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ABSTRACT
DEVELOPMENT AND INITIAL TESTING OF AN

IMPROVED MODEL FOR PREDICTION OF DAILY MICROBIAL NITROGEN
FLOW FROM THE RUMEN OF THE DAIRY COW

By
Mary Beth Roe

A within-day model was developed for prediction of daily
ruminal microbial nitrogen flow. Components of this model
were: 1. prediction of hourly degradation of true protein,
non-protein nitrogen, nonstructural carbohydrate (NSC), and
neutral detergent fiber, 2. estimation of hourly rumen pH, 3.
adjustment of microbial maintenance requirements according to
hourly pH, and 4. adjustment of growth of NSC-degrading
bacteria based on hourly degraded true protein: fermented NSC
ratio. Predicted individual fermented nutrients, both hourly
and daily, were evaluated for prediction of in vivo measured
microbial nitrogen flow.

A dataset for development and testing of the within-day
model was compiled. Microbial nitrogen flows were determined
from fifteen cow studies conducted at several locations (75
observations). Diets were analyzed to fractionate
carbohydrate and protein as well as estimate rate of ruminal
degradation of each fraction.

Based on comparison of microbial nitrogen flow estimated
using the within-day model to in_vivo measured microbial
nitrogen flow (75 obs.), laboratory effect in combination with

within-day model estimates explained 69% of the variation.
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Variation was highly associated with the laboratory in which
in vivo estimates were obtained (R®>=0.31). Accounting for
amounts of individual daily fermented nutrients, especially
true protein, NSC, and fat, improved microbial nitrogen flow
estimation (R®=0.86). Further research needs to be conducted
to delineate relationships between amounts of individual
fermented nutrients and microbial nitrogen flow as well as to
more accurately assess rates and extents of nutrient
fermentation.

In a separate experiment, daily microbial nitrogen flow
from diets varying in carbohydrate and protein availability
was estimated as a function of the microbial concentration in
the rumen liquids and solids and the pool sizes and rates of
passage of each. Differences in daily microbial nitrogen flow
(9) per kg dry matter intake of diets comprised of different
carbohydrate sources (high-moisture ear corn vs. ground
shelled corn) and different protein sources (corn gluten feed
vs. soybean meal) were found to be significant (p<0.05). The
effect of diet on digestion of feeds in situ was found to be

significant (p<0.05).
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INTRODUCTION

The development of a microbial flow model which
adequately reflects rumen metabolism yet is driven off of
easily measured and observed inputs would benefit both the
feed industry and the dairy farmer. A more complete
understanding of the rumen fermentation, microbial growth, and
microbial recycling would enable one to maximize microbial
cell production with available feed ingredients and thus,
decrease the amount of undegradable intake protein required in
the diet, increase the fermentation of fiber in the rumen, and
reduce wastage of nitrogen by the animal.

Studies have been undertaken to determine dairy cattle
Production responses to increases in dietary undegradable
intake protein or supplementation of rumen-protected amino
acids. However, responses have been inconsistent (Papas et
al., 1984, Yang et al., 1986, Schingoethe et al., 1988, Wright
and Loerch, 1988). One of the limitations in these studies is
that the amount of nitrogen, let alone each amino acid,
flowing from the rumen cannot be accurately predicted and
thus, it is difficult to determine which amino acids need to
be supplemented and to what extent. The microbial, undigested
dietary, and endogenous protein all contribute to the amino
acid pool flowing out of the rumen.

1
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Based on an 88 observation dataset, NE, (mcal/d) was
found to be an inadequate predictor of daily microbial
nitrogen flow to the duodenum (Cummins et al., 1983, Santos et
al., 1984, Prange et al., 1984, Rooke et al., 1985, Stern et
al., 1985, Chamberlain et al., 1986, Madsen, 1986, Madsen and
Hvelplund, 1988, Kirkpatrick and Kennelly, 1989, Glenn et al.,
1989, McCarthy et al., 1989, Robinson and Kennelly, 1990,
Sadik et al., 1990). Only 68% of the variation in microbial
nitrogen could be explained based on the daily NE, provided in
the diet. Net Energy for Lactation (NE) was an especially
poor predictor at higher intake levels as might be expected
due to 1larger differences in carbohydrate and protein
availability to the microbes with those diets.

In order to improve animal response prediction,
computerized models have been developed to mathematically
describe and compile scientific data. Models vary in their
level of aggregation, ranging from totally empirical to fairly
mechanistic, depending on the purpose of the model and the
Scientific information available to describe the system. Upon
model evaluation using an independent database, one can
decipher by sensitivity analysis those variables predicted to
have the greatest impact on the system, determine the adequacy
Of their description in the model, and generate ideas for
Turther scientific research to be conducted in order to

improve the description of relationships.
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The objective of this work was to develop an improved
model for prediction of daily microbial nitrogen flow from the
rumen of the dairy cow which was at a high enough level of
aggregation to be of practical use on the dairy farm yet
sufficiently described the complexity of the rumen ecosystem.
It was hypothesized that the prediction of individual
nutrients available throughout the day and their relationships
to microbial growth, as well as prediction of rumen pH, would
allow one to more closely predict rumen microbial nitrogen
flow among a variety of diets than one can do using an
equation based solely on the total amount of nutrients
digested by the animal (NE)).

The steps involved to meet this objective were: 1.) the
development of a within-day model for prediction of microbial
nitrogen flow based on previous in vitro and in vivo research,
2.) the compilation of a microbial nitrogen flow database
Comprised of data from 15 different studies (75 microbial
nitrogen flow observations), and 3.) evaluation of the within-
day model performance as well as performance of multiple
regression equations, using the microbial nitrogen flow
Qatabase.

Finally, due to the expense and problems associated with
microbial nitrogen flow estimation using duodenally cannulated
Cows, it was necessary to develop a less invasive method
requiring only rumen cannulated cows in order to accumulate

Some of the data incorporated into the microbial nitrogen flow
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4
database. In a study conducted at Miner Institute, microbial
nitrogen flow was measured based on the microbial
concentration in the rumen liquids and solids and the pool
sizes and rates of passage of each. In this study, the impact
of within-day synchrony of carbohydrate and protein

availability on microbial nitrogen flow was determined.







LITERATURE REVIEW

A. Factors Influencing the Flow of Amino Acids to the

Duodenum:

1. Microbial Amino Acid Flow:

Mixed culture microbial growth rates vary and microbial
recycling in the rumen is not constant (Nocek and Russell,
1988) . Microbial nitrogen flow from the rumen is affected by
a variety of factors. For these reasons, the use of a
microbial crude protein yield constant in models of the rumen

system is inaccurate.

Carbohydrate Availability

When the microbial population in the rumen metabolizes
nutrients, energy needed to carry out biosynthesis is obtained
and cell mass is likely to be increased. As carbohydrate
availability increases, more dietary amino acids are
incorporated into the microbial pool, less dietary amino acid
is used as an energy source, and less nitrogen is wasted as
ammonia (Nocek and Russell, 1988). Stern et al.(1978)
increased the level of starch in the diet at the expense of

cellulose and observed greater microbial growth. Isaacson et
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6

al. (1975) found that increasing glucose concentration (5.8,
9.9, 12.7, and 25.0 mM) at each of three dilution rates (0.02,
0.06, and 0.12 per h) resulted in increased cell concentration
without any affect on yields of cells or products produced per
mole of glucose fermented. The amount of ATP generated for
growth is determined by the biochemical pathway which is used
to catabolize glucose or other substrates (Baldwin and
Allison, 1983).

Hungate (1966) suggested that energy is the 1limiting
factor for growth of microbes with a limit of 10 g microbial
protein per 100 g of organic matter digested in the rumen.
However, one of the major difficulties associated with
predicting microbial protein yield from digestible organic
matter is in measuring the rumen degradable organic matter
(Czerkawski, 1978). Furthermore, this theoretical maximum is
based on the assumptions that microbial protein production per
kg OM fermented is constant and that all fermented organic

matter is used solely for the production of ATP.

Ssynchronization of Carbohydrate and Protein Availability

It has been shown in continuous culture studies that when
the level of nonstructural carbohydrate(NSC) is between 25 and
37% of DM, both energy and degradable protein(DIP) can limit
microbial yield (Hoover et al., 1990, Stokes et al., 1991b).
Above 37% nonstructural carbohydrate, microbial efficiency is

a function of the level of degradable protein in the diet.
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7
Microbial yield decreased curvilinearly from 34.2 to 10.3 g
bacterial N per kg DM digested as the nonstructural
carbohydrate / rumen degradable crude protein ratio widened
from 1.9 to 8.9 (Hoover, 1987, Stokes et al., 1991b). It was
surmised that this inefficiency on the higher NSC:DIP diets
was due to energetic uncoupling by the bacteria (Hoover,
1987). Energetic uncoupling is the use of energy for non-
growth functions, such as heat production, when growth is
limited by nutrients other than carbon. It must be recognized
that this work does not take into account differences in
actual amounts of fermented NSC but only total NSC in the diet
which could vary in fermentability.

The level of degradable protein required to maximize
microbial protein yield is still unknown (Hoover, 1988, Hoover
and Stokes, 1991). Work based on simply degradable protein
intake also does not help in understanding nitrogen
stimulation of the bacteria versus amino acid or peptide
stimulation of growth. Furthermore, it is difficult to
determine the point at which amino acids are used as energy
sources for the rumen microbes rather than being primarily
used directly for protein synthesis.

Stimulation of microbial growth by ammonia has been
studied both in vitro and in situ. Tungstic acid precipitable
nitrogen production increased from 35% of maximum when ammonia
was provided at 40 g/kg crude protein equivalent to 90% of

maximum when 110 g/kg crude protein equivalent was provided in
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vitro but tended to level off at higher levels of ammonia. It
was concluded that 50 mg ammonia nitrogen/liter of rumen fluid
is enough to support maximum microbial growth (Satter and

Slyter, 1974). Work with pure cultures of B.amylophilus,

B.ruminicola, B.succinogenes, B.fibrisolvens, M.elsdenii,

R.albus, R.flavefaciens, and S.ruminantium showed that all of

these bacteria with the exception of M.elsdenii were saturated
with ammonia at levels less than 14 mg ammonia nitrogen/liter
(Schaefer et al., 1980). Based upon the rate at which barley
was fermented in situ in sheep fed barley diets supplemented
with graded levels of urea, it was concluded that 194 mg
ammonia nitrogen/liter of rumen fluid was needed to maximize
microbial growth and fermentation (Mehrez et al., 1977). This
level of rumen ammonia is about four times greater than that
recommended by Satter and Slyter(1974). Unfortunately,
however, ammonia required per gram of carbohydrate fermented
is difficult to determine from these studies. Based on the
work of Russell and Sniffen(1984), it was calculated that 2.47
g ammonia N per 100 gm carbohydrate fermented was the most
ammonia nitrogen utilized by the microbes either in the
absence or presence of amino acid nitrogen. Oodle and
Schaefer(1987) found that more ruminal ammonia-nitrogen was
needed to optimize the rate of fermentation of ground barley
(125 mg/1l) than was required for the fermentation of ground
corn (61 mg/l). Barley tends to be more rapidly fermented

than corn.
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Much in vitro work has been conducted to understand the
stimulating effect of amino acids and peptides on growth of
the rumen bacteria. Russell et al.(1983) supplied mixed
continuous culture incubations with mixed carbohydrate(160
mg/1l/h) and supplemented incremental amounts of casein.
Ammonia concentrations were maintained at a level which was
presumed to be adequate. It was found that there was a
significant increase in cell protein synthesis when casein was
increased from 0 to 2100 mg/l, with the response to addition
of casein being most significant at levels less than 250 mg/1l.
Ammonia tended to accumulate when casein was provided at
levels higher than 250 mg/l.

Research has also been conducted to determine the effect
of additions of specific isoacids and/or trypticase on batch
culture growth of microbes obtained from a cow fed timothy hay
(Russell and Sniffen, 1984). Addition of isovalerate and 2
methyl-butyrate increased mg cell protein / mg OM utilized by
11.2% and 16.4%, respectively. When isovalerate, 2 methyl-
butyrate, valerate, and isobutyrate were all added, microbial
protein growth was improved by 18.7%. Trypticase
supplementation also improved growth by as much as 18.7%.
Ammonia was not limiting in any of the incubations.

Maeng and Baldwin(1976) obtained rumen fluid from a cow
fed a purified diet containing urea as the sole source of
nitrogen and incubated the rumen fluid in vitro with 0, 15,

30, and 45 mg C'*-labelled amino acid nitrogen per 100 ml,
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replacing urea nitrogen incrementally. Estimated grams of
microbial protein per kg digested carbohydrate were 91.2,
124.4, 140.1, and 147.5 for the 0, 15, 30, and 45 mg amino
acid-N/100 ml diets, respectively.
Pure continuous culture incubations of B.ruminicola,

S.ruminantium, S.bovis, M.elsdenii, and B.fibriosolvens were

grown with glucose at .5 g/1 and amino acids at 0, .016, .031,
.062, .125, .25, and .5 g/1 (Cotta and Russell, 1982).
Efficiency of conversion of amino acids to bacterial protein
was greatest at levels below .031 g/1.

Work conducted in_ vivo has also indicated that both
nitrogen and amino acids are key nutrients besides energy
which affect efficiency of microbial growth. Sinclair et
al. (1993) devised diets which were equivalent in metabolizable
energy (9.5 MJ/kg DM) and degradable intake protein (96 g/kg
DM) but were intended to have either a synchronized rate of
nitrogen and energy fermentation or an asynchronous rate of
fermentation. Microbial N / kg DM intake was 27% higher on
the synchronous diet with efficiency of microbial synthesis (g
N / kg OM truly degraded) being 13% greater. However, neither
of these differences was statistically significant. Herrera-
Saldena et al. (1990) conducted a study with cannulated cows in
a 4x4 latin square design with either barley or milo as the
primary energy source and either cottonseed meal or brewers
dried grain as the protein source. Barley and cottonseed meal

were intended to be rapidly fermented while milo and brewers
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dried grain were expected to be slowly fermented. The barley-
cottonseed meal diet yielded significantly more microbial N
per kg fermented OM than any of the other diets. It was
surmised that this result was due to an improvement in
synchronization of carbohydrate and protein availability but
hourly fermentability of the energy and protein sources was
not assessed.

Sulfur, specific peptides or amino acids, and branched
chain volatile fatty acids can also limit microbial protein
production in the same manner as limited degradable protein
can, especially when there is a limited amount of rumen
degradable protein in the diet (Bryant et al., 1959, Faichney

and White, 1979, Robinson, 1983, Hoover and Miller, 1993).

Nitrogen Absorption and Recycling

Non-protein nitrogen compounds in the rumen accumulate
from dietary sources such as urea, from degraded protein
compounds, and from recycled nitrogen present in saliva.
Excess ammonia beyond what the microbial population requires
is absorbed from the rumen into the blood and either excreted
or recycled. It is difficult, however, to predict rumen
ammonia concentrations at any one time.

Work has not been conducted to predict the amount of
dietary protein which is totally degraded to ammonia and
isoacids prior to utilization versus that dietary protein

incorporated directly as amino acids or peptides into
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microbial protein. It is known, however, that amino acids do
accumulate at low levels in rumen fluid (Wright and Hungate,
1967) . Peptides have also been found to be converted to
microbial protein more efficiently than amino acids (Wright,
1967). Chen et al.(1987a) presented evidence to suggest that
the uptake of peptides by the rumen microbes could be a step
which limits the rate of protein degradation in the rumen. It
was estimated from one study conducted using 15NH3 dilution
methods that 62% of rumen bacterial nitrogen was incorporated
in the form of ammonia, leaving 38% derived directly from
peptides and amino acids (Nolan and Stachiw, 1979).

The amount of ammonia absorbed from and recycled back
into the rumen must also be understood more fully in order to
predict rumen ammonia concentrations. Since it is known that
ammonia is preferentially absorbed over the ammonium ion, it
is expected that higher ruminal pH levels will result in
increased ammonia absorption from the rumen (Russell, personal
communication). Hogan(1961) estimated that the transport of
ammonia across the rumen wall was three times greater at a pH
of 6.5 than at pH 4.5. Roffler and Satter(1975) estimated
ruminal ammonia concentrations as being negatively related to
the concentration of total digestible nutrients in the ration
and positively related to the crude protein content of the
diet. Unfortunately, this model does not take into account
variations in rumen availability of protein and carbohydrate

within feed source in addition to subsequent variations in
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rumen ammonia concentrations throughout the day and thus, is
of limited use. The NRC(1985) recommended the use of an
equation for the estimation of recycled nitrogen which was
derived from data from a study in which cattle were eating
2.5% of their body weight as dry matter. This recycled
nitrogen estimation is solely a function of the amount of
protein consumed by the animal (Kennedy and Milligan, 1980).
Nitrogen conservation by the animal is, however, likely to
vary with level of productivity. Furthermore, as mentioned
previously, the amount of rumen ammonia utilized by the
microbes varies depending upon the energy available for
microbial growth and saliva production at any time, making
attempts to predict recycled nitrogen and absorption of rumen
ammonia based entirely on ration crude protein content

inappropriate.

Rumen Available Fat

When the level of fat in the diet exceeds about 5% of the
total dry matter, it has been found that fiber digestion
decreases due to inhibition of rumen microbial growth
(Palmquist and Jenkins, 1980, Maczulak et al., 1981, Boggs et
al., 1987).

The rumen microorganisms hydrolyze triglycerides to form
glycerol and fatty acids. Glycerol is used as an energy
source by organisms such as Anaerovibrio lipolytica, while

long chain fatty acids are subjected to biohydrogenation and



14

are not used as an energy source by the anaerobic rumen
bacteria (Emery and Herdt, 1991). A free carboxyl group must
be present in order to begin biohydrogenation (Palmquist and
Jenkins, 1980). During the process of biohydrogenation,
unsaturated fatty acids are first changed from the cis form to
the trans form before being completely saturated.
Harfoot (1978) suggested that the sequence for biohydrogenation
of linoleic acid(18:2 cis-9, cis-12) was through an 18:2 cis-
9, trans-11 conjugated diene, to an 18:1 trans-11 monoenoic
acid, to 18:0 stearic acid. Accumulation of the trans-11
isomer in the rumen has been noted and it has been suggested
that this isomer may be a key intermediate in the conversion
process (Harfoot, 1978). The enzymes necessary for
biohydrogenation have been found to be present in microbial
cells but absent from the cell-free supernatant and washed
bacteria (Viviana, 1970). This indicates that the
biohydrogenation enzymes are probably extracellular, cell-
associated enzymes.

Ruminococcus albus, a gram positive rumen cellulolytic
bacteria, has been found to be inhibited by long chain fatty
acids. Henderson(1973) measured the growth of R.albus after
incubation with capric(C,,,), lauric(C,,:0), myristic(C,,.q).
palmitic(C,.q) , stearic(C,,.,) ., or oleic(Cy.q) acid in
concentrations from 0.005 to .5 g/1 for 16 hours. Cellobiose
(0.4%, w/v) was the only energy source and optical density was

used as a measure of growth. All of the long chain fatty
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acids inhibited growth, however, oleic acid had the greatest
inhibitory effect by decreasing growth by 80% relative to the
control at a concentration of only 0.1 g/1 (or .01%). Stearic
acid, the saturated equivalent of oleic acid, was much less
inhibitory. At .5 g/1 (or .05%) of stearic acid, growth was
inhibited by only 45% relative to the control. It was
hypothesized that the fatty acids adhered to the cell walls of
the bacteria and inhibited passage of nutrients but this
hypothesis was not tested. It seems significant that
cellobiose was used as the energy substrate rather than
cellulose and that growth was still limited in the presence of
long-chain fatty acids. If long-chain fatty acids only
diminish growth by inhibiting the release of extracellular
cellulases from the organisms, one would have expected growth
not to be limited in this experiment.

Maczulak et al.(1981) analyzed the growth of R.albus in
the presence of increasing concentrations of palmitic(C16:0),
stearic(C18:0), oleic(cis 9, 18:1), and vaccenic(trans 11,
18:1) acids. Cellobiose was used as the energy substrate and
changes in optical density were used to measure growth. When
palmitic, stearic, and vaccenic acids made up 0.01% of the
culture media, growth relative to the control was inhibited by
12%, 10%, and 19%, respectively. However, when oleic acid was
included in the growth media at only .0005%, growth was
decreased by 81% relative to the control incubation. The

authors suggested that inhibition could be related to the
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ability of the long-chain fatty acids to form insoluble soaps
in the culture media. The order in which these fatty acids
formed complete calcium salts was: stearate > vaccenate >
palmitate > oleate. Wu et al.(1991) determined that only 57%
of fatty acids fed to dairy cows in the form of calcium soaps
were biohydrogenated.

When particulate cellulose was added to the media
containing long-chain fatty acids, inhibition was reduced
(Maczulak et al. 1981). It is assumed that the cellulose
competed with the bacteria for surface lipid adsorption. When
Harfoot et al.(1974) incubated mixed rumen bacteria in the
presence of long-chain fatty acids, growth was inhibited less
when food particles were added to the media.

There is research which indicates that dietary fatty
acids are taken up to a significant extent by the rumen
microbial population rather than simply remaining adhered to
the outside of the bacterial cell walls. Bauchart et
al. (1990) analyzed the fatty acid composition of solid-
adherent bacteria and liquid-associated bacteria obtained from
fistulated cows fed diets containing supplemental lipids. The
lipid content of the solid-adherent bacteria was found to be
1.7 - 2.2 times higher than that of the liquid-associated
bacteria. It is known that lipids have a tendency to adsorb
to solid food particles, therefore, the solid-adherent
bacteria would be expected to have greater access to lipids.

Lipids were also observed by transmission electron microscopy
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to be in droplets within the cytoplasm of rumen bacteria,
rather than solely associated with the cell envelope (Bauchart
et al., 1990). Linoleic acid was specifically found in high
concentrations within the total free fatty acid of the cell.
Triacylglycerols which were not present in the microbes from
the control diets, made up 2 - 4% of the total lipids in the
bacteria from the cows fed the 1lipid supplemented diets
(Bauchart et al., 1990). Furthermore, as the concentration of
unsaturated 1lipid in the diet increased, there was a
proportional decrease in the amount of unsaturated lipid which
was biohydrogenated (Bauchart et al. 1990). Perhaps this
finding indicates that an upper 1limit to the rate of
unsaturated fatty acid biohydrogenation exists.

Demeyer et al. (1978) incubated mixed rumen microorganisms
taken from a sheep with [1-'“C]linoleic acid, [U-'“C]glucose,
or [1-%CJacetate and determined into which 1lipids the
radioactivity was incorporated. Most of the radioactivity was
found to be associated with saturated fatty acids present as
free fatty acids or incorporated into sterolesters. However,
much of the radioactivity was also contained in unsaturated
fatty acids of the polar lipids, such as phospholipids and
galactolipids. Furthermore, it was concluded that more of the
bacterial lipids were made from preformed fatty acids rather
than being synthesized de novo.

The 1lipid fraction of gram-positive organisms in the

rumen 1is comprised mostly of phosphatidylglycerol and
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phosphatidylethanoclamine, with the acyl chains being primarily
odd-numbered branched-chain fatty acids (Harwood and Russell,
1984). The fluidity of the cell membrane is determined by the
fatty acids within the membrane phospholipids. Unsaturated
fatty acids present in the cis-form are known to pack less
tightly than those in the trans-form. Katz and Keeney(1966)
found that there were less bacterial unsaturated fatty acids
in the trans-form than in the cis-form which were
nondialyzable. It was assumed that the nondialyzable fraction
consisted of esterified fatty acids. Therefore, they
interpreted their results to mean that the structural or polar
lipids were primarily made up of cis-unsaturated fatty acids.
Published research specifically describing the rumen bacterial
cell membrane lipid composition and their fatty acid content
has not been found.

The effects of the different lipid classes on rumen
bacterial membrane function have not been investigated in much
detail. Work has been done with other types of bacteria, such
as E.coli, and for the time being one can extrapolate from
those results to the rumen bacteria. It is known that the
function of the phospholipid bilayer as a barrier is affected
by its lipid composition. Unsaturated fatty acids make the
membrane more permeable and saturated fatty acids reduce
membrane fluidity (Cronan, Jr. et al., 1987). Shorter fatty
acid chain length also reduces the barrier function (Cronan,

Jr. et al., 1987). Cholesterol is known to be inserted into
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the kink formed by cis-unsaturated fatty acids, increase van
der Waals contact, and decrease membrane fluidity (Rawn,
1989). It has been postulated by researchers that the
interaction of membrane lipids and proteins affect membrane
function but the results are inconclusive (Cronan, Jr. et al.,

1987, Rawn, 1989).

Maintenance Energy

The rumen microbes require energy in order to carry out
maintenance functions including: motility, turnover of cell
macromolecules, active transport, and energetic uncoupling
(Hespell and Bryant, 1979). As the maintenance requirement
increases, less energy is available for microbial growth.
Pure culture studies with individual bacteria have found a
range in maintenance requirements from .022 to .187 g glucose
/ 9 Dbacteria / hour (Russell and Baldwin, 1979). The
cellulolytic bacteria tend to have lower maintenance
requirements than the rest of the rumen bacterial population.
For this reason, it should be beneficial to take into account
differences in the percentages of different types of microbes
present in the rumen each having different maintenance
requirements and thus, different overall growth per unit of

carbohydrate fermented.
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Turnover Rate

Besides the nutritional requirements of the rumen
microbes, other factors which impact microbial growth rate and
overall flow must be considered in describing the rumen
system. Efficiency of microbial protein yield increases as
rate of feed passage through the rumen increases due to
reduced cell recycling, decreased mean age of the cells
escaping the rumen, and reduced microbial maintenance
requirements (Van Soest, 1982, Robinson, 1983). Isaacson et
al. (1975) determined that the grams of cells produced per mole
of glucose fermented increased from 42 at a dilution rate of
.02 h'' to 84 at a dilution rate of .12 h''. Diets high in
concentrate feeds are known to have lower turnover rates
(Robinson, 1983), causing an increase in microbial maintenance
requirements while at the same time providing more ATP for
cell synthesis (Bergen et al., 1980). However, the extent of
organic matter digestion is decreased with higher turnover
rates lowering the amount of ATP available for use by the
microbes (Bergen et al., 1980).

It has been found that when intake is increased on high
fiber diets, there is a corresponding increase in NDF turnover
rate and a reduction in the ratio of bacterial OM / NDF in the
rumen contents (Sniffen and Robinson, 1987). It was suggested
that larger particles with more attached microbes were flowing
from the rumen at higher intakes. Rode et al.(1985) found

that the efficiency of microbial protein synthesis increased
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as the amount of forage in the diet increased or rate of
passage of solids increased. Grams bacterial nitrogen per kg
of OM truly fermented in the rumen increased from 33.5 on a
24% forage diet to 38.6 when forage was increased to 80% of
the diet. Feng et al. (1993) found a decrease in efficiency of
microbial protein yield per kg of OM digested with higher NSC
and higher degradable fiber diets.

Due to variations in turnover throughout the day, steady
state conditions in the rumen cannot be assumed. Chen et
al. (1987b) found that when he fed cows twelve times per day,
rumen volume and liquid dilution rate were fairly constant
throughout the day at 69.7 L (SE=1.6) and .14 h’' (SE=0.005),
respectively. However, when cows were only fed once per day,
liquid dilution rate was highest two hours after feeding.
Rumen volume ranged from 68 to 90 L (78.7 L +-9.5) and liquid
dilution rate ranged from .04 to .23 h' (.13 h' +-.09)

throughout the day when cows were fed only once.

Rumen Protogzoal Predation

Rumen protozoa can make up as much as one-half of the
microbial mass in the rumen and are known to utilize bacterial
protein (Bryant, 1977). Coleman and Sandford (1979) found
that the rate at which bacteria were engulfed by protozoa
varied from 230 to 2670 bacteria per protozoan per hour.

Uptake varied depending on both the type of bacteria and the

type of protozoa. For example, Butyrivibrio fibrisolvens was
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digested more rapidly than any of the other bacterial sources
investigated. Protozoa are also known to rapidly take up
starch granules and thus, have a moderating influence on the
rate of ruminal starch fermentation and reduce the incidence
of acidotic conditions in the rumen (Russell and Hespell,

1981).

pH

A reduction in ruminal pH, as with high concentrate
diets, can diminish microbial yield (Russell et al., 1979,
Hoover, 1988). When environmental pH is low, hydrogen ions
leak into the cell and the cell must expend energy to remove
the hydrogen ions from the cell in order to maintain near
neutral intracellular pH (Strobel and Russell, 1986). Thus,
the requirement for maintenance energy by the cell is
increased. With reduced pH, there is also a tendency for some
organisms to switch to a lactate fermentation which yields
less ATP per mole of fermented glucose. Furthermore, there is
a shift in the bacterial population towards those bacteria,
usually-non-cellulolytics, which are more acid tolerant, favor
lactate production, and have higher maintenance requirements.

In vitro studies have been conducted in order to quantify
the detrimental impact of low environmental pH on bacterial
growth. Russell and Dombrowski(1980) investigated the effect
of reducing media pH in .25 pH unit increments from pH 6.75 to

4.75 on 10 species of rumen bacteria grown in continuous
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culture. Cellulolytic bacteria, such as R.albus and
R.flavefaciens, tended to reduce their growth at pH 6.25 and
were totally washed out of the chemostat when the media pH was
less than 5.75. Amylolytic bacteria, such as S.ruminantium
and B.ruminicola, tended to grow best when pH was about 6.00
and growth was not significantly reduced until pH was less
than 5.75. They were not washed out of the vessel until pH
reached 5.00. Other species, such as, S.bovis and M.elsdenii,
were much more acid tolerant and growth was not significantly
reduced until pH 5.00. Pure culture work conducted by Russell
et al.(1979) yielded results similar to those of Russell and
Dombrowski (1980). M.elsdenii has been reported to ferment 61
to 97% of the lactate produced on high concentrate diets
(Counotte et al., 1981).

Mixed rumen bacteria have been grown in carbohydrate-
limited batch culture at either an initial pH of 6.7 or 6.0
(Strobel and Russell, 1986). Protein synthesis was decreased
34 to 69% when initial pH was reduced from 6.7 to 6.0. This
reduction was accompanied by a decrease in carbohydrate
fermentation as well as ATP production and an increase in
lactate production. However, the sum of these changes could
not totally account for the reduction in bacterial growth
observed. For this reason, energy uncoupling by the bacteria
was assumed to make up the difference.

Russell (1987) subsequently conducted work with the

cellulolytic bacterium, Bacteroides succinogenes, grown under
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more acidic conditions. It was found that when pH decreased
from 6.9 to 5.7, the difference between intracellular and
extracellular pH was maintained using high proton motive
force. Below pH 5.7, proton motive force, intracellular pH,
as well as the use of cellobiose decreased.

Prediction of ruminal pH is difficult. Researchers have
attempted to estimate production of volatile fatty acids
because they are known to probably have a great impact on
ruminal pH (Morant et al, 1978). Emery et al.(1956) pooled
data from four trials with cows fed either primarily
concentrate or forage and determined that the millimoles of
acids per 100 gm of rumen fluid produced from .45 kg of TDN
were, 0.24 to 0.67 acetic acid, 0.02 to 0.26 propionic acid,
and 0.04 to 0.21 butyric acid. Bauman et al. (1971) found that
propionate production as measured by isotope dilution, varied
from 13.3 moles/day on a high fiber diet to 31.0 moles/day on
a high grain diet.

The major difficulty in predicting volatile fatty acid
production in the rumen arises not so much in the estimation
of the stoichiometric parameters but rather in estimating the
availability of glucose and other fermentable monosaccharides
present in starch, fiber, and protein. Murphy et al.(1982)
developed a model which predicted acetate, propionate and
butyrate production based on stoichiometric parameters for
ruminal fermentation of soluble carbohydrate, starch,

hemicellulose, cellulose and protein. Since the fermentation
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patterns of these fractions vary, it was necessary to include
them separately within the model. 1In order to successively
apply this type of model on the farm, it is imperative that
routine laboratory techniques be developed for determining the
carbohydrate fractions and their rates of digestion. It is
also quite possible that predictability will be further
improved by the addition of other feed fractions, such as
protein fractions, to this type of model.

Other factors besides monosaccharide availability should
also be considered when predicting volatile fatty acids
present in the rumen. Variations in pH can result in shifts
in the types of acids produced by the microorganisms as, for
example, with S.bovis. Robinson et al. (1986) found decreases
in total volatile fatty acid and in D,L-lactic acid production
with increased rumen pH. The protozoal population also has an
effect. Grummer et al.(1983) fed a diet with 45% dried whole
whey to steers and found high butyrate production in the
presence of protozoa but high propionate production when the
rumen was defaunated. The capacity of feeds to act as buffers
varies and impacts ruminal pH. For instance, lignin, pectin
and hemicellulose are known to have a greater cation-exchange
capacity than compounds such as cellulose and starch (Van
Soest, 1982). Ionophores, which are currently included in
many dairy heifer rations, are known to increase the molar
percentage of propionate produced in the rumen and reduce

protein degradation by inhibiting the growth of the gram-
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positive bacteria (Van Maanan et al., 1978, Chen and Russell,
1991). Dietary buffers increase ruminal pH and increase the
acetate:propionate molar ratio in the rumen (Erdman, 1988).
Furthermore, the rate of absorption of volatile fatty acids
across the rumen wall may vary. The data of Peters et
al. (1992) suggests that with increases in acetic acid
production, fractional rate of acetic acid disappearance in
the rumen decreases.

Physical characteristics of the feed consumed impact the
degree of saliva production for buffering the rumen system.
It is estimated that beef and dairy cows produce 108 to 308
L/d of saliva and this is equal to 390 to 1115 g/d of disodium
phosphate and 1134 to 3234 g/d of NaHCO; secretion (Erdman,
1988) . Erdman(1988) estimated that a one percentage unit
decrease in dietary ADF results in a .0564 unit decrease in
rumen pH due primarily to a reduction in chewing and saliva
secretion. However, besides fiber content, 1length and
specific gravity of fibrous particles should also be taken
into consideration (desBordes and Welch, 1984). Jaster and
Murphy(1983) found a reduction in the total chewing time of
heifers as forage particle size decreased on diets containing

63% NDF.

Amino Acid Composition of the Microbial Population
It has been concluded by some researchers that the amino

acid composition of the microbes flowing out of the rumen is
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fairly constant regardless of variations in diet composition
(Bergen et al., 1968, Leibholz, 1972, Storm and Orskov, 1983,
Hvelplund and Hesselholt, 1987), indicating that flow of
microbial amino acids can be predicted with a knowledge of the
flow of microbial protein. Researchers have examined bacteria
isolated from the rumens of cows consuming four different
diets and concluded that no significant differences in amino
acid digestibility exist. Digestibility varied between .80
and .91 for individual amino acids (Hvelplund and Hesselholt,
1987).

However, when dietary treatments result in a major change
in the dominating bacterial populations in the rumen,
significant changes in the composition of the bacteria may be
possible. Hvelplund (1986) found a positive 1linear
relationship between the starch and sugar content of the diet
and the proportion of amino acid nitrogen in the total
nitrogen of isolated bacteria up to about 35% starch and sugar
in the diet. Bacteria isolated from diets with more than 35%
starch and sugar tended to have a lower proportion of amino
acids in the crude protein. Crude protein as a percentage of
bacterial dry matter ranged from 39 to 56% with amino acid
nitrogen making up about 67% of the crude protein on the 24
diets analyzed. Bergen et al.(1967) found marked differences
in the quality of protein from individual strains of rumen
bacteria and suspected this to be a result of differences in

the digestibility of protein or individual amino acids within
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the organisms. Furthermore, it has been found that Gram-
negative rumen bacteria are digested to a greater extent by
pPepsin and pancreatin in vitro procedures than Gram-positive
bacteria are (Wallace, 1983). However, at the same time it
was recognized that the influence of different proportions of
these bacterial types on the digestibility of mixed ruminal
bacteria is small (Wallace, 1983).

Variations in the nucleic acid content of rumen bacteria
have also been investigated. It has been found that with
increases in dilution rate, microbial content of RNA increases
(Kjeldgaard, 1967, Bates, 1985). John(1984) found the
concentration of RNA in bacteria to be highly correlated with
ruminal gas production. The RNA-N:total N ratio of mixed
rumen bacteria has also been found to vary with time of
sampling in relation to feeding and dietary conditions (Smith
and McAllan, 1974). Increases in cell yield may then be
slightly offset by a decrease in the proportion of amino acid
nitrogen contained in a unit of microbial crude protein.
Walker and Nader(1970) found that polysaccharide per unit of
DNA varied with time after feeding. Polysaccharide per unit
of DNA rapidly increased in the rumen fluid organisms up to
four hours after feeding and then slowly declined. From these
data it can be hypothesized that the percentage of
polysaccharide in the microbes flowing from the rumen on an
energy-dense diet may be different from that of organisms on

a high fiber diet.
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2. Dietary Amino Aciad:

A number of factors influence the extent to which dietary
amino acids are degraded in the rumen and thus, the types and
amounts of dietary amino acids flowing out of the rumen. The
degradation rate of a feed varies depending on its proportions
of non-protein nitrogen(aA), true protein(B), and unavailable
protein(C) (Pichard and Van Soest, 1977, Berger, 1986). Each
of the true proteins: albumins, globulins, glutelins, and
prolamines, differ in rumen solubility and degradability
(Sniffen, 1974, Blethen et al., 1990). Feedstuffs are made up
of a variety of fractions, each affected differently by pH and
thus, possessing various rates of degradation (Broderick and
Craig, 1980). The possibility of predicting amino acid
degradation of the true protein fractions from predictions of
the extent of protein degradation of these fractions has not
been thoroughly examined. Susmel et al.(1989) incubated
soybean meal, fish meal, dried brewers’ grains, and alfalfa
silage in polyester bags in the rumen and examined the change
in amino acid composition due to fermentation. Methionine was
always more highly degradable, threonine was 1low in
degradability, while degradation of the other amino acids was
generally dependent on feed type. The distribution of amino
acids in the various protein classes (albumins, prolamins,
glutelins, and globulins) may be partly responsible for these
differences (Tamminga, 1979). The degradation of the total

amino acids in soybean meal and alfalfa silage was generally
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lower than crude protein degradability. Soluble peptides and
the hydrophobicity of these peptides which accumulate in rumen
fluid may also need to be accounted for (Chen et al., 1987a,
Chen et al. 1987c).

Ruminal residence time also has a significant affect on
extent of dietary amino acid degradation (Tamminga, 1979).
Rumen models have attempted to predict rate of passage of
individual feeds, however, the effect which the entire diet
has on rates of feed passage has not been fully addressed in
a model (Sniffen et al., 1992). The amino acid degradability
of soybean meal present in a high concentrate diet consumed at
a low level which passes slowly through the rumen, may be
quite different from that of soybean meal present in a diet
with a higher level of forage consumed at a high level.

The extent to which dietary amino acid digestion varies,
depending on the type and amount of microbes present in the
rumen, warrants further study. Rumen fluid proteolytic
activity varies from 0.54 to 204 mg casein/hr/ml of rumen
fluid as reported in the literature (Krishnamoorthy, 1982).
Rumen microbial content however, is the major determinant of
proteolytic activity rather than the amount of free protease
(Krishnamoorthy, 1982). Furchtenicht and Broderick(1987)
found that the rate of casein degradation was highest in a 37%
forage diet, intermediate in a 63% forage diet, and lowest in
a 100% forage diet. However, others have found that

variations in the level of energy in the diet which should
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affect the microbial population, had little effect on dietary
amino acid degradability (Russell et al., 1983, Cecava et al.,
1988) .

Differential use of dietary amino acids by the rumen
microbial mixture may also be a factor to be considered. Some
researchers have observed differences between amino acids in
their rate of assimilation in the rumen (Hvelplund and
Hesselholt, 1987, Fugimaki et al., 1989). However, others
have not seen variations in amino acid uptake (Broderick et
al., 1988). Species such as S.bovis, may be more prominent in
the rumens of animals féd large amounts of starch and sugars
resulting in use of different amino acids than would be

incorporated on a high fiber diet.

3. Endogenous Amino Acid:

Amino acids derived from endogenous sources such as,
enzymes, bile, mucus, serum albumin, lymph, and epithelial
cells also contribute to the pool to be absorbed from the
small intestine (NRC, 1985). Phillipson(1964) estimated that
0.6 g N in the form of bile and 1.5 to 3.0 g N in pancreatic
juice entered the duodenum each day in a 40 kg sheep. When
the endogenous protein from other sources and from the rest of
the intestine were taken into account, it was estimated that
a total of 3 to 16 g endogenous amino acid nitrogen entered
the small intestine on a daily basis in sheep (Nolan, 1975).

Since the presence of food in the duodenum stimulates
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secretion, one could expect proportionally large increases in

secretions in a 600 kg cow eating 30 kg of DM per day.

B. Current Procedures for Estimating the Protein and

Carbohydrate Fractions and their Degradability:

1. Protein

The rate at which feed protein is degraded in the rumen
is complicated by numerous factors which involve the nature of
the feed, the individual cow, and the total ration being fed.
Crude protein <can be fractionated into non-protein
nitrogen(NPN), true protein, and unavailable protein, or, the
fractions, A, B, and C, respectively (Pichard and Van Soest,
1977) . Non-protein nitrogen is rapidly converted into ruminal
ammonia while true protein is degraded at a slower rate and
the unavailable fraction is not degraded. The extent of
protein degradation of a feed will vary depending on its
proportions of these fractions and the rate at which the feed
passes through the rumen (Balch and Campling, 1965, Tamminga,
1979, Berger, 1986).

True proteins degrade at variable rates (Table 1).
Albumins are water soluble while globulins are soluble in
dilute salt solutions (Blethen et al., 1990). These high-
quality proteins are assumed to be primarily used as a source
of amino acids for the rumen microbes unless they are

denatured by heat processing. Soy protein contains large
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amounts of albumins and globulins. Prolamines are soluble in
alcohol and glutelins solubilize only in dilute alkali
(Blethen et al., 1990). These lower quality proteins tend to
degrade more slowly in the rumen. Extensin proteins are
slowly degradable proteins which are most frequently
associated with the plant cell wall (Van Soest, 1982).

Laboratory analysis procedures have been developed which
categorize proteins into the fractions: A, B,, B,, B;, B,, and
C (Table 1) . These fractions have similar chemical properties
and can potentially impact animal performance if varied.
Tungstic acid precipitation of true protein can be used to
calculate non-protein nitrogen(NPN), fraction A, by difference
(Pichard and Van Soest, 1977). Soluble CP, is comprised of
NPN in addition to soluble peptides(B,) and soluble true
proteins(B,). Krishnamoorthy et al. (1982) devised a procedure
using borate-phosphate buffer to estimate soluble CP.
Tungstic acid precipitation can be used to estimate the
rapidly degraded, B, and B,, soluble true protein fractions
from the borate-phosphate soluble CP (Sniffen et al., 1992).
Perchloric acid can be used to separate the soluble peptides
from the soluble CP to estimate the B, fraction (Chen et al.,
1987a) . The intermediately degraded true protein fraction(B;)
and slowly degraded true protein fraction(B;) can be
determined using the neutral detergent procedure (Goering and
Van Soest, 1970) without sodium sulfite, filtering the

remaining sample on filter paper, and estimating the CP
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remaining in the residue by the Kjeldahl procedure (AOAC,
1990) . Crude protein which is not soluble in borate-phosphate
buffer but is soluble in neutral detergent is estimated to be
the B; fraction, while CP which is insoluble in neutral
detergent but soluble in acid detergent is estimated to be the
B, fraction (Pichard and Van Soest, 1977, Sniffen et al.,
1992). Unavailable CP (C) remains insoluble after boiling the
sample with acid detergent and is assumed to be unavailable to
the dairy cow (Pichard and Van Soest, 1977).

Proteins are also classified (NRC, 1989) as either
degradable (DIP) or undegradable (UIP) . The degradable protein
fraction contains NPN, peptides, and true proteins which are
degraded in the rumen. This includes all of fraction A and
variable amounts of fractions B,, B,, B;, B,. Undegradable
protein, which is also referred to as escape or bypass
protein, is comprised of protein which is not degraded by the
microbes but can be either utilized once it arrives in the
small intestine or is unavailable to the animal. Small
amounts of the B, and B, fractions, variable amounts of the B;
and B, fractions, and all of fraction C are included in the

undegradable fraction.



35

Table 1. Nitrogen Fractionation Scheme (Pichard and Van
Soest, 1977, Blethen et al., 1990, Van Soest,

1982):
Component Fraction
| NPN A Potentially
Soluble-———ﬂ Peptides B, Degraded
Albumins, Globulins B,
Glutelins B Potentially
Insoluble———* Prolamines, Extensins B, Undegraded
ADF-CP C

Although this system of  nitrogen fractionation
significantly improves the understanding of protein
degradation in the rumen, this chemical separation is not
totally adequate. Questions still remain regarding the
uniformity of these fractions and consequently, the rate of
protein degradation within each fraction (Pichard and Van
Soest, 1977, Mahadevan et al., 1980). Enzymatic techniques
have been proposed in an attempt to more accurately estimate
ruminal protein degradation of feed in an environment which
simulates the rumen.

There are two types of enzymatic assays used. The first
is an assay to simulate the amount of protein that will break
down in the rumen at any timepoint. The concentration of
enzyme used must mimic the enzyme concentration, over time, in
the rumen. Enzyme must be limiting because it is not in
excess in the rumen. Feeds can be incubated for a number of
time intervals in order to generate a degradation curve which
can be fractionated to describe the rate of degradation of
individual protein fractions, or feeds can be incubated for a

specific period of time and the amount of rumen degraded
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protein in the feed can be determined based on an assumed
rumen residence time or using a regression equation to predict
degradability. The second type of assay involves the use of
enzyme concentrations 1.5 to 2.5 times higher than those used
for a time course measurement in order to degrade that protein
expected to be rumen degraded within one hour.

A laboratory procedure is needed for measurement of
ruminal protein degradation of feedstuffs. Devising a
technique is difficult, however, since the nature of the
buffer, type of enzyme, ratio of enzyme to substrate, and
properties of the feed sample all have variable effects on
protein degradation inside a flask.

Feedstuffs contain a variety of protein fractions, each
affected differently by pH and thus, having various rates of
degradation (Broderick and Craig, 1980). Bartle et al. (1986)
evaluated the effect of buffer pH on degradation of protein
sources. Soybean meal protein digestion responded to pH in a
quadratic manner with degradation being highest at pH 6-6.5
and lower at pH 5.5 and pH 7. The isoelectric point of
soybean protein is approximately pH 5.5 (Berger, 1986). This
point at which the protein has no net charge is also the point
at which it is least soluble in aqueous solutions (Berger,
1986). Wohlt et al. (1973) increased solubility from 27 to 57%
simply by raising the pH of a buffer from 5.5 to 7.5.
Extracellular enzymes primarily degrade protein which is in

solution. For this reason, it can be concluded that it would
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be most accurate to use a stable buffer with a pH similar to
that of the rumen, which is 6.7 (Hungate, 1966) or somewhat
lower for high-producing dairy cows, for degradability
analysis.

The rate at which a single pure feed protein is degraded
in the rumen when enzyme supply is not limiting, depends only
on the properties of the protein (Van Soest, 1982). However,
in the rumen, many other factors such as, initial lag time
required for solubilization and microbial attachment and
variations in microbial population and supply of enzyme,
create a complex combination of multiple order reactions which
break down feed proteins (Krishnamoorthy, 1982, Van Soest,
1982). A constant enzyme / true protein substrate ratio must,
therefore, be specified in any commercial laboratory procedure
which is intended to mimic the rumen since reactions do not
occur at maximum velocity (Roe et al., 1990, Licitra et al.,
1993).

Little information has been obtained pertaining to the
mechanisms of rumen proteases. Exo- and endopeptidase
activity has been found but, the ratio of these in the rumen
is unknown. Thus, logically, a commercial enzyme which
contains both exo- and endopeptidase activity should be used
in any degradability procedure.

Numerous methods are currently available for estimating
ruminal protein degradation of feedstuffs. With the in situ

(dacron bag) procedure, indigestible bags with a defined pore
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size, containing a feedstuff are placed in the rumen of a
fistulated animal for various time intervals and the amount of
nitrogen removed over time is measured (Nocek, 1985).
Problems with this method include: 1. it is not practical for
commercial laboratories, 2. it actually measures degradability
and solubility rather than only degradability of protein, and
3. microbial contamination can be significant (Wanderly et
al., 1993).

The S.griseus method, a modification of a procedure

proposed by Pichard and Van Soest(1977), is an in vitro method
which incorporates a broad spectrum protease from Streptomyces
griseus, at a level of 6.6 units of enzyme/g sample DM, to
break the peptide bonds of feedstuffs (Krishnamoorthy et al.,
1983). S.griseus has both exo- and endopeptidase activity
(Krishnamoorthy, 1982). One-half gram DM sample is incubated
in 40 ml of borate-phosphate buffer(pH 7.8-8.0) for 1 hour and
then, 10 ml of protease solution(330 x 1073 units/ml) is added
(Krishnamoorthy et al., 1983). It is assumed that all protein
which remains insoluble after incubation (18 h for concentrate
feeds and 48 h for forages) is ruminally undegradable.

A modification of the S.griseus method using a 1 h
incubation period with .5 g of sample incubated in 1 mg
enzyme/50 ml of borate-phosphate buffer(7.60 g NaH,PO, ° H,0,
13.17 g Na,BO, ° 10H,0 per liter (pH=8)), and regression
equations for prediction of in situ ruminal protein

degradation, taking into account the rate of particle
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disappearance from the rumen as 0.06/hour, has been
recommended in France (INRA, 1989). For single feeds, the
equation: Degrad. = 0.36D, + 0.479 + (*) +/- 0.029 (with (*)
from +0.154 to -0.184 according to feeds) (r = 0.975) is used,
while for compound feeds the equation: Degrad. = 0.870 D, +
0.345 +/- 0.025 (r = 0.955) is used, where D, equals the
proportion of N degraded after 1 h.

With the ficin procedure, protein is broken down by the

proteolytic ficin enzyme (Ficus glabrata) in a phosphate

buffer with a pH of 6.5 (Poos-Floyd et al., 1985). Ficin is
an endopeptidase (Barrett and Salvesen, 1986) and it is
recommended for use at a level of 8.24 units/g sample (Poos-
Floyd et al., 1985). The insoluble sample remaining after a
1 h enzymatic incubation is analyzed for CP to determine
theoretical ruminal CP disappearance.

For the neutral protease with amylase method (Assoumani
et al., 1992), .5 g DM sample is first incubated in 25 ml HCl
citrate buffer (pH=4.7) and .2 ml Biase (Biocon(U.S.) Inc.,
Lexington, KY), an enzyme which contains endo-beta glucanase
and alpha amylase activities, in order to break down starch
and fiber which could potentially inhibit the action of the
protease. Then, the remaining sample is incubated with 49.8
ml of sodium citrate buffer and .2 ml Neutrase (Novo
Laboratories Inc., Danbury, CT), a neutral protease with
endopeptidase activity (Barrett and Salvesen, 1986, Assoumani

et al., 1992). It is recommended that 9.6 units of protease/g
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sample DM be used (Assoumani et al., 1992).

Some researchers have criticized the use of commercial
proteases for estimation of ruminal protein degradation due to
the differences in specificity and mode of action between
commercial proteases and those present in the rumen.
Broderick(1987) proposed an in vitro system with strained
ruminal 1liquor and an inhibitor of nitrogen metabolism.
Mahadevan et al.(1987) utilized protease from a mixture of
rumen microorganisms for degradability analysis. The
practicality of these methods for commercial laboratories at
this point in time is questionable due to the expense and
labor involved.

The reliability with which the S.griseus (Krishnamoorthy
et al., 1983), ficin (Poos-Floyd et al., 1985), and neutral
protease with amylase (Assoumani et al., 1992) methods could
be used to predict in situ protein degradation of concentrate
feeds has been evaluated (Roe et al., 1991). At least 68.5%

of the variation in the 18 h in situ estimates could be

explained by the neutral protease with amylase estimates

obtained after 1, 2, 4, 8, and 12 h of incubation. Over 72%

of the 18 h in situ variation was explained by the results of
the 4 h S.griseus incubation. Little relationship was found

between the ficin results versus the in situ results.

After analyzing the results of this study (Roe et al.,
1991), it is evident that each of these methods have problems

which can cause inaccurate degradability predictions. The
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alkaline buffer which is utilized in the S.griseus method is
likely to promote the solubilization of glutelins (Blethen et
al., 1990). Also, even though Krishnamoorthy et al. (1983)
determined the appropriate enzyme concentration required to
estimate ruminal degradation for a long 18 h or 48 h
incubation, a constant enzyme/protein substrate ratio was not
specified. Although Poos-Floyd et al. (1985) did recommend a
ratio of substrate to enzyme activity of 3:1 for the ficin
method, it was not indicated that any attempt to approximate
the proteolytic activity of the rumen was carried out. The
neutral protease with amylase procedure did not specify a
constant enzyme/protein substrate ratio (Assoumani et al.,
1992). Additionally, the neutral protease method is
complicated by the sensitivity of the protease to the calcium
ion content of the buffer and the viscous nature of the
protease which is difficult to accurately pipet and often
results in variation between replicates (Roe, 1990).

In order to fully apply new ruminant protein systems, it
is desirable to be able to not only predict the quantities of
rumen degradable and undegradable protein, but also, to
estimate the quantity and rate of digestion of each protein
fraction, A, B,, B,, B;, B,, and C. 1In the future, by using
non-linear regression and multi-pool models, digestion rates
of each fraction may be determined. According to Roe et
al. (1991), the S.griseus (Krishnamoorthy et al., 1983), ficin

(Poos-Floyd et al., 1985), and neutral protease with amylase
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(Assoumani et al., 1992) methods did not yield feed protein
degradation curves which had a consistent relationship to

3

those generated by the in situ technique. Research to

understand more regarding the degradability of individual
amino acids within different types of peptides and their
presence in the various protein fractions will further improve

the efficiency of nutrient utilization in dairy cattle.

2. Carbohydrate

Since it is known that rumen microbial growth is highly
dependent upon the availability of carbohydrate, it is
imperative that accurate laboratory methods be developed in
order to identify wuniform carbohydrate fractions and to
estimate their rates of rumen degradation (Russell et al.,
1983). Many in vivo studies have been conducted to determine
the effects of different non-structural carbohydrate levels in
the diet, however, due to the non-uniformity of this fraction,
it is difficult to make any definite conclusions from these
studies (Casper et al., 1990, Aldrich et al., 1993).

Monosaccharides, disaccharides, oligosaccharides, and
polysaccharides make up the non-structural component of feeds.
Simple sugars tend to be rapidly available while
polysaccharides can vary in degradability from fairly rapid,
as is the case with steam-flaked wheat, to fairly slow, as is
the case with the starch in dry sorghum (Allen, 1991). All

free sugars are water soluble. After solubilization they can
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be analyzed using direct enzymatic, calorimetric assays such
as the glucose oxidase procedure (Sigma, 1990). In order to
quantify the starch content of feeds, the starch must first be
broken down into glucose which is then analyzed by the glucose
oxidase procedure.

Much work has been conducted in an attempt to improve
techniques for starch determination in feeds. Kartchner and
Theurer (1981) compared starch values obtained using either
amyloglucosidase or 0.76 N HC1l to degrade starch to glucose
units. Amyloglucosidase is known to specifically act on
alpha-linked D-glucose polymers and therefore, there is no
risk of interference from cellulose breakdown. It was found
that with high starch samples, both methods yielded similar
results. However, with feeds and feces containing over 17%
cellulose, the acid hydrolysis method resulted in higher
starch estimates due to cellulose breakdown. Karkalas(1985),
realizing the problems of glutinous aggregates, crystalline
amylose, and amylose-lipid complexes, proposed the use of 1M
NaOH and alpha-amylase as separate pre-treatments to the
amyloglucosidase attack on the starch. It has also been
suspected that starch may complex with proteins and inhibit
amyloglucosidase action. However, when an alkaline protease
pre-treatment was conducted, starch values were not increased
(O’Neil, personal communication).

The structural carbohydrates include: pectin, cellulose,

hemicellulose, and lignin. The detergent system was developed
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to quantify the cellulose, hemicellulose, and lignin fractions
by sequential analysis. Pectin is not recovered with these
procedures. Van Soest et al.(1991) discussed various
modifications to the neutral detergent procedure which have
been developed primarily in order to better cope with
interfering compounds such as starch. Heat stable alpha-
amylase is recommended for use in degrading starch on a
routine basis and 8 M urea is used on very starchy, low fiber
samples in order to remove starch. Urea denatures protein and
therefore cannot be used when samples are to be analyzed for
the crude protein associated with NDF (Rawn, 1989). Van Soest
et al.(1991) recommended a procedure for pectin analysis
modified from the procedure of Bucher(1984) which is specific
for quantitation of galacturonic acid but not arabans.

The rate of fermentation of each carbohydrate fraction
needs to be known in order to predict energy availability over
time and extent of fermentation in the rumen. Of the complex
carbohydrates, pectin is degraded the most rapidly while
starches, cellulose, and hemicellulose are quite variable (Van
Soest et al., 1991). In vitro procedures and enzymatic
procedures have been developed and primarily used for
estimating starch and NDF digestibility of feeds (Goering and
Van Soest, 1970, Basery and Campling, 1988, Owen et al.,
1991). The in situ procedure has been used for rumen
digestibility prediction (Robinson and Kennelly, 1988). In

vitro gas production has also been used to determine
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fermentability of feeds (Menke et al., 1979, Pell and
Schofield, 1993). It is difficult if not impossible, however,
to determine the proportions of gas arising from each of the

various carbohydrate fractions being fermented.

c. Measurement of Daily Microbial Nitrogen Flow to the

Duodenum:

Currently, most researchers attempting to measure daily
microbial nitrogen flow to the duodenum utilize cows with
ruminal and duodenal cannulas and infuse indigestible flow
maxrkers to measure rate of solid and/or liquid passage. The
ratio of bacterial marker to nitrogen in the pure bacterial
pellet and in the duodenal digesta is used to calculate
bacterial nitrogen flow. Unfortunately, there is 1little
agreement regarding the most appropriate method of obtaining
a representative sample of the bacterial population escaping
the rumen, the most reliable passage marker, and the most
adequate bacterial marker (Broderick and Merchen, 1992, Owens

and Hanson, 1992). None of the methods are without problens.

1. Bacterial Isolation

Rumen fluid samples are collected at various intervals
around the clock, mixed, and a composite sample is obtained
from which a pure bacterial pellet is isolated. Some
researchers have used a suction pump placed at different

locations in the rumen to pump out rumen fluid samples (Roe,
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unpublished method). Others have taken aliquots of rumen
contents by hand out of the anterior ventral sac, the dorsal
sac, and the posterior ventral sac and composited these
samples (Glenn et al., 1989). McCarthy et al.(1989) forced a
stoppered bottle down to the reticulo-omasal orifice, allowed
the bottle to fill, and stoppered it prior to bringing it out
of the rumen. Lykos et al.(1991) isolated the fluid-
associated bacteria and the particle-associated bacteria.

The bacterial population flowing out of the rumen is a
composite of fluid- and particle-associated bacteria each at
many different stages of growth. The percentages of each
bacterial type are difficult if not impossible, to estimate.
Cecava et al.(1990a) looked at the effect of bacterial source
(mixed, fluid-associated, or particle-associated) on the total
Purine:nitrogen ratio. It was found that the particle-
associated bacteria had a significantly lower ratio (1.33)
than the fluid-associated bacteria (1.56) with the mixed
bacteria tending to have a ratio (1.30) similar to that of the
Particle-associated bacteria. Merry and McAllan(1983)
determined the RNA-N:total N ratio and the diaminopimelic acid
N:total N ratios of liquid- and particle-associated bacteria
and found both ratios to be higher for the liquid-associated
bacteria. One might surmise that this is due to a higher rate
of growth in the fluid-associated bacteria. Lykos et
al. (1991) found the crude protein content to be higher in the

fluid-associated bacteria(45.1%) than in the particle-
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associated bacteria(39.3%).

Bacteria are isolated from the rumen liquid by
differential centrifugation (Steinhour et al., 1982). This
procedure involves a low-speed centrifugation step to remove
feed particles followed by a high-speed centrifugation of the
supernatant to obtain a pure bacterial pellet. Unfortunately,
however, protozoa, large bacteria, bacteria which are clumped
together, and bacteria attached to feed particles are lost
during the first centrifugation. Therefore, the bacterial
pellet obtained may not actually be representative of the

entire microbial population (Stern and Hoover, 1979).

2. Microbial Markers

There are a number of microbial markers currently being
used to quantify microbial nitrogen flow from the rumen
(Broderick and Merchen, 1992). An ideal marker would be one
that is easy to assay, unique to microbial protein, present at
a constant ratio with nitrogen regardless of dietary
conditions, and biologically stable (Broderick and Merchen,
1992). Microbial nitrogen is calculated based on the
marker:nitrogen ratio of the pure sample of mixed rumen
bacteria obtained and the amount of marker in duodenal
digesta.

Diaminopimelic acid (DAPA) is found in oligopeptides
which cross-link with peptidoglycan in bacterial cell walls.

There are many problems with the use of DAPA as a marker.
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First of all, due to its presence only in the cell wall,
smaller cells tend to have a higher DAPA:N ratio than larger
cells. Secondly, DAPA has been found in common feed sources.
Rahnema and Theurer(1986) estimated bacteria to contain 7.3 mg
DAPA nitrogen / g total nitrogen while alfalfa hay, corn, and
soybean meal had 3.5, 1.3, and 1.9 mg DAPA nitrogen / g total
nitrogen, respectively. Third, rumen protozoa contain DAPA,
but only as a result of bacterial engulfment and therefore,
contain about 2.4 mg DAPA nitrogen / g total nitrogen (Rahnema
and Theurer, 1986). For this reason, DAPA probably
underestimates total microbial protein flow at the duodenum
(Stern and Hoover, 1979). Finally, the DAPA nitrogen may not
adequately reflect microbial recycling in the rumen due to the
fact that microbial digestion of proteins in the protoplasm is
higher than that of proteins in the cell wall (Broderick and
Merchen, 1992). Denholm and Ling(1989) found the proportion
of DAPA in duodenal chyme that was not associated with cells
to be as high as 71%.

Purines have also been used as an internal marker because
of their presence at high levels in rumen bacteria. Cecava et
al. (1991) compared undegradable protein estimates calculated
using either purines or »N as bacterial markers. UIP(%DM) for
a diet high in soybean meal was 36% and 33% using purine and
BN, respectively. UIP(%DM) for a diet high in corn gluten
meal and blood meal was 56 and 52% using purine and "N,

respectively. Due to the closeness of these estimates, it was






49
concluded that total purines could be used with confidence as
a bacterial marker.

Concerns exist regarding the use of total purines as a
marker. First, purines are present in dietary ingredients.
Titgemeyer et al. (1989) found purine levels of 6.54%, 1.40%,
1.90%, 0.39%, and 6.93% DM in bacteria, soybean meal, corn
gluten meal, blood meal, and fish meal, respectively. When
purified purines were added to rumens, however, less than 10%
could be detected after 45 minutes, indicating that these
purines were rapidly used by the rumen bacteria (McAllan and
Smith, 1969). Work has not been conducted to estimate rumen
degradability of dietary purines in their natural form.
Secondly, protozoal purine:nitrogen ratios have been found to
be about half that of bacteria. This would 1lead to an
underestimation of protozoal nitrogen flow if it were
calculated using the ratio of bacterial purine:nitrogen
(Broderick and Merchen, 1992).

Other microbial markers are in use by researchers but to
a lessor extent. D-alanine, aminoethyl-phosphonic acid, and
ATP have been used as internal markers. Inorganic "N and ¥s
have been dosed into the rumen to be incorporated into
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