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Introduction

Years of in depth research have provided modern
animal agriculture with a large body of knowl-
edge that should logically lead to formulating ra-
tions for ruminants that repeatedly provide maxi-
mum productivity. Such is not the case, as nutri-
tionists; regardless of locale, continually face the
dilemma of variable productivity given similar
inputs and environmental conditions. The result-
ing difficulties invariably lead to the generalized
comment of “If it works on paper, why does it not
work in the field?”.

Unraveling this dichotomy is not easy. Nor is there
a single answer that explains all ills, as biological
processes are, by their nature, complex. Despite
this obvious constraint, the near universal ap-
proach seems to be to try and find the one elusive
answer. This approach has its merits in that it is
usually inexpensive and simplistic enough to al-
low for easy interpretation. The downside is that
undue faith is put in simplistic solutions and con-
cerns about the nutritive value of feedstuffs can-
not be answered nor can the dynamic aspects of
rate and extent of digestion be examined.

The problem becomes one of understanding the
sources of variability and gaining insight into
which source of variability gives rise to the great-
est cost, or leads to the greatest return. As may be
seen from the following quote this concern was
identified long ago.

“Meanwhile, experimental inquiry has been in-
creasingly active: the laws of animal nutrition are
getting to be better understood, the theories have

been put to the test of actual experience. While
their value to the farmer has been developed in
ways where improvements have become appar-
ent, we are constantly working towards a clearer
understanding of the principles of feeding and a
more successful application of them to the prac-
tice of the farm. It has thus become evident that to
meet the demands of physiological chemistry and
practical feeding, the chemist must devise more
accurate ways of estimating the nutritive value of
feeding stuffs.” W.O. Atwater 1891

Dimensions of the Problem

The variation in the rate and extent of disappear-
ance for both fiber (Table 1) and starch (Table 2)
that we have observed in our laboratories are large
enough to cause major problems when formulat-
ing dairy rations. To put it in perspective, Oba and
Allen (1999) estimated that a one percent (1%)
increase in ruminal NDF digestibility in vitro or
in situ will lead to a 0.25 kg increase in 4.0% fat-
corrected milk production?. Looking at the prob-
lem from another angle, St-Pierre and Harvey
(1986) estimated that the economic benefit of test-
ing feeds equates to $0.27 per cow per day?. There
IS no question that information on ruminal diges-
tion and nutritive value of feedstuffs is valuable
for practicing nutritionists. However the problem
becomes one of capturing the various character-
istics of digestion in a manner that is practical in
the field.

The possible options for evaluating the ruminal
digestibility of feedstuffs include the use of in vivo,
in situ or in vitro methods. While in vivo methods
will probably provide the most accurate estimates
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of digestion, they are both costly and not practi-
cal. Both the in situ and in vitro methods have
practical benefits and drawbacks. The major draw-
back for both methods is that estimates of rumi-
nal digestion characteristics are based on gravi-
metric measurements of substrate disappearance
at set time points. Thus, an incorrect choice of
time points can lead to incorrect data interpreta-
tion, conclusions, and decisions. In addition, even
if the choice of time points is correct, what hap-
pens between the points, or the kinetic aspects of
digestion, must also be considered. Additional
time points can be included in the analysis to pro-
vide information on the kinetics of digestion and
improve the estimates, but the additional samples
rapidly turn the methods extremely labor inten-
sive and impractical.

In vitro techniques that estimate digestion Kinet-
ics indirectly by measuring gas production are a
more viable option. Gas production technology
allows for a more usable collection of digestion
Kinetics data and has allowed for a growing body
of knowledge that is directly applicable to the feed-
ing programs that are in daily practical field use®.
The range of data that can be acquired is broad
and will no doubt grow over time. This technique
also has the limitations intrinsic to an in vitro batch
culture system; however, it can be used to gener-
ate both qualitative and quantitative data on the
rate and extent of digestion in a relatively practi-
cal and inexpensive manner*. In vitro gas produc-
tion methodology becomes more powerful when
combined with measurements of substrate disap-
pearance allowing for the calculation of ruminal
microbial efficiency estimates when evaluating
forages®. A review of the possibilities associated
with this type of analysis is given below.

Nutritive Value of Feedstuffs

Without any doubt, gas production technology has
been and continues to be predominantly used to
examine and determine the nutritive value of feed-
stuffs. Gas production, in this in vitro system, aris-
es directly from microbial substrate degradation
or indirectly from the reaction of acid end prod-

ucts with the bicarbonate fraction of the buffer-
ing system. Therefore, gas production is highly
correlated with substrate digestion and is a pow-
erful and proven method to estimate the rate and
extent of ruminal OM degradation®. Its applica-
tion to the simultaneous estimation of various OM
fractions (fiber, starch, etc.) appears to be more
limited, but it is still a practical approach. Pooled
data from a wide variety of forage sources dem-
onstrated a usable correlation between gas pro-
duction and NDF digested (gas yield = 0.35 ml/
mg of NDF digested; R?=0.92)". Work on starch
digestion revealed that a similar approach can be
used when considering this fraction of OM&. Chai
et al. (2004) examined the fermentation of six
starchy ingredients and eight corn silages and cal-
culated a relationship that is of as much practical
benefit as that derived by Doane et al. (1997) for
NDF digestibility (starch degradation (mg/g OM)
=-191.6 + 0.303 x starch content + 1.648 x gas
production at incubation time t; R? = 0.92).

Estimation of Volatile Fatty Acid Molar
Proportions

Both the qualitative and quantitative aspects of
ruminal VFA production are of keen importance
to the nutrition of the ruminant. Although valu-
able, information on in vitro VFA production and
profile is often difficult to interpret and relate to
practical ruminant nutrition. The VFA produced
in vitro are not subject to ruminal passage rate or
absorption, and VFA concentrations measured in
vivo do not reflect production but the net result of
multiple transactions in the rumen at a given point
in time. Additional concerns revolve around ru-
minal VFA fluctuations following feeding, the
concomitant changes in the non gluconeogenic to
gluconeogenic (NGR) ratio of VFA and their ef-
fects on nutrient partitioning in the animal®. The
potential relationships between VFA generated
using in vitro gas production methods and in vivo
has been reported in an experiment using mature
wethers10. In this study, Rymer and Givens (2002)
showed a correlation (R? = 0.61) between in vivo
NGR and in vitro ATP production and time to
maximum gas production. More importantly the
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total VFA, molar percentages of acetate, propi-
onate, n-butyrate and the NGR ratio followed sim-
ilar patterns when varying levels of corn were
added to the diet and compared both in vitro and
in vivo. The fact that the two systems followed
similar patterns is encouraging as gas production
methods then offer a valuable and inexpensive
alternative to predict ruminal VFA profiles.

Estimation of Ruminal Microbial Protein
Synthesis

Microbial biomass is usually the major source of
protein for ruminants, hence its prediction is of
paramount importance. Unfortunately this is not
an easy task, as there are no rapid and simple lab-
oratory techniques to estimate microbial protein
synthesis't. However, the combination of gas pro-
duction methods and endpoint substrate degrada-
tion measurements provide a reasonable and prac-
tical approach to this problem. This approach es-
timates microbial protein synthesis from the sto-
ichiometric partitioning of degraded substrate
between gas production, VFA and microbial bio-
mass'?. A simplified approach for forage evalua-
tion has recently been proposed by Grings et al.
(2005) where microbial biomass production is
predicted with the equation MBP = TSD - (gas
volume x SF)®, In this equation, MBP represents
microbial biomass production, TSD represents
true substrate degradability as defined by Goer-
ing and Van Soest (1970)* and SF represents a
stoichiometric factor. Once the MBP figure is
known, the efficiency of microbial protein syn-
thesis (EMP) can be calculated according to the
equation EMP=(TSD - (gas volume x SF))/TSD.

Protein and Fat Affect in vitro Gas
Production Estimates

Consideration of the fermentative characteristics
of protein fractions must be considered when re-
viewing total gas production. Fermentation of
casein, for example produces only 32% of the gas
amount produced by carbohydrates?®. In addition,
Cone and van Gelder (1998) estimated that an
increase in CP of one percent (1%) will reduce
gas production by 2.48 ml/g of OM. Therefore, it

is important to consider and correct for the CP
content when comparing gas production from dif-
ferent feedstuffs. Fermentation of protein results
in both amino acids and short chain peptides which
can end up either in microbial biomass or in fer-
mentation end products such as VFA, CO,, or NH,.
As the breakdown of proteins takes place in the
first few hours and is not linear, it is perhaps in-
correct to draw inferences from gas production
measurements relative to protein degradation rates
or extents. One possible suggestion to get around
this difficulty is to suppress amino acid incorpo-
ration in microbial protein through the use of hy-
drazine and chloramphenicol but this technique
is beyond the practical application of gas produc-
tion technology as presented here?®,

Fats have long been added to ruminant diets as a
method of increasing the energy density of the diet.
Debate as to the negative effects of fats on rumi-
nal digestibility is found throughout the litera-
ture'’18, The addition of palmitate, stearate, or ole-
ate triglycerides to in vitro incubations did not
affect total VFA production, acetate, propionate,
and the acetate to propionate ratio®. More recent
experiments have reviewed the addition of fat on
VFA, IVTD, and ammonia-N concentrations us-
ing an in vitro gas production system?, The fat
sources utilized were corn oil, tallow, or yellow
grease provided as triglycerides or potassium
soaps. Triglycerides had no major effects on gas
production, digestion or VFA production, how-
ever all potassium soaps reduced gas production
digestion and VFA production. The results sug-
gest that the suspected negative effects of fat on
ruminal fermentation and digestion cannot be gen-
eralized and are dependent on the form supplied,
with triglycerides having smaller effects than the
corresponding free fatty acids.

Estimation of Dry Matter Intake

One of the primary limitations to the estimated
nutritive value of forage is the constraint of in-
take; hence its accurate prediction has long been
of interest. Some researchers have reported on the
use of gas production technology to predict
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DMI#22, The gas production of various portions
of plant tissue were examined and the researchers
concluded that a combination of gas produced
between 4 to 8 hours when taken in conjunction
with substrate degraded at 24 hours results in a
better prediction then that of using gas produc-
tion alone. Restriction of gas production to the
NDF fraction alone explained 82% of the varia-
tion in intake.

Managing Reality through Practical Applica-
tion of Gas Production Technology

As discussed above, gas production technology
combined with substrate degradation measure-
ments may be used as a valuable and practical tool
to evaluate ruminant diets. Since 2001, we have
been using a wireless automated system, similar
to that described by Adesogan et al. (2005), for
monitoring gas production from in vitro ruminal
fermentations?®. The system uses absolute pres-
sure sensors with a range of 0 to 30 psi and tem-
perature compensation (Point Six Inc., Lexington,
KY) that use radio frequency to transmit pressure
information to a computerized logging system. In
our experience, the greatest value is obtained when
the system is used on a risk assessment basis on
the total mixed ration (TMR) rather than the indi-
vidual dietary ingredients. Data from TMR sam-
ples (n = 100) from Ontario, Quebec, British Co-
lumbia, Pennsylvania, Massachusetts, and New
York are presented in Table 3. The gas production
profile data was analyzed using a two pool logis-
tic equation and demonstrates that fermentations
can be broken into a fast and slow fraction (Fig-
ure 1)*. Neither of these two pools is chemically
homogeneous as fermentation of all OM constit-
uents occurs simultaneously. In general our expe-
rience indicates that the fast fraction contains
mainly starch and soluble fiber while the slow frac-
tion contains cellulose, hemicellulose and slow
starch. While these observations may annoy those
looking for an analysis that reflects the fermenta-
tion of chemically identifiable and measurable
feed fractions it does approximate the nature of
ruminal fermentation. Therefore it represents a
practical means to evaluate rations, predict the

productive response and make sound nutrition
decisions that affect both animal productivity and
ultimately economic costs and profitability.

As was pointed out earlier, the cost of ignoring
the inherent sources of variation in the ration can
be substantial. Theoretical economic costs have
been cited in the past as being $0.27. Our experi-
ence has shown that this cost is in fact higher. As
may be seen in Table 4, only the variation in the
rate of NDF disappearance can give rise to varia-
tions in cost in the range of CDN$0.68
(USD$0.58). Given today’s low milk prices, these
are not insignificant numbers, and practicing nu-
tritionists would be wise to address the inherent
problems.
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Table 1. In vitro NDF disappearance (% + sd) and its associated variability for various
substrates as determined in our laboratories.

% NDF in residue

Substrate n Oh 6h 48 h

Haylage 525 46.0£7.2 36.848.1 17.9+5.2
Grass Silage 26 55.517.1 45.7+7.9 21.617.4
Rye Silage 25 51.746.6 40.3+10.4 17.0+£8.5
Corn Silage 838 42.2+8.6 35.948.0 18.8+4.8
Hay 22 53.0+9.8 41.7+12.3 23.8+8.4

Table 2. Range of in situ starch disappearance (%) for various substrates as
determined in our laboratories.

% starch in residue

Substrate n 6h 24 h

Flaked Corn 20 6.8 -59.9 49.1 - 93.3
H.M. Corn 100 7.1-89.9 28.4-97.8
Corn Meal 30 12.9-70.2 33.7-93.8
Corn Silage 350 20.4 -50.2 33.7-98.4

Table 3. Chemical composition and fermentative kinetic characteristics of 100 TMR
samples as determined in our laboratories.

Item Mean sd

Chemical composition

Dry Matter, % 48.02 5.49
Starch, % 28.95 4.67
NDF, % 32.30 3.16
Ash, % 7.26 1.03
Fermentation kinetics
Size of fast pool, mi 41.19 18.63
Rate of fast pool, %/h 24.1 7.08
Lag time, h. 0.013 0.002
Size of second pool, ml. 48.32 12.36
Rate of second pool, %/h 4.2 0.01
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Table 4. Estimated feeding cost (per cow per day) for test farm using corn silage
with either a 3 or 7% per h digestion rate for available NDF (C:B,).

Date Feed cost (CDN$/cow / day)
September? 3.14
October? 3.07
November?2 3.63
December? 3.75
January? 3.71

1Ration based on the corn silage with C:B, digestion rate of 7%.
2Ration based on the corn silage with C:B, digestion rate of 3%.
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Figure 1. Representative fermentation cumulative gas production profiles for a grass
silage (A) and a TMR (B) showing the fast and slow fractions of fermentation.
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