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ABSTRACT

Nitrogen is a component of essential nutrients criti-
cal for the productivity of ruminants. If excreted in
excess, N is also an important environmental pollutant
contributing to acid deposition, eutrophication, human
respiratory problems, and climate change. The complex
microbial metabolic activity in the rumen and the ef-
fect on subsequent processes in the intestines and body
tissues make the study of N metabolism in ruminants
challenging compared with nonruminants. Therefore,
using accurate and precise measurement techniques is
imperative for obtaining reliable experimental results
on N utilization by ruminants and evaluating the
environmental impacts of N emission mitigation tech-
niques. Changeover design experiments are as suitable
as continuous ones for studying protein metabolism in
ruminant animals, except when changes in body weight
or carryover effects due to treatment are expected.
Adaptation following a dietary change should be al-
lowed for at least 2 (preferably 3) wk, and extended
adaptation periods may be required if body pools can
temporarily supply the nutrients studied. Dietary pro-
tein degradability in the rumen and intestines are feed
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characteristics determining the primary AA available
to the host animal. They can be estimated using in
situ, in vitro, or in vivo techniques with each having
inherent advantages and disadvantages. Accurate, pre-
cise, and inexpensive laboratory assays for feed protein
availability are still needed. Techniques used for direct
determination of rumen microbial protein synthesis are
laborious and expensive, and data variability can be
unacceptably large; indirect approaches have not shown
the level of accuracy required for widespread adoption.
Techniques for studying postruminal digestion and
absorption of nitrogenous compounds, urea recycling,
and mammary AA metabolism are also laborious, ex-
pensive (especially the methods that use isotopes), and
results can be variable, especially the methods based on
measurements of digesta or blood flow. Volatile loss of
N from feces and particularly urine can be substantial
during collection, processing, and analysis of excreta,
compromising the accuracy of measurements of total-
tract N digestion and body N balance. In studying
ruminant N metabolism, nutritionists should consider
the longer term fate of manure N as well. Various tech-
niques used to determine the effects of animal nutri-
tion on total N, ammonia- or nitrous oxide-emitting
potentials, as well as plant fertilizer value, of manure
are available. Overall, methods to study ruminant N
metabolism have been developed over 150 yr of animal
nutrition research, but many of them are laborious
and impractical for application on a large number of
animals. The increasing environmental concerns as-
sociated with livestock production systems necessitate
more accurate and reliable methods to determine ma-
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nure N emissions in the context of feed composition and
ruminant N metabolism.

Key words: nitrogen, metabolism,
technique, ruminant animal, manure

environment,

INTRODUCTION

Since the discovery of the Haber-Bosch process, N
has played a pivotal role in agricultural production and
is a key nutrient influencing crop yields. Globally, de-
mands for N fertilizer are growing (in parallel with the
growing human population) and were expected to reach
119.4 million t in 2018 (FAO, 2015). Being a compo-
nent of essential nutrients, N is critically important for
animal growth and productivity. Ruminant livestock,
however, are relatively inefficient utilizers of feed N.
In research trials with dairy cows, milk N efficiency
varied from 14 to 45% [average of 25 and 28% (SD =
4.1 and 3.6%) for North American and North European
data, respectively] as reported in a meta-analysis by
Huhtanen and Hristov (2009). Nitrogen mass balance
data for dairy farms and beef feedlots showed the ef-
ficiency of feed N conversion into milk or BW gain of 27
and 14%, respectively (Hristov et al., 2011). Nitrogen
not retained in animal tissues or secreted in milk is
excreted in urine and feces, contributing to water pollu-
tion, gaseous N emissions, and small particulate matter
formation in the atmosphere (Kiilling et al., 2001; Hris-
tov, 2011; Hristov et al., 2011; Cameron et al., 2013).
Urinary N is much more labile and susceptible to fast
leaching and volatilization losses than fecal N. The
large variation in urinary N excretion, compared with
fecal N, presents an opportunity to manipulate diets
to reduce urinary N excretion (Dijkstra et al., 2018).
Therefore, understanding N metabolism and studying
processes and practices that can improve the efficiency
of N utilization for productive purposes have been a
primary focus of ruminant nutrition research for over
a century (Bergen, 2007; Schwab and Broderick, 2017).
More recent research has gravitated toward mitigation
of N emissions (i.e., ammonia, nitrate, and nitrous ox-
ide) to the environment. Using the most accurate and
precise measurement techniques is critical for obtain-
ing reliable experimental results on N utilization by
ruminants, for assessing the efficiency of N emission
mitigation technologies, and for proper evaluation and
interpretation of published data.

This review is intended to provide an in-depth
analysis of the methods currently used to study N
digestion and metabolism in ruminants and the fate
of manure N. The review is based on the broad yet
complementary expertise of the international consor-
tium of scientists participating in the Global Network
project within the Feed and Nutrition Network, which
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is part of the Livestock Research Group of the Global
Research Alliance for Agricultural Greenhouse Gases
(https://globalresearchalliance.org/research /livestock/
networks /feed-nutrition-network; accessed October 1,
2018).

EXPERIMENTAL DESIGN

Several excellent papers (Tempelman, 2004; St-
Pierre, 2007; McNamara et al., 2016) and classic texts
such as Cochran and Cox (1992) have reviewed experi-
mental designs used in animal research. The goal of this
section is not to repeat what has already been discussed
elsewhere, but to focus primarily on the specific aspects
of studies designed to investigate N metabolism in ru-
minant animals.

Short- vs. Long-Term Experiments

Nutritional experiments with ruminant animals
mostly fall within 2 categories, so-called continuous
design experiments (for example, randomized block
design), usually of prolonged duration, and changeover
or crossover (typically, Latin square) design experi-
ments of a limited number of subsequent experimental
periods. Both types of designs have advantages and
disadvantages.

The continuous design allows evaluation of the effects
of treatment on variables over a longer study period,
with BW changes being a typical example. The main
disadvantage of this design is that variability among
individual animals can be high. Even when animals are
carefully selected and blocked, and a covariate period is
used, individual animals can vary greatly in their feed
intake, production, or other responses to treatment in
time. Data collection during a covariate period, dur-
ing which animals are receiving a uniform treatment, is
recommended for continuous design experiments. The
length of the covariate period should be sufficient (at
least 14 d, see next section) to allow adaptation to the
background diet. In addition, variables for which data
are collected during the covariate period should cor-
respond to variables studied in the main experiment. In
some situations, however, the inclusion of a covariate
period is not possible, an example being experiments
with transition dairy cows, and another blocking crite-
rion (or criteria) should be used instead (e.g., 100- or
305-d milk yield in the previous lactation). Moreover,
if treatment by block interaction (e.g., block being par-
ity) is of interest, use of a covariate hampers analysis
of this interaction.

The advantage of changeover designs is that all
animals receive all treatments and can serve as their
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own control, unless the design is incomplete. Thus, the
statistical power of this type of design is almost always
greater, at a comparable number of experimental units,
than that of a continuous design because animal varia-
tion is accounted for. The main disadvantage of change-
over designs is that experimental periods are usually of
a short duration and animals may change their nutrient
metabolism or production parameters (or both) during
the experiment (such as the case with lactating dairy
cows or growing animals). Another issue is carryover ef-
fects of treatments; for example, a milk yield decrease,
as a consequence of MP deficiency, may not fully recover
or recover over extended periods (Zanton, 2016), with
compensatory growth in cattle being another example.
In less severe cases, carryover effects can be minimized
by using designs balanced for carryover effects, ex-
tending experimental periods, and including washout
periods (7 to 14 d; van Gastelen et al., 2017; Rossi
et al., 2018). Huhtanen and Hetta (2012) conducted a
meta-analysis of published continuous (354 diets) and
changeover (632 diets) design studies and concluded
that, except when treatments result in large differences
in DMI (>5 kg/d), both designs are similarly accurate
in evaluating the effects of nutritional treatments on
feed intake and milk production in dairy cows. Analysis
of a smaller subset of changeover experiments in that
study showed no significant carryover effects. Another
attempt to elucidate the effect of experimental design
on production responses in dairy cows, as related to
dietary protein, was a meta-analysis by Zanton (2016).
This author concluded that design had no effect on
DMI, milk fat and protein yields, or milk N efficiency in
response to dietary CP, but that design influenced milk
yield and consequently feed efficiency. One issue with
the latter analysis, less evident in the meta-analysis of
Huhtanen and Hetta (2012), was the different DIM of
the cows on the 2 types of experimental design, which is
an important variable in studies focusing on production
effects of dietary protein.

Experimental Unit

Defining the experimental unit is as important as the
experimental design in animal studies. In nutritional
studies, the individual animal is usually the experimen-
tal unit. Groups of animals, however, can also represent
an experimental unit. The type of animal should be
representative of the population to which results from
the study would be applicable or recommended. Most
experimental data obtained for one species or category
of animals cannot be applied to another species or
category; data from sheep are not generally applicable
to cattle, and data from beef cattle are not generally
applicable to lactating dairy cows. Then, within a spe-
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cies or a category, researchers should select a group of
healthy animals with production, type of diet, and DMI
being representative of the target population of ani-
mals (i.e., passage rate and digestive metabolism of a
high-producing dairy cow, for example, would be much
different from those of a low-producing or dry cow).
The number of experimental units should be sufficient
to detect statistical differences for the main variables of
interest. Typically, power analysis is used to determine
the sample size, replications, or experimental units.
Power analysis, however, is useful only when variability
and expected magnitude of the response for a measure-
ment are known. For some nutritional measurements,
variability can be very high. Titgemeyer (1997) exam-
ined 126 studies published in the Journal of Animal
Science and calculated that to detect a 5- or 10-per-
centage-unit significant (P < 0.05) difference in total-
tract N digestibility, 3 to 4 experimental units would be
sufficient. To detect the same magnitude of difference
in rumen N degradability or duodenal N flow, however,
5 to 15 and 6 to 20 experimental units were required,
respectively. The large variability in the digesta flow
data in the Titgemeyer (1997) analysis can be partially
explained by the predominantly single-marker approach
used in the original studies. This variability can be de-
creased by using dual- or triple-marker techniques for
estimating digesta flow kinetics (Huhtanen et al., 2010;
see discussion in Invasive or Direct Methods for Assess-
ing Feed Protein Degradability and Microbial Protein
Synthesis). Titgemeyer (1997) also made the point that
researchers should be aware of “unrealistic” values. A
typical example of an unrealistic value that may occur
in N metabolism studies would be a high N retention
(discussed in Whole-Animal Nitrogen Balance Studies).
If treatment is applied to a group of animals in a
pen or corral, the group is considered the experimental
unit. As pointed out by St-Pierre (2007), the number of
experimental units to achieve a statistical significance
in a group study is lower due to lower variability among
groups than variability among animals within a group.
As with the study of individual animals, that of groups
or pens must be replicated for valid statistical analysis.
Within a group of animals, however, some measure-
ments may be collected on an individual animal basis.
Examples are blood metabolites, milk yield, and milk
protein content. Nevertheless, these data must still be
analyzed statistically with group as the unit of rep-
lication instead of individual animals. The argument
brought up by Robinson (2016) that the “experimen-
tal unit is the smallest unit in which an individual
treatment can be measured” is invalid when dietary
treatments are applied to animals within a pen not in-
dividually but as a group (for example, via a common
trough), as eloquently discussed in Bello et al. (2016).

Journal of Dairy Science Vol. 102 No. 7, 2019
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Another type of experiment is the so-called “field
study.” These are experiments conducted on commer-
cial animal farms. Field studies may be attractive given
their broader scope of inference on treatment effects
across a far wider range of conditions compared with
university or institute research farms. Also, greater
power may be achieved in field studies when examining
effects of nutrition on binary traits (i.e., reproduction,
animal health). Generally, however, field studies are
more difficult to conduct in a reproducible manner and
publish in peer-reviewed journals. This is because these
studies are done on working farms where conditions
are likely to change daily, and the researcher has less
control on the experimental conditions. Replication and
variation over time are other factors that usually are
not well controlled or managed in field studies. Similar
to the group studies described above, groups or pens
of animals can be the replication in a single-farm field
study, or farms can be replicated in a multi-farm study
scenario. In any case, field studies rarely produce con-
vincing and statistically sound results in nutritional
research. However, when treatments are replicated
across several individual farms, the range of response
to a specific treatment may be observed under practical
circumstances (Morris, 1999). An excellent overview of
the challenges and recommendations for field studies
with dairy cattle is provided in Tempelman (2004).

Duration of Treatment or Experimental Periods

Rumen microbial populations profoundly change
with changing diet composition (Fernando et al., 2010)
and the rumen ecosystem requires time to recover from
or adjusts to changes in diet regimens (Tajima et al.,
2000; Monteils et al., 2012). Tt is generally assumed
that the length of a typical adaptation period within
changeover design experiments, 14 to 21 d, is sufficient
for the manifestation of treatment effects on DMI and
digestibility (Grant et al., 2015; Machado et al., 2016;
Farenzena et al., 2017). However, evidence indicates
that this duration can be shorter for components of the
rumen ecosystem. Weimer et al. (2010), for example, re-
ported rapid recovery of ruminal pH and VFA, but that
a more prolonged period (about a week) was needed
for recovery of the bacterial community composition,
following a near-complete exchange of the ruminal con-
tents of 2 dairy cows. Dieho et al. (2017) demonstrated
rapid recovery of the microbiota within 10 d following
a differential concentrate buildup after calving. Simi-
larly, Machado et al. (2016) observed stabilization of
the bacterial community in the liquid phase of ruminal
contents within 3 to 9 d following a diet switch. There
are, however, large differences between microbial com-
munities associated with the liquid or solid phases of
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ruminal contents (Henderson et al., 2013) and these
communities may respond differently to dietary treat-
ments. The length of data collection/measurements in a
continuous design experiment is usually several weeks,
which is sufficient for the manifestation of treatment ef-
fect, but may be insufficient if BW change is of interest.
Similar to changeover design experiments, data or mea-
surement collection in continuous experiments should
start following a proper adaptation to treatment for
at least 14 d. In experiments with lactating ruminant,
depending on the research objectives, treatment effects
may be studied over a part of a lactation, a full lacta-
tion (as in Wu and Satter, 2000), or several lactations,
with the latter rarely occurring in nutritional studies
due to funding and facility limitations.

Some specifics should be considered when designing
experiments to study N or AA metabolism in ruminant
animals. Evolution has given ruminants a mechanism
to preserve and reuse N through recycling urea syn-
thesized in the liver back to the digestive tract. This
mechanism allows microbial fermentation in the rumen
to proceed in times when dietary N supply is low. Reyn-
olds and Kristensen (2008) provided a review of the
factors regulating urea recycling, and the mechanism
involved is discussed in detail later in this review. The
important point for designing nutritional experiments
is that ruminants, through their rumen microbial eco-
system, can manage temporary low dietary-N supply
periods. However, in comparison with preformed AA
and small peptides available for microbial metabo-
lism, microbial protein synthesis (MPS) and yield are
decreased when ammonia is the major source of N
(reviewed by Dijkstra et al., 1998). The resulting defi-
ciency of AA absorbed from the gut, either of dietary
or microbial origin, will cause decreased performance
or BW loss. In dairy cows, muscle tissues are a source
of AA for glucose and protein synthesis (NRC, 2001).
A full-lactation study with high-producing dairy cows
(Wu and Satter, 2000) clearly showed that an isoener-
getic, but N-deficient, diet will not only decrease milk
yield, but will also cause BW loss up to lactation wk
16. Similar trends for BW loss with MP-deficient diets
have been shown in continuous design experiments with
dairy cows producing around 40 kg of milk/d (Lee et
al., 2012b; Giallongo et al., 2015a). Earlier studies sug-
gested repletion and depletion of body protein reserves
in dairy cows for up to 5 mo (Paquay et al., 1972).
These authors estimated labile protein reserves of over
15 kg, whereas a later study by Botts et al. (1979) sug-
gested protein reserves of Holstein cows ranging from 25
to 27% of body protein. Although, typically, cows will
lose mainly fat in early lactation (Andrew et al., 1994),
when protein is deficient, factors such as DMI, milk
and milk protein yields, and specific AA deficiencies
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may contribute to the composition of BW loss. Meta-
analyses by Huhtanen and Hetta (2012) and Zanton
(2016) discussed short- versus long-term studies and
concluded that, in some situations, the experimental
design may influence production responses (i.e., large
differences in DMI or extensive mobilization of body
reserves). Therefore, the full effects of nutritional treat-
ments that cause AA deficiency and consequent BW
loss cannot be reliably studied in changeover design
experiments.

Experiments designed to study a specific nutrient
need to address the potential existence of endogenous
pools of that nutrient or its precursors, as is the case
with His. Histidine is unique among the EAA by having
labile body pools (i.e., intramuscular dipeptides carno-
sine and anserine, and circulating blood hemoglobin)
that could provide a source of His during short periods
of deficiency (Lapierre et al., 2008). The importance of
experimental design to evaluate effects of His supple-
mentation was illustrated in 2 experiments: one 70-d,
continuous (Lee et al., 2012b) and one changeover de-
sign with 28-d experimental periods (Lee et al., 2015)
aimed to study dietary protein effects in lactating dairy
cows. Identical diets were fed in both experiments, cows
produced similar amount of milk true protein, and the
experiments were conducted simultaneously. As shown
in Figure 1, the average, covariate-adjusted plasma His
concentration in the MP-deficient diets was 42% lower
than that of the control, MP-adequate diet, in the con-
tinuous design experiment, but was not different from
the control in the changeover experiment.

In conclusion, both continuous and changeover
design experiments are suitable for studying protein

I Control, metabolizable protein-adequate diet
[ Treatment, metabolizable protein-deficient diet

40 - T

()]
o
1

30 A

20

10 A

Plasma histidine concentration (uM)

0 T T
Continuous Changeover

Experimental design

Figure 1. Plasma histidine concentration in dairy cows fed diets
adequate or deficient in MP in continuous or changeover design experi-
ments (data from Lee et al., 2012b and 2015; means + SEM).
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metabolism in ruminant animals. In cases where carry-
over effects are expected due to treatment, changeover
experiments may not be appropriate, unless adaptation
to treatment, within an experimental period, is suffi-
ciently long (provided that effects are not confounded
by lactation stage, animal age, or nutritional state).
Adaptation periods following a dietary change should
be long enough, at least 2, and preferably 3 wk, to al-
low stabilization of the rumen ecosystem and ruminant
metabolism before experimental data are collected;
length of time required for adaptation will also depend
on the nature and severity of the treatment. Extended
adaptation periods may be required if body reserves
can supply or store the nutrient(s) of interest, as is the
case with His.

TECHNIQUES OF STUDYING RUMINAL
DEGRADATION OF NITROGENOUS COMPOUNDS

In Situ

The in situ method has been widely used to estimate
ruminal degradation of DM and CP (Hvelplund and
Weisbjerg, 1998). Due to various limitations, no in
vitro method has been generally accepted as a satis-
factory alternative (Stern et al., 1997; Hvelplund and
Weisbjerg, 1998; Olaisen et al., 2003; Mohamed and
Chaudhry, 2008). The in situ technique relies on the
assumption that disappearance of substrate from syn-
thetic porous bags incubated in the rumen represents
actual substrate degradation by rumen microorganisms
and determines the extent and rate of degradation (Or-
skov and McDonald, 1979). Bags with a known amount
of feed material are incubated in the rumen of cannu-
lated animals for different duration. After incubation,
bags are retrieved, washed, and the residues weight is
used to calculate nutrient degradation at different time
points, which result in the general degradability profile:

in situ degradation (g/g) = a + b(1 —e " * ")

where a = zero-time intercept (g/g), b = potentially
degradable fraction (g/g), kd = fractional rate of deg-
radation (h™'), and t = incubation time (h).

A wide variety of mathematical models are avail-
able to describe in situ degradability data (Lopez et
al., 1999). To account for feed outflow from the rumen
(which hence escapes rumen degradation), effective de-
gradability (ED; g/g) is classically estimated as

ED = a + (b x kd) + (kd + kp),

where kp = fractional rate of particle outflow (h™").

Journal of Dairy Science Vol. 102 No. 7, 2019
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This method is the reference method to calculate
rumen CP degradation in protein evaluation systems
for ruminants in several countries, with kp (for dairy
cows) varying from 0.04 to 0.08 h™"' depending on the
system (Madsen, 1985; Vérité and Peyraud, 1989; Tam-
minga et al., 1994; NRC, 2001). This basic model has
been adapted in recent systems (Volden, 2011; Van
Duinkerken et al., 2011; INRA, 2018) to account for
different kp according to the dietary fractions, and to
let these kp vary with feed intake level and dietary
composition.

Several factors that may affect in situ degradabil-
ity should be considered when interpreting results or
designing new experiments. These include host animal
species, diet, feed intake, sample processing, particle
size/form/fine particle losses, sample size to bag sur-
face area ratio, bag pore size, data modeling, micro-
bial N contamination of bag residues, and incubation
sequence. Factors related to particle size and losses
affect the estimation of degradability of concentrate
feeds to a greater extent than other factors (Madsen
and Hvelplund, 1994), whereas microbial contamina-
tion and duration of incubation are more relevant for
forages (Klopfenstein et al., 2001). Recommendations
for conducting in situ experiments have been published
(Broderick and Cochran, 2000; NRC, 2001; Krizsan et
al., 2015). These general recommendations have to be
adjusted to the specific research needs. Furthermore,
clarifications in relation to some of the technique’s limi-
tations are worth considering and are discussed below.

Incubation Time. In situ incubation time should
cover the retention time of the studied feed in the ru-
men. Poncet et al. (1995) reported that kp of labeled
concentrate particles are usually in the range of 0.04
to 0.06 h™' in dairy cows, which corresponds to 17 to
25 h mean retention time. Minimizing the number of
time points included in an in situ analysis can reduce
bag numbers to a more manageable level. Some re-
searchers use a single incubation time point near an
estimated mean retention time of the feedstuff stud-
ied. Inaccuracies of this approach have been discussed
previously (Orskov and McDonald, 1979; Broderick,
1994). Wilkerson et al. (1995) used only a 16-h ruminal
incubation time to estimate ruminal CP degradability
in roughages by assuming that the 16-h sample directly
estimated undegraded CP, whereas Broderick (1994)
and Calsamiglia et al. (1994) calculated ED by esti-
mating the ruminal degradation rate from 2 incubation
time points. However, questions remain as to whether
it is possible to develop a simplified in situ method for
feeds that can be used to estimate ED directly without
losing accuracy. Calculation of the “optimal” incuba-
tion time to mimic time-series analysis requires a priori
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knowledge of both kd and kp. Because these factors
are unknown at the beginning of a study, the use of
a single-time point estimate can yield unreliable esti-
mates of the extent of degradation and should not be
used to estimate kd. Olaisen et al. (2003) assessed the
in situ CP degradation data from different concentrate
feeds to test the accuracy of ED measures when using
a reduced number of ruminal incubation time points
compared with models based on 7 or 8 time points.
Bilinear regression models based on 2 and 3 ruminal in-
cubation times gave similar estimates to a standard in
situ method over a wide range of kp both for the data
set used to parameterize the models and the indepen-
dent data set used to validate the models. The number
of nylon bags used by these models was reduced by 58
to 78% compared with the standard in situ method,
and the total incubation time needed was substantially
shortened. Therefore, there is a potential to reduce
the number of incubated bags needed for concentrate
feeds, although feasibility of such an approach has to be
demonstrated beforehand and it has not yet been fully
assessed for forages.

Particles Losses and Rinsing Step. After rumi-
nal incubation, a rinsing step is carried out to remove
rumen contamination, such as external feed particles
and microbial matter, from the bags. Microbial N con-
tamination of bag residues underestimates ED in low
N/high fiber feeds (by 26 to 34 percentage units), al-
though this is less important in less mature forages, high
in CP (underestimation by 5 to 10 percentage units;
Kamoun et al., 2014). Incomplete removal of microbial
N from the bag residues causes erroneous lag and rate
estimates for CP degradation. Several approaches are
assessed in the literature to correct for microbial con-
tamination of the bag residues (Guevara-Gonzales et
al., 2013; Kamoun et al., 2014), including removing the
microorganisms (through thorough washing/dipping in
ice, or physical removal by sonication or stomaching),
using microbial markers such as D-AA, glucosamine,
2,6-diaminopimelic acid (DAPA), or nucleic acids, or
using correction equations.

Rinsing the nonincubated bags removes a fraction of
the feed (i.e., washout), containing both soluble compo-
nents and small particles. The kd of components of the
fraction of feed remaining after washout (i.e., nonwash-
out) can be determined by the in situ method. Most
feed evaluation systems, such as the French PDI (Vérité
et al., 1979; INRA, 2018), the Dutch DVE (Van Du-
inkerken et al., 2011), the British FiM (Thomas, 2004),
NRC (NRC, 2001), and the Nordic Norfor (Volden,
2011), use various assumptions for kd of the washout
and nonwashout fractions. For several feed evaluation
systems, rinsing nylon bags by using a washing machine
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separates the feed in different fractions. The washout
fraction is determined by additional analysis based on
solubility and filtration or centrifugation, after which
the insoluble washout fraction is calculated by differ-
ence (e.g., Van Duinkerken et al., 2011; Volden, 2011).
This presents several drawbacks (De Jonge et al., 2013)
and is particularly critical for forages with a large
soluble protein fraction (e.g., alfalfa). The large differ-
ences observed in many studies call for the need for an
easily standardized end-point determination procedure.
For concentrate feeds, Madsen and Hvelplund (1994)
suggested the use of a 1 h incubation of a 1-g sample
in water, followed by filtration to determine solubility
and rinsing in situ bags in a washing machine for 10
to 15 min. However, these authors reported large stan-
dard deviations for this approach among laboratories.
Coblentz et al. (2002) subsequently demonstrated that
4 machine rinse cycles were required to minimize N
concentration in machine rinse water, when in situ bags
containing alfalfa were washed. Broderick (1994) sug-
gested the use of buffer extraction followed by trichlo-
roacetic acid precipitation to minimize errors caused by
the assumption that all solubilized N will be degraded
rapidly. More recently, De Jonge et al. (2015) assessed
a modified rinsing method, which enables direct quan-
tification and characterization of all fractions, and ap-
plied this method to wheat yeast concentrates that are
characterized by a high washout fraction of N (either
soluble N or N in small particles that disappear in the
rumen or during rinsing). These modifications involve
a closed system and standardized conditions enabling
the separation and estimation of all fractions using
one rinsing method and the replacement of water by
a buffer solution that better mimics rumen conditions
(De Jonge et al., 2009). Despite the efforts made to
standardize the rinsing step, several studies have shown
that the in situ method fails to accurately determine
the kd of the soluble protein fraction, which is known to
be variable (120 to 400%/h; Sniffen et al., 1992; White
et al., 2017).

Overall, the in situ technique is a valid method for
comparing the extent and kinetics of protein degra-
dation of different feeds in the rumen; however, it is
unsuitable for determination of absolute degradabil-
ity and, therefore, limitations of the technique must
be considered when estimated values are used in feed
evaluation systems. Limitations include (1) difficulty
to standardize, (2) being labor-intensive, (3) low re-
producibility, (4) inaccuracy for soluble or small par-
ticulate feeds, (5) need of fistulated animals, and (6)
microbial contamination of the feed residues, which is
particularly a problem with low-N, high-fiber forages.
Although these limitations are well recognized, predic-
tions of duodenal undegraded feed protein have been

5817

satisfactory, and the technique is used in many protein
evaluation systems.

In Vitro

A variety of in vitro methods have been developed
to analyze feed protein degradability. A common issue
with all in vitro techniques is scarcity or complete lack
of comparison with in vivo data (Yanez-Ruiz et al.,
2016). When such comparisons are made, discrepan-
cies between in vitro and in vivo results are usually
large (Devant et al., 2001; Sniffen et al., 2006; Hatew
et al., 2015). Reasons for these discrepancies have been
discussed elsewhere (Hristov et al., 2012; Yéanez-Ruiz
et al., 2016); here, it is important to point out that in
vitro techniques may provide satisfactory accuracy for
comparative purposes, but rarely absolute values that
are comparable to in vivo data.

One approach is to estimate ruminal CP degrada-
tion by determining ammonia-N production, rather
than the loss of feed N (Broderick, 1982). However,
measuring CP degradation through ammonia release
is complex because feed CP degradation and ammonia
uptake in de novo synthesized microbial proteins occur
simultaneously (Leng and Nolan, 1984). To overcome
this problem, Broderick (1987) devised an in vitro
inhibitor method, in which hydrazine sulfate and chlor-
amphenicol are used to inhibit microbial N uptake. Al-
ternatively, enzymatic techniques can be used to mea-
sure protein degradation (Stern et al., 1997), or newly
formed microbial protein can be distinguished from
RUP using microbial markers such as '’N (Hristov and
Broderick, 1994). The enzymatic approach, based on
single or “cocktails” of proteases, is attractive because
the procedure can be easily standardized, there is good
repeatability, and a large number of samples can be
simultaneously analyzed. Various proteases have been
tested (see review by Stern et al., 1997) and some have
found application in commercial feed analyses labora-
tories (e.g., protease enzyme from Streptomyces griseus;
Krishnamoorthy et al., 1983). The main criticism of
the enzymatic approach is that it cannot represent the
spectrum of proteolytic activities found in the rumen.
Nevertheless, the method may be sufficiently accurate
for comparative purposes and to evaluate treatment
effects on rumen degradability of common proteinous
feeds, such as soybean meal (Giallongo et al., 2015b),
or more generally concentrate feeds (Aufrére and Car-
tailler, 1988 used by INRA, 2007, 2018), but it cannot
provide accurate absolute values for protein degrad-
ability.

The in vitro gas production (IVGP) technique is
another approach that purportedly eliminates the con-
founding effects of de novo MPS during fermentation.
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Widespread use of IVGP technique to evaluate rumi-
nant feeds has largely been due to high analytical ca-
pacity and low cost (Bueno et al., 2005; Yanez-Ruiz et
al., 2016). Karlsson et al. (2009), based on Raab et al.
(1983), developed a modified IVGP technique for esti-
mation of ruminal protein degradability that solves the
problems associated with the original Raab et al. (1983)
technique. In the modified technique, in vitro ruminal
protein degradability is estimated via linear regression
between gas production (as independent variable) and
ammonia N production (as a dependent variable). Tt
is assumed that the intercept of the regression shows
the time that gas production was zero and no MPS
has taken place, thus it represents absolute ammonia N
produced due to feed degradation. The modified IVGP
technique uses a mathematical approach to eliminate
the confounding effects of de novo MPS during fermen-
tation. In comparison to the Raab et al. (1983) method,
the modified IVGP technique uses fermentation vessels
(rather than glass syringes) that facilitate measurement
of gas production and sampling of liquid phase from a
single incubated feed sample at several time points dur-
ing incubation. This improvement reduces the number
of incubations required and eliminates the need for mul-
tiple rumen inocula. Other modifications (applicable to
all in vitro systems) include drawing rumen fluid before
morning feeding and conditioning it by pre-incubation
(or dialysis) procedures to reduce background ammonia
levels (Broderick et al., 2004; Cone et al., 2009). In
addition, estimation of kinetic parameters of protein
degradability and protein ED is possible by increasing
sampling frequency (Karlsson et al., 2009). However,
the method is still sensitive to variation in rumen fluid
and ammonia background as well as complications
due to microbial turnover in blanks and experimental
samples (Karlsson et al., 2009). Although the in vitro
methods offer the possibility to calculate the kinetic
parameters of CP degradability and they are relatively
simple, rapid, and inexpensive, their use in research
and feed evaluation is still very limited.

It is also possible to estimate RUP, in combination
with MPS, by using a modified Hohenheim gas test
method (Steingafl et al., 2001; Edmunds et al., 2012;
Steingal and Siidekum, 2013). The modified method
builds on the standard protocol except for providing
additional N for microbial fermentation throughout
the incubation by partial substitution of NaHCO; with
NH, HCOj; in the buffer solution to ensure that there is
no limitation of the model by insufficient RDP. Gid-
lund et al. (2018) evaluated this system using samples
from omasal flow studies (34 diets) where RUP and
microbial protein were quantified together. There was a
good relationship (R* = 0.87) between predicted utiliz-
able protein in vitro and omasal NAN flow.
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In Vivo

Invasive or Direct Methods for Assessing
Feed Protein Degradability and Microbial Pro-
tein Synthesis. Direct in vivo measurement would
be the most logical and desirable way to evaluate the
rate and extent of ruminal degradation of feed proteins
(Broderick, 1994; Hvelplund et al., 1995; Mohamed and
Chaudhry, 2008) and MPS (Clark et al., 1992; Brod-
erick and Merchen, 1992; Dewhurst et al., 2000). Most
in vivo methods entail feeding experiments to measure
voluntary feed intake and the flow of dietary, microbial,
and endogenous protein to the small intestine. Micro-
bial N represents approximately 60% of the NAN reach-
ing the duodenum (Clark et al., 1992), but in theory
microbial protein can contribute >80% to the protein
requirements of lactating dairy cows (Stern et al., 1994)
or other ruminants. Given the fact that dietary rumen
escape protein is an effective way to increase duode-
nal protein flow, the relative contribution of microbial
protein to the total MP supply is lower with high MP
diets, as illustrated in Figure 2.

The basic techniques for estimating protein flow to
the intestine include an estimation of digesta outflow
from the rumen and the proportion of microbial, and
by the difference, nonmicrobial, protein in digesta.
Digesta markers and the calculations involved in the
measurement of digesta flow or kp have been reviewed
in detail (e.g., Faichney, 1975; Armentano and Russell,
1985; France and Siddons, 1986). Ideal markers should
be indigestible substances that are not affected by the
digestive tract or the microbial population, must be
equally associated with the different digesta phases
(liquid and particulate; if sample is unrepresentative of
the digesta), and must flow through the digestive tract
at an identical rate and not separate from the respec-
tive labeled fractions (Marais, 2000). Digesta markers
can be classified as “internal” and “external.” Internal
markers form an integral part of the feed consumed by
the animal [e.g., indigestible ADF, indigestible NDF
(iNDF), and acid insoluble ash], whereas external
markers are added or bonded to the feed or digesta
(e.g., rare earth elements such as Yb, oxides and salts
of transition metals such as Cr and Co, and polyeth-
ylene glycol). Markers can also be broadly categorized
according to their association with the fluid/liquid/
solute-phase (e.g., Co- and Cr-EDTA, and polyethyl-
ene glycol) or the particulate phase (e.g., alkanes, rare
earths, and Cr-mordanted NDF) of digesta. An ideal
marker does not exist, with some markers migrating,
whereas others are partly digestible, or passing out of
the rumen faster than their respective phase due to
their small size and high density (Marais, 2000). Conse-
quently, primary problems associated with markers in-
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Figure 2. Calculated respective contribution of microbial (PDIM) and feed (PDIA) AA to total MP (proteins digestible in the intestine, PDI)
supply in dairy cows. Calculations are according to INRA (2018), from the MoSARCO database (J. B. Daniel and D. Sauvant, AgroParisTech-

INRA, Paris, France, unpublished).

clude: (1) incomplete recovery, (2) variation in outflow
from the rumen, and (3) unrepresentative sampling
(Titgemeyer, 1997). Care is needed to ensure that the
effects of all assumptions regarding marker behavior
are accounted for when interpreting results obtained by
their use (Faichney, 2005). Studies continue to evalu-
ate the suitability of digesta markers or combinations
of markers such as, LiCo-EDTA, Yb-acetate, Cr-mor-
danted straw, and iNDF (Ahvenjarvi et al., 2003), acid
detergent-insoluble "N (Huhtanen and Hristov, 2001;
Lee and Hristov, 2014), "*C-labeled n-alkanes or labeled
roughages (Warner et al., 2013a,b), n-alkanes, ADF,
and ADL (Kozloski et al., 2014).

Reliable estimation of digesta flow is probably the
most important factor in measuring protein degrad-
ability using in vivo techniques. The most commonly
used method for measuring digesta flow involves the
administration of markers at a constant rate, either in
the diet or by continuous infusion (usually following a
priming dose to reduce the time to reach equilibrium)
at a point proximal to the point at which flow is to be
measured, followed by sampling at that (those) points
once equilibrium (steady-state) conditions have been
achieved (Faichney, 2005). Intestinal flow is then cal-
culated by dividing the marker dose rate by the mean
marker concentration in the digesta (Tamminga and
Chen, 2000). This calculation assumes that the concen-
trations in the sample of all the constituents of digesta,

including the marker, are the same as the digesta flow-
ing past the sampling point (Faichney, 1975; 2005).
However, digesta consists of several phases with dif-
ferent flow characteristics (France and Siddons, 1986).
Depending on the marker system employed, digesta can
be viewed as comprising 2 phases: a fluid phase (solute
and small particles) and a particulate phase (medium
and large particles); 3 phases: liquid, small, and large
particles; or greater (France and Siddons, 1986; Ah-
venjarvi et al., 2003). A sample of whole digesta (or
of a phase) is said to be representative when it has
the same chemical composition as that of the total di-
gesta (or phase), which flowed past the cannula during
the steady-state period (France and Siddons, 1986).
However, obtaining a representative sample from a
heterogeneous mixture of liquid and particulate matter
flowing past a cannula or sampling point is challeng-
ing (France and Siddons, 1986; Tamminga and Chen,
2000; Faichney, 2005). If the digesta samples obtained
were representative, only a single marker is required
to estimate flow rate; otherwise, 2 different approaches
can be used to help overcome the problem (France and
Siddons, 1986). Both approaches assume digesta flow
to be in independent phases and that sampling is rep-
resentative of each phase, but not total digesta, due to
preferential selection. The first approach is based on
estimating the individual phase flows, the sum of which
is digesta flow, with the assumption that each marker
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is exclusively associated with its phase. The second
approach is based on reconstitution of digesta using
the double-marker method (e.g., fluid and particulate
phase) or triple-marker (or more) method (e.g., liquid,
small, and large particle phase), to obtain the composi-
tion of the representative digesta, in which case the
markers do not have to be associated exclusively with
1 phase (France and Siddons, 1986; Faichney, 2005).
Consequently, double- or triple-marker methods are
recommended in digesta flow studies (Ahvenjarvi et
al., 2003; Faichney, 2005). Markers can also be used
to estimate the ruminal outflow of fluid or particles
following cessation of a continuous infusion, or by giv-
ing a pulse dose of the marker, into the rumen; kp is
calculated from its dilution in rumen samples or from
its fecal excretion pattern with time, using appropriate
mathematical models (Ellis et al., 1994; Tamminga and
Chen, 2000; Faichney, 2005). In addition, this approach
can also be used to calculate reticulorumen fluid vol-
ume (Faichney, 2005).

Fractionation and outflow rates of digesta fractions
have implications in estimating MPS and contribution
of metabolic fecal N (mostly of microbial origin) to
total fecal N excretion. As shown in Figure 3, there
appear to be relationships between output of bacteria
and flow-rate (A) as well as between nondietary fecal
N (metabolic fecal N) and the retention time of solutes
(B), particles (C), and the ratio of particle-to-solute
retention times (D) in the rumen. With the restriction
that the data are clustered according to the 2 data sets
used, and the relationship within one experiment is far
less pronounced, the ratio of particle-to-solute reten-
tion time might be indicative of the extent of microbial
outflow from the rumen. At long particle- and short
solute-retention time, microbial harvest from the ru-
men appears to increase (Figure 3B,C). Accordingly,
the microbial harvest is greater with a larger ratio of
particle-to-solute-retention time (Figure 3D). This en-
hanced “digesta washing” (Miiller et al., 2011; Clauss
and Hummel, 2017) appears to increase microbial yield
from the rumen. In support of this, Hristov and Broder-
ick (1996) estimated that the liquid and solid phase of
ruminal contents had similar contribution to the total
microbial N outflow from the rumen.

Digesta CP comprises ammonia N, RUP, micro-
bial N, and endogenous N (Titgemeyer, 1997). Usu-
ally ammonia is subtracted from the total N flow, as
ammonia is of little value to the animal, and the data
are presented as NAN (Titgemeyer, 1997). Therefore,
RUP flow is calculated as the difference of total NAN
flow minus microbial N flow minus endogenous N flow
(when flow is measured at the duodenum). Endogenous
N flow can be directly measured but is more commonly
estimated (Tamminga, 1979; Van Straalen and Tam-
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minga, 1990; Huhtanen, 2005). Measurement of the
endogenous N contribution is technically challenging
and furthermore, most available estimates have been
derived under artificial conditions with highly invasive
techniques or unusual semi-synthetic diets (Lapierre
et al., 2006; Marini et al., 2008). Consequently, RUP
has been routinely calculated in the duodenum sim-
ply as the difference between NAN and microbial N
flow (nonammonia nonmicrobial N, NANMN), with
endogenous protein being ignored (Poncet et al., 1995;
Lapierre et al., 2006). While NANMN represents RUP,
it also includes endogenous CP and experimental error
(Robinson et al., 1992). Although microbial protein usu-
ally accounts for a substantial proportion of the total N
entering the duodenum, endogenous secretions can rep-
resent a sizeable portion of duodenal N flow, between
15 and 20% in dairy cows (Lapierre et al., 2006). Using
a meta-analytical approach to estimate endogenous N
secretions in dairy and beef cattle, Marini et al. (2008)
calculated that endogenous N represented a minimum
of 13% of duodenal N flow. Data derived from Noziére et
al. (2014) showed that, if not corrected for endogenous
N, true ruminal N digestibility was underestimated by
9 percentage units (Table 1). Estimates for duodenal
endogenous N retained by protein-feeding systems var-
ies as 5.3 g of N/kg of nondigestible OM (INRA, 1989),
revised to 2.3 g of N/kg of DMI (Sauvant and Noziere,
2016; INRA, 2018), 4.8 g of N/kg duodenal OM in Nor-
For (Volden, 2011), and 1.9 g of N/DMI (NRC, 2001).

In vivo techniques for quantification of duodenal or
abomasal flow only calculate the degradability of the
overall (mixed) diet, not degradability of the individual
feeds (Hvelplund et al., 1995; Firkins et al., 1998). Es-
timates of protein degradability for an individual feed
can be determined by feeding increments of this feed
to a basal diet (iso-fermentable OM), which in itself
provides adequate N for MPS and eliminates the need
for determining microbial N. The increase in duodenal
flow of protein is attributed then to the test feed and
slope of the flow versus intake indicates the “escape
potential” of the test feed (Nocek, 1988; Titgemeyer
et al., 1989; Flachowsky and Lebzien, 2006). However,
this approach ignores the possible effect of increased
supply of preformed AA on MPS.

Measurement of digesta flow requires some degree of
surgical modification of the animal, and most studies
involve either simple cannula close to the pylorus (in
the antrum of the abomasum or the ascending duode-
num) or re-entrant cannula in the duodenum (Tammin-
ga and Chen, 2000; Faichney, 2005). The advantages
and disadvantages of various gastrointestinal cannulas
types and placement locations used for ruminants were
reviewed by Harmon and Richards (1997). Cannulas
for partitioning ruminal and postruminal digestion are
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best placed in the duodenum, which offers fewer prob-
lems than omasal or abomasal cannulas (Harmon and
Richards, 1997). The use of postruminally cannulated
animals is disadvantageous because such animals are
prepared using invasive surgical modification, incur
high labor and considerable cost associated with the
care and maintenance of such animals, and are contro-
versial from an animal welfare perspective (Tamminga
and Chen, 2000). Consequently, there is increased, and
renewed, interest in evaluating less invasive alternative
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techniques (i.e., using animals fitted with rumen can-
nula only).

The rumen evacuation method, which is based on
assumptions of a steady-state rumen pool size and no
disturbance of normal rumen function (Robinson et al.,
1987), is one such alternative. When rumen evacuation
is carefully performed at different times after feeding
and combined with measuring kp out of the rumen
using markers, it can give useful information on the
dynamics of rumen degradation and synthesis of pro-
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Figure 3. Relationship between (A) bacterial output and culture medium flow rate (source: Herbert et al., 1956), and between fecal meta-
bolic N and (B) solute retention time, (C) particle retention time, and (D) the ratio of particle to solute retention time in the reticulorumen,
that is, the degree of ruminal digesta washing in cattle (particle marker: Cr-mordanted NDF; solute marker: Co-EDTA). Data from @ Schwarm

et al., 2008, 2009a; O Schwarm et al., 2015.
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Table 1. Effects of reference microbial sample and correcting versus not correcting for endogenous N flow on

determination of true ruminal N digestibility’

Treatment
Item 1 2 3 4
DMI (kg/d) 184 18.9 19.2 19.1
N intake (g/d) 467 477 494 489
Duodenal N flow (g/d)
Non-NH; (NAN) 494 497 527 488
Endogenous (2.27 g of N/kg of DMI) 42 43 44 43
Using LAB?
Microbial 251 283 266 270
NAN-nonmicrobial 243 214 261 218
Alimentary (corrected with endogenous) 201 171 217 175
Using MB*
Microbial 361 378 365 375
NAN-nonmicrobial 133 119 162 113
Alimentary (corrected with endogenous) 91 76 118 70
True ruminal N digestibility (%)
Using LAB
Corrected with endogenous N 57 64 56 64
Not corrected 48 55 47 55
Using MB
Corrected with endogenous N 80 84 76 86
Not corrected 72 5 67 7

"Data derived from Noziére et al. (2014) with treatments differing according to starch level (1 and 2: 300 g/
kg of DM; 3 and 4: 200 g/kg of DM) and amylase addition (1 and 3: control; 2 and 4: amylase addition) and

using purine and pyrimidine bases as a marker.

’LAB = liquid-associated bacteria as reference microbial sample.

*MB = mixed bacteria as reference microbial sample.

tein (Tamminga and Chen, 2000), particularly for fiber
digestion and passage kinetics. Ruminal flux techniques
can estimate kp of iNDF without using duodenal can-
nulas and without the inherent problems of measuring
duodenal flows by assuming steady state (Robinson et
al., 1987; Ellis et al., 1994; Firkins et al., 1998). In
a steady state, the flux (flow) into or out of the ru-
men can be described by the pool size and fractional
rates of intake, passage, and digestion; by rearrange-
ment, rates of digestion and passage can be estimated
as flow divided by rumen pool size available for these
processes (Firkins et al., 1998; Huhtanen et al., 2006).
Usually iNDF is used as the internal marker in rumen
evacuation studies (Krizsan et al., 2010a). In the “com-
partmental flux method” employed by Huhtanen et al.
(2014), the kp of ruminal particle fractions of different
size was estimated by dividing the flux of fecal output
of iNDF in these particle fraction by the ruminal pool
of the corresponding iNDF fraction. By determining
the corresponding N pool in these particle fractions, the
duodenal outflow of this N was calculated as the N pool
size times the iNDF kp of the corresponding particle
fractions. However, Huhtanen et al. (2014) found that
feed N flow estimates based on compartmental flux data
were generally lower than, but also poorly correlated
(treatment interactions) with, the feed N flow estimates
determined by using the omasal sampling technique,

Journal of Dairy Science Vol. 102 No. 7, 2019

indicating different proportions of feed N flowing as
soluble or fine particles (<38 pm).

Rumen outflow of N fractions, including microbial N,
can be estimated in animals fitted with rumen cannula
only by (1) using rumen evacuation to determine DM
and NAN pools in liquid and solid phases of ruminal di-
gesta, (2) using liquid and particulate markers to deter-
mine rates of outflow from the rumen of liquid and solid
digesta, and (3) using microbial markers to separate
microbial from digesta N (e.g., Hristov and Broderick,
1996; De Ondarza and Sniffen, 2002; Hristov, 2007).
However, in the study of Hristov (2007) when rumen
sampling was compared with duodenal sampling, flows
of NAN were found to be significantly higher for the
rumen sampling technique, whereas flows of NANMN
or microbial NAN did not differ significantly between
the 2 sampling sites. This overestimation of NAN flow
can be attributed to the fact that the single particulate
marker used does not account for the different kinet-
ics patterns associated with the multi-compartmental
nature of solid digesta in the rumen (Faichney, 2005;
Hristov, 2007). Some studies have focused on soluble
NAN flow (i.e., in rumen fluid only) using rumen evacu-
ation plus a liquid digesta marker (e.g., Aufrére et al.,
2003). Alternatively, in other studies, rather than using
rumen evacuation, markers were used to calculate both
reticulorumen fluid volume and fractional flow rate
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to estimate flow of soluble N fractions (e.g., Chen et
al., 1987; Volden et al., 2002). The rumen evacuation
technique is laborious and time-consuming making it
expensive and achieving steady-state conditions diffi-
cult; however, the latter can be partially overcome by
frequent evacuations and careful selection of evacuation
times to represent mean rumen pool sizes (Huhtanen et
al., 2006).

Another approach for estimating microbial and feed
protein flow is by sampling omasal digesta. The current
methodology is based on the omasal sampling technique
developed by Huhtanen et al. (1997). This technique
permits sampling of omasal digesta using a tube that is
inserted, via the ruminal cannula, through the reticulo-
omasal orifice and connected to a sampling device that
resides in the omasum, and an alternating pressure-vac-
uum pump that withdraws the digesta samples. This
technique was modified by Ahvenjarvi et al. (2000)
and is now used widely (Huhtanen et al., 2010). Most
omasal sampling protocols use a triple-marker system
(France and Siddons, 1986) to mathematically correct
for unrepresentative digesta sampling (Ahvenjarvi et
al., 2003; Broderick et al., 2010; Roman-Garcia et al.,
2016), with N, and to a lesser extent purine bases,
employed as microbial markers (Broderick et al., 2010).
Compared with sampling from the duodenum, the oma-
sal canal provides some advantages as a sampling site:
it is less invasive, a rumen cannula suffices, secretion of
endogenous N into the reticulorumen is lower than that
into the duodenum, and sampling takes place before ac-
id-pepsin hydrolysis in the abomasum (Huhtanen et al.,
1997; Ahvenjarvi, 2006). The technique has most of the
other disadvantages of duodenal sampling (Huhtanen,
2005). However, unlike sampling digesta from the
duodenum, the omasal sampling technique permits
the various N fractions to be distinguished (i.e., before
gastric digestion). Consequently, the contribution of
soluble N components (protein, peptides, and free AA),
microbial populations (liquid and particle associated
bacteria, protozoa, and fungi), and insoluble dietary
N components to N flow from the reticulorumen can
be determined (Ahvenjarvi, 2006). Studies that have
directly compared N flows using omasal and duodenal
sampling indicate that they are comparable (Ahven-
jarvi et al., 2000; Rotta et al., 2014), although in the
study of Ahvenjarvi et al. (2000) where microbial NAN
was also determined, it tended to be higher in the oma-
sal canal than in the duodenum. Roman-Garcia et al.
(2016) in a meta-analysis reported a greater microbial
N and smaller NANMN flows for omasal sampling than
for duodenal sampling. An indirect validation based on
the relationships between omasal NAN flow and milk
protein yield derived using meta-analysis also showed
that omasal measurements were accurate (Huhtanen et
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al., 2010). Similarly, Broderick et al. (2010) conducted a
meta-analysis to evaluate the precision and accuracy of
the omasal sampling technique for quantifying ruminal-
N metabolism and concluded that the technique yields
useful estimates of ruminal MPS and RUP supply to
high-producing cattle.

Hristov (2007) introduced a reticular sampling tech-
nique to estimate the outflow of nutrients from the
rumen; this was based on the premise that digesta
located in the reticulum appears to closely represent
digesta leaving the reticulorumen. Studies comparing
reticular and duodenal sampling (Hristov, 2007), and
reticular and omasal sampling (Krizsan et al., 2010b),
using triple-marker techniques at both sites, showed
similar flows of NAN, NANMN, and microbial NAN,
and ruminal digestibility of NAN for both methods. In
contrast, Rotta et al. (2014) comparing reticular, ab-
omasal, and omasal sampling reported that the flow of
CP was lower for reticular than omasal sampling with
abomasal being intermediate. Ruminal digestibility of
CP was higher based on reticular sampling compared
with the other 2 sites, which did not differ. Fatehi et
al. (2015) also compared reticular and omasal sampling
and, additionally, rumen sampling (collected in the
same manner as the reticular samples) and reported
significantly higher flows of NAN and microbial NAN
for rumen compared with reticular sampling, which, in
turn, were higher than omasal sampling; no difference
was found between methods for NANMN flow, and ru-
minal digestibility of NAN. Discrepancies across studies
may be partly attributed to the method of digesta pro-
cessing whereby it was sieved through a 1-mm screen to
discard large particles in some studies, but not others
(Fatehi et al., 2015). As with omasal sampling, reticular
sampling avoids the necessity for overly invasive cannu-
lation and interference from abomasal degradation and
endogenous N secretions, but it has less interference
with the animal’s DMI and does not need elaboration
of sampling equipment or the insertion of a sampling
device through the reticulo-omasal orifice (Krizsan et
al., 2010b). One disadvantage of reticular sampling
may be selective retention of protozoa in the reticulum
(Michalowski et al., 1986). Relatively few studies have
employed the reticular sampling technique and more
research is needed to verify it.

Several internal and external markers have been pro-
posed and used to identify microbial protein in digesta
including DAPA, D-alanine, 2-aminoethylphosphonic
acid, ribonucleic acid, individual or total purine and
pyrimidine bases, AA profiles, and radioactive *S or
P (or *P; Bucholtz and Bergen, 1973), and stable '’N
isotopes [reviewed in detail by Broderick and Merchen
(1992) and Dewhurst et al. (2000)]. These markers, in
combination with the digesta flow markers discussed
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above, allow estimation of MPS. An ideal microbial
marker must account for both the bacterial and pro-
tozoal pools associated with the fluid and particulate
phases of digesta (Broderick and Merchen, 1992). A
representative sample of rumen microorganisms is also
required to determine marker-to-bacterial plus proto-
zoal N ratio (Marais, 2000).

Markers of MPS such as DAPA, purines, and '°N have
been used most widely. The existence of substantial
amounts of DAPA in feeds and other issues have ren-
dered this marker unreliable (Broderick and Merchen,
1992). Principal concerns with purines relate to unequal
purine-to-total N ratios in protozoal and bacterial pools
coupled with the need to assume that dietary purines
are completely degraded in the rumen (Broderick and
Merchen, 1992; see related discussion in the following
section: Noninvasive or Indirect Methods for Measuring
Microbial Protein Synthesis). Nitrogen-15 has a long
history of use as a microbial marker (Pilgrim et al.,
1970; Mathison and Milligan, 1971; Brandt et al., 1980)
and in experiments utilizing duodenal, ruminal, omasal,
or reticular sampling approaches (Siddons et al., 1982;
Ahvenjarvi et al., 2000; Hristov, 2007). Several stud-
ies have demonstrated that "’N is the most accurate
and precise microbial marker for ruminant nutrition
research (e.g., Reynal et al., 2005).

Due to differences in marker-to-N ratio, the nature
of the reference microbial sample (duodenal or rumi-
nal bacteria, liquid-associated vs. solid-associated vs.
mixed bacteria) can have an effect on the quantifica-
tion of microbial N flow. For example, Fanchone et
al. (2013) and Noziere et al. (2014; Table 1) reported
that the proportion of microbial N in NAN duodenal
flow was on average 74% when estimated with mixed
bacteria (assuming 25% of liquid-associated and 75%
of solid-associated bacteria) as a reference sample, com-
pared with 54% when estimated with liquid-associated
bacteria as a reference, using purine and pyrimidine
bases as a marker. For obvious technical reasons (i.e.,
easier to isolate), liquid-associated bacteria (enriched
to a various degree with loosely associated with feed
particles bacteria) are the more widely used standard.

Feed N metabolism can be studied by labeling plants
with "N during growth and consequent isolation and
analysis of various N fractions. Following this approach,
Hristov et al. (2001) labeled alfalfa with "N during
growth in a greenhouse and harvested and preserved
the forage as silage or as sun-cured hay. The labeled
silage and hay were pulse dosed to lactating Holstein
cows and samples of ruminal contents were collected
over a 72-h period and partitioned into N fractions.
This allowed estimation of pool sizes and kinetics of
rumen N compartments. In another experiment, in vi-
tro rates of bacterial incorporation of N fractions from
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"N-labeled whole-crop barley were studied (Hristov
and McAllister, 2001). Rates of microbial incorpora-
tion of N from soluble protein, easily-degraded protein,
and slowly-degraded protein N pools were investigated.
Plant N can be further fractionated and studied us-
ing "’N-labeled plants (e.g., Melgar and Hristov, 2004;
who reported rates of microbial breakdown of alfalfa
insoluble N, soluble protein N, NPN, neutral-detergent
insoluble N, and neutral-detergent soluble N). Using
""N-labeled grass silage and rumen modeling, Ahven-
jarvi et al. (2018) showed that a considerable propor-
tion of silage soluble NAN (0.125 g/g) escapes ruminal
degradation and contributes to postruminal feed NAN
supply.

Nitrogen-15 can also be used to study the effect of
dietary treatments on the efficiency of ammonia N uti-
lization for milk protein synthesis. In this approach,
rumen ammonia-N is labeled with '°N, which labels the
rumen microbial-N pool, and consequently milk protein
N (Hristov and Ropp, 2003; Hristov et al., 2004a,b,
2005b). The technique involves continuous infusion or
a pulse dose of ’N-ammonium salt into the rumen fol-
lowed by a continuous sampling and analysis of N
enrichment of ruminal ammonia, bacterial, and milk
protein N pools. The contribution of the primary N
pool (ammonia in these studies, but also feed N frac-
tions could be used) to the milk protein N pool is esti-
mated from plateau enrichment or areas under the "°N
enrichment curves and gravimetrically.

Noninvasive or Indirect Methods for Mea-
suring Microbial Protein Synthesis. Perhaps the
most prominent approach for estimating MPS in this
category is the urinary purine derivatives method.
Based on the early work by Elliott and Topps (1963)
and Topps and Elliott (1965) and later developed and
verified by Vercoe (1976), Antoniewicz et al. (1979,
1980), Zinn and Owens (1986), Chen et al. (1990), and
Vagnoni et al. (1997), the method consists of quantita-
tive analysis of animal urine for derivatives of purine
metabolism (usually, allantoin, and uric acid in cattle).
These derivatives are assumed to be originating from
microbial nucleic acid outflowing from the rumen or
from endogenous sources. The approach is based on the
premise that feed nucleic acids are completely degraded
in the rumen and all purines leaving the rumen are
of microbial origin. Indeed, Smith and McAllan (1970)
and McAllan and Smith (1973) reported that feed nu-
cleic acids and purines were rapidly and extensively de-
graded by the rumen microorganisms. However, Perez
et al. (1997) showed that dietary purines accounted for
13 to 27%, depending on diet, of the total purine flow
at the duodenum of sheep. Vicente et al. (2004) found
an even greater flow (accounting for 33% of the total)
of feed purines to the duodenum of cattle fed high-con-
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centrate diets. Similarly, Hristov et al. (2005a) reported
a significant contribution (up to 20%) of nonmicrobial
purines to duodenal purine flow, particularly from the
solid digesta phase, in cattle fed barley- or corn-based
diets. Apart from a dietary contribution of nucleic acids
to duodenal purine flow, other sources of variation in
the relationship between MPS and urinary excretion
of purine derivatives include a varying purine-to-total
N ratio in rumen microbes, differences in intestinal
digestibility of nucleic acids, and an endogenous contri-
bution of purine derivatives to urinary excretion (Tas
and Susenbeth, 2007). The need to repeatedly measure
total urine output to determine daily excretion rates
of purine derivatives limits the use of the method in
practice (although urine output can be calculated us-
ing creatinine as a marker; Chen et al., 1995). Firkins
et al. (2005) proposed improved equations for predict-
ing duodenal flow of purine bases or urinary allantoin
excretion derived from multiple studies with different
animals and dietary conditions. Overall, calculating
absolute changes in MPS based on the urinary purine
derivatives is not advisable. However, for a controlled
experimental setting, differences in excretion of total
purine derivatives in urine could indicate differences in
MPS (provided that purine-to-total N ratio in rumen
microbes is not influenced by treatment).

Another body fluid, in which microbial purine deriva-
tives are secreted, is milk. Giesecke et al. (1994) found
a good correlation between milk allantoin secretion and
dietary net energy intake in dairy cows, which is in
line with the expected relationship of MPS and dietary
energy and used by most nutritional models to predict
MPS (e.g., NRC, 2001; see following discussion). How-
ever, secretion of allantoin with milk is only a small
fraction, 1.6% (Giesecke et al., 1994), of the urinary
allantoin excretion. Indeed, Shingfield and Offer (1998)
reported poor correlation between individual cow milk
allantoin concentration or secretion, and urinary purine
derivative excretion or calculated MPS. These authors
clearly showed that auto-correlation of milk allantoin
concentration and secretion with milk yield was the
reason for the high correlation of milk allantoin and
urinary excretion of purine derivatives. Another issue
brought up by these authors was the lack of specificity
of the colorimetric assay for allantoin, which resulted in
low variability in milk allantoin concentration reported
in earlier studies. Shingfield and Offer (1998) concluded
that milk allantoin is not a reliable indicator of MPS
in individual cows. Later work of Timmermans et al.
(2000) and Schager et al. (2003) also did not establish
milk purine derivatives secretion as a reliable tool for
predicting MPS in dairy cows.

Specific milk fatty acids have also been suggested as
proxies for MPS. Milk odd- and branched-chain fatty,
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which include C15:0, C17:0, and iso and anteiso fatty
acids  (iso-14:0,  anteiso-15:0, iso-17:0, iso-16:0, iso-
15:0, and anteiso-17:0), are found in microbial lipids
(Keeney et al., 1962) and are also synthesized from
propionate in the adipose and mammary tissues (Vlae-
minck et al., 2006). Considered predominantly from mi-
crobial origin, these fatty acids have been proposed as
biomarkers of MPS (Vlaeminck et al., 2006; Fievez et
al., 2012). The concept, however, has been questioned,
based on significant endogenous contributions (de Sou-
za et al., 2018), and needs verification under differing
dietary regimens (Dewhurst et al., 2007; Mohammed et
al., 2011; French et al., 2012).

Microbial protein synthesis can be estimated indi-
rectly through empiric equations based primarily on
available energy in the rumen. This approach is widely
used in current nutritional models. Among feed evalua-
tion systems, the estimation of MPS is invariably based
on estimation of fermentable energy available in the
rumen and its net rumen efficiency of utilization for
microbial biosynthesis. Concerning the estimation of
energy available in the rumen, 2 different approaches
can be distinguished: the first approach is based on
estimation of energy (or OM, or nutrients) apparently
digested in the total tract (NRC, 2001; Galyean and
Tedeschi, 2014; NRC, 2016) followed by subtraction of
nonfermented digestible fractions (Vérité and Peyraud,
1989; AFRC, 1992; INRA-PDI, as described by Sauvant
and Noziére, 2016). The other approach is based on the
addition of rumen digested substrates estimated by in
situ data: NorFor (Volden, 2011), Cornell Net Carbo-
hydrate and Protein System (Sniffen et al., 1992), Feed
into Milk (Thomas, 2004), and Dutch DVE/OEByy;
(Van Duinkerken et al., 2011). The second approach,
which is a priori more mechanistic, requires more in-
formation and assumptions on the contribution of the
various fractions to MPS and their fractional rumen
degradation and passage rates. Concerning the estima-
tion of efficiency of microbial growth, differences also
exist between the 2 approaches. The simpler approach
considers that microbial flow is proportional (or di-
rectly linked) to the OM fermented in the rumen as
INRA-PDI or DVE/OEB, g, (Tamminga et al., 1994),
or to the total nutrients digested in the digestive tract
(NRC, 2001), whereas the other approach considers a
differential efficiency of microbial growth according to
fermented substrates (DVE/OEBy;;, NorFor, Feed into
Milk). The second approach has not proven to be more
accurate but allows flexibility and taking account of
various rumen fermentation details. Although theoreti-
cally correct, more complicated models taking into ac-
count different ATP supply from different components
(e.g., fat and fermentation acids) have failed to im-
prove predictions of milk protein yield from MP supply
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(Schwab et al., 2005). A more recent meta-analysis by
White et al. (2016) compared empirical and mechanistic
(i.e., microbial N as a function of ruminal carbohydrate
digestibility) approaches to predict MPS and concluded
that predicting MPS empirically had the lowest predic-
tion error. In a review by Bannink et al. (2016), it was
delineated what added value mechanistic approaches
may have above empirical approaches by representing
the interactions between various rumen pools (sub-
strate, microbial, and metabolites) to explain the more
dynamic aspects of rumen fermentation, which an
empirical approach cannot give. The latter approaches
normally adopt the concept of additivity of predicted
MPS values for the individual dietary components and
are, in essence, linear models not accounting for nonlin-
ear effects. Conclusions about the usefulness of various
models, empirical and mechanistic, for practical diet
formulation, however, have to be carefully considered.
Owens et al. (2014) compared MP predictions by the
beef NRC (2000) model vs. duodenal flow measure-
ments in cattle fed 118 different diets and concluded
that the NRC model failed to accurately predict in vivo
measurements. As these authors suggested, lack of data
to support model values for various feeds and “inclusion
of numerous theoretical but unverified equations within
current MP models severely limits their precision and
usefulness for field application.” Uncertainties can also
arise from inaccurate and variable microbial flow data
(most often due to variable accuracy of marker and
sampling techniques) used to derive prediction equa-
tions in nutritional models.

Yet another approach to indirectly estimate ruminal
MPS is through fecal metabolic N by calculating the
difference between total and dietary fecal N. Dietary
fecal N is easily measured by a routine analysis of
N in NDF residue (Mason, 1969), assuming that all
undigested plant N would be captured in the NDF
fraction. Microbial N (both from rumen and hindgut
origin) accounts for a major part of fecal metabolic N
in mature ruminants, with endogenous matter such as
epithelial cells and secretions constituting only a minor
part (Blaxter and Mitchell, 1948; Mason, 1969, 1979;
Figure 3B, C, and D). In feces of herbivores, attempts
using easy-to-apply detergent extraction procedures
with modifications to separate fecal metabolic N further
into microbial N and endogenous N were not success-
ful (Schwarm et al., 2009b). However, this distinction
might be of minor relevance assuming that endogenous
N is fermented in the ruminant hindgut (Van Soest,
1994; Richard et al., 2017). No attempts have been
made to separate fecal microbial N into rumen and
hindgut derived microbial N, but it is assumed that the
undigested cell-wall residues from ruminal microorgan-
isms contribute the larger fraction to fecal microbial N
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than intact microbial cells originating from the cecum
and the large intestine (Mason, 1969; Van Soest, 1994).
In dairy cattle fed a wide variety of diets, van Vliet et
al. (2007) measured microbial carbon excretion in feces
based on numbers of intact fecal bacteria and showed
that this excretion was much smaller than total mi-
crobial carbon excretion including damaged microbial
cells arising from undigested rumen microbial material.
When the amount of substrate fermented in the hind-
gut increases (e.g., NaOH-treated grain, high levels of
feed and starch intake), this approach can lead to sub-
stantial errors in MPS estimates (Hetta et al., 2013).

Nitrogen/Urea Recycling

Ruminants are capable of recycling N from blood
to the gastrointestinal tract (GIT). The gastrointesti-
nal tract entry rate (GER) through blood and saliva
contributes substantially to N availability in the GIT
and may amount to as much as half of the daily di-
etary uptake (Lapierre and Lobley, 2001). Recycling of
urea-N through the rumen wall does not occur against
a concentration gradient; it appears to be strongly
regulated by expression of urea transporter proteins
in kidney and GIT tissues (Rgjen et al., 2011; Spek
et al., 2013a). High urea GER is not immediately ap-
parent from fecal N digestibility because of extensive
recycling as absorbed AA, ammonia, or other nitrog-
enous compounds. Regulation of urea N recycling is
an important mechanism for ruminants to conserve N
to maintain microbial synthesis processes in the rumen
and catabolic processes in the animal (Lapierre and
Lobley, 2001). Various techniques have been used to
study N recycling to GIT, including indirect and direct
methods of measurement.

Current protein evaluation systems estimate rumen
N balance, which is indicative of N surplus or shortage,
to sustain MPS in the rumen (reviewed by Dijkstra et
al., 1998, and Tedeschi et al., 2014). As discussed ear-
lier, estimates of rumen availability and degradability
of dietary N and OM are obtained by external washing
procedures and in situ incubations of feeds in the ru-
men. These degradation characteristics allow estimation
of MPS from the available and degraded feed and the
amount of N required and available from the feed. The
difference between available and required N indicates
rumen N balance. A negative value indicates N short-
age that needs to be compensated by a net movement
of N into the rumen to maintain fermentation (i.e., the
difference of urea-N recycled from blood to the rumen
minus ammonia-N absorbed or washed out from the
rumen). Current protein evaluation systems, and (due
to their static nature) many mechanistic rumen models
as well, typically treat rumen N balance values as feed
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characteristics that are additive and independent of the
diet type or composition and of conditions in the ru-
men and systemic blood (Bannink et al., 2016). In this
regard, estimates of urea recycling based on rumen in
situ degradation characteristics should not be consid-
ered precise. Rumen in situ techniques are used to mea-
sure rumen degradation from which MPS and rumen
N balance may be estimated. The duodenal or omasal
sampling techniques are used to measure duodenal flow
using markers. Both techniques, discussed in more de-
tail earlier in this review, give only a rough indication
of the net amounts of N entry to the rumen and do not
indicate cause and effect of urea N recycling (Dijkstra
et al., 1998), or how rumen fermentation depends on
urea-N recycling (Bannink et al., 2016). Direct methods
are needed to measure and quantify urea recycling.

A more direct method is the use of indwelling cathe-
ters around portral-drained viscera (PDV') to measure
urea, removal by PDV, which excludes, however, the
urea removal through salivation and includes arginase
activity in the GIT. Direct measurement of urea GER
through the use of labeled urea tracers (to be discussed
later in this section) and, hence, must be expected to dif-
fer from urea net PDV flux. Furthermore, measurement
of urea net PDV fluxes typically involves rather small
arterial-venous concentration differences multiplied
with large numbers for blood flow. This makes urea net
PDV flux observations highly variable and treatment
differences often statistically insignificant. El-Kadi et
al. (2006) performed regressions on urea net PDV flux
in steers fed 4 incremental levels of ME ranging from
0.028 to 0.056 MJ/kg of BW"™ per d. They reported
a linear increase in urea concentrations in arterial and
portal blood, but relative to the average value of 12.8 g
urea-N/d, almost no change in PDV urea removal. Also
in steers, Reynolds and Huntington (1988) observed
that change in diet (chopped alfalfa hay vs. pelleted
concentrates) did not affect net urea removal by PDV
tissues. However, there was variation in GER within
different GIT compartments. With twice daily feeding
of a concentrate diet providing more ME and less N,
less urea was recycled to the mesenteric drained viscera
(intestines) and more (numerically) to the stomach
compartments (i.e., the reticulo-rumen, omasum, and
abomasum), and more AA were absorbed from the
intestine (indirectly indicating more microbial origin)
compared with an alfalfa diet containing 58% more
N (26.5 g of N/kg of DM). Mesenteric drained tissues
were responsible for 32% (concentrate diet) to more
than 100% (alfalfa diet) of urea net PDV flux (i.e.,
stomach compartments responsible for 68% to less than
0%, respectively), whereas urea net PDV flux did not
differ. A study with steers by Huntington et al. (1989)
showed blood urea removal shifted from the stomach
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toward the intestine when changing from an alfalfa diet
to a high concentrate diet. This was accompanied with
a reduction of portal appearance of ammonia reflecting
reduced N intake, and with a reduction in urea removal
through saliva reflecting reduced blood urea concentra-
tion. However, distinctions between portal drained and
mesenteric drained tissues are rarely made, probably
because of the technical difficulties encountered with
extra catheterization in the mesenteric vein. These
measurements are important, however, to determine
the fate of urea removal by GIT and its contribution to
rumen fermentation. Although the results exclude urea
transfer to the reticulorumen via saliva, they indicate
that urea fluxes depend on the urea supply by arterial
blood and regulatory mechanisms do play a role (Spek
et al., 2012). Portal net flux measurement by Rgjen et
al. (2011) demonstrated the existence of long-term up-
regulation by kidneys and GIT of urea recycling when
reducing urea infusion rate on an N-depleted diet.

The regulatory mechanisms of urea recycling can also
be studied by other techniques. Direct measurement
of mRNA abundance of urea transporter proteins in
rumen epithelial tissue is possible. However, Rgjen et
al. (2011) and Rgjen and Kristensen (2012) did not
establish an apparent relationship between mRNA
abundance for these transporter proteins and the N
supply or urea GER. It must be acknowledged, how-
ever, that such measurements basically determine the
concentration of mRNA coding for these transporter
proteins instead of the actual presence of these pro-
teins. Moreover, such measurements are incapable of
determining total tissue mass and transporter protein
capacity actually present (Bannink et al., 2016). One
might safely assume that tissue mass remains unaltered
across urea infusion treatments. However, this assump-
tion becomes less likely as soon as changes occur in
DMI, in the type of carbohydrates ingested, or perhaps
even in the daily pattern of presence of nutrients and
metabolites in digesta at the mucosal side and in blood
at the serosal side of rumen tissue. As an alternative
to measurements, modeling approaches can also be
undertaken to evaluate measurements in the rumen
and blood, as adopted by Dijkstra et al. (1992). Their
concept of urea recycling being limited with high ru-
men ammonia concentrations and becoming saturated
at high arterial urea concentration due to increased
N supply, seems to be supported by the observations
of Rgjen et al. (2011) on long- and short-term (post-
prandial) regulation of urea recycling to the rumen.
Rojen and Kristensen (2012) did not establish an ef-
fect of time-period of urea infusion on urea GER due
to a confounding effect of DMI and amounts of urea
infused relative to DMI. Without any effect on DMI,
urea infusion treatment resulted in an increased arterial
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urea concentration of 9.6 mM (vs. 3.0 mM for negative
control) and a 61% greater urea GER. These findings
do not seem to conflict with earlier observations by
Kennedy (1980) with the use of C isotope (discussed
below). From these observations, Dijkstra et al. (1992)
deduced a relationship with a saturating stimulatory
effect of blood urea and an inhibitory effect of rumen
ammonia on urea recycling to the rumen. In agreement
with this, Reynolds and Huntington (1988) and Hun-
tington et al. (1989) observed a reduced stomach net
removal of urea from blood to be associated with higher
stomach ammonia absorption.

An alternative technique for the direct measurement
of flow rates of a nutrient, or a metabolite such as
urea, is the measurement of dilution of known tracer
amounts of isotope-labeled compound infused into the
bloodstream. The protocol may involve a long-term
infusion (days) or involve infusion of a bolus to de-
termine the kinetics of dilution (hours). Continuous
infusion protocols have been used in cows with mul-
tiple indwelling catheters across the PDV. Lobley et al.
(2000) applied a tracer of dual-labeled NN urea to
measure the entry of urea to the GIT, with analysis of
the 3 different isotopomers NN, NN and “N"N
urea eliminated in urine. A full evaluation of flows of
NN, NN and “N"N urea, "N and N ammonia,
and "N AA in blood allows to distinguish the different
catabolic fates of recycled urea (ammonia absorption,
MPS, and fecal excretion) and to determine the effect
of nutritional treatment (Lapierre and Lobley, 2001).
Lapierre et al. (2004) used this technique to test the
effect of infused urea with a diet containing 15.6% CP,
but could not establish an effect of urea addition to the
diet on urea GER.

Also, infusion of a single dose of labeled *C urea can
be used to estimate total urea-N entry rate in blood
from the kinetics of total or urea "*C dilution in time.
The "C urea recycled to the GIT that re-enters the
blood stream as ammonia will not affect the measure-
ment of *C urea kinetics as it has lost the *C as **CO,
due to microbial hydrolysis of the *C urea. Although
some CO, will be formed from the tracer, the amount
is negligible compared with total CO, production rate
and, hence, will be diluted and have negligible effects
on observed total "C kinetics in blood, which can be
considered as "*C urea kinetics. The urea GER can then
be calculated by difference of urea entry rate in blood
and amount of urea excreted with milk and urine. Spek
et al. (2013b) used this method and found that with
high compared with low dietary NaCl levels, plasma
urea N concentration decreased, whereas the fraction of
total urea entry rate that returned to the GIT was un-
affected. The decline in plasma (and milk) urea N con-
centration due to the increased urine production must
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be expected to occur with any Na or K salt (Bannink
et al., 1999; Eriksson and Rustas, 2014). In line with
Reynolds and Huntington (1988), Spek et al. (2013b)
observed that the fraction of total urea entry rate that
returned to the GIT was negatively related to dietary
protein content. Reports on this type of measurements
allowed Reynolds and Kristensen (2008), and more re-
cently Batista et al. (2017), to demonstrate that GER
accounts for almost the entire urea entry rate in sys-
temic blood when dietary DM contains 8% or less CP.

Irrespective of the type of infusion protocol adopted
and the type of labeled tracer used, animals have to
be in steady state during the course of the trial (and
across experimental periods) to prevent bias and ob-
tain consistent results. If during a measurement period
there is a transient development in (the pattern of)
blood concentrations of nutrients and metabolites,
treatment results may be affected. There are labile N
pools in the ruminant animal, which can be exchanged
with systemic blood within hours or days and include
urea and protein in visceral organs. Urea space volume
is estimated to be around 50% of a cow’s BW, which
means more than 300 L, and 7 times the volume of
systemic blood (Agnew et al., 2005). These labile N
pools can easily be exchanged with systemic blood, if
the studied animals are not in a steady state across
time. Also, labile protein reserves may affect experi-
mental outcomes and the size of these reserves may
change with animal treatment. Based on a literature
survey of this kind of studies, Reynolds and Kristensen
(2008) concluded that oscillating dietary CP supply
has surprisingly small effects on beef cattle or sheep
performance, if an oscillation does not extend beyond
3 d. Similarly, Brown and Weiss (2014) concluded that
oscillating CP content of the diet had no effect on milk
and milk protein production in dairy cows. Neverthe-
less, Ludden et al. (2002) reported increased weight of
the reticulorumen, small intestine, and liver by 6, 17,
and 5% in growing lambs for oscillation between a low
and high CP diet every 2 d. For dairy cows entering
lactation, even larger changes, about 27% increase in
GIT and liver mass (from 5.5 to 7.0% of BW; Baldwin,
1995), are described, which may also affect urea net
PDV flux or urea GER.

TECHNIQUES FOR STUDYING POSTRUMINAL
DIGESTION AND ABSORPTION
OF NITROGENOUS COMPOUNDS

In ruminants, as in other mammalian species, di-
etary N is absorbed from the lumen of the GIT into
portal vein blood almost entirely as either ammonia,
AA, or nucleic acids. There is undoubtedly uptake
of small peptides across the brush border membrane
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of absorptive enterocytes in the small intestine; as in
other species, however, it does not appear that peptides
are transferred to venous blood intact (Reynolds et al.,
1994; Seal and Reynolds, 1993; Smith and Morton,
2010). Instead, the absorbed peptides are hydrolyzed
by enterocyte peptidases and their constitutive AA
transferred into venous blood across the basolateral
membrane.

By comparing measurements of postruminal flow and
fecal output of nitrogenous compounds, apparent (or
net) digestion, and apparent absorption of compounds
across the total postruminal digestive tract can be cal-
culated. However, measurements of total postruminal
digestion of nitrogenous compounds include protein
digestion and microbial fermentation in the hindgut
(large intestine and cecum). While further digestion
of proteins not digested in the small intestine occurs
in the hindgut, MPS and excretion in feces partially
reduce the total apparent digestion of feed and micro-
bial protein leaving the rumen, making interpretation
of results (e.g., for specific AA) difficult. For example,
decreases in total-tract digestion of protein in lactat-
ing dairy cows due to abomasal starch infusion were
attributed to increased starch fermentation in the hind-
gut and subsequent microbial protein excretion in the
feces, rather than any effect on digestion of protein in
the small intestine (Reynolds et al., 2001a). Microbial
protein excreted in feces includes N from ammonia
(and likely AA and peptides) arising from protein di-
gestion, or N in urea transferred to the lumen of the
hindgut from blood. In this regard, abomasal starch
infusion was shown to reduce ammonia absorption into
the portal vein of multi-catheterized lactating dairy
cows, presumably due to increased MPS in the hindgut
(Reynolds et al., 1998).

Because of the effects of the hindgut on fecal com-
position, better measurements of true protein digestion
and AA absorption are obtained with the addition of
a fistula and cannula in the ileum allowing compari-
son of postruminal and ileal flow. By comparing daily
rates of duodenal and ileal flow of specific AA, their
net disappearance from the lumen of the small intes-
tine provides an estimate of apparent absorption into
intestinal enterocytes. Establishment and maintenance
of ileal cannula is typically more problematic than for
duodenal cannula, especially in lactating dairy cows,
and for this reason measurements of small intestinal
digestion in lactating dairy cows are relatively scarce in
the literature (Reynolds et al., 1994, 2015; Hindle et al.,
2005). Postoperative recovery of animals with ileal can-
nula can be especially difficult due to gut stasis and the
potential for torsion and blockage, especially if fistulas
are established using recumbent rather than standing
surgery. Ileal flow is much more sporadic than duode-
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nal flow, making sampling at specific time points even
more problematic than for duodenal cannula, but ileal
digesta is typically more homogeneous than duodenal
digesta, thus representative ileal subsamples are easier
to obtain than duodenal samples. Chyme in the ileum
includes endogenous proteins from sloughed cells and
secretions, thus true absorption of AA is greater than
the net difference between duodenal and ileal flow (ap-
parent absorption). There is a high rate of turnover of
the cells in the intestinal villi, and substantial secretion
of enzymes and mucin into the lumen of the small in-
testine. A portion of these endogenous proteins and AA
is digested and re-absorbed anterior to the ileum, and
thus would have no net effect on the supply of “novel”
nitrogenous compounds to the animal, but endogenous
protein may represent as much as 15% of total protein
flow in the ileum of dairy cows (Reynolds et al., 2001b;
Ouellet et al., 2002).

Intestinal Digestibility of Microbial Protein and RUP

Estimation of intestinal digestibility of microbial
protein and feed RUP is a prerequisite of predicting
MP supply required by nutritional models (NRC, 2001;
Dutch DVE/OEB, Van Duinkerken et al., 2011). The
proportions of bacterial versus protozoal protein in
the total microbial protein leaving the rumen is one
of the factors influencing its digestibility; therefore,
isolation and quantification of microbial fractions is an
important step in determining intestinal digestibility
of microbial protein. Recently, alternatives to the old
methods have been introduced for isolation of microbial
fractions from digesta. For instance, a procedure has
been developed for isolation of culturable mixed rumi-
nal protozoa (Sylvester et al., 2004, 2005; Denton et al.,
2015) that does not have the major disadvantages of
the differential centrifugation method [i.e., contamina-
tion with bacteria and feed particles, or use of formalin
by some methods for isolation and storage of samples,
which can adversely affect AA hydrolysis (Fessenden et
al., 2017)].

Different methods have been used to estimate
intestinal digestibility of microbial protein (and indi-
vidual AA) including regression approaches (Storm et
al., 1983a; Hvelplund and Hesselholt, 1987), in vitro
procedures (Gargallo et al., 2006), and in vivo assays
using cecectomized roosters (Stern et al., 1997; Fon-
seca et al., 2014), or mobile bags (Hvelplund et al.,
1992). Single time point hydrolysis of feed or microbial
protein as a routine procedure has been criticized for
underestimation of AA release and minimizing the loss
of acid-sensitive AA (Rutherfurd, 2009; Fessenden et
al., 2017). Alternatively, multiple time point determi-
nation of protein digestion followed by nonlinear re-
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gression procedures to provide more accurate estimates
of availability of AA has been proposed (Darragh and
Moughan, 2005). Applying this technique to ruminal
bacterial and protozoal protein using different time
points of up to 168 h, led to estimations of 87.8 and
81.6% average AA digestibility of ruminal bacteria and
protozoa, respectively (Fessenden et al., 2017). How-
ever, protozoal protein constitutes a small proportion
of microbial protein arriving in the duodenum (10 to
30%, Sylvester et al., 2005; 23% Hristov and Jouany,
2005; 17%, Sok et al., 2017). Quantity of protozoa
flowing to the duodenum may be less than its outflow
from the rumen due to considerable sequestration or
selective retention of protozoa in the omasum as in-
dicated in a modeling attempt by Hook et al. (2017),
confirming the earlier observations of Michalowski et
al. (1986). Therefore, the influence of the proportion of
bacterial to protozoal protein on microbial protein di-
gestibility in the small intestine is expected to be small.
Changes in the composition of bacteria under different
rumen environments (Clark et al., 1992; Rodriguez et
al., 2000) might also contribute to the variability of
intestinal digestibility of microbial protein. Hoogenraad
and Hird (1970), using labeled bacteria, showed a wide
range of microbial protein digestibility (79 to 95%).
However, using continuous intra-abomasal infusion of
microbial protein in sheep, Schwarting and Kaufmann
(1978) reported that digestibility of microbial protein
was 90 to 95%. In another study, true digestibility of
total microbial N compounds in the small intestine,
estimated by infusing pre-digested "N labeled rumen
bacteria into the proximal duodenum and determining
recovery of N at the distal ileum, ranged from 75 to
85% (Salter and Smith, 1977). Storm et al. (1983a,b)
infused isolated microbial protein into the abomasum
of sheep and reported true digestibility of microbial N
to be 81 to 82%. Multiple regression analyses (Tas et
al., 1981) indicated that 87% of microbial protein is
digested in the small intestine (between proximal duo-
denum and terminal ileum) with considerable variabil-
ity among individual AA. Currently, most nutritional
models use values between 80% (NRC, 2001) and 85%
(Dutch DVE/OEB; Van Duinkerken et al., 2011) for
intestinal digestibility of microbial protein.

Similar to microbial protein, determination of in vivo
digestibility of RUP is challenging. In ileal sampling
studies, digesta flow is typically determined by a single
marker method due to rather homogeneous nature
of digesta and the general assumption of laminar di-
gesta flow in the small intestine. However, in slaughter
studies using goats (Walz et al., 2004; Leite et al.,
2015), the ratio between iINDF and NDF was mark-
edly lower in the small intestine (segments were not
specified) than in the abomasum or hindgut. Similar
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differences were found in a slaughter study using dairy
cows (unpublished data from Ahvenjarvi et al., 2010).
These observations question the general assumption of
laminar digesta flow in the small intestine (e.g., Ellis
et al., 1994). Multiple marker systems can improve the
accuracy of the estimation of ileal digesta flow, but to
our knowledge double-marker systems have not been
applied for ileal sampling (Reynolds et al., 2001a).

The Lucas test (Van Soest, 1994) could be used to
estimate undigested CP from protein supplements
by plotting digested CP concentration (g/kg of DM)
against dietary CP concentration in studies where
graded levels of protein supplements are fed. The slope
of the regression represents the true CP digestibility
and negative intercept represents fecal metabolic and
endogenous CP output. The method is too laborious to
be used only to determine digestibility of RUP, but it
might serve as a reference method for developing labo-
ratory methods. One criticism is that the Lucas test
also includes digestion in the hindgut.

A method based on the use of a single dose of an
indigestible marker can be a useful application in de-
termining digestibility of a labeled compound in the
small intestine because the flow itself need not be de-
termined (Faichney, 2005). Digestibility is calculated
as 1 — (AUC,/AUCy), where AUC = area under the
concentration curve (A, labeled compound; M, in-
digestible marker) versus time curve as a fraction of
marker dose. Ashes et al. (1984) applied this method
using Cr-EDTA as a marker to determine digestibility
of labeled casein AA. Hvelplund et al. (1994), using the
technique, determined intestinal digestibility of RUP
and intact feed protein in sheep completely nourished
by intragastric nutrient infusions. In that study, there
was a good agreement between mobile bags technique
data and true digestibility in the intestines.

Estimating the digestibility of RUP (or microbial
protein and AA) using cecectomized roosters (Fonseca
et al., 2014) suffers from differences in enzymatic and
physiochemical (pH, for instance) conditions of the
GIT of avian species versus ruminants, leading to dif-
ficulties in direct comparison of results (Fessenden et
al., 2017). Stern et al. (1997) reviewed studies using
different bioassays (cecectomized roosters, rat growth
studies) to determine intestinal digestibility of RUP.
Some promising results were obtained, but the authors
concluded that it was more realistic to obtain relative,
rather than absolute, measurements of ruminal and in-
testinal nutrient digestion of feedstuffs and diets; how-
ever, ration formulation models require absolute rather
than relative feeding values. One possibility to estimate
the intestinal digestibility of RUP is to derive it from
tabulated apparent digestibility coefficients of CP by
estimating true CP digestibility (TCPD; fraction of
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1) using a default value for metabolic and endogenous
fecal CP. Truly undigested CP (UDCP; g/kg of DM)
is then calculated as (1 — TCPD) x CP (g/kg of DM)
and then RUP digestibility as 1 - UDCP (g/kg of DM)
-+ RUP (g/kg of DM).

Postruminal and small intestinal digestion of feed
(or microbial) proteins can also be measured using the
mobile nylon bag technique, where bags containing rep-
resentative samples of feed ingredients are pretreated to
simulate degradation and residence in the rumen and
abomasum, and then placed into the duodenum and
subsequently retrieved from the ileum or feces (Hvel-
plund et al., 1992). The difference in protein present in
the bags introduced into the duodenum and those re-
trieved represents the postruminal digestion of protein
in the bags. The technique can be influenced by mi-
crobial colonization and digestion in the hindgut, and
thus retrieval of bags in the ileum (e.g., using magnets)
is a preferred approach for estimating the digestibility
of proteins in the small intestine (Stern et al., 1997).
The mobile bag technique has disadvantages similar to
the rumen in situ procedure, including disappearance of
both indigestible and digestible protein from fine feed
particles, as discussed previously.

In vitro procedures have also been used to estimate
intestinal digestion of feed (or microbial) protein. A
3-step in vitro procedure was developed by Calsamiglia
and Stern (1995), including 16 h rumen pre-incubation
followed by an acid/pepsin step to simulate abomasal
digestion, and incubation in pancreatin and phosphate
buffer solution to simulate intestinal digestion. The
technique was sensitive to heat damage of soybean
protein and anti-trypsin factors in soybeans. A more
recent modification of common in vitro approaches uses
ruminal fluid for the fermentation part of the procedure
and a cocktail of enzymes (trypsin, chymotrypsin, li-
pase, and amylase) to estimate intestinal digestibility of
proteins (Ross et al., 2013). This assay was developed
to reduce sample loss and variation among samples
when instead of bags, Erlenmeyer flasks, and small
pore size filter paper were used to improve recoveries of
undegraded feed N.

Appearance of Nutrients in Blood
as Estimates of Absorption

Measurements of venous-arterial concentration differ-
ences and blood flow across the PDV is another method
that has been used to estimate the absorption of AA
and ammonia from the GIT (Reynolds et al., 1994; Seal
and Reynolds, 1993; Reynolds, 2002). The tissues of the
PDV include the GIT, pancreas, spleen, and mesenteric
and omental adipose tissue, and their metabolism is
included in the measurements of net PDV flux (venous-
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arterial concentration differences times blood flow) of
nutrients (Huntington et al., 1989). The true portal
vein in cattle is relatively short, or nonexistent (Seal
and Reynolds, 1993), therefore it is essential that portal
vein samples be obtained downstream from the porta
hepatis, usually from a branch well within the liver
parenchyma, to reduce errors associated with laminar
flow of mesenteric, gastrosplenic, and gastroduodenal
blood at the porta hepatis (Seal and Reynolds, 1993).
Measurements of blood flow have been obtained in
some studies using electronic flow probes, which have a
limited functional life-span, but in most studies, blood
flow is estimated based on downstream dilution rate of
a marker, such as p-amino hippuric acid (PAH), that
is infused into a distal mesenteric vein at a constant
rate. It is helpful if the distance between mesenteric
infusion site and portal vein sampling is maximized to
promote mixing of PAH with the increasing volumes of
venous blood from the other PDV tissues (Huntington
et al., 1989).

Measurements of ammonia N absorption into the por-
tal vein include absorption of ammonia throughout the
GIT, but primarily the reticulo-rumen and hindgut, as
well as release of ammonia arising from the metabolism
of PDV tissues. In some studies, anterior mesenteric
vein sampling catheters have been used to quantify the
portion of PDV nutrient flux attributable to tissues of
the mesenteric-drained viscera (MDV), which depend-
ing on catheter placement includes varying portions of
the small intestine, mesenteric fat, large intestine, and
cecum. Reynolds and Huntington (1988) reported that
52% of net PDV release of ammonia was attributable
to the MDV in steers fed a high concentrate (corn and
soybean meal) diet, but the MDV accounted for 28% of
net PDV release of ammonia when chopped alfalfa hay
was fed. Net MDV absorption was not affected by diet.
Thus, the difference in the fraction of ammonia absorp-
tion attributable to the MDV was due to greater N
intake and net “stomach” (reticulorumen and omasum)
release of ammonia when alfalfa hay was fed.

Measurements of net PDV release of AA represent
their net availability after metabolism by all tissues
drained by the portal vein is accounted for. This me-
tabolism includes metabolism of AA during their initial
absorption (sometimes called first-pass metabolism),
but also the uptake and metabolism of AA from arte-
rial blood. Tissues of the PDV collectively have a high
rate of protein turnover and oxidative metabolism, but
only a small portion of the PDV tissues is responsible
for absorbing and assimilating AA from digesta (i.e.,
absorptive enterocytes in the duodenum and jejunum);
therefore, the vast majority of the AA metabolized by
the PDV tissues are derived from arterial blood (Reyn-
olds, 2002). This “unidirectional” uptake of AA from
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arterial blood masks the true rate of absorption and
unidirectional release of AA from the small intestine
into the portal vein blood, although a portion of the
AA taken up from arterial blood is used for the synthe-
sis of endogenous proteins appearing in the small intes-
tine chyme that may be digested and reabsorbed. The
effect of the uptake of AA from arterial blood by the
reticulorumen and other stomach tissues is illustrated
by comparisons of net MDV and PDV release of EAA,
which was on average 38% greater for net MDV release
of individual EAA than for net PDV release (MacRae
et al.,, 1997b). In this regard, net MDYV release of EAA
is a much better estimate of their absorption by the
small intestine than measurements of their net PDV
release. Assessment of net PDV or MDV flux of NEAA
is complicated by their synthesis within PDV tissues
(Seal and Reynolds, 1993; Reynolds et al., 1994). Net
PDV release of alanine in particular is high relative
to other AA, which reflects its role as a carrier of N
arising from PDV tissue metabolism of other AA that
transport metabolic N to the liver for ureagenesis. In
contrast, the high rate of glutamine metabolism as en-
ergy yielding substrates for GIT tissues substantially
reduces their net PDV release (e.g., Stoll et al., 1999).

Isotopic Labeling of Nutrients to Measure
Unidirectional Flux and Absorptive Use

As discussed previously (Reynolds, 2002), measure-
ments of unidirectional flux rates (removal from arte-
rial blood and release into venous blood) of AA and
other nutrients can be obtained using isotopic labeling
techniques developed for use in sheep and described in
detail by Bergman (1975). The blood pool is labeled
using intravenous infusion, and the extraction of la-
beled nutrient by the tissue (e.g., the PDV) is measured
and used to calculate the unidirectional removal of the
AA. Unidirectional release of the AA is then calculated
as the difference between net flux and unidirectional
removal. However, these measurements do not account
for any first-pass metabolism, or “absorptive use,” of
AA that occurs during their absorption by the small
intestine enterocytes. Metabolism of EAA during their
absorption was estimated using a dual-isotope technique
developed for use in sheep (MacRae et al., 1997a; Yu et
al., 2000) where one isotope of an AA is used to label
the arterial blood pool and a separate isotope of the
same AA is infused into the duodenum to measure the
recovery of the isotope in the portal vein, after correc-
tion for the extraction of isotope absorbed from the lu-
men that appears in arterial blood (based on extraction
of the isotope used to label the blood pool). While an
elegant and sophisticated model for measuring rates of
AA metabolism by the PDV, the method has only been
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used in a limited number of studies and it remains to be
determined to what extent sequestration and turnover
of the label in tissue proteins affect the measurements
obtained. Infusion of labeled AA at known rates also al-
lows calculation of whole body turnover and irreversible
loss (IRL). Differences in whole body IRL of an EAA
(Leu) determined using peripheral blood infusion of a
labeled marker compared with label infusion into the
small intestine lumen has been used as an indication
of “first-pass” use (El-Kadi et al., 2006). Differences in
this case include metabolism by the liver, and differ-
ences in IRL attributable to the site of label infusion
may be due to more than “first-pass” metabolism by
specific tissues per se (Pell et al., 1983). In addition, the
splanchnic tissue utilization of labeled AA infused into
the gut lumen and subsequently recycled to PDV tis-
sues in arterial blood must be accounted for. Absorptive
use of AA has also been estimated by comparing net
disappearance of AA from the small intestine obtained
using ileal cannula with their net MDV or PDV release
(MacRae et al., 1997b; Berthiaume et al., 2001), but as
discussed above, these comparisons are compromised
by the heterogeneity and multiple routes of metabolism
(e.g., uptake of AA from arterial blood, reabsorption
of endogenous AA, and so on) that occur in tissues of
the MDV or PDV and make interpretation of net flux
rates difficult. More recently, an alternative approach
based on modeling changes in the enrichment of EAA
in jugular blood during short-term infusions has been
used to estimate true appearance of individual EAA
during abomasal infusions of AA or casein (Estes et al.,
2018). Using this approach, the peripheral plasma pool
entry of abomasally infused Ile, Leu, or Met was 93 to
94%, whereas the entry of EAA in abomasally infused
casein ranged from 73 to 93% (Estes et al., 2018).

MAMMARY METABOLISM
OF NITROGENOUS COMPOUNDS

Direct measurement of the net anabolism of the mam-
mary gland as secreted milk proteins, fat, and lactose
provides an opportunity that is not available with stud-
ies of other tissues and organs. The net uptake/release
of nutrients from the blood supply can be compared
or, rather, balanced with milk outputs. Balance studies
can provide meaningful information if the arterio-ve-
nous (A-V) difference in blood (plasma) metabolites,
mammary gland blood flow rate, and milk outputs
are accurately measured. Mepham (1982) highlighted
many of the important considerations and problems
that he and Linzell (1974) identified when applying
the A-V difference technique to the bovine and caprine
mammary gland. Accurate measurements of mammary
blood flow form an integral part of A-V difference stud-
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ies and mammary blood flow has been estimated using
a wide variety of methods including thermodilution,
electromagnetic flow meters, ultrasound flow meters,
dye dilution procedures, and several methods based on
the Fick principle (see Linzell, 1974). Electromagnetic
and ultrasonic probes have been used to determine
mammary blood flow and its variation on a minute-to-
minute basis (Peeters et al., 1979; Gorewit et al., 1989),
but the cost and the surgical and technical preparation
associated with their implantation and calibration have
limited their use. Nonetheless, several research groups
have used ultrasonic flow meters to measure mammary
blood flow (Prosser and Davis, 1992; Guinard et al.,
1994; Thivierge et al., 2000). However, when Metcalf
et al. (1992) compared the ultrasonic flow meters with
the dye dilution method, the ultrasound estimates were
51 to 54% of the estimates from dye dilution. Com-
paring ultrasonic flow meters with the Fick principle
(using Phe+Tyr), Wonsil (1993) found ultrasound un-
derestimated mammary blood flow by 46 to 56% and
Thivierge et al. (2000) reported flow probes underesti-
mated mammary blood flow by 30%. However, Davis
et al. (1988) found no difference between methods. The
discrepancy between electromagnetic and ultrasonic
probes and other methods is presumed to be due to
turbulence in the blood flow through the probe and
possibly constriction of the blood vessel as the probe
head becomes encapsulated in connective tissue. In ad-
dition, the mammary gland also receives some blood
via the cranial epigastric and perineal arteries, which
unless ligated or occluded would provide mammary
blood flow not included in measurements obtained by
flow probes on the external pudic artery (Linzell, 1974).

Indicator or dye dilution methods have been used
extensively in metabolic and circulatory studies for
the measurement of blood flow rate (see Zierler, 2000).
Methods based on the injection of an indicator into
the external pudic artery and measuring its dilution in
a vein draining the gland have been used to estimate
blood flow in different species of lactating animals
(Reynolds et al., 1968; Metcalf et al., 1996; Bequette
et al., 1998; Crompton et al., 2014). Several indicators
have been suggested including Evans blue, indocyanine
green, and PAH; the latter has become the indicator of
choice due to cost and ease of measurement in blood.
The accuracy of the indicator dilution method is de-
pendent upon thorough mixing of the dye between the
sites of infusion and sampling and can be significantly
affected by laminar flow.

Several methods for measuring mammary blood flow
are based on the Fick principle. Diffusible tracers that
distribute intracellularly have also been widely used
to estimate organ blood flow in animals and humans
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including N,O (Reynolds, 1964), tritiated water (Pap-
penheimer and Setchell, 1972), urea, ethanol, and ami-
noantipyrine (Linzell, 1974). Only tritiated water has
been used to measure mammary blood flow in dairy
cows (McDowell et al., 1987; Pacheco-Rios et al., 2001)
and the technique tends to underestimate blood flow
relative to other methods due in part to losses of tri-
tiated water through the skin and lungs. In the case
of a substance that is wholly transferred from blood
to milk, blood flow can be calculated if the quantities
appearing in milk in a given time and the mean A-V
differences are known. Linzell (1974) suggested that
certain AA may fulfill the criteria for the method. Me-
thionine (Davis and Bickerstaffe, 1978), Trp (Davis and
Collier, 1985), and Gln (Meijer et al., 1993) have been
suggested as suitable AA, but are rarely used. However,
the sum of Phe+Tyr, as recommended by Spires et al.
(1975), has been extensively used by many investiga-
tors (Davis et al., 1988; Cant et al., 1993; Thivierge et
al., 2002; Doepel and Lapierre, 2010). Assumption of
the stoichiometric transfer of Phe+Tyr from plasma
into milk protein is the basis of the method. It is known
that Phe can be converted to Tyr within the mam-
mary gland of ruminant species (Jorgensen and Larson,
1968; Verbeke et al., 1972) and this is why Phe+Tyr
is used; however, the extent of this conversion is not
well established, neither is any further catabolism of
Tyr in the mammary gland. Crompton et al. (2014)
reported that Phe conversion to Tyr across the mam-
mary gland of dairy cows was on average only 1.3% of
net Phe uptake and no Tyr oxidation was detected.
Similarly, Lemosquet et al. (2010), reported only 1.5
to 3.6% of the Tyr secreted into milk had been syn-
thesized from intracellular Phe within the mammary
gland, even under conditions of excess Phe supply and
oxidation of Phe (and Tyr) across the gland was less
than 0.7% of the AA inflow. The technique benefits
from the simultaneous measurement of A-V difference
and the approach has been substantiated by its equiva-
lence to direct measurements of mammary blood flow
using dye dilution techniques (Bequette et al., 1996)
and electromagnetic flow meters (Davis et al., 1988).
Use of the Fick principle in many studies does represent
a compromise, but it should be treated with caution in
the longer term for the simple reason that blood flow is
crucial for the nutrient/isotope transfer measurements
obtained, particularly in experiments investigating re-
sponses in mammary metabolism to changes in nutrient
availability.

Posture and the regularity of feed consumption ap-
pear to have a major influence on mammary gland
blood flow and possibly nutrient uptake (Metcalf et al.,
1992; Rajczyk et al., 1995). Researchers now endeavor
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to minimize blood flow variability by ensuring that ani-
mals are only sampled when standing or remain stand-
ing for the sampling periods and are fed frequently (12
to 24 times daily; see Bequette et al., 1998). In addition,
A-V blood samples can be withdrawn continuously over
an hour to provide integrated samples directly compa-
rable with milk output during the sampling period.

When applying the A-V difference technique to the
mammary gland, probably the most important criterion
is that blood leaving the gland via the subcutaneous
abdominal veins is not contaminated by blood originat-
ing outside the mammary gland. Thivierge et al. (2000)
demonstrated that in second lactation cows, blood flow
in the external pudic vein flows away from the mam-
mary gland, whereas in third and fourth lactation cows
there was regurgitant flow of blood down the external
pudic vein toward the milk vein. Therefore, in studies
measuring the metabolic utilization of nutrients across
the mammary gland, cows in first and second lactations
should preferably be used (Thivierge et al., 2000).

Collection of arterial and venous blood samples is
essential for estimating nutrient uptake and release
by the mammary gland. Venous blood can be easily
sampled from the subcutaneous abdominal veins in
dairy cows and arterial blood is often obtained from
indwelling catheters in the carotid, external pudic, or
external iliac arteries. To avoid the need of surgical
preparation, numerous A-V difference studies of the
mammary gland have sampled blood from the milk vein
and one of the coccygeal vessels in the tail, on the basis
that A-V differences across the tail are negligible and
therefore the composition of either arterial or venous
blood from the tail represents that of the mammary
arterial supply (Cant et al., 1993; based on the work
of Emery et al., 1965). Emery et al. (1965) found no
difference in the concentrations of glucose and acetate
in arterial and venous coccygeal blood. This premise
has been accepted in studies on mammary gland me-
tabolism of AA (Lykos and Varga, 1997; Doepel and
Lapierre, 2010) and fatty acids (Yang et al., 2012).
Moorby et al. (2002) reported that although concen-
trations of some AA were slightly different between
coccygeal arterial and coccygeal venous blood, the dif-
ferences were not significant. However, Moorby et al.
(2002) did report differences between coccygeal arterial
and venous samples for glucose concentration and oth-
ers have reported differences for blood gases (Tvedten
et al., 2000) and ethanol metabolism (Levitt et al.,
1994). A recent study by Zhang et al. (2016) reported
significant difference in AA concentrations between the
coccygeal arterial, coccygeal venous blood and external
pudic artery for Asp, Thr, and Pro. Caution should
be exercised when using coccygeal venous samples to
represent the external pudic artery.
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WHOLE-ANIMAL NITROGEN BALANCE STUDIES

Body N balance has long been measured and report-
ed for ruminants and provides an indicator of N and
indirectly protein retention or loss by all body tissues.
When measured using slaughter balance methods, the
retention of N within the body tissues is measured di-
rectly, if an appropriate representative sample of body
tissues can be obtained and analyzed, or the amount
of body protein present can be estimated, typically us-
ing indirect measurements and assumptions based on
the species-specific composition of body fat-free mass
(NRC, 1968; Johnson, 1986). However, slaughter bal-
ance measurements are cost-prohibitive and rarely re-
ported for large ruminants (e.g., Gibb et al., 1992). The
dynamics of body water (including the rumen) pools
in ruminants, and in particular lactating dairy cows,
make estimation of fat-free mass subject to variability
(Andrew et al., 1995). The measurements also depend
on how representative the control group slaughtered at
the beginning of the experiment is for the experimental
animals slaughtered at the end. Therefore, measure-
ments of body N balance in ruminants reported in the
literature are largely based on indirect estimates using
digestion trials coupled with urine (and milk in lac-
tating animals) collection to determine digestion and
excretion/secretion of N, with the difference between
digested N and N excretion/secretion in urine and milk
assumed to be equal to body tissue loss or gain (John-
son, 1986). These estimates of N balance based on di-
gestion trials will be the focus of the present discussion.

Accurate measurements of fecal N excretion (and
thus, apparent N digestion) are paramount for estimat-
ing body N balance. Digestion trials have historically
been central to the study of ruminant nutrition, with
reports in the literature dating back to the 1860s in
Furope and experiments on protein digestion of forages
conducted in Maine in the United States reported in
the 1880s (Schneider and Flatt, 1975). Numerous previ-
ous publications have described methods and recom-
mended procedures for conducting digestion trials (e.g.,
Maynard and Loosli, 1975; Rymer, 2000) and the book
by Schneider and Flatt (1975), The Evaluation of Feeds
Through Digestibility FExperiments, is highly recom-
mended. Considering the long-term historical use and
prevalence of digestion trials in the literature, there is
a danger that the techniques used are viewed as being
so commonplace and routine that in practice standards
have slipped and recommendations for best practice
are no longer followed. For example, as pointed out by
Firkins and Reynolds (2005), the number of days of
fecal collection required to account for daily variation
in fecal output vary with diet composition and other
factors, but historically at least 7 to 8 d of collection
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was considered a minimal requirement (Maynard and
Loosli, 1975; Schneider and Flatt, 1975). Depending
on the composition of the diet fed and frequency of
feeding, the length of time required for diet adaptation
before digestion trials, and the number of days required
to minimize daily variation in fecal excretion, varies
from 4 to 12 d (Rymer, 2000), but a period of at least
2 wk was recommended for production trials in the
preceding section (Experimental Design). Regardless,
variation in measurement of diet digestion reduces, and
accuracy increases, as the number of days of collection
increases (Blaxter, 1967; Schneider and Flatt, 1975).
More recently, concerns over health, safety, and costs
of weekend labor have meant that many researchers
conducting digestion trial collect fecal samples for only
4 d (i.e., from Monday to Friday), and there are reports
of N digestion measurements in the literature based on
as short as 2 d of collection, which is clearly inadequate
(Firkins and Reynolds, 2005). Such complacency re-
garding the rigor of methods and protocols used needs
to be considered in light of long-held concerns over the
accuracy of body N balance measurements in ruminants
(e.g., Owen, 1967; Spanghero and Kowalski, 1997).

Measurements of N digestion begin with accurate
measurements of dietary N intake, which include mea-
surements of feed intake over the course of the trial
and a representative sample of the feed consumed for
measurement of N concentration. Diet sampling and
measurements of intake begin 48 to 24 h before col-
lection of feces, to allow for the time taken to allow
passage of consumed undigested feed components to be
excreted in feces (Schneider and Flatt, 1975; Rymer,
2000). For animals fed mixed diets at ad libitum in-
takes, selection of feed components during feeding can
result in differences in the composition of the diet fed
and refusals, which requires chemical analysis of both
the feed offered and the refusals. Another concern for
mixed diets is the extent to which a small sample saved
for analysis, often as little as a few hundred grams, is
representative of the composition of the diet fed, which
over the course of 7 d could be more than 350 kg (fresh
weight) for a lactating dairy cow. Recent research on
sources of variation in measurements of diet composi-
tion have highlighted sampling error as a major source
of variation (St-Pierre and Weiss, 2015) and empha-
sized the need to rigorously follow appropriate methods
of diet handling and sub-sampling, for example through
quartering and other sample size reduction methods.
Similarly, care should be taken that samples are stored
and processed in a way that minimizes any potential N
losses before analysis (see below).

Body balance of N is calculated as the difference be-
tween N intake and the sum of N losses from the body,
which include feces, milk, urine, hair and scurf, and
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any volatile N losses. Of these, feces, urine and milk, in
lactating ruminants, are by far the most routinely mea-
sured, while the other losses are normally considered
to be minor and rarely measured or reported. Deter-
mination of milk N secretion in lactating animals relies
on accurate measurement of daily milk production and
milk N concentration, with milk N output the sum of
milk N output measured for each milking, not the aver-
age milk N concentration multiplied by total daily milk
yield. Potential sources of error include the calibration
of meters used to estimate milk yield, if milk is not
collected and manually weighed. In addition, milk N
concentration is often estimated based on protein con-
centration determined using infrared spectral analysis.
In this case it is important that the estimate of milk
protein used is based on total N and does not exclude
NPN (Spanghero and Kowalski, 1997) and, therefore,
researchers should confirm if the spectral analysis used
provides a prediction of true or crude milk protein. In
a previous study, milk N secretion was slightly lower
for estimates of N based on Kjeldahl analysis versus
milk protein concentration estimates from mid-infrared
analysis (Reynolds et al., 2001a). In addition to milk
N secretion, measurement of N balance also requires
measurement of fecal and urine excretion and their N
concentrations. This can be achieved using total collec-
tion methods, or indirectly using “spot sampling” and
internal or external markers to estimate total volume
of the excreta. Examples of markers that are often used
include Cr, n-alkanes, and iNDF or ADF. For a review
of marker techniques that enable estimate of fecal out-
put without total collection of feces, see Rymer (2000)
and previous sections of this article. In most cases,
total collection is achieved using techniques that en-
able separate collection of feces and urine to determine
apparent digestion of N and urine N excretion, but N
balance can also be estimated based on measurement
of feces and urine combined. In this case, the loss of
volatile N (primarily ammonia) due to the hydrolysis of
urinary urea by fecal microbial urease needs to be ac-
counted for (e.g., van Gastelen et al., 2017), whereas in
the case of separate collection, urine is typically acidi-
fied (see below). Another approach to estimate urinary
N excretion in respiration chambers is to measure total
manure (feces + urine) N excretion as well as fecal N
excretion separately and calculate urinary N loss by the
difference (e.g., Nichols et al., 2019).

Methods for total and separate collection of feces
and urine have been used and refined since the first
reports of diet digestion in the 1860s (for review see
Schneider and Flatt, 1975), but there is still a need
for improvement in the techniques and methods used,
especially when considering concerns for animal and
staff health, safety and welfare. In addition, there is a
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practical need for automated approaches that reduce
the labor required for balance measurements. The ap-
proaches used vary with species, breed, sex, size, and
physiological state of the experimental animal used. In
addition, the type of diet fed can influence fecal compo-
sition and physical characteristics, which can also affect
the suitability of the methods used. In this regard, a
particular challenge is the high-yielding dairy cow pro-
ducing large volumes of urine and feces that have a low
DM concentration. Methods used vary widely across
research facilities, but normally include some sort of
fecal collection pan or receptacle that the feces drop
into and in some cases a chute attached to the cow
that directs the feces into the collection receptacle and
minimizes splashing. This approach requires the animal
to be restrained in a stall that minimizes movement,
but a variety of fecal (and urine) collection devices that
enable freedom of movement for collection of excreta
from grazing animals have been developed. Frequent
scraping of collection equipment to minimize retention
of feces on equipment is often required (see methods
described by Tyrrell et al., 1979). Feces is normally col-
lected for successive 24-h periods (or 8-h sub-periods),
mixed, and proportionally sub-sampled to form a rep-
resentative composite sub-sample for analysis. As for
diet samples, care must be taken to ensure that fecal
subsamples are representative of the average composi-
tion of each 24-h collection period and are handled in
a way that minimizes any losses of sample N during
sampling, storage, and analysis. Samples are typically
either frozen as soon as possible or treated with preser-
vative and refrigerated to minimize microbial activity
until analysis for N concentration as soon as possible
after collection (e.g., Tyrrell et al., 1979). In some
cases, feces collected may be removed at intervals over
the course of a 24-h collection and stored refrigerated
in covered containers to minimize volatile N losses until
the excreta collected are combined, mixed, and sub-
sampled. Spanghero and Kowalski (1997) found only a
small, nonsignificant decrease in fecal N concentration
over a 24-h simulated collection period but observed a
15% decrease in measured fecal N concentration fol-
lowing either air or freeze drying compared with the
same sample analyzed without drying, which is why
fecal N analysis is recommended to be performed on a
nondried sample. Martin (1966) also found that volatile
loss of N from feces of mature wether sheep fed dried
grass hay was negligible over 24 h at varying ambient
temperatures.

Urine samples need to be collected with minimal
contamination by feces. In sheep, samples of feces and
urine can be collected in metabolic crates independent
of the sex (e.g., Wang et al., 2018). In cattle, sampling
of total urine varies depending on the sex of the experi-
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mental animal. For males a raised stall is often used to
facilitate gravity collection of urine via a funnel or slop-
ing tray built into the stall floor (e.g., Smith, 1979). Al-
ternatively, funnels may be attached to the animal that
in some cases are evacuated following urination using a
vacuum system (Wainman and Paterson, 1963; Martin,
1966). In female cattle, collection of urine is typically
performed by funnel devices (“urinals”) attached to the
skin surrounding the vulva using commercial “brand-
ing” cement for temporarily attaching identification
numbers to the hair of livestock (Hobbs et al., 1950),
which can be removed using solvents such as acetone.
Often hook-and-loop fastener bases are fastened onto
the skin glue, and the urinals are attached with their
counterparts. Regardless of the approach, the use of
strong glues often causes hair loss and skin irritations
that need time to heal before subsequent measurements
can be made. Alternatives include urinals that are held
in place by elasticated bands and straps (Fellner et al.,
1988; Lascano et al., 2010), but the success of external
vulva collection devices is in part dependent on the
anatomy and body condition of the animal (the pres-
ence of subcutaneous fat helps create a smoother surface
for contact with the urinal cup). Another alternative is
the use of sloped, motorized fecal collection belts that
drain into a urine collection receptacle (Flatt et al.,
1958), or urine collection receptacles with large open-
ings covered with screens that retain feces but allow
urine to pass through to the collection vessel (Reyn-
olds et al., 2014). In both cases, contamination of feces
with urine, and vice versa, is unavoidable, even with
frequent automated or manual removal of feces from
the belts or screens, respectively. Urine contamination
can be avoided by using temporary bladder catheters,
but care must be taken to maintain sterility over time
and minimize the potential discomfort for the animal,
including accidental expulsion (Fellner et al., 1988;
Lascano et al., 2010). Catheters may also affect urine
volume and subsequently N excretion in some animals
(Patience et al., 1987).

The urine collected should have sufficient acid added
to prevent volatile losses of ammonia, but in a review
of published N balance measurements for dairy cows,
Spanghero and Kowalski (1997) reported that the
amount of acid added during urine collection varied
widely, and in many cases, acid was not added or added
in amounts insufficient to prevent ammonia loss. As a
rule of thumb, urine pH should be kept below 2 dur-
ing collection and, owing to the differences in specific
gravity between acid and urine, urine and acid should
be frequently and thoroughly mixed. In addition, cover-
ing collection vessels to minimize surface air flow is
advisable, as well as intermittent removal and refrigera-
tion of urine during the course of each 24 h collection
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period. Again, sample handling to minimize volatile N
losses during collection, subsampling, storage, process-
ing, and analysis is critical. Spanghero and Kowalski
(1997) estimated volatile losses of N from unacidified
urine to be 5% during a 24-h collection period for lac-
tating dairy cows, whereas Martin (1966) reported that
the measured loss of N from sheep urine was dependent
on temperature and pH of the urine. At neutral pH, up
to 10% of urine N was lost as ammonia N over 24 h,
but urine N loss was only 1% at temperatures as high
as 28°C, if the urine pH was less than 2. These urine N
losses were also exacerbated if the urine was collected
using evacuated funnels and tubing for aspiration. It
is important to note that these losses were measured
in the absence of fecal contamination, which would in-
crease volatile N losses due to hydrolysis of urea. Losses
of ammonia during excreta collection can be accounted
for if balance trials are conducted in respiration cham-
bers equipped with traps for quantifying ammonia in
exhaust air and if air conditioner condensate is col-
lected in acidified containers and analyzed for ammonia
concentration (Reynolds et al., 2010; van Gastelen et
al., 2017). Similarly, any losses of N as N,O can also be
accounted for if representative samples of incoming and
exhaust air can be obtained and analyzed (Reynolds et
al., 2010). Other potential volatile losses of N include
expiration, eructation, or dermal losses. Martin (1966)
was unable to detect any losses of ammonia via expira-
tion or eructation of sheep, even following rumen dos-
ing of urea, and reported that dermal losses were also
minimal unless there was urine contamination during
collection.

Both Martin (1966) and Spanghero and Kowalski
(1997) identified ammonia losses from urine as the
largest potential source of error in measurements of N
balance in both dairy cows and sheep. Other N losses
undoubtedly occur, including those losses that occur
during sample processing and analyses. Relatively
small losses of N also occur as hair and scurf shed by
the animal during collection, which are direct dermal
losses that can be measured, along with fecal material
retained on collection equipment that can be collected
and subsampled at the end of a balance trial (e.g., Tyr-
rell et al., 1979). Any unmeasured N losses are included
in the difference between N intake and N excretion,
potentially giving rise to estimates of body N balance
that are excessively high, especially if it is assumed
that the N is retained within animal tissues as protein
(Owen, 1967; Spanghero and Kowalski, 1997). Martin
(1966) noted that urine and dermal N losses during
measurements of N balance in sheep were positively
related to N intake, presumably due to the positive
relationship between N intake and urinary excretion of
N as urea (Dijkstra et al., 2013). As discussed previ-
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ously (Reynolds and Kristensen, 2008), excessively high
(or low) N balance is often reported in nonruminants
(e.g., Hegsted, 1976) and ruminants (e.g., Owen, 1967)
and has been the subject of much debate regarding
potential “unexplained” losses of N that are not mea-
sured or occur during sample processing and analysis.
Intriguingly, excessively high or low N balance is often
measured during adaptation to a change in diet pro-
tein intake. This has led to the hypothesis that “labile
pools” of body N are involved in N exchanges during
dietary protein adaptation in humans (Hegsted, 1976;
Waterlow, 1999) as well as ruminants (Paquay et al.,
1972; Biddle et al., 1975). The exact nature of these
“labile pools” of body N, discussed earlier in relation
to urea recycling to the GIT, has never been confirmed
and it may be that measurements of excessively high N
balance are at least in part a consequence of the loss of
N during balance trials that occurs via routes that are
not measured. Regardless, there is no doubt that after
more than 150 yr of collective experience, accurate
measurements of N balance in ruminants, and other
species, continue to be exceedingly difficult to achieve,
require rigorous attention to detail, and would benefit
from further development and innovation. When re-
porting measurements of tissue N balance, researchers
are encouraged to consider if their results are biologi-
cally plausible in terms of daily protein accretion or loss
and the physiological state of the experimental animals.

METHODS TO MEASURE N EMISSIONS FROM
MANURE AND PLANT UTILIZATION OF MANURE
N OBTAINED FROM ANIMAL NUTRITION STUDIES

As discussed in the previous section, N balance
studies testing nutritional interventions in ruminants
include separate data on fecal and urinary N losses
obtained by separation techniques. In most studies,
however, composition of manure and its N emission
potential and N fertilizer value are not determined or
reported. It is often assumed that the information given
by the N losses with excreta in total and the urinary-
N-to-total excreted-N ratio provides sufficient informa-
tion for predicting the N emission potential of manure.
For this reason, measuring N emissions from manure
is the domain of environmental, plant nutrition, and
soil scientists. In their studies, often only one type of
manure with one feces-to-urine ratio is used (e.g., Lau-
bach et al., 2013; Verloop et al., 2014), which carries
no information about the nutrition of the animals from
which the manure originates and ignores the effects
of nutrition on manure composition. In this section,
reasons are presented as to why additional information
regarding animal nutrition is helpful and in fact needed.
Several methods available to obtain such information
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from individual ruminant animals subjected to N bal-
ance studies are described together with presenting
the limited number of studies actually applying these
techniques (Table 2). A compilation of some of these
techniques can also be found in Bougouin et al. (2016).

Specific Information Gathered by Measuring
N Emission and Fertilizer Value

Although there is a close relationship between urine
N, manure total ammoniacal-N [consisting of ammo-
nia (NH;) and its dissolved, ionized form, ammonium
(NH,")], and eventually, the ammonia emitting poten-
tial of manure (AEP), there are several reasons why the
information provided by the urinary-N-to-total manure-
N ratio is limited. For instance, Dijkstra et al. (2013)
reported that at low N intake, the proportion of urea
N in total urine N is much lower compared with higher
N intake. They pointed out that the remainder consists
of compounds such as purine derivatives, hippuric acid,
creatine, and creatinine, which are less susceptible to
volatilization than urea. Low-protein diets can result in
urinary N excretion as proportion of N intake as low as
17% in lactating dairy cows (Lee et al., 2012¢). Studies
with labeled urine or fecal N have clearly shown that
urea in (cattle) manure is rapidly hydrolyzed, within 24
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h, to ammonia and urinary N is the main contributor to
ammonia emission from manure (Figure 4).

The simplified prediction of N emissions from N bal-
ance data also ignores the importance of other constitu-
ents present in manure. Gaseous N emission depends
on the N exchange between manure and air on top of
the manure. In cases where manure is rich in volatile N,
ambient temperature is high, and there is intensive air
removal from the top of the manure, the N concentra-
tions in manure and air differ substantially. The incli-
nation to equilibrate concentrations is then particularly
strong thus promoting N emission from the manure.
Ruminants having different water consumption due to
factors such as dietary salt content can produce urine
with different N concentration irrespective of N intake
relative to requirements (Spek et al., 2012, 2013b), and
the digestibility of OM also influences manure composi-
tion and subsequent losses during storage and applica-
tion (Dijkstra et al., 2018). Moreover, some constituents
added to the diet to reduce urinary N excretion may
still be active in manure. One such example is phenols,
especially condensed tannins, which may firmly bind
to proteins. Manure from diets rich in such compounds
was sometimes (Powell et al., 2011; Abbeddou et al.,
2013), but not always (Tiemann et al., 2009), shown
to have a lower plant N fertilizer value, a phenomenon

Table 2. Overview of techniques applied for research on the properties of manure derived from N balance studies with ruminants

Target variable Technique

Animal nutrition studies investigating manure properties

Ammonium-N content of
manure and change with
time

Total gaseous N emissions

analysis

Model manure storage with mass
balance
NH; emissions

NH; emissions
NH;/NO, emissions Covered buckets (chambers)
Respiration chambers or climatic
controlled rooms

NH;/NO, emissions

Model manure storage with laboratory

Model manure storage with acid traps

Model barn air/forced exhaust air

Estermann et al., 2002; Sliwinski et al., 2004; Hindrichsen et
al., 2005, 2006; Machmiiller et al., 2006; Van Dorland et al.,
2007; Klevenhusen et al., 2011

Estermann et al., 2002; Sliwinski et al., 2004; Machmiiller et
al., 2006; Van Dorland et al., 2007

Paul et al., 1998; Misselbrook et al., 2005; van der Stelt et al.,
2008; Hristov et al., 2009a; Agle et al., 2010; Lee et al., 2011,

2012b, 2014

Kiilling et al., 2001, 2002, 2003; Hao et al., 2011; Lee et al.,
2012a, 2016

Sliwinski et al., 2002; Machmiiller et al., 2006; Chiavegato et
al., 2015

NH;/NO, emissions

NH; emissions
NH; emissions
NH; emissions

NH;/NO, emissions

NH; emissions

NH;/NO, emissions
NH;/NO, emissions

Nitrate leaching

Nitrification (NO;, formation)
N mineralization in soil
Plant N use efficiency

Plant N use efficiency

Barrels; using gas emission equipment
(e.g., from respiration chambers)
Chambers in barn with roll-up curtains
(Simulated) deposits to barn floor
Storage/field application of manure or
manure-soil mixtures

Wind tunnels

Towers with acid traps

Towers with Eddy covariance technique
Compartmented animal houses

Pot or field lysimeter

Manure storage and compositing

Pot experiment with soil

Pot experiment with plants

Field experiment

Hindrichsen et al., 2005, 2006; Klevenhusen et al., 2011;
Aguerre et al., 2012a,b; Mathot et al., 2012

Aguerre et al., 2011

Misselbrook et al., 2005; Arriaga et al., 2010

Misselbrook et al., 2005; Reijs et al., 2007; Chiavegato et al.,
2015

Mathot et al., 2012

Lee et al., 2012a, 2014

Hao et al., 2011

Powell et al., 2006; Abbeddou et al., 2013

Paul et al., 1998; Sangaré et al., 2002; Powell et al., 2006;
Tiemann et al., 2009; Abbeddou et al., 2013

Reijs et al., 2007
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pointing toward a lower N availability and AEP as well.
Emission studies normally focus on complete slurry
(mixtures of feces and urine) and rarely on other forms
of manure collected, such as farmyard manure (FYM)
and urine-rich slurry, or the usually much drier deep
litter manure from freestall barns. Kiilling et al. (2001,
2002, 2003) demonstrated that the proportion of am-
monia and N,O differed between dairy cow slurry and
FYM plus urine rich slurry, and that this difference
was dependent, to some extent, on the diet. Hristov et
al. (2015) showed that barn floor ammonia emissions
were lower for flush than for gutter-scrape and gravity-
flow manure management systems. Another general
misconception is that a low urine N concentration is
always favorable in terms of low N emissions. However,
such manure has a low fertilizer value. The majority
of the fecal N becomes or remains organically fixed in
the soil and may become mineralized at times when
the plants do not need it and thus gets emitted or lost.
Comprehensive analyses have to consider total farm
system N efficiency. Although urine N is likely best
used by the plants, N use efficiency cannot be fully and
reliably predicted from this information, because the
fertilizer value is a complex matter including C:N ratio,
phosphorus content, and anti-nutritional compounds
possibly hampering plant growth and thus N utilization
(Abbeddou et al., 2013).

Sampling and Sample Preparation of Manure
from N Balance Studies

The best way of sampling and storing manure de-
signed for further experiments may differ depending on
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the experimental conditions and the research question.
The ideal case is that feces and urine are separately
and completely collected, and the urine is not acidi-
fied (which will inhibit consequent microbial activities
in manure and also ammonia volatilization). However,
sometimes compromises have to be made. These in-
clude the following: (1) Combining manure from several
animals of the same dietary treatment group in cases
where not enough material is available. This does not
allow the biological variation between animals to be
measured; (2) There are situations where the construc-
tion of the individual barn stalls does not allow urine
and feces separation or only animal groups can be
sampled. In such cases, it has to be considered that
there are large N losses from unacidified urine, trig-
gered by contact of urine with fecal microorganisms;
(3) Using spot sampling of feces and urine results in the
lack of information about the individual feces and urine
proportions in excreta and requires the application of
assumed ratios or estimates for each form of excreta
(Estermann et al., 2002); and (4) The question about
how to best deal with stepwise collection of excreta in
balance studies (performing measurements directly or
all at once) extended over more than one collection
period is difficult to answer. Starting measurements
immediately after excretion by the animals may, apart
from being very laborious, create a time-dependent bias
due to changes in micro-climatic conditions (unless
done under a controlled environment). Frozen storage,
on the other hand, may affect the microbial activity in
the manure, but seems to yield overall emission data
similar to unfrozen samples (Van Kessel et al., 1999).
However, freezing manure at —20°C for 40 d resulted
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Figure 4. Urea-N concentration (A) in dairy cattle manure incubated for 30 d and proportion of ammonia-N emitted from manure over the
course of 10 d originating from fecal- or urinary-N using '"N-labeled feces (FLM) or "’N-labeled urine (ULM; data from Lee et al., 2011). Data

are means + SE (n = 8). Exp. = experiment.

Journal of Dairy Science Vol. 102 No. 7, 2019



5840

in a 47% higher AEP compared with fresh manure
(unpublished data from Hristov et al., 2015), which
suggests that AEP of frozen manure may not be fully
representative of that of fresh manure.

Preparing manure for the experiments also needs spe-
cific considerations. Typically, manure is deliberately
or involuntarily diluted with water in farm practice.
One way to make results comparable in research is to
apply standardized additions of water (cf. Kiilling et
al., 2001); to make results more widely applicable, more
than 1 water proportion has to be tested. Testing the
system based on FYM and urine-rich slurry requires
several specific arrangements. First, standardized pro-
portions of urine and feces for the FYM fraction and
proportions of feces for the urine-rich slurry have to
be defined. The FYM will undergo self-heating, which
substantially increases the level of N emission. Kiilling
et al. (2001) developed model parameters for experi-
ments on FYM and urine-rich slurry with excreta from
individual cows including a temperature program for
FYM developed from actual measurements.

Storage conditions, especially storage temperature,
are other key factors in determining the level of emis-
sions and studying dietary treatment differences. A
high storage temperature may, however, impair a typi-
cal manure aging (drying up, crust formation) in small
samples. In case enough manure is available, larger
containers (Hindrichsen et al., 2005) should be used for
emission studies.

Methods to Measure N Emissions from Manure

Several different methods have been developed for
determining N emissions from manure (Table 2). The
first step to allow a more comprehensive prediction of
AEP and N fertilizer value is a more extensive manure
analysis. The most important variable is ammonium
N or, better, the total ammoniacal N, and its develop-
ment during manure storage. In addition, information
about the C:N ratio, various minerals, especially the of-
ten plant growth-limiting phosphorus, and the content
of undigested plant secondary compounds is helpful
in this respect. Direct information about the resulting
manure properties can, however, only be obtained by
specific experiments described below.

The easiest way to obtain direct information about N
emissions is to measure losses through the mass balance
method [Pollet et al. (1998); first applied for N balance
studies by Estermann et al. (2002) for individual ani-
mal manure storage experiments]. The manure is filled
into uncovered flasks, pots, or barrels, and is stored
under controlled environmental conditions. After pre-
defined periods, the containers are weighed again, and
homogeneous samples are prepared and analyzed for
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their N content. This method requires separate contain-
ers for each sampling date, because stirring destroys
important structures such as crust layer formation.

Several different methods are available for determin-
ing ammonia emissions and AEP of manure from in-
dividual animals. All methods have to account for the
property of ammonia to slowly adsorb onto and desorb
from surfaces. This requires sufficiently long equilib-
rium periods before starting the measurements. Storage
of manure in model containers as described above can
be further developed to measure ammonia emissions.
Kiilling et al. (2001) first applied the dynamic cham-
ber technique described by Mosier (1989) for manure
from animal nutritional studies. In this method, 2
plastic buckets are placed on top of each other, and a
continuous airflow through the buckets’ headspace is
established by household ventilators. Misselbrook et al.
(2005) prepared a set-up with a combination of acid
traps (i.e., air is ducted through solutions of sulfuric
acid where ammonia is transformed to ammonium sul-
fate, a compound easily analyzed). Also, chambers in
which animals are kept can be used (Chiavegato et al.,
2015). As respiration chambers are equipped to reg-
ister exact gas volumes and are automated to collect
gas samples, research institutes having chambers could
complement their equipment with automatic ammonia
analyzers. This approach was first applied by Sliwinski
et al. (2002) by leaving the manure of sheep in the
chambers after the animals were removed. However, a
serious limitation of this method is that the chambers
are unavailable for months and therefore experiments
with sufficient replicates would go on for extended pe-
riods. For this reason, Hindrichsen et al. (2005) used
the respiration chamber technique by attaching the
tubes for gas sampling to the lids of the manure stor-
age containers and regularly moved these lids between
containers. This procedure restricts chamber use for a
much shorter period. Such covered barrels can also be
attached to other gas analytical equipment (Aguerre et
al., 2012a,b). In entire (tiestall) barns, a method using
chambers for several animals with roll-up curtains was
developed by Powell et al. (2007) and was modified
by Aguerre et al. (2011). This method, however, may
lack accuracy. For example, in a study by Arndt et al.
(2015) manure ammonia emissions from dairy cows fed
increasing amounts of alfalfa forage did not increase
when measured with this system while urinary N excre-
tion increased linearly by up to 26%. Another approach
for simulating ammonia emissions at the site of origin
is to make standardized deposits to barn floor achieving
a thin manure layer and measuring emissions from this
surface (Misselbrook et al., 2005).

Instead of the individual animal approaches, ammonia
emissions could be measured directly in animal houses
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with different compartments containing animals receiv-
ing different diets. Measurements can either be done in
the barn air or in exhaust air chimneys (Ndegwa et al.,
2009). The latter is difficult to achieve in ruminants
as forced exhaust air systems are not common. Some
research institutes have built identical animal compart-
ments where a comprehensive assessment of gaseous N
emissions across the individual compartments is pos-
sible (Pollet et al., 1998; Mathot et al., 2012; Mohn
et al., 2018). As the number of test compartments is
limited to few, this type of equipment is more suitable
to generate information about developments with time
and to confirm whether effects from balance experi-
ments can be recovered in entire herds.

Once the manure is distributed in the field, other set-
ups are required to measure gaseous emissions. Meth-
ods to measure ammonia emissions on top of manure
fertilized areas include (1) chambers filled with soil and
manure (Misselbrook et al., 2005; Lee et al., 2012a,
2014; Figure 5); (2) wind tunnels where the area is
covered with transparent material and standardized air
speed is generated by an attached ventilator (developed
by Lockyer, 1984); and (3) simple measurement towers
completed with gas sampling devices containing acid
traps at different altitude above ground (Genermont
et al., 1998), or towers equipped to model turbulence
via the Eddy covariance technique (Felber et al., 2015;

Figure 5. Measurement of ammonia emissions from the surface of
manure-amended soil using a vented chamber (Lee et al., 2014; photo
provided by A. N. Hristov, The Pennsylvania State University).
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Figure 6). For the latter group of methods, the test
manure amounts available have to be large.

An indirect approach for estimating ammonia losses
from manure is based on N isotope fractionation as pro-
posed by Hristov et al. (2009b). These authors clearly
demonstrated that N isotope fractionation (discrimina-
tion against the heavier N isotope) takes place dur-
ing ammonia volatilization from manure, leaving the
remaining substrate enriched in N. As a result, the
N/™N ratio in fresh and aged manure can be used to
quantitatively estimate ammonia-N losses during stor-
age.

Arrangements used to determine ammonia emissions
can often also be used to measure N,O emissions once
the appropriate analyzers are installed. It has to be
kept in mind that the air concentrations of N,O are
much lower than those of ammonia. Unlike ammonia,
N,O does not adsorb to surfaces and therefore can be
measured without previous equilibration. Accordingly,
the simple and cheap device developed for measuring
ammonia emissions from manure by Kiilling et al.
(2001) was modified in a way that N,O accumulated

Figure 6. Manure emission measurement at a commercial dairy
farm using the Eddy covariance technique (provided by A. N. Hristov,
The Pennsylvania State University).
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in the covered bucket is led into a sampling bag by
pressing down the top bucket. Sophisticated arrange-
ments are necessary to measure N,O emissions from soil
fertilized with manure (Fléchard et al., 2005). In the ly-
simeter experiment by Lee et al. (2014), N,O emissions
of manure-amended soil were measured using vented
chambers and a photoacoustic gas monitor. Usually,
longer measurement periods are needed to document
effects of manure composition on N,O emissions. For-
mation and release of N,O can occur immediately after
manure is applied to soil due to denitrification of soil
nitrate in the presence of easily degradable manure OM.
However, much more additional N,O can be produced
by denitrification of mineralized and nitrified manure
N with time after manure application (Velthof et al.,
2003).

Nitrate leaching from fertilization with manure from
individual animals, and its comparative difference
between feeding treatments, can be quantified by its
recovery in the water pouring from plant pots (in plant
pot experiments this run-off water is often put on top
to avoid N losses). For this purpose, standardized soils
and watering schemes are required; the pots can be
filled with soil only or grown with model plants. For
larger-scale experiments, field areas or entire fields can
be equipped with drainage pipes. Such lysimeters have
been used in relation to animal nutrition, for instance,
by Lee et al. (2014). Rough indications of the nitrate
leaching potential may be obtained by manure storage
experiments aiming at determination of nitrification
(Hao et al., 2011).

CONCLUSIONS

Both continuous and changeover design experi-
ments are suitable for studying protein metabolism
in ruminant animals, except when changes in BW or
carryover effects due to treatment are expected. In the
latter case, changeover designs are not recommended
unless experimental periods are sufficiently long and, if
needed, include washout periods. The length of adapta-
tion to dietary treatments (at least 2, and preferably
3, wk) should be considered carefully and may be af-
fected by the contribution of labile body pools that can
contribute to rumen N recycling but are poorly un-
derstood. Rumen protein degradability and intestinal
digestibility can be estimated using in situ, in vitro, or
in vivo techniques, and the pros and cons of each tech-
nique are discussed in this review. Techniques for direct
determination of rumen MPS are laborious, expensive,
and variability in the data can be large; current indirect
approaches do not have the accuracy required for wide-
spread adoption. Techniques for studying postruminal
digestion and absorption, urea recycling, and mammary
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AA metabolism are relatively accurate but laborious,
expensive (usually involve isotopes), and results can
also be variable. Recycling of urea from blood to the
rumen is an important mechanism to increase N supply
to rumen microorganisms. Net flux measurements in
blood as well as labeled marker techniques have been
used to measure removal of urea from blood to the
GIT. Techniques greatly differ in the results obtained
and their variability and accuracy, as well as in the
various sites of urea removal included. A major source
of error is often the determination of digesta or blood
flow rate, which is then applied to differences in concen-
trations at specific sites. Measurements of total-tract
N digestion and body N balance are labor intensive
and prone to substantial measurement error, especially
in terms of volatile N losses during collection, process-
ing, and analysis of samples. Considering concerns over
animal welfare, labor requirements, and accuracy of
body N balance measurements based on total collection
of excreta, technological innovation and refinement of
techniques are needed to identify and minimize sources
of experimental error. In studying ruminant N metabo-
lism, nutritionists should consider the fate of manure
N as well. Practical methods for analyzing manure N
emissions directly or determining the effect of animal
nutrition on the ammonia or N,O emitting potential
of manure, are available allowing such measurements
to be done for various types and amounts of manure
available from nutrition experiments.
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