost as NH3 in 100 h. This greater NH3 loss from the AMP
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manure can be explained by the greater concentration of urinary N in AMP than in DMP manure.
Urea- and NH3-N could represent from 50 to 90% of total urinary N in cattle (Bristow et al.,
1992). Using 15N-labeled urine or feces, Lee et al. (2011a) reported that urinary N contributed
more than 90% of NH3-N emitted from manure during the first 10 d after feces and urine were
mixed (i.e., manure excretion). The decrease in NH3 EP with DMP manure in experiment 2 was
consistent with the decrease observed in experiment 1, but EP was considerably lower in
experiment 2 than in experiment 1. Direct comparison of EP between the 2 experiments,
however, is not possible because of different measurement protocols. The use of a static chamber
to isolate emissions in experiment 2 was necessary to eliminate the effect of NH3 drift among the
closely placed lysimeters, but static chambers can alter conditions at the emitting surface and
affect EP (Svensson, 1994). Moreover, manure in experiment 2 was uncovered (except for brief
periods during gas-emission measurements) allowing for more rapid drying, and subsequent
decrease in gas emission rates, than with the steady-state system used in experiment 1. As
suggested by Jokela and Meisinger (2008), ammonium-N in manure is absorbed onto the soil
exchange complex during application, which likely slowed the volatilization process in
experiment 2. The main factor, however, causing the different emission rates between
experiments 1 and 2 was likely the amount of manure-to-manure surface area ratio. For example,
the ratio of amount of manure-to-manure surface area in experiment 1 was 2.48 g/cm2, whereas in
experiment 2, it was 0.44 and 0.63 g/cm2 (AMP and DMP manure, respectively). Converted on a
per-manure weight basis, NH3 EP during the first 24 h were, in fact, similar between the 2
experiments for the AMP manure: 0.53 versus 0.44 μg of fresh manure/g per minute, but still
about 50% lower in experiment 2 for the DMP manure (0.41 vs. 0.20 μg of fresh manure/g per
minute, respectively).
The average CH4 EP was greater (P = 0.002) for DMP compared with AMP manureamended soil (Table 6-3). Overall, EP for both types of manure were very low in this experiment,
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but steadily increased from 6 to 23 h (effect of time, P < 0.001) and started decreasing thereafter
in a similar manner for both manures (Figure 6-3; treatment × time interaction, P = 0.03). The
cumulative CH4 emission was not different between AMP and DMP manure (Table 6-3). The
average CO2 EP tended to be greater (P = 0.07) for DMP manure-amended soil and the
cumulative CO2 emission was greater (P = 0.03) compared with AMP manure. Carbon dioxide
EP rapidly increased (effect of time, P < 0.001) for both manures up to 23 h, after which point
CO2 EP for DMP was markedly greater (55 vs. 34 mg/m2 per minute at 50 h, respectively)
compared with AMP (treatment × time interaction, P < 0.001). The increased CH4 and CO2 EP
from DMP manure can be explained by the greater amount of manure OM applied to soil with
this treatment. The proportion of fecal matter was greater in DMP than in AMP manure.
Therefore, more undigested feed OM (and fecal microorganisms) was applied to the lysimeters
with DMP manure. Synergistic activity between fecal and soil microorganisms that ferment fecal
OM was likely responsible for the increased CH4 and CO2 EP from DMP manure. Clark et al.
(2005) also reported greater emission (simulated storage conditions) of CH4 and CO2 from
manure excreted from swine fed a low-CP diet. Furthermore, Kulling et al. (2001) reported that
lactating Brown Swiss cows fed a low-CP diet had decreased fiber digestibility, which resulted in
more available carbon sources to form CO2 and CH4 in manure during storage. In the companion
study, the DMP diet decreased total tract NDF and ADF digestibility, which resulted in greater (P
< 0.001) concentrations of NDF and ADF in feces from cows consuming DMP compared with
AMP diets (51.4 vs. 48.2% and 39.3 vs. 25.9%, respectively; Lee et al., 2011c).
Methane EP measured in this experiment were much smaller in magnitude than on-farm
emission rates. For example, CH4 EP from experiment 2 were used to calculate annual manure
CH4 emissions per lactating cow. Using manure excretion data from a related experiment, in
which total fecal and urine collections were performed (averaging 66 kg of fresh manure/cow per
day; Lee et al., 2011d), annual CH4 emission rates for AMP and DMP manure were estimated at
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179 and 153 g/cow. These rates are not comparable to IPCC (2006) emission factors, which range
(depending on the ambient temperature) from 63 to 98 kg of CH4/ dairy cow per year for North
America. Our estimates, however, are comparable to rates reported by Kulling et al. (2001;
depending on diet, from 63 to 124 g/cow per year) for a manure storage system, similar to the one
used in experiment 1. Annual CH4 emission rates for experiment 1 were 1.2 and 1.1 kg/cow per
year, respectively. It is apparent, that CH4 emissions measured in the current study cannot be
compared with IPCC (2006) estimates due to an array of factors, including primarily manure
storage time and system (our on-farm measurements, for example, yielded CH4 emission rates of
45 to 1,900 mg/m2 per hour, depending on the manure storage system; flush and gravity flow,
respectively), environmental effects, and measurement procedures, among others. Studies like
ours, and that of Kulling et al. (2001), are not designed to provide actual field gas-emission
factors, but to compare emissions between dietary treatments.
The N2O EP was low in this experiment and not different between treatments (Table 6-3).
Nitrous oxide EP increased (effect of time, P < 0.001; treatment × time interaction, P = 0.98) up
to 23 to 28 h and then again up to 50 h for both types of manure and decreased thereafter. Similar
to our data, Cardenas et al. (2007) reported relatively low N2O emissions from sheep slurry: from
0.05 (ryegrass diet) to 0.32 (kale diet) kg of N2O-N/ha per day for the first 4 d (anaerobic
fermentation). Assuming an average EP of 15 μg of N2O/m2 per minute (approximately between
23 and 50 h following manure application; Figure 6-3), one can calculate that N2O emissions in
experiment 2 were about 0.14 kg of N2O-N/ha per day, which is within the range reported by
Cardenas et al. (2007). A longer measurement period may be needed to document effects of
dietary CP on N2O emission. Formation and release of N2O can occur immediately after manure
is applied to soil due to denitrification of soil NO3 – in the presence of easily degradable manure
OM. However, much more additional N2O can be produced by denitrification of mineralized and
nitrified manure N with time after manure application (Velthof et al., 2003). Nitrous oxide
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emissions ranged from 2.2 to 6.7 kg of N2O-N/ha per day during the aerobic period (32 d) in the
Cardenas et al. (2007) study. Thus, it is likely that following extended storage, N2O emission
from AMP manure-amended soil would be greater than that from DMP manure-amended soil.
Cardenas et al. (2007), for example, reported the largest correlation between N2O emissions and
slurry protein concentration. In their study, slurry from sheep fed alfalfa had higher N content and
about 45% greater N2O emission than slurry from sheep fed ryegrass (although the largest
emission was from sheep fed kale, which produced slurry with intermediate N concentration).
Furthermore, NH3 is an indirect source of N2O. Ferm (1998) estimated that 5% of the global N2O
emissions originate from NH3 oxidation in the atmosphere; in the present experiment, AMP
manure emitted substantially greater NH3 than did DMP manure in both experiments 1 and 2.
Results from experiment 2 are applicable to NH3 and GHG emissions from the barn floor,
immediately after urine and feces are mixed, or to systems in which manure is rapidly removed
and applied to soil (i.e., daily haul). Under most systems, however, manure is stored for various
periods of time on farm before field application and our data are likely not accounting for
important environmental factors affecting gaseous emissions from manure on the farm and
changes in manure that occur during long-term storage.

Conclusions
The effect of dietary CP concentration on NH3 EP of dairy cattle manure was significant
in simulated storage as well as from the soil surface following manure application immediately
after mixing feces and urine. More NH3 was emitted from AMP manure-amended soil even
though N application rates were similar for DMP and AMP manure. This can be explained by the
proportionally greater concentration of urinary urea N in AMP than DMP manure. The largest
difference in the NH3 EP occurred approximately 24 h after manure application (approximately
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3.5 times greater for AMP than DMP manure). Methane and CO2 EP from manure amended soil
increased or tended to increase with DMP manure. This was likely a result of the greater addition
of fecal matter with DMP compared with AMP manure. In this short-term experiment, emission
of N2O was not affected by dietary CP level. These results represent effects of dietary protein on
NH3 and GHG EP of manure in controlled laboratory conditions and do not account for the effect
of storage or environmental factors affecting gaseous emissions from manure on the farm;
therefore, applicability to most common farm manure management practices is limited.
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Table 6-1. Ingredient (% of DM) and chemical composition of the diets1 fed to dairy cows to
produce manure for experiment 1 and 2
Diet1
Composition
Corn silage
Alfalfa haylage
Grass hay
Corn grain, ground
Bakery byproduct meal
Canola meal (solvent extracted)
Cotton seed, hulls
Soybean seeds, whole, heated
Megalac2
Corn dry distiller’s grain with
solubles
Molasses
Minerals and vitamins premix3

AMP
26.0
18.8
5.0
14.3
7.3
11.9
5.3
4.5
2.6
1.5

DMP
25.1
18.8
5.0
19.5
7.3
11.2
6.2
0
2.6
1.5

1.5
1.5

1.5
1.5

Chemical Composition,4 % of DM
CP
16.7
14.8
5
RDP
10.6
9.8
RUP5
6.1
4.9
NDF
31.7
31.9
ADF
21.1
21.2
NEL, Mcal/kg
1.64
1.64
NFC
38.8
41.1
Ether extract
5.8
5.7
Ca
1.06
1.04
P
0.45
0.42
1
AMP = diet containing 16.7% CP; DMP = diet containing 14.8% CP.
2
Megalac (Church and Dwight, Princeton NJ) contained 85% fat.
3
The premix contained (%, as – is basis): trace mineral mix, 0.88; MgO (54% Mg), 8.3; NaCl,
6.4; vitamin ADE premix, 1.73; limestone, 35.8; selenium premix, 1.09; and dry corn distillers
grains with soluble, 45.8. Composition: Ca, 14.9%; P, 0.37%; Mg, 4.84%; K, 0.44%; S, 0.32%;
Se, 7.04 mg/kg; Cu, 377 mg/kg; Zn, 1,146 mg/kg; Fe, 191 mg/kg; Se, 6.67 mg/kg; Co, 5.4mg/kg;
vitamin A, 125,875 IU/kg; vitamin D, 31,418 IU/kg; and vitamin E, 946 IU/kg.
4
Calculated from analyzed composition of individual feed ingredients (Cumberland Valley
Analytical Services, Maugansville, MD).
5
Calculated based on NRC (2001).
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Table 6-2. Composition of feces and urine from cows fed AMP and DMP diets (n1 = 8) and
manure (mixture of feces and urine) applied to lysimeters in experiment. 2 (n = 18)
Diet2
Item
Feces
DM, %
N, % of DM
Urine
DM, %
N, % of DM
Manure applied to lysimeters
DM, %
N, % of DM
Applied, g/lysimeter
Feces
Urine
Manure3
Manure DM
Fecal N
Urinary N
Manure N4
Total urea- and NH3-N

AMP

DMP

SEM

P - value

16.9
2.56

17.2
2.35

0.19
0.049

0.37
0.09

7.2
14.9

5.9
9.2

0.48
0.26

0.21
0.02

13.2
4.36

13.7
2.84

0.45
0.057

1,041
612
1,653
217
4.6
6.2
9.5
4.9

1,483
872
2,356
323
5.9
4.7
9.1
2.8

16.3
9.6
25.9
10.2
0.07
0.06
0.24
0.06

0.41
<0.001
<0.001
<0.001
<0.001
0.002
<0.001
<0.001
0.35
<0.001

As proportion of total N applied
Fecal N, %
42.4
55.5
Urinary N, %
57.6
44.5
1
Indicates number of observations used in the statistical analysis (n = 8 represents 4 cows and 2
sampling weeks; n = 18 represents 18 manured lysimeters).
2
AMP = manure from cows fed a diet containing 16.7% CP; DMP = manure from cows fed a diet
containing 14.8% CP.
3
Representing a 1.7:1 ratio (wt/wt, feces:urine).
4
The estimated amount of manure N applied to lysimeters was lower than the sum of fecal and
urinary N likely due to ammonia N losses during mixing of feces and urine and manure handling
before application.
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Table 6-3. Effects of dietary protein concentration on NH3 and greenhouse gas emitting potential
(n1 = 488 for all gases in experiment 1; n = 72 for CH4 and n = 107 for NH3, N2O, and CO2 in
experiment 2) and cumulative emissions (n = 4, experiment 1; n = 18, experiment 2) from manure
Diet2
Item
AMP
DMP
SEM
P - value
Experiment 1
Emission rate, mg/m2 per min3,4
NH3
9.20
4.88
0.733
0.02
CH4
0.86
0.78
0.165
0.74
CO2
65.6
70.1
2.79
0.31
Cumulative, 122-h emission, g/m2
NH3
67.4
35.8
7.29
0.09
CH4
6.3
5.7
0.99
0.72
CO2
480
513
37.3
0.60
Experiment 2
Emission rate, mg/m2 per min (or as indicated)5
NH3
1.53
1.03
0.062
< 0.001
CH4
0.06
0.11
0.011
0.002
N2O, µg/m2
11.8
9.8
1.22
0.25
CO2
34.7
39.2
1.31
0.07
2
Cumulative, 100-h emission, mg/m (or as indicated)
NH3
7,415
3,745
469.8
<0.001
CH4
138
167
41.4
0.65
N2O
82
68
11.7
0.39
CO2, g/m2
163.86
201.8
12.8
0.03
1
Indicates number of observations used in the statistical analysis.
2
AMP = manure from cows fed a diet containing 16.7% CP; DMP = manure from cows fed a diet
containing 14.8% CP.
3
N2O was not detected in manure gas from experiment 1.
4
Effect of time and time × treatment interaction: NH3, P < 0.001 and 0.24; CH4, P < 0.001 and
<0.001; CO2, P < 0.001 and 0.001, respectively.
5
Effect of time and time × treatment interaction: NH3, P < 0.001 and <0001; N2O, P < 0.001 and
0.98; CH4, P < 0.001 and 0.04; CO2, P < 0.001 and <0.001, respectively.
6
The cumulative CO2 emission from the unmanured lysimeters (n = 3) was 16.7 ± 1.91 g/m2.

Figure 6-1. Effect of dietary protein concentration on NH3 and greenhouse gas emitting potential
(EP) of fresh manure incubated for 122 h (experiment 1; error bars are omitted for clarity, see
Table 3 for variability and statistics). Panel A: ammonia; panel B: methane; panel C: carbon
dioxide; nitrous oxide was not detected in manure gas from experiment 1. AMP = manure from
cows fed a diet containing 16.7% CP; DMP = manure from cows fed a diet containing 14.8% CP.
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Figure 6-2. Ammonia emitting potential (EP) curves for manure applied to lysimeters in
experiment 2 (means ± SE). Areas under the ammonia EP curves: AMP = 118.6; DMP = 55.4 mg
of NH3/m2 per minute × h (n = 18, average R2 = 0.95 ± 0.014, SEM = 7.82, P < 0.001; effect of
time, P < 0.001; treatment × time interaction, P < 0.001). AMP = manure from cows fed a diet
containing 16.7% CP; DMP = manure from cows fed a diet containing 14.8% CP.
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Figure 6-3. Effect of dietary protein concentration on greenhouse gas emitting potential (EP) of
manure-amended soil in experiment 2 (mean ± SE, n = 9). Panel A: methane (methane emissions
were not detected beyond 28 h); panel B: nitrous oxide; panel C: carbon dioxide. AMP = manure
from cows fed a diet containing 16.7% CP; DMP = manure from cows fed a diet containing
14.8% CP.

Chapter 7
NITROGEN ISOTOPE FRACTIONATION AND ORIGIN OF AMMONIA
NITROGEN VOLATILIZATION FROM CATTLE MANURE IN
SIMULATED STORAGE
Atmosphere Vol. 2, 256-270, 2011
Lee, C., A. N. Hristov, T. Cassidy, and K. Heyler

Abstract
A series of laboratory experiments were conducted to establish the relationship between
nitrogen (N) isotope composition of cattle manure and ammonia emissions, potential contribution
of nitrogenous gases other than ammonia to manure N volatilization losses, and to determine the
relative contribution of urinary- vs. fecal-N to ammonia emissions during the initial stage of
manure storage. Data confirmed that ammonia volatilization losses from manure are most
intensive during the first 2 to 3 days of storage and this coincides with a very rapid loss
(hydrolysis) of urinary urea. Long-term (30 days) monitoring of δ15N of manure and emitted
ammonia indicated that the dynamics of N isotope fractionation may be complicating the
usefulness of the isotope approach as a tool for estimating ammonia emissions from manure in
field conditions. The relationship between δ15N of manure and ammonia emission appears to be
linear during the initial stages of manure storage (when most of the ammonia losses occur) and
should be further investigated. These experiments demonstrated that the main source of
ammonia-N volatilized from cattle manure during the initial 10 days of storage is urinary-N,
representing on average 90% of the emitted ammonia-N. The contribution of fecal-N was
relatively low, but gradually increased to about 10% by day 10. There appears to be substantial
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emissions of nitrogenous gases other than ammonia, most likely dinitrogen gas, which may
account for up to 25% of N losses during the first 20 days of manure storage. This finding, which
has to be confirmed in laboratory and field conditions, may be indicative of overestimation of
ammonia emissions from cattle operations by the current emissions factors.
Keywords: cattle manure, ammonia, urinary urea, isotope fractionation

Introduction
Ammonia (NH3) emitted from animal feeding operations is a major air and water
pollutant contributing to surface water eutrophication, soil acidity, and fine particulate matter
(PM2.5) formation (USEPA, 2004; Hristov et al., 2011). Current estimates for livestock
contribution to anthropogenic NH3 in the U.S. are at 50% (USEPA, 2004). Some reports have
indicated, however, that a significant portion of manure N lost during storage may be as non-NH3
gases, such as dinitrogen gas (N2) (Harper et al., 2004). The latter authors suggested, for example,
that N2 emissions from swine lagoons are many times greater than emissions of NH3. Emissions
of N2 from cattle manure may also be high, particularly during the initial stage of manure storage
when the bulk of urinary N is volatilized. If this is the case, mass balance, or other indirect
approaches [i.e., not measuring NH3 emissions directly; isotope, manure minerals : N ratios
(Hristov et al., 2009)] for estimating NH3 emissions may not be accounting for gaseous non-NH3N losses and thus, NH3 emissions from cattle operations may be overestimated. For example, 25
and almost 50% of the daily N flow in dairy and beef cattle operations, respectively, were
unaccounted as milk, daily body weight gain, or manure (Hristov et al., 2011). How much of this
loss is NH3 and how much non-NH3-N is unknown. It is important to point out that N2 is an inert
gas and, unlike NH3, is not considered an air pollutant.
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Of the two major N pools in cattle (or most farm animals) manure, feces and urine, the
latter (specifically, urinary urea in cattle) is generally considered to be the major source of
emitted NH3 (Bussink and Oenema, 1998). Although the biological and biochemical ground for
such an assumption is solid, there is surprisingly little experimental data to support it. For
example, the conclusions of Bussink and Oenema (1998) are primarily based on a study with soil
application of synthetic urinary N compounds (Whitehead et al., 1989). To our knowledge, only
one study directly investigated urinary vs. fecal N contribution to volatile N emissions from
animal manure (Thomsen, 2000). Nitrogenous gas emissions from manure are to a large extent
dependent on manure composition (Hristov et al., 2011), which in turn depends on the animals’
diet. Thus, it is important to quantify the actual contribution of urinary N to these emissions,
particularly in the initial stages of manure storage when emissions are most intensive, which
would allow for successful mitigation of manure emissions through dietary means.
A substantial part of mitigating manure emissions, including NH3, is the availability of
accurate and practical methods for estimating emissions. Direct measurement techniques are “the
gold standard”, but are affected by a multitude of environmental factors (temperature, wind
velocity; see later discussion) and are of limited value when, for example, the effect of diet on
manure emissions is evaluated (Hristov et al., 2011; Ni and Heber, 2008). The U.S.
Environmental Protection Agency (EPA) recently released data from the National Air Emissions
Monitoring Study (USEPA, 2011), in which gaseous emissions, including NH3, from several
commercial dairy operations were monitored. In this study, barn NH3 emissions varied from 4.6
(a California dairy) to 78 g/cow/day (a Washington dairy). Similar large variability in directly
monitored NH3 emissions from dairy farms (0.82 to 250 g NH3/cow/day) or beef feedlots (50 to
283 g NH3/animal/day) was reported in a recent literature review (Hristov et al., 2011). With such
large variability, determining the specific effect of diet is practically impossible. Therefore, we
have investigated indirect methods for estimating manure NH3 emissions, utilizing minerals:N
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ratios and natural N isotope fractionation (Hristov et al., 2009). The isotope method appeared
promising, however, the relationship between 15N of manure and NH3 volatilization is a dynamic
process and longer monitoring periods are necessary to determine the usefulness of this approach
for practical applications.
In this study, a series of laboratory experiments were conducted with the following
objectives: (1) establish the relationship between manure N isotope composition and NH3
emissions beyond 10 days of storage; (2) investigate the potential contribution of nitrogenous
gases other than NH3 to manure N volatilization losses; and (3) determine the relative
contribution of urinary- vs. fecal-N to NH3 emissions during the initial stage of manure storage.
We hypothesized that: (1) 15N of NH3 and manure N will continue to increase beyond 10 days and
will reach a plateau; (2) non-NH3 gases, such as N2, may account for a significant portion of
manure N losses, particularly during the initial storage phase; and (3) urinary urea-N is the
primary source of NH3-N emitted from cattle manure during the initial, most intensive, phase of
manure N volatilization losses.

Materials and Methods

Manure Preparation and Experimental Settings
Feces and urine for these experiments were collected from dairy cows fed a diet
containing approximately 60% forage (corn silage, alfalfa haylage, and grass hay) and 40%
concentrate (corn grain, whole-heated soybeans, canola meal, a bakery byproduct, cottonseed
hulls, a sugar blend, a non-protein N source, and a mineral/vitamin premix) as a total mixed
ration. The diet contained (as % of dry matter, DM): crude protein, 15.5; neutral-detergent fiber,
32.9; non-structural carbohydrates, 41.6, and total digestible nutrients, 72.3. Cows were on
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average 149 ± 40 days in milk, produced 44 ± 1.4 kg/day milk, and were housed at the
Pennsylvania State University’s dairy research center. All procedures involving animals were
reviewed and approved by the Pennsylvania State University’s Institutional Animal Care and Use
Committee.
In each experiment, 2 cows were used as donors of feces and urine. Feces and urine were
collected directly from the rectum and by massaging the vulva, respectively, and combined on an
equal weight basis to produce one composite fecal and one urine sample for each experiment. The
samples were stored frozen (−20°C) until needed. Feces and urine were thawed and mixed
immediately before being used in a 1:1 ratio (w/w) to produce manure for each experiment.
Combined feces and urine (800 g fresh weight) were incubated in a modified continuous culture
fermenter system (Varga et al., 1988). Briefly, the system consisted of 2 L capacity incubation
vessels with ports allowing manure sampling and collection vessels containing 500 mL of 0.5 M
H2SO4 to capture the released NH3. Air, moisturized by passing through a sealed water jar, was
continuously propelled through the system at a rate of 1 L/min to maintain positive pressure and
carry manure gases through the acid solution. The acid solution was replaced daily and aliquots
were analyzed for NH3-N and 15N. All experiments were carried out at 25°C for 10, 20, or 30
days.
Two experiments (Exp. 1 and 2) were designed to quantify NH3-N volatilization losses,
manure urea hydrolysis, and investigate N isotope fractionation during manure storage. In each
experiment, 3 incubation vessels were used (n = 3). The incubations were carried out for 20 or 30
days (Exp. 1 and 2, respectively). Manure samples (20 to 40 g each) were collected for total N,
15

N, and urea-N analyses on day 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 19 and 20 (Exp. 1),

or day 0, 1, 3, 5, 8, 11, 16, 21, 26, and 31 (Exp. 2). Net manure N or 15N loss was calculated with
correction for the amount of N or 15N removed with sampling (assuming an equivalent proportion
of N or 15N lost from the sample as from manure remaining in the incubation vessel). Similarly,

229
NH3-N or NH3-15N recovered in the acid trap was corrected for NH3-N or NH3-15N that would
have been emitted from the samples removed from the incubation vessels.
The N isotope composition of manure- and emitted NH3-N was expressed as delta 15N
(δ15N) and calculated as:

δ15N =

R sample−R standard
R standard

, where R =

15N

(14N + 15N )

Experiment 3 was designed to quantify the contribution of NH3-N to total N volatilization
losses from manure. Incubation length and sampling were as for Exp. 1, except that the manure
urea-N pool was labeled by incorporating 200 mg [15N2] urea (98 atom % 15N; Cambridge Isotope
Laboratories Inc., Andover, MA) at day 0. Daily manure and acid-NH3 solution samples were
analyzed for 15N-enrichment, expressed as atom % excess [APE; atom % 15N - 0.3663 (the natural
abundance of 15N in air)].
Experiment 4 was designed to investigate the relative contribution of fecal and urinary N
to NH3-N emitted from manure. Two-ruminally cannulated cows were used as donors of feces
and urine. Feces and urine were collected in 2 separate sampling periods (Periods 1 and 2). In
Period 1, unlabeled with 15N feces and urine were collected. In Period 2, the cows received
intraruminal doses of 99 atom % 15NH4Cl (Cambridge Isotope Laboratories Inc.) to produce 15Nlabeled feces and urine. A total of 4 g/day 15NH4Cl were dosed intraruminally to each cow for 5
consecutive days. The isotope was dissolved in 1 L distilled water and dosed twice daily (2 g at
each dosing), immediately before the morning and afternoon feedings. Approximately 10 kg of
ruminal contents were removed from the rumen of each cow, the isotope solution was mixed in,
and the labeled contents were returned to the rumen. Feces and urine were collected on day 4 (at
0700 and 1500 h) and 5 (1100 h) of each sampling period (i.e., allowing 3 day for labeling of
animal excreta) and frozen. Samples of unlabeled or 15N-labeled feces and urine were thawed and
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composited on an equal weight basis immediately before being used in Exp. 4. Manure containing
15

N-labeled feces (FLM) was prepared by mixing 400 g (fresh weight) of unlabeled urine and 400

g of 15N-labeled feces (per incubation vessel). Manure containing 15N-labeled urine (ULM) was
prepared by mixing 400 g of 15N-labeled urine and 400 g of unlabeled feces. Incubation
conditions were as for Exp. 1, except incubation length was 10 days. Incubation vessels were
replicated within incubation and incubation was repeated (n = 4 for the isotope data, or n = 8 for
the manure composition and NH3-N emission data). Nitrogen-15 enrichment of manure and NH3N recovered in the acid solution were used to calculate fecal and urinary N contribution to NH3-N
emitted from manure as follows:
NH3-N originating from fecal N (FLM manure) = 15N-enrichment (APE) of NH3-N ÷ 15Nenrichment (APE) of 15N-labeled feces
NH3-N originating from urinary N (ULM manure) = 15N-enrichment (APE) of NH3-N ÷
15

N-enrichment (APE) of 15N-labeled urine

Sample Analyses
Daily manure samples were immediately acidified with 2 mL of 0.5 M H2SO4 and freezedried (VirTis Ultra 35XL freeze-drier; SP Scientific, Gardiner, NY) to determine DM content. An
aliquot of the dried manure sample was pulverized using Mixer Mill MM 200 (Retsch, Newtorn,
PA) and analyzed for N and 15N on a Costech ECS 4010 C/N/S elemental analyzer (Costech
Analytical Technologies, Inc., Valencia, CA) interfaced to a Delta V Advantage Isotope-Ratio
Mass Spectrometer (ThermoFinnigan MAT GmbH, Bremen, Germany). Urine samples (60 μL)
were weighed directly into tin capsules (Costech Analytical Technologies, Inc.), freeze-dried, and
analyzed for N and 15N. Aliquots (20 mL) of the daily manure samples were centrifuged at 20,000
× g for 20 min, the supernatant was precipitated with 65% (w/v) trichloroacetic acid solution (5%
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w/v final concentration), recentrifuged at 20,000 × g for 20 min, and analyzed for NH3-N
(Chaney and Marbach, 1962) and urea-N (Stanbio Urea Nitrogen Kit 580, Stanbio laboratory,
Inc., San Antonio, TX) concentrations. Samples for analysis of 15N enrichment of NH3-N were
prepared utilizing the diffusion method (Hristov et al., 2001).

Statistical Analysis
Manure composition and NH3 losses data were analyzed by analysis of variance using the
GLM procedure of SAS (2003; SAS Inst. Inc., Cary, NC) with experiment in the model. Data
from Exp. 4 were analyzed by analysis of variance using the GLM procedure of SAS with
treatment (i.e., 15N-labeled feces or urine), incubation, and treatment × incubation interaction
included in the model; the interaction was not significant for any variable. The 15N-enrichment
data model included only treatment. Significant differences were declared at P ≤ 0.05. Means are
presented as least squares means. When the main effect was significant, means were separated by
pairwise t-test (diff option of PROC GLM). Manure-, urea-, and NH3-N concentrations and 15N
data were fitted to various non-linear regression models (exponential decay, exponential rise to a
maximum, or sigmoid; SigmaPlot 10.0, Systat Software Inc., San Jose, CA).

Results and Discussion
Dry matter and concentration of total and urea-N in manure used in this study varied
significantly among experiments (Table 7-1). Manure N and specifically urea-N are important
factors determining NH3-N volatilization losses from cattle manure (Hristov et al., 2011). Manure
in Exp. 2 had about 50 to 60% lower (P < 0.001) urea- and total-N concentrations compared with
manure used in Exp. 1, 3, and 4. This led to significantly lower daily manure N losses in Exp. 2,
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compared with Exp. 1, 3, and 4. The highest (P < 0.001) daily N losses were in Exp. 4, which can
be explained by the shorter duration of this experiment (10 days), compared with the other
experiments (20 or 30 days). The most rapid loss of manure N and most intensive NH3-N
emissions occurred during the first 5 to 6 days (Figure 7-1A,C). This was matched by an
equivalent rapid increase in NH3-N concentration in manure, reaching a peak at day 2 to 5. Initial
concentration of ammonium in manure was negligible, but rapidly increased (to about 3 to 5
mg/mL manure) through day 5 in both Exp. 1 and 2 due to hydrolysis of urinary urea (data not
shown). The much more rapid decline in manure urea-N concentration (Figure 7-1B) suggests
that although urea hydrolysis took place immediately following mixing of feces and urine, NH3-N
volatilization was a slower process. As shown in Table 7-1 and Figure 7-1 (Panels A and C), the
quantity and intensity of manure N losses and NH3-N emissions were much lower in Exp. 2. As a
proportion of manure N at day 0, N losses were similar (P > 0.05) between Exp. 1, 2, and 4, even
though the duration of Exp. 2 was 30 days (compared with 20 or 10 days for Exp. 1 and 4,
respectively). This again, emphasizes the importance of urinary urea-N concentration in the early
stages of storage on the magnitude of NH3-N losses from manure. The daily NH3-N losses were
the lowest (P < 0.001) in Exp. 2, but the highest as a proportion of manure N losses compared
with the other experiments (Table 7-1). The lowest total recovery of manure N lost during the
incubation was for Exp. 4, which had the shortest incubation length (10 days).
The higher manure N recovery as NH3-N in Exp. 3 vs. Exp. 1 (both 20 days in length)
can be related to the lower N concentration of manure in Exp. 3. The relationship between
manure N concentration and manure N recovery as NH3-N, which was linear and negative for
Exp. 1, 2, and 3 [147.7 − 11.0 × N concentration in manure (%); R2 = 0.86; P < 0.001], presents
an interesting phenomenon. Recovery of manure N as NH3-N captured in the acid trap was
generally low. Recovery was even lower in the initial stages of the incubation (on average, 19.2 ±
0.72% during the first 3 days of incubation) suggesting that: (1) the acid trap did not effectively
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capture NH3-N emitted from manure, particularly when emissions were most intensive, or (2) N
was being lost from manure in forms other than NH3-N. We have investigated the factors
affecting the NH3-N trapping efficiency of acid solutions and reported that efficiency decreases
with increasing the amount of NH3-N being emitted (Ndegwa et al., 2009). Decreased trapping
efficiency, however, could not explain the large discrepancy between manure N losses and NH3N captured in the acid trap in Exp. 1 through 3. To further eliminate the NH3-N trapping capacity
of the acid solution as a factor for the low recovery of manure N lost during the incubation
process, we conducted a series of experiments comparing the acid trap system with direct
measurement of NH3-N emitted from the incubation vessels using a photoacoustic gas analyzer
INNOVA 1412 (AirTech Instruments, Ballerup, Denmark), which allowed continuous monitoring
of NH3-N concentration in the gas flowing out of the system. The conclusion from these
experiments was that the 2 measurement methods gave similar NH3-N recovery. For example,
cumulative NH3-N emissions were 108 vs. 121 mg in 24 h (SEM = 4.99; P = 0.10) and 128 vs.
136 mg in 72 h (SEM = 6.40; P = 0.50) for the acid trap and the INNOVA gas analyzer,
respectively.
The possibility of a significant gaseous N loss, other than NH3-N, was further
investigated. Nitrous oxide emission is expected to be negligible in conditions as those utilized in
the current study due to the lack of nitrifying and denitrifying microorganisms in cattle feces
(Dowd et al., 2008) and relatively short storage time. Adviento-Borbe et al. (2010) and Arriaga et
al. (2010), for example, reported insignificant N2O emissions off the barn floor in dairy farms. In
an experiment related to this study, N2O emissions were negligible from dairy manure stored in
laboratory conditions or during the first 100 h following soil application (Lee et al., 2011). If
sufficient time (at least 3 weeks) is allowed, however, cattle manure will generate N2O in
simulated storage conditions (Külling et al., 2001). Bussink and Oenema (1998) and Harper et al.
(2000) indicated that some N may be lost from lagoons/retention ponds via reduction of nitrate to
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N2O and dinitrogen gas (N2). A number of possible chemical and biological mechanisms may
exist for formation of N2 during manure storage (Jones et al., 2000) and such processes, including
chemical, non-biological conversion of ammonium to N2 (termed “chemo-denitrification”) have
been reported to be responsible for a significant amount of gaseous N losses from swine lagoons
(Harper et al., 2004). In a separate series of experiments we used pure argon gas (99.99%; GTSWelco, Allentown, PA) instead of air to provide airflow in the manure storage system used in
Exp. 1 through 4 and analyzed the composition of the gas flowing out of the system. Preliminary
results from these experiments (data not shown) indicated very intensive N2 emissions in the first
5 h of simulated manure storage, suggesting that N2 gas may represent a significant N loss in the
initial stages of the manure storage process and likely accounts for a significant part of the N
losses observed in the current study.
As discussed earlier, farm NH3 emissions are influenced by important environmental
factors and such data are not suitable for evaluating the impact of dietary mitigating strategies.
For example, in a current on-farm project with 12 commercial Pennsylvania dairy farms, we
monitored barn floor NH3 emissions in spring and fall of Year 1 and then again in Year 2 of the
project, after dietary crude protein concentrations were reduced by about 1%-unit (Hristov, 2011).
On average, barn floor NH3 emissions for the farms, in which the dietary protein reduction was
documented by regular sampling, were reduced by about 65% (445 vs. 156, mg/m2/h). However,
average air temperatures during the emission measurements were 14°C and 5°C, respectively.
Thus, in this particular project, it was impossible to distinguish the effect of diet from the effect
of environment. Manure samples from the same farms (collected, stored, processed, and analyzed
as in the current study) showed unequivocally a reduction in laboratory NH3-N emissions by
about 36% for the low-protein period compared with the control, high-protein feeding period.
Laboratory methods, naturally, have the limitation of not accounting for the environmental factors
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affecting emissions, but are useful in quantifying the effect of dietary manipulations on the gasemitting potential of manure (Hristov et al., 2011).
One of the objectives of the current study was to further investigate the relationship
between NH3-N volatilization and N isotope composition of manure. We first reported a
significant N isotope fractionation in cattle manure during storage due to NH3-N volatilization
(Hristov et al., 2006; Hristov et al., 2009). The isotope fractionation factor associated with NH3-N
volatilization is one of the highest in the N cycle [~1.029, (Högberg, 1997)], which would result,
when conditions are favorable, in a rapid increase in 15N of manure during storage. The process
has been discussed in length (Hristov et al., 2009). Experiments 1 and 2 were used to determine N
isotope ratios beyond the short incubation time utilized in our original studies (Hristov et al.,
2006; Hristov et al., 2009).
Delta 15N of manure rapidly increased from 0.09 ± 0.36 (day 0) to 10.1 ± 0.42 (day 5) in
Exp. 1 and from −1.12 ± 0.61 (day 0) to 5.99 ± 0.40 (day 5) in Exp. 2 (Figure 7-2A). This rapid
increase in 15N was due to the loss of depleted in 15N NH3-N. Delta 15N of volatilized NH3 was
−22.5 ± 0.68 on day 1 in Exp. 1 and −15.1 ± 0.17 on day 2 (day 1 measurement was lost) in Exp.
2 and increased to −16.5 ± 0.09 (day 5) and −1.3 ± 2.55‰ (day 20) in Exp. 1 and to −14.9 ± 0.90
(day 5) and 2.38 ± 1.45‰ (day 30) in Exp. 2 (Figure 7-2B). As hydrolysis of urea to ammonium
(which as Figure 7-1B shows is a very rapid process), NH3-N volatilization, and N isotope
fractionation take place, δ15N of NH3-N and the dissolved in manure ammonium will continue to
increase until the ammonium is exhausted and the NH3-N obtains the δ15N value of the original
ammonium. Indeed, as Figure 7-2B shows, δ15N of volatilized NH3-N continued to increase in a
sigmoid fashion through day 30 of Exp. 2. The lower asymptote levels for both Exp. 1 and 2
indicated highly depleted in 15N NH3-N at the beginning of the manure storage process. The
length of Exp. 1, however, was apparently too short to clearly observe the point of equilibrium
visible in Exp. 2 (δ15N upper asymptote: 19.8‰). The inflexion point (i.e., the point of maximum
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rate of δ15N increase) was around day 13 and day 16 for Exp. 1 and Exp. 2, respectively. Delta
15

N of manure reached a plateau beyond day 6 (Figure 7-2, Panel A), which coincided with the

decline in NH3-N emission rates. Although changes in δ15N of manure parallel NH3-N losses, the
dynamics of δ15N of NH3-N will likely make application of the N isotope approach for estimating
manure NH3-N emissions difficult in practical farm conditions, which was our original goal
(Hristov et al., 2009). Nevertheless, the relationship between manure δ15N and NH3-N
volatilization losses appears to be linear in the initial stages of manure storage, when NH3-N
losses are most intensive, and deserves further investigation.
The discrepancy between net manure N losses and NH3-N recovered in the acid trap was
further investigated in Exp. 3. By labeling the urea N pool with 15N, the main source of emitted
NH3-N could be traced. Results of this experiment are shown in Figure 7-3. Nitrogen-15
enrichment of both manure- and NH3-N pools rapidly declined within 5 days of the incubation
(Figure 7-3), representing the most intensive phase of NH3-N losses. For the manure-N pool, the
15

N decay clearly reflected loss of highly enriched in 15N volatile N. The decline in 15N-

enrichment of the NH3-N pool followed the 15N decay of the source manure N pool and reflected
the rapid decline in urea-N concentration observed in these experiments (Figure 7-1B). The
decline in 15N-enrichment, however, was much more rapid for manure- compared with NH3-N
(rate constants of 1.473 and 0.385 APE/day, respectively). This would clearly represent 15N loss
other than NH3-N, which is in agreement with the suggested large N2 loss in the initial hours of
manure storage (see earlier discussion) and is supported by the studies of Harper et al. (2004)
with swine manure. Although isotope fractionation and discrimination against the heavier N
isotope, as reported for Exp. 1 and 2, were undoubtedly taking place in Exp. 3, the δ15N values of
the manure-N pool in this experiment (δ15N 4306 ± 77.7‰) was so much greater than the natural
abundance of 15N in manure (δ15N −0.51± 0.42‰; Exp. 1 and 2) that these processes could not
have had a measurable impact on the 15N-enrichment data from Exp. 3. The absolute losses of 15N
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during the 20 day simulated manure storage were on average 68.2 ± 2.45 mg. This represented
approximately 70% of the 98 mg urea-15N introduced into each incubation vessel at day 0 (200
mg of 98 atom % 15N-urea). The amount of 15N recovered as NH3-N was 51.2 ± 1.85 mg, or 75.2
± 4.04% of the urea-15N lost in 20 days as NH3-N. The difference of urea-15N lost and trapped as
NH3-N (about 25%) is supportive of the hypothesis that gaseous N losses other than NH3 may be
responsible for part of manure N losses during storage. This process is likely taking place
exclusively in the initial days of manure storage. Averaged manure-15N and NH3-15N losses data
were fitted to a non-linear model (double exponential decay; data not shown) and the predicted
value were used to calculate urea-15N recovery as NH3-N during the initial 3 days of manure
storage. As expected, recovery of daily urea-15N lost from manure as NH3-N was the lowest at
day 1 (30.4%) and day 2 (45.4%) of the incubation; recovery was complete (102.7%) by day 3.
This trend supports the concept that volatile nitrogenous compounds other than NH3 (likely N2)
could account for as much as 50 to 70% of the N losses during the initial 48 h of cattle manure
storage. Harper et al. (2004) reported 2 to 8 times greater N2 than NH3-N emissions from swine
lagoons in Georgia and North Carolina. Dinitrogen gas emission would be still dependent on
manure composition, specifically urinary urea excretion by the animal; lagoon ammonium
concentration was the primary factor determining N2 emissions in the Harper et al. (2004) study.
These authors concluded that swine lagoons emit much less NH3-N than previously estimated.
Based on results from the current study, similar conclusion may be drawn for cattle manure. Our
laboratory data, indicating about 25% manure N losses unaccounted as NH3-N (in 20 days), need
to be confirmed in field experiments, where a multitude of environmental factors affect N
volatilization losses from dairy and beef cattle operations (Hristov et al., 2011).
One of the objectives of this study was to quantify the contribution of urinary- vs. fecal-N
to NH3-N emitted from cattle manure. In Exp. 4, 2 types of manure were produced: FLM, 15Nlabeled feces and unlabeled urine and ULM, unlabeled feces and 15N-labeled urine. Labeled and
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unlabeled feces or urine used to prepare FLM and ULM had similar N concentrations: on average
0.48 ± 0.01 and 1.01 ± 0.02%, respectively. As a result, both types of manure had similar (P =
0.14 to 0.44) DM (data not shown), N, and urea-N concentrations (Table 7-2). Consequently,
cumulative or daily NH3-N emissions were also not different (P = 0.59) between the 2 treatments.
The goal of labeling feces or urine with 15N was successfully achieved. Delta 15N of feces in FLM
manure was approximately 17-times higher (P = 0.022) than that of feces in ULM manure.
Similarly, δ15N of urine in ULM manure was drastically higher (P < 0.001) than that of urine in
FLM, which resulted in δ15N of ULM being higher (P < 0.001) than δ15N of FLM. Delta 15N of
unlabeled feces and urine for both types of manure was within the range of natural δ15N reported
for dairy cows (Hristov et al., 2009). Nitrogen-15 enrichment of NH3-N followed a sigmoid trend
for FLM and an exponential decay trend for ULM (adjusted R2 = 0.86 and 0.92, P = 0.005 and <
0.001, respectively; Figure 7-4A). The estimated proportion of NH3-N originating from fecal N
(FLM) was negligible in the first 48 h of manure storage, represented 0.04 ± 0.006 by day 5, and
then gradually increased to 0.11 ± 0.019 of the emitted NH3-N by day 10 (logistic regression
model; adjusted R2 = 0.91, P < 0.001) (Figure 7-4B). The proportion of NH3-N originating from
urinary N (ULM) represented 0.94 ± 0.027 at 24 h, 0.97 ± 0.002 at 48 h, 0.91 ± 0.004 at 72 h, and
gradually decreased to 0.87 ± 0.005 by day 10 (exponential decay model; adjusted R2 = 0.92, P <
0.001). This experiment clearly identified urinary N as the principal source of NH3-N volatilized
from cattle manure during the initial 10 days of storage, accounting for an average of 90% of the
emitted NH3-N. The contribution of fecal N was relatively low, but gradually increased to about
10% by day 10. Using a similar approach, Thomsen (2000) estimated that urinary N accounted
for 79% of the total N losses from sheep manure after 7 days of composting, decreasing to 64% at
the end of the 86-day storage period. In manure stored anaerobically, urinary N accounted for
94% of the total N losses after 28 days and for 68% at 86 days (Thomsen, 2000).
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Conclusions
These series of laboratory experiments confirmed that NH3 volatilization losses from
manure are most intensive during the first 2 to 3 days of manure storage and this coincides with a
rapid loss (hydrolysis) of urinary urea. The relationship between δ15N of manure and NH3
emission appears to be linear during the initial stages of manure storage (when most of the NH3
losses occur) and should be further investigated. The main source of NH3-N volatilized from
cattle manure during the initial 10 days of storage is urinary-N, representing on average 90% of
the emitted NH3-N. The contribution of fecal N was relatively low, but increased to about 10% by
day 10. There appears to be substantial emissions of nitrogenous gases other than NH3, most
likely dinitrogen gas, which may account for up to 25% of N losses during the first 20 day of
manure storage. This finding, which has to be confirmed in laboratory and field experiments, may
be indicative of overestimation of NH3 emissions from cattle operations by the current emissions
factors.
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Table 7-1. Manure composition, nitrogen losses, and ammonia emissions in Experiments 1, 2, 3,
and 4 (least squares means; n = 3 in Exp. 1, 2, and 3 and n = 8 in Exp. 4).
Experiment
Exp. 2
Exp. 3
30
20

Item
Exp. 1
Exp. 4
SEM P-value 1
Incubation length, day
20
10
Manure composition
Dry matter (DM), %
11.2 b
11.2 b
9.5 c
13.3 a
0.42
<0.001
a
d
b
c
Nitrogen, % of DM
7.16
4.95
6.41
5.71
0.230 <0.001
a
b
a
a
Urea-N, mg/mL manure
4.11
1.98
4.77
4.56
0.228 <0.001
Manure N lost, mg/day
154 b
76 c
137 b
292 a
14.4
<0.001
2
b
b
a
b
Manure N loss, %
47.9
48.6
56.3
47.3
1.53
<0.01
3
b
c
b
a
Emitted NH3-N, mg/day
105
67
107
135
4.1
<0.001
4
c
a
b
d
Emitted NH3-N, %
68.2
88.1
78.1
48.0
2.21
<0.001
1
P-value for the main effect of experiment; 2 Cumulative manure N lost as % of manure N at day
0; 3 Manure N recovered as NH3-N in the acid solution; 4 Emitted NH3-N, % of manure N lost
(corrected for sampling); a, b, c, d Within a row, means without a common superscript letter differ
(P < 0.05).
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Table 7-2. Manure characteristics in Exp. 4 (least squares means; n = 8).
Item
FLM 1
ULM
SEM
P-value 2
Total N, % of dry matter
5.66
5.76
0.080
0.44
Urea-N, mg/mL manure
4.74
4.38
0.134
0.14
3
NH3-N emission, g
1.4
1.3
0.05
0.59
Day 0 δ15N, ‰
Feces
246
13.8
5.59
0.022
Urine
1.3
364
0.06
<0.001
Manure
94
256
1.94
<0.001
1
15
15
2
FLM = manure with N-labeled feces; ULM = manure with N-labeled urine; P-value for the
main effect of treatment (i.e., FLM vs. ULM); 3 Cumulative, 10-d NH3-N emissions. Daily
emissions were 137 and 133 mg/day (FLM and ULM, respectively; SEM = 5.1, P = 0.59).
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Figure 7-1. Manure N loss (A), manure urea-N concentration (B), and daily ammonia-N emission
(C) in Experiments 1, 2, and 3 (means ± SE; n = 3).
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Figure 7-2. δ15N (‰) of manure- (A) and ammonia-N (B) in Exp. 1 and 2 (means ± SE; n = 3).
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Figure 7-3. 15N-enrichment (atom % excess; APE) of ammonia- and manure-N in Exp. 3 (means
± SE; n = 3).
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Figure 7-4. 15N-enrichment (atom % excess; APE) of ammonia-N emitted from manure with 15Nlabeled feces (FLM), or with 15N-labaled urine (ULM) (Panel A) and proportion of ammonia-N
emitted from manure originating from fecal- or urinary-N (Panel B) in Exp. 4 (means ± SE; n =
8).

Chapter 8
SUMMARY
Feeding lactating cows diets deficient in metabolizable protein (MP), estimated based on
NRC (2001), consistently improved milk nitrogen (N) efficiency by reducing urinary N losses.
Metabolizable protein deficiency, however, compromised milk production (up to 4 kg/d)
compared with a diet adequate in MP. A partial defaunation of the rumen by coconut oil
supplementation of the MP-deficient diet did not sustain milk production due to decreased dry
matter intake (DMI) and depressed rumen fermentation compared with a MP-adequate diet.
Supplementing the MP-deficient diet with rumen-protected (RP) Lys and RPMet alleviated the
difference in milk yield between the MP-deficient and MP-adequate diet. Without RPMet
supplementation, milk protein yield was decreased compared with the MP-adequate diet. There
were no positive effects of supplemental RPMet when the diet was adequate in MP supply to
cows. Supplementation of a MP-deficient diet with RPHis in addition to RPLys and RPMet
increased milk and milk protein yield, as a result of increased DMI compared with the MPdeficient diet, to the level of the MP-adequate diet. Data indicate that amino acids may play an
important role in DMI regulation in dairy cows as found in mono-gastric animals. When
microbial protein synthesized in the rumen accounts for the majority of MP, His may be one of
the limiting amino acids for milk production and milk protein synthesis in dairy cows.
Ammonia emission from fresh manure was most responsive to dietary CP concentration
during storage as well as from manure-amended soil due to the increased proportion of urinary vs.
fecal N in manure. Carbon dioxide and methane emissions were increased from soil amended
with DMP manure because of the greater application rate of manure organic matter compared
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with soil amended with AMP manure. More studies are required to determine the effect of dietary
protein supply on nitrous oxide emissions from manure with a longer period of incubation.
Laboratory experiments confirmed that ammonia was volatilized intensively from manure at the
beginning of incubation and this coincided with a rapid hydrolysis of urinary urea. The
relationship between δ15N of manure and ammonia emission appeared to be linear during
intensive ammonia volatilization (i.e. initial period of manure incubation) and should be further
investigated. The main source of ammonia-N volatilized from manure was urinary-N,
representing on average 90% of the emitted ammonia-N within 10 days of simulated storage. The
contribution of fecal N was considerably low (10% during incubation).

Chapter 9
PRACTICAL IMPLICATION
It is recognized that feed cost is one of the greatest expenses on dairy farms and protein
feeds are among the most expensive feed ingredients. In an on-farm study, a 1%-unit decrease in
dietary crude protein (CP) concentration (from 16.5 to 15.4%) increased farm income-over-feed
cost from $6.75 to $7.36. The increased income-over-feed cost was achieved without losing milk
production. Furthermore, the ammonia emitting potential of manure was decreased up to 36% by
feeding low- compared with high-CP diets. Ammonia emitted from animal feeding operations is a
major air and water pollutant causing eutrophication, soil acidity, and aerosol formation that can
impair human health. Thus, it is important that the industry takes steps for reducing ammonia
emissions from dairy operations.
In our experiments, diets deficient in metabolizable protein (MP; around 14% CP) could
not sustain milk production in high-producing dairy cows. Supplying MP-deficient diets with
rumen-protected amino acids (RPAA) considered limiting in the typical North American diets is
likely to diminish or eliminate the reduction in milk yield. Supplementation with RPLys and
RPMet improved cow production compared with the MP-deficient diet, but numerical and
statistical decreases in milk yield and milk protein yield were observed compared with an MPadequate diet. Supplementation with RPHis in addition to RPLys and RPMet improved cow
production to the level of the MP-adequate diet. It was consistently observed that MP-deficient
diets reduced urinary N losses and ammonia emission from manure by 35 to 40% compared with
MP-adequate diets.
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Our research suggests that reducing dietary protein below the current NRC (2001)
requirements and supplementation with RPAA can sustain milk yield and milk protein yield of
the cows and drastically reduce the environmental impact of the operation (urinary N excretion
and ammonia emission from manure). Supplementation with RPAA, however, was not costefficient compared with the MP-adequate diet. For example, lowering dietary protein supply
saved feed cost ($5.8 vs. $6.2/cow/d) compared with the MP-adequate diet, but supplemental
RPLys (100 g/d), RPMet (50 g/d) and RPHis (50 g/d) increased feed cost of the MP-deficient diet
over the MP-adequate diet. Without environmental incentives, supplementation of MP-deficient
diets with RPAA is not economically feasible for the dairy producer.

VITA
Chanhee Lee
Education
Doctor of Philosophy, Animal Sciences (2008 - present)
Pennsylvania State University, University Park, PA
Advisor: Dr. Hristov, A. N.
Master of Science, Animal Sciences (2005 - 2007)
Seoul National University, Seoul, South Korea
Advisor: Dr. Ha, Jong Kyu

Journal articles published
Hristov, A. N., C. Lee, T. Cassidy, M. Long, K. Heyler, B. Corl, and R. Forster. 2011. Effects of
lauric and myristic acids on ruminal fermentation, production, and milk fatty acid
composition in lactating dairy cows. J. Dairy Sci. 94:382.
Hristov, A. N., C. Domitrovich, A. Wachter, T. Cassidy, C. Lee, K. J. Shingfield, P. Kairenius, J.
Davis, and J. Brown. J. 2011. Effect of replacing solvent-extracted canola meal with highoil traditional canola, high-oleic acid canola, or high-erucic acid rapeseed meals on milk
production and milk fatty acid composition in lactating dairy cows. J. Dairy Sci. 94:4057.
Lee, C., A. N. Hristov, K. S. Heyler, T. W. Cassidy, M. Long, B. A. Corl, and S. K. R. Karnati.
2011. Effects of dietary protein concentration and coconut oil supplementation on nitrogen
utilization and production in dairy cows. J. Dairy Sci. 94:5544-5557.
Lee, C., A. N. Hristov, C. J. Dell, G. W. Feyereisen, J. Kaye, and D. Beegle. 2012. Effect of
dietary protein concentration on ammonia and greenhouse gas emissions from dairy
manure. J. Dairy Sci. 95:1930-1941.
Lee, C., A. N. Hristov, T. Cassidy, and K. Heyler. 2011. Nitrogen isotope fractionation and origin
of ammonia nitrogen volatilized from cattle manure in simulated storage. Atmosphere.
2:256.
Lee, C., A. N. Hristov, K. S. Heyler, T. W. Cassidy, H. Lapierre, G. A. Varga, and C. Parys.
2012. Effects of metabolizable protein supply and amino acid supplementation on nitrogen
utilization, milk production and ammonia emissions from manure in dairy cows. J. Dairy
Sci. (accepted)
Lee, C., A. N. Hristov, T. W. Cassidy, K. S. Heyler, H. Lapierre, G. A. Varga, M. J. de Veth, R.
A. Patton, and C. Parys. 2012. Rumen-protected lysine, methionine, and histidine increase
milk protein yield in dairy cows fed metabolizable protein-deficient diet. J. Dairy Sci.
(submitted)

